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High-resolution study of 'P° double-excitation states in helium
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We describe extensive results on f#® double-excitation resonances of He below Me2—9 ionization
thresholds obtained recently by high-resolution photoionization measurements using synchrotron radiation
from the SX700/Il monochromator at the Berliner ElektronenspeicherringyachrotronstrahlunBESSY).

The resonance energies, linewidths, Fanparameters, and quantum defects of the various Rydberg reso-
nances, derived from the experimental data, are compared in detail with the resalttsrofio calculations
employing the complex-rotation method. All three optically allowed Rydberg series beloW-ti2eionization
threshold were identified. For<N<8, the two most intense Rydberg series were resolved below each thresh-
old, and forN=3, one state of a third series could be identified. For the higher Rydberg €¢rds, the two
neighboring seried\ andN+1, generally interfere, which has a strong influence on the transition intensities,
linewidths, and quantum defects of the principal series. All together, states of 18 different Rydberg series in the
1p° double-excitation resonance region of He were observed.

PACS numbds): 32.80.Dz, 32.70.Jz, 31.25.Jf

|. INTRODUCTION the lowest resonances, namely, tiN=2, n=2) and (N=3,
n=3) stated4-7].

Doubly excited helium is often considered to be the pro- In the past few years, a renewed interest in the study of
totype of atomic systems with electron correlation, since—such excitations emerged, reflected in the publication of the
due to its simplicity—it is also accessible to rigorous theo-results of severatheoretical studies. Until quite recently,
retical treatments. Nevertheless, most of the details of doubliiowever, the experimental data lagged considerably behind
excited He remained unexplored until a few years ago, evethe theoretical progress, mainly due to the lack of suitable
though the first experimental and theoretical results ormonochromatic photon sources for high-resolution spectro-
double-excitation resonances in He had been obtained moggopic studies in this energy region. This problem has been
than 30 years agfl,2]. It then became clear that the two overcome by the development of high-resolution monochro-
excited electrons are strongly correlated and can no longer B8ators at synchrotron-radiation facilities. In the energy range
characterized as,p,d,f,... electrons; instead, new quantum of interest, the most successful beamline in the past five
numbers taking correlation into account had to be introyears had been the SX700/ll monochromator, operated by

duced. the Freie Universita Berlin at the Berliner Elektronen-
The electronic excitations to the first double-excitationSPeicherring fu Synchrotronstrahlun¢BESSY) [8]. _
1po Rydberg series, with the “inner” electron in thg=2 The photoionization studies performed on He atoms in the

- i o
shell and the “outer” electron in the=2,3 4.... shells, cover ground state limit the final states 18° symmetry due to the

the energy region ffom 60 10 65.4 eV, ie.,from the lowest X SAEEIR0 IS LR 1 e e fesonances
1p° double-excitation stattN=2, n=2) up to theN=2 ion- 9

o o of He observed in the energy region from 60 to 79 eV, with
'Z"?‘“O” th_reshold of Hel,, Wh'Ch IS t_heN=2 state of He. overlapping Rydberg series and interseries interferences.
With the inner electron exm_ted. to higher quantu_m numbersFOur years ago, these Rydberg series could be investigated
the N=3,4,5,... double-excitation Rydberg series are obyith the SX700/Il beamline up thi=6, providing a substan-
tained, extend.mg up to_the doubI¢—|on|zat|on threshold,[ia"y improved data set on the most intense sef@sMore
1,=79 eV. Until 1990, reliable experimental results on therecently, however, both the resolution and the photon flux
double-excitation resonances in He were confined to th@yailable at the SX700/Il monochromator were further im-
N=2 Rydberg seriefl,3,4 as well as to the first members of proved, allowing each series to be followed up to higher
higher Rydberg series with relatively short natural lifetimesquantum numbers), and additional Rydberg series were
[4-7]. Two Rydberg series converging tg were known, found for the first time. These improvements resulted in the
which had been resolved at that time up to threl0 and  observation of the third Rydberg series belbyy10], which
n=5 resonances, respectively]. Resonances of thl=3, had been “hidden” up to then, and of at least one additional
4, and 5 Rydberg series had been identified upnte8  secondary series for each guantum numief11]. These
[1,6,7). Accurate line-shape analyses were only available foexperimental results stimulated again further theoretical
work on double-excitation resonances in H2-16.
The present paper describes the status of our experimental
*Deceased. work on double-excitation resonances in He. It reviews the
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previously published recent experimental res[@s11] and ionization current in the 10"*A range as a function of pho-
describes in addition a number of new results. As examplegpn energy. These photoionization measurements were per-
all of the principal Rydberg series could be resolved now tdormed with a two-plate ionization cell of 10-cm active
much higher guantum numbersthan before, and several length[8], filled with He at a pressure in the range of 0.01-3
Rydberg series were observed for the first time, includingmbar, and separated from the UHV of the monochromator by
those belowl;, |5, andlq, as well as the relatively weak a 1200-A-thick carbon window. A voltage of 100 V was ap-
(secondary Rydberg series accompanying all of the mostplied between the two plates to collect the electrons and ions,
intense(principa) serieg11]. In addition, the energies, line- and the current was measured with a sensitive ammeter
widths, Fanog parameters, and oscillator strengths obtainedKeithley, model 61Y. For the N=2 Rydberg serieshv
from the experimental data are compared in detail with the=60-65.4 eV, as well as for the loweN=3 series(hv
results of ab initio calculations based on the complex- =70-72.5 eV, higher photon transmission and therefore an
rotation method. Both the experimental and the theoreticaimproved signal-to-noise ratio was achieved using a 1500-A-
results are compared with the results of other previous pulthick Al (1% Si) window. This window material, however,
lications. could not be employed for photon energies exceeding 72.5

eV due to strong absorption and modulations of the transmit-

Il. EXPERIMENTAL PROCEDURES ted photon flux above the Al, ; absorption thresholds.

The measurements were performed with the SX700/II In each exp_erimen_t, the_He pressure was cho_sen as high
monochromator at BESSY operated by the Freie Univérsita 25 tolerable without inducing noticeable saturation effects

Berlin [8], which is equipped with a plane premirror, a plane'l[\rl1at Wg}“'? mflut_ancel “nf shtqpes, miegahes,fand Imevy(ljdthsc.j
grating, an ellipsoidal focusing mirror, and an exit slit. The evertneless, signal saturation must be caréiully considered,

" laoth in case of intense resonances and also for weak reso-
1ances sitting on a high background. The photon beam en-
_tering the gas cellJy, is weakened by photoabsorption
1(cross sectiow) throughout the gas cell with a gas dengity

size of the electron beam source influence strongly both e
ergy calibration and resolution. An improvement in resolu
tion can be obtained by using a grating with a high density o

lines as well as an electron beam with a small size and hig nd a _plate lengtit. accordmg. to t_he Lambert-Beer Iaw.
stability. In the present work, we used a 2442-line/mm grat- ssuming a constant electron-ion yield per photoabsorption

ing, and BESSY was operated in the small-source mode‘?vent’ one arrives at an ionization current df

2l —pol _ Aa—poly. H «
where the vertical beam size was reduceezth12 mm. The =Joe P7d(1—e "7"); here,lq is the length of the “dead

best energy resolution was achieved in the photon energ .tlﬁm? in Ir%ntt_of t?e tﬁlat.es,' W?ere photo?sFare absorb(ted
range of interest when onl20% of the full area of the Iithout contribuling 1o the ionization current. =or an unsat-

ellipsoidal mirror were illuminated. This optimum in the urated spectrum witlpol <1, we obtainJ=J,-pol, and

shaded-off mirror area resulted from a tradeoff between twéhe measured current is proportional to the absorption cross

effects that improve and deteriorate, respectively, spectraﬁeCtion' For higher pressures, saturation eff.ects.setir_l, first in
resolution: A shaded-off mirror first improves resolution bya moderate way by broadening the absorption line, since the

diminishing the figure error of the ellipsoidal mirror from a beam Intensity Is predomlr_1antly_ weak_ened at the energies of
value of=0.65 arcsec, typical for the full mirror, to a value the most mtense_spectral Im_es, in particular at the maxima of
of =0.40 arcsec for the shaded-off mirror; on the other handthe resonance lines. For h'g.h(.ar pressures, this effect may
it deteriorates resolution by diffraction at the confining dia- even re_sult In an apparent splitting of lines and/or.a reversion
phragms[8]. It should be mentioned here that progress inof the line profiles. As a consequence, a Lorentzian line can
small-source optics at BESSY allows us to now operate thi?ver,], change by the_se saturation effects_ to an apparent “win-
electron storage ring in the small-source mode with beanfO%’ '€sonance, with negative absorption relative to back-

currents exceeding 500 mA, causing only a moderate deground.
crease in beam lifetiméy a factor of=2) as compared to
normal-source optics. , Ill. CLASSIFICATION OF DOUBLE-EXCITATION STATES
The resolution of the monochromator was determined by IN He
studying long-lived double-excitation resonances of He with
very small natural linewidths, in particular some double ex- Various classification schemes for the double-excitation
citations belowl ,. This resulted iME=4 meV[full width at  states in He are in use. This is a consequence of the different
half maximum(FWHM)] at hv=64 eV, corresponding to a theoretical approaches used to describe strong correlation be-
resolving power ofE/AE=16 000[10]. Note that the reso- tween the two electrons in He. Due to the optical absorption
lution AE scales withE®? for this type of monochromator. method, the resonances observed in the present work are
The photon energy was calibrated by #Bds '7*, v'=0 restricted by the dipole selection rules'®’ final states. For
resonance in the inner-shell excitation spectrum of CO in theachN, a total of(2N—1) 'P° Rydberg series are predicted
gas phase at 287.40 d\17] as well as by the He double- by theory, converging to the same ionization threshold of He,
excitation resonance 2,1sp,23—) at 62.7580 e\[10,16. Iy, with the inner electron in thBlth quantum state of He
Energy calibration was a crucial point in the present mea- All classification schemes ugd for the main quantum
surements, since any instability in source position or mononumber of the inner electron and for the outer electron.
chromator adjustment would shift the energy scale: Thus freThe “old” classification scheme by Madden and Codlirid
guent calibration measurements were performed. is the simplest one, but it is only well suited for the three
The double-excitation resonances were observed via theRydberg series converging 1g. In this scheme, the three
decay by autoionization and by monitoring the total photo-N=2 P° Rydberg series are denoted bysp(2n+),
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(sp,2n—), and (%,nd), where €p,2n+) and (sp,2n—) 80
stand for the addition and subtraction, respectively, of the :
wave functions{(2p,ns) and ¢{2s,np). In a second rather 77

Z.
simple classification scheme, the series is just marked by [ %

9,7,
= 865 9 15 76.826

@@ I %79. 003

a,b,c,... in the order of decreasing oscillator strengths. A . 14 75. 602

later introduced scheme is based on an analogy between the

“three-body” double-excitation states in He and molecular - 42 13 —72.957
stateq18]. I —

The classification scheme most widely used is based on a I
hyperspherical coordinate description of He introduced by
Herrick and Sinanogl§il9] and Lin[20], where new corre-
lation quantum numberE (with T=0 or 1), K [ranging from
N—1-T, N=-3-T,..t0o =(N-1-T)], and A (with A=
+1, —1, 0; abbreviated by +,” —,"0) were introduced L
describing the angularT(K) and radial A) correlations. In . 2,0
this scheme, the double-excitation states are denoted by
n(K,T)R. There are(N—1) series withT=1 and A=" +" 60'_ /
(N—1) series withT=0 andA=" —," and only one series AL
with T=0 andA="0" for each N value. The most intense 24.61 11 —24.588
series observed in photoabsorption havel andA=" +,"
and nearly all excited resonances fulfill this approximate OF - S
“selection rule” (for exceptions, see belgwAmong these, 0o 1 2 3 4 5 & 7 8 9
the leading series with the highest oscillator strength is al- Inner Electron Quantum Number N
ways given byK=N-2. It has been shown that a two-
electron atom can be described in analogy to a three-atom
linear molecule, giving the angular quantum numbers of th
n/\(o—electrqn atom a physical meaning as bending vibrations, . ions. Only the principal seriebl,(N—2),, converging to the
with the V|bra_1t|o_nal guantum number_= (N=K=T=1)12 e (N) thresholds|, are shown. Abovéy, a He" ion in quantum
[21]. Along this line, Rydberg series with the same/alues  ymperN and a free electron are left behirigatched regions |

are said to have the same symmetry. _ converges to the, threshold in a hydrogenic way. Note the energy
In Lin's classification scheme, the ground state of He isgyerlap of neighboring series foi> 4.

1(0,0; 'S°. The complete set of the thredP° double-

excitation series below,, denoted in the “old” classification  tinua abovel, and |, etc. (see Fig. 1 The typical Fano
scheme by ¢p.2n+), (sp,2n—), and (Z,nd), is given in  profile consists of a constructive and a destructive interaction
Lin's classification byn(0,1);, n(1,0; , andn(=1,03[20].  of the direct photoionization channel with the photoioniza-
Only the first of these series, the principal one, fits into th&jon channel via double excitation. This results in the well-
commonT=1, A=" +" relation, while the two otheN=2 known Fano prof“e of the cross section,

series do not. Belows, five P° series can be photoexcited

from the ground state of He, namely(1,1)3, n(—1,1)3, (q+e)? E—E,

n(2,03, n(0,03 , andn(—2,093, with only two of them ful- 0(B)=0a 72+ on With e=2—F—, 1)
filling the T=1, A=" +" relation. In the present work, Lin’s
classification scheme is used in an abbreviated fddK,,,
as introduced by Zubekt al. [7]. This is done forall Ryd-
berg series, i.e., th&=1 series are written aN,(N—2),,
N,(N—4),, N,(N-6),,..., theT=0 series as\,(N—1),,
N,(N=3),,.... ForN=2, the T=1 series is 2,0, and the
two T=0 series are 2,land 2;-1,,, instead of the old nota-
tions (sp,2n+), (sp,2n—), and (2,nd), respectively.
Similarly, theN=3 series are written as 3,5nd 3;-1, for
T=1 as well as 3,2, 3,0,, and 3;-2, for T=0; the N=4
series are 4,2 4,Q,,..., and so on.

He
L I —{65.399

5+ —

Energy (eV)

FIG. 1. Term scheme d#P° double-excitation resonances in He
ith energies taken from the present complex-rotation-method cal-

where E, is the resonance energy, is the linewidth
(FWHM), andq? represents the ratio of the transition prob-
abilities to a discrete state and to the continu(fifano-q
parameter) [22]. The profile indexg can vary from|qg|—,
when the transition probability into the discrete state is domi-
nant(Lorentzian profilg, to g—0, when the transition prob-
ability into the discrete state is much smaller than that into
the continuum, leading to a symmetric decrease of the cross
section to a minimum valu€window” resonancg. Accord-
ing to Fano and Coopdi23], the Fanog parameter is ap-
proximately constant within a given Rydberg series, and the
linewidths, I',, and transition probabilities?,,, of the indi-
vidual resonances of a given Rydberg series decrease accord-
The theory of autoionization goes back to the year 1961ing to the third power of the reduced quantum number
when Fano described photoabsorption in the vicinity of am*=n—¢ (6 is the gquantum defextleading to a constant
autoionizing resonance, which coincides in energy with aeduced linewidth'*=I", n*3 and to a constant reduced
continuum[22]. In case of double excitation in He, the transition probability,P* =P, n*3. In the case of many
Rydberg series converging to tHé=2 threshold interact resonances interacting with each other and with various con-
with the continuum above thH=1 ionization threshold of tinua, the cross section can be represented by a sum of single
He, |;; the N=3 Rydberg series may interact with the con- Fano profiles.

IV. THEORETICAL DESCRIPTION
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The observed Fano profiles originate typically from anexcitation region is based on the multichannel quantum de-
interaction of the discrete double-excitation states with thdect theory(MQDT), which is a phenomenological theory
nearby continuum, i.e., theN,K,, series interacts predomi- somewhere in between an independent-electron picture and
nantly with the(N—1) continuum. Rydberg series with equal many-electron theories. MQDT handles interseries interfer-

N values, but with different correlation quantum numbi€rs

ences as a three-channel problem, with one closed channel

will normally differ in their g values due to the special dis- N, one open channéN—2), and one further channéN—1)
crete states involved as well as the different parts of thehat is open abovéy_; and closed below it. Applied to the

continuum they interact with. For high&t, additional chan-

5,3, series of He, this means that the Hrdsonancéclosed

nels for interaction are opened: Overlaps of neighboring Ryehannel interacts with the 5,3resonanceg¢partially closed
dberg series occur fal=5, when the first member of the channel and theN=4 continuum(open channel As shown

Nth series overlaps in energy with the higher members of theecently[9], this approximation provides a rather good de-
(N—21)th series(see Fig. 1, leading to interseries interfer- scription of interseries interferences.

ences. In this case, strong variations of the reduced transition A substantial set of calculations of double excitations in
probability as well as of the reduced linewidth within a given He exists[24—64]; most of the early work below thBl=2
[24—-28,36—-3Band N =3 threshold$29-35 has been com-
piled in previous experimental woild,5,6]. In the past de-
cade, more than 30 new theoretical papers on double-

Rydberg series are theoretically expected.

A. Recent theoretical approaches

excitation states in He have appeared in the literature. The
To calculate the double-excitation resonances in He, botlarious approaches include the pseudostate close-coupling
in the undisturbed and the interfering-series region, variousnethod[46], the Feshbach method with saddle-point tech-
theoretical approaches are in use. One frequently followedique [47], the L? technique[48—-51,59,62 the R-matrix
procedure of describing electron correlation in the doublemethod[43,55, the diabatic and adiabatic hyperspherical

TABLE I. Summary of results obtained with the complex-rotation-method calculations forrRRe
double-excitation Rydberg series: Reduced transition probalfiity,quantum defect$, reduced linewidth,
I'*, and absolute linewidth of the lowest reonance in each Rydberg sEfieg, The quantum defects and
the reduced quantities are restrictechta N+ 2 as well as to noninterfering regions in each sefésvalues
are given in % of the reduced transition probability of the most intense serigs(=2100); series with
P*<0.01(marked by:-+) are omitted. A dash means that the respective series does not exist; linewidths are

given in meV.
N=2 N=3 N=4 N=5 N=6 N=7
N,(N-2),
p* 100 20 7 3 1 =0.5
o1 0.18 0.84 1.4 2.0 2.3 =27
Ir* 200 3100 3000 3300 3200 =3500
Th=n 37 190 97 60 40 30
N,(N—4),
pP* - 2 0.7 0.56 0.3 0.08
) -0.2 0.7 1.3 1.8 =23
T* 600 6300 6000 6500 =6900
| R 40 130 89 68 65
N,(N-6),
pP* - - 0.06 0.02
S -0.6 0.5
r* 1000 3800
Thon 21 50
N,(N—1),
pP* 1.7 0.02
) 0.72 1.3
r* 2.0 0.01
| 0.1 0.9
N,(N—3),
p* 0.35
) -0.25
r* 0.01
0.0003
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TABLE II. Results for the 5,3 (6,4,) series interfering with the 6,47,5;) intruder state, as obtained from
complex-rotation-method calculations, resulting in anomalies in quantum defgctseduced linewidths,
T’} , reduced transition probabilitieB;; , and Fanagy,, parameters. Linewidths are given in mel, T',, and
g, values are compared to hyperspherical close-coupling calculati®is using the hydrogenic values
15=0.08 a.u=76.8264 eV and=0.05556 a.u=77.4914 eV.

This work Ref.[15]
n 5n Fn F: qn P: 6I"I rn qn
5.3
5 1.718 59.3 2100 —-0.207 1.47 1.717 61.5
6 1.721 42.5 3330 —0.022 2.97 1.728 41.1 —0.027
7 1.819 25.2 3500 —0.006 3.25 1.824 25.2 —0.012
8 1.903 12.4 2800 0.006 2.60 1.914 12.7 -0.014
9 2.011 3.0 1030 0.067 0.88 2.023 3.9
10 2.327 3.5 1580 0.538 1.65 2.335 35
11 2.727 11.9 7750 0.190 7.64 2.730 12.4
12 2.870 7.9 6010 0.046 6.72 2.871 8.5
13 2.919 5.0 5120 0.02 5.60 2.878 5.3
14 2.947 3.4 4590 2.777 3.7
15 2.966 2.6 4530
6.4,
6 2.111 40.6 2390 2.110 40.5
7 2.133 32.3 3720 —0.45 1.60 2.130 313
8 2.266 19.5 3680 —-0.42 1.64 2.273 19.6
9 2.411 5.7 1740 —-0.33 0.68 2.425 6.1
10 2.834 5.2 1910 —-0.03 0.98 2.793 5.0
11 3.281 14.0 6440 —-0.29 3.55 3.287 12.9
12 3.412 8.9 5640 —-0.02 4.48 3.428 8.3
13 3.463 4.5 3900 -04 1.84 3.461 4.4
14 3.506 2.7 3120 3.346 3.1
15 3.544 15 2260 3.256 1.3
16 3.583 0.8

method[45,52, the hyperspherical close-coupling method linewidths result directly from the imaginary part of the en-
[13-19, and the method of complex rotation ergy eigenvalues, and the Fagoparameters are obtained
[16,34,35,39,53,54,61,84Resonance energies, linewidths, from the dipole-transition matrix elemerdsrom the ground
and to some extent also Faggearameters have been calcu- state,g=—Re(d)/Im(d) [16]. The cross section can be writ-
lated for the'P° double-excitation resonances in He belowten as a sum of simple Fano profiles in Eg) [67].

theN=2 threshold 12,14,16,39—5B below theN =3 thresh- The complex-rotation method provides also good results
old [16,47,52,54—6]l below the N=4 threshold for interseries interferencdsee below Up to now, the re-

[16,52,54,55,62,83 and for N=5 [13,15,54. Since the sults of only very few calculations of interseries interferences
cant nanor . : 4n He have been published: Apart from MQDT adaptions of

‘experimental data 9], only fairly recent hyperspherical
close-coupling calculation of such interferences are known
[13,15. The variations of the excitation cross section result-
ing from the most recent calculatidd5] agree quite well

results, no critical evaluation of the various theoretical meth
ods is given here.

The method of complex rotatid5,66], however, is used
here for calculating resonance energies, linewidths, an

> . . ith the present theoretical and experimental redidis It
Fanog parameters in order to allow a detailed comparisongy, 14 4150 be noted that the authors in e8] use a peak
with the experimental results. In this method, the many-

TR > Y"assignment that differs from the one used here: in R,
electron Hamiltonian is transformed into complex coordl—e.g” the 6,4 resonance, which is the perturber of the 5,3
nates, and “hidden” resonances are “exposed” by an approseries, emerges individually, whereas in the present paper,
priate rotation of the energy scale of unbound states beyonghe 6 4 perturber is taken to vanish behind the long-lived
the thresholdslN. The wave functions are transformed to 5!31 resonances. The present assignment seems to be more
perimetric coordinates and are expanded in a Sturmian-typguitable, since it includes a smooth variation of the quantum
basis sef16]. The convergence is checked by systematicallydefect as a function af within a given series, with gradual
increasing the set of basis functions including up to 48 shellincrease by one in the interference regi¢sse below, chap-

for the interfering series. As a consequence, the naturakr 6).
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There are, however, some deviations from consgiht

! T
n=2+ (a) I'*, and ¢ values within a given series(i) For n=N
- ——— F e (“Wannier-ridge” statg, the excited electrons interact more
S 3+ JE strongly, causing a slight increase in the quantum defect and
[ R a lowering of the resonance energy of tNeK, state by
4+ =150 meV as compared to the>N resonanceg(ii) There
5Jg+ is a rather small increase 6fn) as a function ofi within all

principal series witiN>2 (not shown in Table I, see belgw

- 7 o . : .
3¢ 4 |I+ This increase is stronger for hidi-series and may be
caused by the polarizability of the doubly excited He atom.
This effect depends additionally on the anglg between the
v coordinates of the two electrons and is strongest for
6 Bl er 63 61 e 0,,=180°. For the 2,0series(6,,=90°, there is even a de-

- crease off(n) with increasingn. (iii) Most strikingly, there
is a strong variation ifP*, IT'*, and é for interfering Rydberg
series, as is demonstrated in Table Il. For highseries
(N=5), the lowest resonance & N) overlaps in energy with
the highn members of the(N—1)th neighboring series,
causing the series to perturb each other. As a consequence of
this interference, the short-lived, Ky resonances are “eaten
up” by the long-lived \N—1),K, resonance at the same en-
ergy, ands, I'*, andP* are changing accordingly. A typical
interference pattern is shown in Table Il for the bghd the
6,4, series: both the reduced transition probability and the
reduced linewidth as a function of quantum numbédollow
a Fano-like profile, with minima and maxima iR; and
'y, and the quantum defect increases by one in the interfer-
ence region. In these cases, théependence oP* andI'™
is represented by an index P}y andI';; . It should be noted
that the results of both the hyperspherical close-coupling cal-
culations[15] and the present complex-rotation calculations
for the 5,3 and the 6,4 series are in excellent agreement.
The P* values given in Table | enable one to perform a
crudeestimate of the intensities of the various series, allow-
ing a judgement whether a series ought to be visible or not in
a photoionization experiment. We see that for the principal
seriesN,(N—2),,, theP* values diminish by factors of 2 to
: 3 when going fromN to N+1, and only theN=2 series is

Photoionization Yield

65.25 65.30 65.35 65.40 more intensd&by a factor of=5 relative to theN=3 series.

Photon Energy (eV) For secondary seried|,(N—4),, P* diminishes by factors
of =10 relative to the principal serieB* values of theT=0
series,N,(N—1),, N,(N—-3),,... amount to only 1-2% of
those of theT=1 seriesN,(N—2),, N,(N—4),,.....

1 !

FIG. 2. Autoionizing resonances of doubly excited He below the
N=2 threshold [,) of He; from Ref.[10]: (a) overview; (b) 5.3
times expanded view of the=4+ region;(c) 36 times expanded
view of then=10+ region. The principal 2,0series is denoted by V. EXPERIMENTAL RESULTS
n+, the secondary series 2, by n—. In (a) and(b), the “+" and

—» 1po series are indicated by vertical bar diagrams and dashed
and dotted lines, respectively. All spectra discussed in this work were least-squares fitted

by superpositions of Fano line shapes convoluted with the
monochromator function. From fits of the 2,and 2;-1,
resonance lines, with linewidths much narrower than the
In the following, the properties of the various Rydberg present instrumental resolution, it turns out that the mono-
series are discussed, as obtained by calculations based on tteromator function is not a pure Gaussian, but contains also
complex-rotation method. In Table I, transition probabilities,a non-Gaussian contribution that can be approximately de-
P, quantum defects$, and linewidthsT", are given. For each scribed by a Lorentzian shape. A detailed analysis shows that
series, typicalreducedtransition probabilitiesP*, and re- the monochromator functionAE, is well described by
duced linewidthsI™*, are listed. The reduced values as well =60% Gaussian ang40% Lorentzian contributions. Such a
as the quantum defects are approximately constant within detailed analysis of the monochromator function was only
given Rydberg series. For the linewidtHs,, also absolute possible due to the considerably improved signal-to-noise
values are listed for each first resonanoe=(N) in a given ratio in the present data. Previously, fairly good fits of the He
series. double-excitation spectra had been achieved with a pure

A. Data-fitting procedure

B. Results of complex-rotation-method calculations
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FIG. 3. 2,1, and 21, P° resonances of doubly excited He; from Rf0]. The resonances of the 2, $eries are again denoted by
n—, while those of the 251, series are marked byphd. For highem values, the resonances sit on increasingly steep slanting backgrounds
caused by the leading edges of the neighboring, tates(n+ states in Fig. 2 which are out of scale in this figure.

Gaussian monochromator functip®). It is remarkable that for N<4. No restrictions on line positions and linewidths
the relative weights of the Gaussian and Lorentzian contriwere applied for resonances wile=5 with interseries inter-
butions to the monochromator function are very similar toferences. In the interference regions, the threshojd$or
those observed with the SX700/ll monochromator at higheN=5 were obtained by using the thresholgsfor N=1—4,
photon energies, e.g., at tiels—#* excitation of theN,  the double-ionization threshold.=79.003 eV, and the Ryd-
molecule athv=401 eV[8]. berg formulaly=1,—4R,J/N? with Ry,=13.60383 eV
After removing an approximately linear background from [50]. This method is based on the assumption thatl{he

the raw data, caused mostly by the decay of the electro, es converge towards in a hydrogenic way.
current in the BESSY storage ring, positions and linewidths

of the resonance lines were determined as follows: In a first
approximation, the resonances belonging to a particular se-
ries, excluding the first members, were assumed to fit the In Figs. 2 and 3, the photoionization spectra of He below
Rydberg formula with constant quantum defe&tWith the I, (hv=65.402 eV are shown. Besides the dominant reso-
ionization threshold obtained in this way, exdatalues were nances of the principal +” series, (2,0,), weak “—" reso-
then determined for each resonance line. The reducedances of the secondary seri€s),), are observed at lower
linewidths,I"™*, of the individual resonances in a given seriesenergies than the respective members of thé Series; both
were assumed to be constant, again excluding the first two areries converge towards the same ionization threshegld,
three members. For the highmembers of a series, the line- These series have been resolved up tortk0 andn=11
widths decrease rapidly to values far below experimentaktates for the “” and “ —” series, respectively. The reso-
resolution. Note that constaft*, P*, and g values mean nance lines exhibit Fano profiles due to interaction of the
constant peak heights of the Fano profiles of the resonanddiscrete double-excitation states with the continuum; for the
lines (peak excitation cross sectigndn order to correctly “+"and “ —" series, respectivelyg=—2.5 and—3.2 were
convolute these extremely narrow intrinsic Fano profiles ofobtained.
the highn resonances with the monochromator function, the Figure 2 shows that the peak heights of the¢ ™reso-
point density had to be artificially increased2d 00 points nances decrease steadily with increasmgThis is just a
per meV. This resulted in a correct description of the ob-consequence of the convolution of the approximately con-
served decrease in the intensities of the highesonance stant monochromator function with the intrinsic Fano pro-
lines. However, it also led to substantial increases in compufiles of the resonances with rapidly decreasing linewidths. In
tation time[8]. this way, the peak heights of the observed resonances are
Obviously, the described fit procedures can only be apmeasures for both the linewidths and the monochromator
plied to Rydberg seriewithoutinterseries interferences, i.e., function. Simulations show that the numbey, of resolved

B. Resonances below th&l =2 threshold
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TABLE lll. Comparison between experimental and theoretical values for resonance engfgiéeewidths(FWHM), T',, and Fanay
parameters of the first members of the=2 double-excitation Rydberg series of He. Unless otherwise stated, the error bars of the
experimental values arel in the last digit. Note that theelative energies are given with an accuracy-of meV, but theabsoluteenergies
both in experiment and in theory are uncertainitd meV. This is due to minor changes in monochromator calibration as well as to a
scattering of values assumed for the double-ionization thresholdanging from 79.003 to 79.008 eV. Literature values given in a.u. were
converted to eV by usin®=13.60383 eV and..=79.003 eV.

E; =] E, Es I, r, r, Is 92 ds da ds
Ref. (eV) (meV)
2,0,
Experiment  This work  60.147 63.658 64.467 64.816 37 10 (54.0 2.03) —2.75 —-25 —24 —24
[1] 60.12315) 63.6527) 64.4627) 64.8137) 38(4) 8 (4) —2.8025 -2(1)
[3] 60.15110) 38(2) 8.3(20) —2.6(3) —2.55)
[4] 60.13315) 38(1) —2.755)
Theory This work  60.144 63.656 64.464 64.814 37.4 8.2 35 1.8 —2.77 —2.58 —-255 254
[42] 60.172 63.664 64.467 64.816 37.4 8.5 3.6 1.9
[43] 60.190 63.667 64.467 64.813 40.2 8.9 3.9 1.2
[44] 60.151 63.656 64.462 64.812 38.3 8.4 3.6 1.9 —2.83 —2.67
[45] 60.152 63.659 64.464
[46] 60.155 63.658 64.465 64.815 36.2 8.4 3.4 1.8
[47] 60.155 63.662 64.469 36.6 8.4 3.6
[48] 60.147 63.656 37.8
[50] 60.175 63.664 39.9 8.8
[51] 60.154 63.656 64.463 36.5 7.9 3.3
[53] 60.145 63.656 64.465 64.814 37.4 8.2 35 1.8
21,
Experiment  This work 62.758 64.135 64.657 @5 0.32 <0.1 -35 -3.2 -3.2
[ 62.75610) 64.13917) 64.66417)
Theory This work 62.758 64.134 64.656 0.105 0.055 0.027 —4.25 —-3.32 -331
[12] 62.761 64.138 64.660 0.104 0.054 0.027
[14] 62.758 64.136 64.657 0.116 0.052
[42] 62.752 64.144 64.662 0.143 0.021 0.013
[43] 62.764 64.107 64.627 0.12 0.052 0.055
[44] 62.755 64.132 64.654 0.112 0.057 0.028 -3.75 -2.93 -289
[45] 62.760 64.135 64.655
[46] 62.758 64.135 64.657 0.106 0.056 0.028
[47] 62.759 64.135 0.095 0.060
[51] 62.756 64.132 0.098 0.047
[53] 62.758 64.134 64.657 0.105 0.056
2,-1,
Experiment  This work 64.119 64.648 64.907 <0.05
Theory This work 64.118 64.648 64.906 0.0003 0.000004<10°° —-23 —132 197
[12] 64.122 64.651 0.003 0.00097
[14] 64.119 64.647 64.907 0.0044
[42] 64.120 64.650 64.913 0.0303  0.0103
[44] 64.116 64.646 64.908 0.0016 0.0004 0.00003 —10.5 —-15 -23
[45] 64.118 64.651 64.909
[47] 64.124 64.650 0.00004 0.001
[51] 64.117 64.646 0.00053 0.00023
[53] 64.118 64.648 64.906 0.00044

“ 4" states provides a quantitative estimate of the monochroeently resolved10]. As shown in Fig. 3, theith state in the

mator resolution, resulting im,=20 for AE=4 meV

(FWHM).

“hidden” 2,—-1,(2p,nd) Rydberg serieSA=0) were re-

2,—1, series is very close to th@+1)th state of the

“w_n

series. Peak heights and linewidths of the resonance lines
With a suitable energy scale, high spectral resolution, andecrease by approximately two orders of magnitude when

good signal-to-noise ratio, the first four members of the thirdgoing from the “+” to the “ —” series and further from the

“ —"to the 2,—1, series. The latter resonances in particular
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FIG. 5. Detailed study of the 3;1; and 3, % resonance regions
of doubly excited He:a) The first resonance, 3,2of a further
secondary series beloly is clearly identified close to the 313
state.(b) The second resonance-3,, of the most intense second-
ary series, 3r1,, shows up in the leading-edge region of thes3,1
resonance.

the 2,@ resonance; the reason for this improvement is a
rather low He pressure of 0.01 mbar, i.e., the almost com-
plete absence of saturation effects. This improledalue is
in much closer agreement with previous wdske Table ).
Obvious saturation effects in the photoionization spectrum of
Ref. [9], taken at a He pressure of 0.1 mbar, were most

FIG. 4. Autoionizing resonances of doubly excited He below theprobably restricted to the 2,line, however. In summary, all

N=3 threshold (3) of He: The principal series is 3,1 and two
resonances of the secondary series; B,, can be identified. The

three'P° Rydberg series predicted by theory belbwhave
now been resolved in our photoionization work. The 1,

upper spectrunta) gives an overview, while in the lower spectrum A=+ 1~ series, 2,Q,, is the principal series, but also the two
(b) then=7 region is displayed on an energy scale expanded by & psidiary series with correlation quantum number and

factor of =8.

are extremely long lived, and despite the neighboring 2,1
and 2;-1, lines observed in experiment, tliEeconvoluted

A="-" (A="0" ) were observed.

C. Resonances below th& =3 and N =4 thresholds

resonances are separated from each other, justifying least- For N=3 andN=4, five and severtP° series, respec-
squares fits with independent Fano profiles. The fact that thévely, are optically allowed from the ground state of He.
linewidth of the 2;-1; resonance is much narrower than the Since the reduced transition probabiliti€s, of the higher
monochromator function renders this resonance ideallgeries withT=0 are predicted to be rather smélee Table
suited for determining the resolution of the monochromatorl), we expect to identify, however, only 2 to 3 series in each

Here, we obtailME=4 meV (FWHM).

The reduced linewidth of thé=2 series, derived by
least-squares fits, iB*=200 meV for the “+" series, 2,Q,,
I'*=8 meV for the “—" series, 2,1, andI™ <0.5 meV for
the (2p,nd) series, 2;-1,,, respectively, in fairly good agree-
ment with the present theoretical resulége Table)L Both

case.

In Fig. 4, the photoionization spectrum for the energy
region from 69.4 to=73 eV is shown, containing Rydberg
series below theN=3 threshold,l;. The principal series,
3,1,, has been resolved now up t6=17; previously, with
the 1221-line/mm grating, only states upre-13 could be

the experimental and the calculated Fano parameters of thresolved[9]. The principal series can be well described by

separate resonanc@s=2-5) are given in Table Ill and com-

I'*=3.1 eV, a quantum defect a§=0.815-0.002, and &

pared with previous experimental as well as selected theosalue of q=1.95+0.07. The first member of a secondary
retical results. ThiN=2 Rydberg series of the double exci- Rydberg series a=71.3 eV is also clearly visible; it is as-
tations in He has been calculated most often, and a completigned to the first “bending vibrational” state witkhi=N—4.
representation oall theoretical results would contain more In addition, the first resonance of the most intefiseD Ryd-
than 30 references. There is obviously good agreement béerg series, 3,2 can be seen: this 3,8tate is expected to be
tween the experimental and the theoretical results. Note the75 meV below the 3;1; resonance, and in fact there is a
highly improved accuracy of the present experimental valuesveak feature at this very enerdgee Fig. %a)]. However,

as compared to previous resulis3,4]. We note that for the
most intense resonance, 2,0r (sp,22+), a smaller line-
width is now obtained than previously fouriéd]: We now
derive al’ value of 37-1 meV (instead of 42.3 meV befoye
and ag value of —2.75+0.01 (instead of—2.55 before for

due to its weakness, reliable results on linewidth and Fano-
parameter could not be obtained. We can estintate be
smaller than the monochromator resolution égicto be>1,
both in agreement with the calculated valiisse Table V.
The second member of the -31, series, 371, is ex-
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TABLE IV. Comparison between experimental and theoretical values for resonance engggiésewidths(FWHM), T, and Fangg
parameters of the first members of the=3 double-excitation Rydberg series of He. Unless otherwise stated, the error bars of the
experimental values are1l in the last digit. Conversion of literature values as in Table III.

Es E, Es I3 r, I's ds a4 ds
Ref. (eV) (meV)
3.1,
Experiment  This work  69.819) 71.6234) 72.1792) 181(100 82(5) 39(3) 1.31) 1.81) 1.81)
[1] 69.944) 71.661) 72.2401)
[4] 69.91415) 20020 1.325)
[5] 69.91917) 13226) 1.4(3)
(6] 69.91712) 71.60118) 72.18115 17812)
[7] 69.882) 71.633) 72.173) 180(15)
Theory This work  69.871 71.624 72.180 191 78.8 354 1.25 1.64 1.53
[29] 69.866 71.626 72.188
[30] 69.872 71.628 72.186
[52] 69.818 71.638 72.205
[54] 69.871 71.624 72.177 190 84.3 32.6
[58] 69.879 71.637 72.187 184 82 29
[59] 69.873 71.621 72.177 174 70.4 27.4 1.3 1.51 1.40
[60] 69.875 71.622 72.177 189 88.2 34.0 1.26
[61] 69.871 71.624 72.180 190 78.8 35.3
3,1,
Experiment  This work  71.318) 72.16@3) 47(5) 23(10) -0.1(2) 11(3)
[6] 71.304) 70
[7] 71.26%130) 73(15)
Theory This work  71.308 72.158 72.450 39.8 14.2 6.1 0.04 12.8 0.5
[30] 71.316
[52] 71.411 72.213 72.481
[58] 71.320 72.171 72.458 37.4 18.2 6
[59] 71.309 72.156 355 14.0 -0.04 0.78
[60] 71.317 72.163 72.446
[61] 71.308 72.158 39.8 14.1
3.2,
Experiment  This work 71.23) <5 >1
Theory This work 71.223 71.999 0.93 0.60 3.3 4.5
[52] 71.290 72.054
[56] 71.230 72.000 0.90 0.59
[58] 71.226 72.002 0.87 0.59
[59] 71.221 71.997 0.83 0.55 -17.9 —-10.6
[60] 71.219 71.992
[61] 71.223 71.999 0.90 0.59

pected to be very close to this 3,4tate; it can in fact be ably due to an interaction between the l3ahd the 3:-1,
resolved on a magnified scdleee Fig. B)]. The third mem-  states, which represents an interaction between series with
ber of this series, 3;15, however, cannot be separated ex-different symmetriesy =(N—K—T—1)/2: while the “vi-
perimentally from the 3/ state, since the two states are brational” quantum number is =0 for the 3;-1,, series, it
expected to differ in energy by onkz3 meV. Least-squares is=1 for 3,—1,,. This is obviously different from the “usual”

fits of the 3;-1; and 3;-1, resonances give linewidths of strong interseries interferences, where only states from series
I';=47+5 meV andIl',=23=10 meV, respectively, i.e., an with equal symmetries intera¢ll] (see below. We argue
almost constant reduced linewidfH. On the other hand, the that the 3,3/3,—1, interaction is favored by the small energy

g values of the resonances of the—3, series depend difference between the neighboring resonances, which is
strongly onn: q=-0.1 for the 3;-15 resonance, while it is smaller than the linewidth of the 3,tesonance.

11+3 for the 3;-1, resonance. This is again in accord with  In Table 1V, the results of both the present experimental
the results of the complex-rotation-method calculationswork and the complex-rotation-method calculations are
which predictq values of 0.04 and 12.8 for the-31; and  given for the lown resonances of thBl=3 series, in com-
3,—1, resonances, respectively. This strong anomaly is probparison to previous experimental and selected theoretical re-
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perimental and more recent theoretical results. The agree-
ment between all the experimental and theoretical values is
quite good agairiexcept for those of Ref52]).

Different from the N=3 case, the thirdN=4 series
(4,—2,) cannot be resolved in the spectrum, although the
reduced transition probabilities of the 3.@8nd 4-2, series
are of similar magnitude. This is obviously due to the ener-
gies of the resonances: From calculations, the24,reso-
nance is expected to be between the;42d the 4,0 reso-
nances, i.e., on the leading edge of the;4gsonancdsee
Table V and Fig. &

D. Interseries interferences for resonances below thisl =5
and N =6 thresholds

In Fig. 7, double-excitation resonances below te5
threshold,l 5, and theN=6 threshold/ ¢, are shown. Again,
two series are clearly recognized, the principal,58,4,)
series and the weaker resonance lines of thg ®2,) sec-
ondary series. The reduced linewidths of the,%68,2,) lines
are again broader than those of the principal, %84,) se-
ries. All these series consist of “window” resonances. A
strong perturbation of the high-Rydberg resonances of the
5,3, series by the first member of the next serigsds), is
clearly visible in the spectrum. A similar perturbation of the
6,4, resonance by 7,/5s also present. In both cases, anoma-
lous intensities, linewidths, and energies of the resonance

FIG. 6. Autoionizing resonances of doubly excited He below thelines can be easily recognized. Such anomalies were first

N=4 threshold(l,) of He: (a) overview, (b) the n=9 region on an
energy scale expanded by a facto=eB. The principal series, 4,2

observed in double-excitation spectra of He taken about four
years agd9], but have recently been investigated in more

and the first 3 resonances of the most intense secondary seriggetail [11]. We first notice that within the interference, the

4,Q,, have been resolved. Note that the first member ofNke5
series, 5,3, is situated close to, but slightly belowy,.

sults. The experimental energies are less precise than in ¢
of the N=2 series, due to the larger linewidths. Except for
the results of Ref[52], there is a very good agreement be-

tween all the experimental and theoretical values.
Figure 6 displays resonances below thie-4 threshold,

4.

4,2, series up tm=15, and the secondary 4,8eries up to

n=6. Contrary to theN=2 andN=3 cases, the secondary

4,0, series shows a broader reduced linewidi=7 eV)
than the principal 4,2series(I"* =3.2 eV). This is due to the
fact that additional decay channels, both witk-2 andK =

reduced linewidth as a function of quantum numbefol-
lows a Fano-like profile, with the=9 resonance being nar-
rower, and then=11 andn=12 resonances much broader
an the linewidths expected on the basis of a constant re-
duced linewidth of the unperturbed Rydberg series. Further-
more, the envelope of the 5,36,4,) resonances doesot

represent the 644(7,5, resonance; instead, the §,&,5,)

Two series can be resolved in this spectrum, the principa””e is expected to be at the center of the Fano profile close to

the 5,3 (6,4, resonancésee Fig. 7.

For the lown members of theN=5 andN=6 principal
series(below the interference regipnthe experimental and
theoretical values are again tabulated in Table VI in compari-
son to the relatively few available previous results. The re-

—2, exist for theK=0 series, which overcompensate the sults of the present complex-rotation-method calculations for

normally expected decrease in linewidth for smakeand T

values. Moreover, the principal 4,3eries is characterized

by “window” resonances with 82q<<1, whereas the 4;Gse-
ries consists of “positive” resonanceég>1). The fit results
in g=0.70 (2.5 for the 4,2 (4,0, series, in qualitative
agreement with the calculations, which gige=0.48 and
g=3 for 4,2, and 4,Q, respectively. The high-resonances

the interference region are compared with the experimental
results in a graphical form. The bar diagrams in Fig. 7 rep-
resent the calculated energies of the resonances, both of the
principal and the most intense secondary series. The lengths
of the vertical bars represent the calculated linewidths in case
of the principal series, 5,3and 6,4 ; the absolute scale is
given by the 50-meV length in Fig.(B). Similar to the case

of the 4,2 series are superimposed on a “background”, of an undisturbed series, the peak heights are roughly related
which is formed by the first resonance of the next seriesto the theoretical linewidths, an observation that is again
5,3,, at an energy close tb,. The beginning of this in- caused by convolution with the monochromator function.
terseries interference leads presumably to a quenching of tHerevious calculations for the interference region were solely
high-n members of the 4,2series. Results for the low- based on the hyperspherical close-coupling mefti&d15,
resonances of thBl=4 series are summarized in Table V, with the most recent ongl5] being in excellent agreement
both from the present experiments and the complex-rotatiorwith the results of the present complex-rotation-method cal-
method calculations; they are compared with previous exeulations(see Table .
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An interference similar to that of the 5/8,4; (6,4,/7,5;) the secondary 5,1 series, preventing their experimental
interaction of the principal series with=0 symmetry is also  separation. Especially for the 55%nd 6,4, resonances, the
expected to occur between secondary series, e.g., those witherlaps with the 5gland 6,3 resonances, respectively, are
v=1 symmetry 5,1/6,2,. However, these interferences can- very strong, and the measured peak heights and linewidths
not be seen in the experiment, due to the overlap of thgurpass the calculated values. It should be mentioned that
strong 5,3 (6,4,) with the weaker 5,1(6,2,) series, particu-  gjso the calculated Fargvalues become increasingly more
larly in the case of highem numbers. In our spectra there is qoubtful for highN numbers(N=6), and that both experi-

no hint that series with different symmetry, as, e.9.,dR&  ment and theory do not yield reliable Faggparameters in
andv =1 series, interfere, in agreement with theoretical preyhis double-excitation region.

dictions[64].

The transition probabilities are quite low for all Rydberg
series withN=5, which means that high He pressures=f E. Interseries interferences below theN =7
mbar were needed to obtain good statistics. Under these con- and N=8 thresholds

ditions (high pressure, high backgroundaturation effects

may occur, which are difficult to isolate in the experiment. In Fig. 8, double-excitation resonances below Me?7,
Such saturation effects influence only slightly the measuretN=8, andN=9 ionization thresholds of He are shown, with
linewidths, since alll’ values are very close to or even experimental and theoretical results compared again in a
smaller than the monochromator resolution. The effects ographical way. We are not aware of any other experimental
the g parameters, however, will be much stronger, with ad-and theoretical results for this energy region. Here, the
ditional complications arising from the high density of reso- signal-to-background ratio is less than 0.001, and a reliable
nances leading to an overlap of resonance wings. This mearfis of the N=9 series cannot be performed: for>78.08 eV,

that the derived) values are trustworthy only in a qualitative the solid line through the data points is just a guide to the
sense. There is no doubt thelt measured resonances in the eyes. Two interference regions occur in these spectra for
Rydberg series wittN>5 are window resonance$q|<1). each principalN series, e.g., the 8&6@and 8, resonances

In this way, we find a change ig from =—0.3 for 5,3 to interfere with the 7,5 series in then=10-14 anch=15-18
values close to zero in the interference region. The questioregions, respectively. Moreover, the intensity modulations
of aq reversal, as sometimes predicted by the@ge Table and linewidth variations are much stronger than forkhe5

II), cannot be decided on the basis of the present experandN=6 series. This supports the Fano-like variation of the
ments. It should be noted that this question will probablyreduced linewidths as a function of here, the most “de-
remain open even if spectra with better resolution and bettestructive” interference occurs fanteger nvalues, whereas it
statistical accuracy should become available, since there isiabetweenwo integem values in case of thd=5 andN=6
strong overlap of broad resonances of the principg| 818l  series. Note that the 75and 7,55 (8,6,; and 8,65 reso-

TABLE V. Comparison between experimental and theoretical values for resonance erngggitsewidths (FWHM), I',,, and Fangg
parameters of the first members of the=4 double-excitation Rydberg series of He. Unless otherwise stated, the error bars of the
experimental values are1l in the last digit. Conversion of literature values as in Table III.

Es4 Es Ee Iy I's Tg Aa Js Js
Ref. (eV) (meV)

4,2,

Experiment This work 73.716) 74.62@4) 74.9792) 94 59 32 0.5 0.7 0.7
[1] 73.75822) 74.64223) 74.99923)
[6] 73.663) 74.513) 74.933)
[7] 73.723) 74.603) 74.963) 89(8)

Theory This work 73.711 74.616 74.975 97.3 59.0 32.8 0.29 0.47 0.49
[30] 73.702 74.633 74.992
[52] 73.680 74.601 74.997
[54] 73.710 74.615 74.906 98 61 19
[63] 73.705 74.636 74.994

4,0,

Experiment This work 74.13 74.89 75.12 100 66(10) 3510 3 3 >3
[7] 74.133) 74.773)

Theory This work 74.138 74.848 75.122 130 62 38 2.5 2.3 3.9
[30] 74.213
[52] 74.259 74.954 75.178
[54] 74.138 74.847 129 56

42 [63] 74.214 74.901 75.148

’ n
Theory This work 74.907 75.160 75.289 21 6.4 3.6

[52] 74.960 75.190
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FIG. 7. Double-excitation resonances of He below (#@eN=5 77.8 78.0 78.2

and (b) N=6 thresholds of He in comparison to the calculated en-
ergies(vertical bar diagramsas well as to the calculated linewidths
(5,3, and 6,4 series. The calculated positions of the perturber  F|G. 8. Double-excitation resonances of He below @eN=7,
states are marked by vertical arrows. For the principal series, they) N=8, andN=9 thresholds of He. The vertical bar diagrams and
lengths of the vertical bars are proportional to the theoreticalertical arrows have the same meaning as in Fig. 7. Note that a
linewidths. For the secondary series, the dotted bar diagrams represast-squares fit of independent Fano profiles has been performed
sent only the theoretical energies of the resonances. only in the region below 78.07 eV; beyond this energy, the solid
curve through the data points serves just as a guide to the eyes.

Photon Energy (eV)

nances are almost completely suppressed. the principal resonances: At least theg?,3,3;, 7,33, 7,314,
Again, thev=1 series withK=N—-4 are resolved as 8,4,,, and 8,45 resonances can be clearly identified. As in

well. These resonances, however, overlap strongly with thease of thdN=5 andN=6 series, an overlap between prin-

principal (v =0) series, and are visible only as shoulders ofcipal and secondary series occurs in this energy region.

TABLE VI. Comparison between experimental and theoretical values for resonance engrgiesd linewidthss(FWHM), I, of the
first members of thdN=5 andN=6 double-excitation Rydberg series of He below the interseries interferences. Conversion of literature
values as in Table Ill.

Ref. (eV) (meV)

5.3

Experiment This work 75.566) 76.0833) 76.3202) 76.4611) 65(2) 39.58) 25.28) 14.28)
[6] 75.544) 76.103) 76.303)
[7] 75.583) 76.133) 76.313)

Theory This work 75.564 76.084 76.320 76.461 59.3 42.5 25.2 12.4
[15] 75.564 76.081 76.319 76.459 61.5 41.1 25.2 12.7
[19] 75.55 76.10

6.4 [54] 75.563 76.084 59.9 40.8

Experiment This work Perturber 76.928 77.0781) 34.91.5 20.46)
[7] 76.613) 76.893) 27(10)

Theory This work 76.592 76.918 77.078 40.6 32.3 19.5
[15] 76.592 76.918 77.077 40.5 31.3 19.6

[54] 76.592 39.4
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ergies. There is obviously close agreement between theory

10F and experiment for both the energies and the peak heights;
S st @ the latter are roughly proportional to the linewidths.
j"' : For a closer insight into the behavior of the resonances,
5182 we show in Fig. 9a) the reduced linewidthd}; , and in Fig.
5 9(b) the quantum defects), , for theN=4 to N=8 principal
é 5F _ o 110 series as a function of the term enerByn,N)—1. The
% 0:_’:‘;—6 as, symbols represent fitted experimental results for the mea-
Stof o b N=5735 sured resonances; the solid lines connectthiereticall';
gt s 0 and &, values for differentN. The two results agree very

well, and the small deviations visible can be explained by
overlapping principal and secondary series in the experimen-
tal spectrum. The reduced linewidths show destructive and
constructive interferences in the energy regions of the in-
terseries interference§Fano-like profile”). The quantum
defects exhibit increases by one in the interseries interference
b regions, and the positions and linewidths of these increases
represent the energies and linewidths of the perturber state
] [68]. In case of theN=7 andN =8 series, théwo interseries

] interferences are reflected in two Fano-like profileslih

and in two increases af, by one. It is interesting to analyze
also thel'} and &, structure of theN=4 series: botH"; and

, ] 6, behave as expected forlkseginninginterseries interfer-

0.2 0.0 ence, whose realization is hindered due to unresolved migh-
features.

Quantum Defect 5,

E-ly(eV)

FIG. 9. Graphical representation of experimental and theoretical

results for the principal seridé=4 to N=8: (a) reduced linewidth, VIl. SUMMARY AND PERSPECTIVES

I'* =T ,n*3; (b) quantum defects, . Both are plotted as a function

of the term energy, i.e. the energy difference to the relevant ioniza- In the present work we reported on the observation of 18

tion threshold, . The experimental results are given by the vari- different Rydberg series in th#P° double-excitation reso-

ous symbolidN=4 (@), N=5 (A), N=6 (H), N=7 (V), andN=8 nance region of He. This includes the complete set of the

(#); the solid lines connect the theoretical results for different  three dipole-allowedN=2 Rydberg series, three series

For clarity, the ordinate irfa) is shifted by 6.5 eV between neigh- among the five optically allowe8l=3 Rydberg series, and

boring N series. two series each foN=4, 5, 6, 7, 8, and 9. Energies, lin-
ewidths, and—if applicable—Farmp-parameters were de-
rived for the various resonances from the experimental data;

V1. COMPARISON BETWEEN EXPERIMENT they agree very well with the results of complex-rotation-
AND THEORY method calculations for thid=2, N=3, andN =4 series. For

the higher series, good agreement between experiment and

The experimental and theoretical results of the presenheory was found for energies and linewidths, but only quali-
work for the Fano parametefsnergy, linewidthg valug of  (44ive agreement for the Fampparameter(“window reso-

the first resonances of the noninterferihg=2, 3, and 4 5nceq). For N=5, strong interseries interferences were

double-excitation Rydberg series are summarized in Tableﬁoth theoretically predicted and experimentally observed, re-

lll to V. The comparison _shows an.excellent agreement be'sulting in Fano-like variations of the reduced linewidths and
tween theory and experiment. This holds as well for the

high.n members of these series. There are consEnta, m:ggarze?ol:sthe quantum defects by one across the interfer-
and & values for each series, except for resonances with low U 9 b : ittal of thi - kable i
guantum numbers, which are influenced by the inner elec- pon submittal oT thiS Manuscript, a remarkablée Improve-

tron, N. This effect is borne out both in experiment and in MeNt in resolution toAE=1 meV (FWHM) has been
theory (see Tables 11l to V). achieved by a group of researchers led by two of the present

For the interfering series withN=5, a comparison be- authors using the high-resolution beamline 9.0.1 at the Ad-
tween theory and experiment has been given in the form of ¥anced Light Sourc¢ALS) in Berkeley[69]. Since other
table only for the lowa resonances; in the interference re- wWorkers had shortly before reached at the same beamline a
gions, such a comparison has been given instead in Figs. 7®esolution of jusAE=6.5 meV(FWHM) [70], further rapid
8, and 9 in a graphical way. The vertical bars in Figs. 7 androgress in resolving power in this spectral region can be
8 represent the calculated energipssitions of the bajsand  expected. In combination with the high photon flux available
the calculated linewidthdengths of the bajsfor the princi-  at third-generation undulator beamlines, such high spectral
pal series 5,3, 6,4,, 7,5,, 8,6,, and 9,7 ; for the secondary resolution will offer new opportunities in the study of long-
seriesN,(N—4),, the bars represent only the resonance enfived atomic and molecular states.
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