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Observation of New Rydberg Series and Resonances in Doubly Excited Helium
at Ultrahigh Resolution
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We report on a striking improvement in spectral resolution in the soft x-ray range to 1.0 meV
at 64.1 eV, measured via th@eV-wide 2,-1; double-excitation resonance of helium. This
ultrahigh resolution combined with the high photon flux at undulator beam line 9.0.1 of the
Advanced Light Source have allowed observation of new Rydberg series and resonances below
the N = 3 threshold of doubly excited He. The obtained resonance parameters (energies, lifetime
widths, and Fana parameters) are in excellent agreement with the results of state-of-the-art
calculations. [S0031-9007(96)01322-1]

PACS numbers: 32.80.Fb, 31.50.+w, 32.70.Jz

Doubly excited helium is the prototypical neutral sys-ionization potential of HeJ; = 24.5874 eV, to the Hel
tem for the study of electron-electron correlations. Sincespectrum. The uncertainty in energy calibration (Gaussian
the pioneering work of Madden and Codling [1] and itso) was estimated as 1.7 meV beloly and 1.0 meV
interpretation by Coopeet al.[2], a number of experi- between/, andl;. For comparison with theoretical values
mental [3—6] and theoretical [6—14] studies of the’ in atomic units, a Rydberg constaRt = 13.603 83 eV
double-excitation states of He have been performed. Deand a double-ionization potentidl = 79.0052 eV were
spite these efforts, only few of the optically allowed Rdy-used. Measurements were performed with a gas cell
berg series could be observed up to now, mainly due teontaining two parallel charge-collecting plates of 10-cm
small excitation cross sections. Nevertheless, all threactive length, filled with He at pressures from 2 to
'pe Rydberg series below th&y = 2 thresholdl, [5], 500 wbar, and separated from the monochromator by a
two out of five series below th& = 3 threshold/; [4],  window of 1500 A Al(1%Si) (1200 A carbon) foiy <
and the strongest resonance of a thWd= 3 series [6] I, (hv > ;). All spectra were normalized to the incident
have previously been identified. photon flux monitored with a gold grid in front of the gas

The present Letter reports on striking progress incell. The electric currents in the gas cell and on the gold
energy resolution in the energy range of grazing-incidencgrid (10-!! to 1071 A) were measured with sensitive
grating monochromators and its application to previouslycurrent amplifiers (Keithley model 428).
unobservable states of doubly excited He. By monitoring The photoionization spectrum belo¥y is shown in
an extremely narrow double-excitation resonance of Hé-ig. 1, where the states are denoted\hyk,,; N andn (or
with a theoretical lifetime width of<=5 ueV [6], a n',n") refer to the principal quantum numbers of the inner
resolution of AE = 1.0 meV (FWHM) at 64.1 eV has and outer electrons, respectively, akdio a correlation
been achieved. This unprecedented spectral resolutioguantum number (see below). The principal seri€g,2,
combined with high photon flux, allowed the investigation shown in (a) fom = 4, was resolved up te = 26 [see in-
of new Rydberg resonances beldyy including a detailed setin 1(a)]. The stronger secondary seridg . 2shown on
comparison withab initio calculations. an expanded energy scale in 1(b) and 1(c), was observed

The experiments were performed at undulator beanup ton’ = 12, and the weaker secondary series B,», up
line 9.0.1 of the Advanced Light Source (ALS), whichto »n” = 7. While most spectra were recorded with
is equipped with a spherical-grating monochromator (thé&-um-wide entrance and exit slits, corresponding to
925-linegmm grating was used here) [15]. Energy wasAE = 2 meV, the 2], and 2;-1; resonances were measu-
calibrated by fitting the principal series beloly and red with 2.5-um-wide slits at highest resolution. The
I; to Rydberg series of Fano profiles and adjusting the,—15 state is ideally suited for determining monochro-
energy-defining monochromator parameters to match themator resolution due to its narrow width, calculated
correct threshold energied, = 654007 eV and I; =  as =5 ueV [5,6]. The inset in 1(b) shows this reso-
72.9589 eV; the latter were obtained by adding the firstnance on an expanded energy scale, with a total width

3086 0031-9007796/77(15)/3086(4)$10.00  © 1996 The American Physical Society



VOLUME 77, NUMBER 15 PHYSICAL REVIEW LETTERS 7 @TOBER 1996

T T T T T T T T T T T T T T T T T T T T T T T
(a) He
2,0,
2,1,
2,1,

Photoionization Yield

SR S/ T EETTN S/ ) T I TSI ) I P TEUTE S/ AT, P
62.75 62.77 64.12 64.14/ 64.65 64.631 64.90 64.92 , 65.05 65.07

/1 L L
IS S s S ey /S S S S S S S Sy /s S s S S S S S S S S B S S S £ s e T

(© fn-o

i

65.14 65.1

f AU R S S SR S B ) R S R SR it L/f o o | 4 ey |/ 1
I 7 77 77

65.20  65.21 6524 6525 6527 6528 6529  65.30
Photon Energy (eV)

ol

FIG. 1. Autoionizing resonances of doubly excited He belfw (a) overview spectrum, with resonances of all threg
Rydberg series; (b),(c) resonances of the secondary setigsa@d 2;,-1,,. Smooth backgrounds, caused by neighboring principal
resonances, have been subtracted from the data.

of 1.0 meV (FWHM), corresponding to a resolving tively [1]. Five'P? series converge tf: 3,1, and3,—1,
power of E/AE = 64000 at 64.1 eV, i.e., by a factor with T =1 andA = +1; 3,2, and3,0, with T = 0 and
of 4 better than previously obtained with the SX700 A = —1;and3,—-2, with 7T = 0 andA = 0.
monochromator at BESSY [5]. The photon flux at this The spectra in Fig. 1 were least-squares fitted with
ultrahigh resolution was measured with a Si photodiodendependent Fano profiles convoluted with the monochro-
to be=8 X 10° photongs athr = 62 eV (300 mA ring mator function, which deviates slightly from a pure
current;2.5 um slits), about a factor of 40 higher than at Gaussian and could be adequately described by Hermitian
the SX70Q1l beam line atAE = 4 meV. polynomials up to fourth order multiplied by a Gaussian;
The classification scheme for doubly excited stateghe solid lines through the data points represent the fit
in He used here has been introduced by Herrick andesults. The principal resonanc@d), were measured
Sinan@lu [7] and Lin [8]. The states are denoted with a relatively low He pressure2 (ubar) to exclude
by N(K,T)A25*'L™ where L, S and = have their saturation effects, which had been seen in earlier mea-
usual meaning and, T, and A are correlation quan- surements [6]. The derived resonance energigs
tum numbers. K ranges fromN — T — 1, N — T — lifetimes widths I', and Fanay parameters, listed in
3,...,—(N — T — 1), andT can be 0 or 1 fof P? states. Table I(a), are of considerably improved accuracy due
Both K and T describe the angular correlation betweento the high energy resolution and the low He pressure.
the two electrons, whil& measures the radial correlation The resonances of thé&,—1,» series were found to
[8]. Photoexcitation from the (0,0)] 'S¢ ground state be too narrow to allow fits with Fano profiles, with
leads to' P? states, and2N — 1) !P° Rydberg series ex- the exception of the2,—1; resonance, for whicH™ <
ist for eachN. We use here the abbreviated classifica-10 ueV andg < —2 were obtained. The energy differ-
tion N,K, as introduced by Zubekt al. [3]. There are encesSE between the,—1,, and the nearb,1, reso-
three! P° series converging td,: 2, 0, with 7 = 1 and  nances are—16.5(5) meV [2, —13/2,14], —8.7(5) meV
A= +1,2,1, withT = 0andA = —1, and2,—1,» with  [2,—14/2,15], —5.0(5) meV [2,—15/2,15], —3.4(5)
T = 0andA = 0. Originally, these three series had beenmeV[2, —14/2, 17], and—1.9(5) meV[2, —17/2, 1g].
denoted by(sp,2n+), (sp,2n—), and (2p, nd), respec- A comparison of the present experiment with all
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TABLE I. Summary of derived resonance parameters below/{and (b)/5: Energy E,, linewidth I', and Fanag parameter,
in comparison with theoretical results by Wintgen and Delande [11] and Sanchez arid Maiti The numbers in parentheses
represent the error bars in units of the last digit.

This work Wintgen and Delande Sanchez and Marti
E, r q E, r q E, r q
Resonance (eV) (meV) (eV) (meV) (eV) (meV)
(@ N =220, 60.1503(40) 37.6(2) -2.73(4) 60.1466 37.36 —2.77 60.156 38.3 —2.83
2,0;  63.6575(30) 8.3(5) -—2.53(4) 63.6578 8.19 258 63.661 8.39 267
2,0, 64.4655(20) 3.4(7) —2.58(5) 64.4664 349 255 64.467 358 —2.64
2,13  62.7610(20) 0.11(2) —4.1(4) 62.7602 0.105 —4.25 62.760 0.112 -3.75
2,14 64.1358(20) 0.06(2) —2.4(5) 64.1364 0.055 —3.32 64.137 0.057 -293
2,15 64.6586(20) 0.03(3) —2.8(5) 64.6587 0.027 -3.31 64.659 0.028 —2.89
(b) N =33,24 71.2254(14) 1.0(5) 2.3(10) 71.2251 0.928 3.33 71.2252 0.8337.85
3,25 72.0027(14) 0.6(4) 3.1(10) 72.0011 0.599 4.52 72.0011 0.5480.59
3,2¢ 72.3577(14) 0.17(30)  4.8(10) 72.3553 0.357 5.74 72.3561 0.3420.45
3,2; 72.5489(14) 0.06(30) 2.7(20) 72.5451 0.221 735 .- S S
3,23 72.6614(14) <0.3 >1 72.6582 0.144 8.68 e . e
3,0, 71.7247(14) 0.1(3) 1.6(20) 71.7232 0.615 0.44 71.7239 0.454 0.557
3,05 72.2530(14) 0.05(30) 10(20) 72.2516 0.288 0.77 72.2519 0.200 0.935

existing theoretical results would exceed the frame ofrigure 2(b) shows the principal serigsl, for n = 14
this Letter. Therefore the results of only two theoreticalresolved up to: = 24 at AE = 2.3 meV.
approaches [11,12] have been included in Table I; they The3,2, and3,0, resonances are shown in Fig. 3; both
generally agree well with experiment, better than withseries havd” = 0 andA = —1 and are “quasiforbidden”
previous experimental values [3—6]. [7,13]. A search for the extremely narrow lowest reso-

With this substantial improvement in resolution andnance of the fifthv = 3 series,3,—2, (with T = 0 and
photon flux, we searched for previously unobservableA = 0), with a strongly reduced excitation cross section
double-excitation resonances. Figure 2(a) shows afll], was unsuccessful. Hence all series with= 1 or O
overview spectrum belows, dominated by the princi- andA = +1 or —1 below I, and I; have now been ob-
pal series3,1, and the lowest resonande—1; of the served. The series with = 1, A = +1 are the most in-
strongest secondary series; the energies of the newlgnse ones, exhibiting also the largest lifetime widths. The
discovered resonances of the secondary sé&gsand series withT = 0, A = —1 are weaker and narrower, and
3,0, (see below) have been marked by vertical arrowsthe weakest and narrowest resonances Have0, which
could be monitored foV = 2 only. Note that series with
the sameT andA get weaker for decreasirig

These variations in intensity and linewidth reflect
differences in the correlated electron motion in the vari-
ous excited states, in agreement with the results of
ab initio calculations [6,9—12]. Electron correlations can
A3 be described in a rather direct way by a “molecular”
| | 32 325 332 32 picture, where the electron-electron vector=r; —
70 71 70 r, is taken as an adiabatic, approximate quantization
T T T axis. In this way, propensity rules for photoabsorption
N4 15 (b) [13] and autoionization [14] have been derived, which
predict that in photoabsorption transitions to states with
v, =0 or 1 are favored; herasv, = N — K — 1 is
a quantum number of the collective two-dimensional
harmonic motion around the saddle poiat = —r,) of
the two-electron potential. In autoionization, large (small)
T S S Y S S A RS widths are predicted fod = +1 (A = —1), since the

72.88 72.90 72.92 7294 respective states have an antinode (node) on the saddle

Photon Energy (eV) point, coupling stronger (weaker) to the continuum above

FIG. 2. Autoionizing resonances beldw (a) overview (from Iy-1. These propensity rules are confirmed in the present

Ref. [6]), (b) upper region shown on an expanded energy Sca|§Xperiment; a more detailed discussion will be given else-
(present work). where [16].
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T e mm grating. However, several factors degrade resolution,
including the finite widths of the entrance and exit slits,
the coma aberration, figure errors of the optical surfaces,
and the finite mechanical stability. Even though the coma
error is small at 64.1 eV (the Rowland-circle condition is
. fulfilled at = 71 eV with the grating used), the results re-
e i | flegt the extraordinary quality of the optical gra}ting (with
7121 7123 ree 701 a figure error better thabl5 urad rms). Beam Img 9.0.1
e/ A — at the ALS is thus a powerful new tool for ultrahigh res-

) olution spectroscopy of atoms, molecules, and condensed

matter.
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