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We report on a striking improvement in spectral resolution in the soft x-ray range to 1.0 me
at 64.1 eV, measured via themeV-wide 2,213 double-excitation resonance of helium. This
ultrahigh resolution combined with the high photon flux at undulator beam line 9.0.1 of th
Advanced Light Source have allowed observation of new Rydberg series and resonances be
the N  3 threshold of doubly excited He. The obtained resonance parameters (energies, lifetim
widths, and Fano-q parameters) are in excellent agreement with the results of state-of-the-a
calculations. [S0031-9007(96)01322-1]

PACS numbers: 32.80.Fb, 31.50.+w, 32.70.Jz
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Doubly excited helium is the prototypical neutral sys
tem for the study of electron-electron correlations. Sin
the pioneering work of Madden and Codling [1] and it
interpretation by Cooperet al. [2], a number of experi-
mental [3–6] and theoretical [6–14] studies of the1Po

double-excitation states of He have been performed. D
spite these efforts, only few of the optically allowed Rdy
berg series could be observed up to now, mainly due
small excitation cross sections. Nevertheless, all thr
1Po Rydberg series below theN  2 thresholdI2 [5],
two out of five series below theN  3 thresholdI3 [4],
and the strongest resonance of a thirdN  3 series [6]
have previously been identified.

The present Letter reports on striking progress
energy resolution in the energy range of grazing-inciden
grating monochromators and its application to previous
unobservable states of doubly excited He. By monitorin
an extremely narrow double-excitation resonance of H
with a theoretical lifetime width of#5 meV [6], a
resolution of DE  1.0 meV (FWHM) at 64.1 eV has
been achieved. This unprecedented spectral resolut
combined with high photon flux, allowed the investigatio
of new Rydberg resonances belowI3, including a detailed
comparison withab initio calculations.

The experiments were performed at undulator bea
line 9.0.1 of the Advanced Light Source (ALS), which
is equipped with a spherical-grating monochromator (t
925-linesymm grating was used here) [15]. Energy wa
calibrated by fitting the principal series belowI2 and
I3 to Rydberg series of Fano profiles and adjusting t
energy-defining monochromator parameters to match
correct threshold energies,I2  65.4007 eV and I3 
72.9589 eV; the latter were obtained by adding the firs
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ionization potential of He,I1  24.5874 eV, to the HeII
spectrum. The uncertainty in energy calibration (Gaussia
s) was estimated as 1.7 meV belowI2 and 1.0 meV
betweenI2 andI3. For comparison with theoretical values
in atomic units, a Rydberg constantR  13.603 83 eV
and a double-ionization potentialI`  79.0052 eV were
used. Measurements were performed with a gas ce
containing two parallel charge-collecting plates of 10-cm
active length, filled with He at pressures from 2 to
500 mbar, and separated from the monochromator by
window of 1500 Å Al(1%Si) (1200 Å carbon) forhn ,

I2 shn . I2d. All spectra were normalized to the incident
photon flux monitored with a gold grid in front of the gas
cell. The electric currents in the gas cell and on the gold
grid (10211 to 10210 A) were measured with sensitive
current amplifiers (Keithley model 428).

The photoionization spectrum belowI2 is shown in
Fig. 1, where the states are denoted byN , Kn; N andn (or
n0, n00) refer to the principal quantum numbers of the inner
and outer electrons, respectively, andK to a correlation
quantum number (see below). The principal series 2,0n,
shown in (a) forn $ 4, was resolved up ton  26 [see in-
set in 1(a)]. The stronger secondary series 2,1n0 , shown on
an expanded energy scale in 1(b) and 1(c), was observ
up ton0  12, and the weaker secondary series 2,21n00 , up
to n00  7. While most spectra were recorded with
5-mm-wide entrance and exit slits, corresponding to
DE > 2 meV, the 2,14 and 2,213 resonances were measu-
red with 2.5-mm-wide slits at highest resolution. The
2,213 state is ideally suited for determining monochro-
mator resolution due to its narrow width, calculated
as #5 meV [5,6]. The inset in 1(b) shows this reso-
nance on an expanded energy scale, with a total widt
© 1996 The American Physical Society
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FIG. 1. Autoionizing resonances of doubly excited He belowI2: (a) overview spectrum, with resonances of all three1Po

Rydberg series; (b),(c) resonances of the secondary series 2,1n0 and 2,21n00 . Smooth backgrounds, caused by neighboring princip
resonances, have been subtracted from the data.
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of 1.0 meV (FWHM), corresponding to a resolving
power of EyDE  64 000 at 64.1 eV, i.e., by a factor
of 4 better than previously obtained with the SX700yII
monochromator at BESSY [5]. The photon flux at thi
ultrahigh resolution was measured with a Si photodiod
to be>8 3 109 photonsys athn  62 eV (300 mA ring
current;2.5 mm slits), about a factor of 40 higher than a
the SX700yII beam line atDE  4 meV.

The classification scheme for doubly excited state
in He used here has been introduced by Herrick a
Sinanǒglu [7] and Lin [8]. The states are denoted
by NsK, T dA

n
2S11Lp , where L, S, and p have their

usual meaning andK, T, and A are correlation quan-
tum numbers. K ranges fromN 2 T 2 1, N 2 T 2

3, . . . , 2sN 2 T 2 1d, andT can be 0 or 1 for1Po states.
Both K and T describe the angular correlation betwee
the two electrons, whileA measures the radial correlation
[8]. Photoexcitation from the1s0, 0d1

1
1Se ground state

leads to1Po states, ands2N 2 1d 1Po Rydberg series ex-
ist for eachN. We use here the abbreviated classifica
tion N,Kn as introduced by Zubeket al. [3]. There are
three1Po series converging toI2: 2, 0n with T  1 and
A  11, 2, 1n0 with T  0 andA  21, and2,21n00 with
T  0 andA  0. Originally, these three series had bee
denoted byssp, 2n1d, ssp, 2n2d, and s2p, ndd, respec-
s
e
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tively [1]. Five 1Po series converge toI3: 3,1n and3,21n

with T  1 andA  11; 3,2n and3,0n with T  0 and
A  21; and3,22n with T  0 andA  0.

The spectra in Fig. 1 were least-squares fitted w
independent Fano profiles convoluted with the monoch
mator function, which deviates slightly from a pur
Gaussian and could be adequately described by Herm
polynomials up to fourth order multiplied by a Gaussia
the solid lines through the data points represent the
results. The principal resonances2,0n were measured
with a relatively low He pressure (2 mbar) to exclude
saturation effects, which had been seen in earlier m
surements [6]. The derived resonance energiesEr ,
lifetimes widths G, and Fano-q parameters, listed in
Table I(a), are of considerably improved accuracy d
to the high energy resolution and the low He pressu
The resonances of the2,21n00 series were found to
be too narrow to allow fits with Fano profiles, wit
the exception of the2,213 resonance, for whichG ,

10 meV andq , 22 were obtained. The energy differ
encesdE between the2,21n00 and the nearby2,1n0 reso-
nances are216.5s5d meV f2, 213y2, 14g, 28.7s5d meV
f2, 214y2, 15g, 25.0s5d meV f2, 215y2, 16g, 23.4s5d
meV f2, 216y2, 17g, and21.9s5d meV f2, 217y2, 18g.

A comparison of the present experiment with a
3087
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TABLE I. Summary of derived resonance parameters below (a)I2 and (b) I3: Energy Er , linewidth G, and Fano-q parameter,
in comparison with theoretical results by Wintgen and Delande [11] and Sánchez and Martı´n [12]. The numbers in parenthese
represent the error bars in units of the last digit.

This work Wintgen and Delande Sánchez and Martı´n
Er G q Er G q Er G q

Resonance (eV) (meV) (eV) (meV) (eV) (meV)

(a) N  2 2, 02 60.1503(40) 37.6(2) 22.73s4d 60.1466 37.36 22.77 60.156 38.3 22.83
2, 03 63.6575(30) 8.3(5) 22.53s4d 63.6578 8.19 22.58 63.661 8.39 22.67
2, 04 64.4655(20) 3.4(7) 22.58s5d 64.4664 3.49 22.55 64.467 3.58 22.64
2, 13 62.7610(20) 0.11(2) 24.1s4d 62.7602 0.105 24.25 62.760 0.112 23.75
2, 14 64.1358(20) 0.06(2) 22.4s5d 64.1364 0.055 23.32 64.137 0.057 22.93
2, 15 64.6586(20) 0.03(3) 22.8s5d 64.6587 0.027 23.31 64.659 0.028 22.89

(b) N  3 3, 24 71.2254(14) 1.0(5) 2.3(10) 71.2251 0.928 3.33 71.2252 0.833217.85
3, 25 72.0027(14) 0.6(4) 3.1(10) 72.0011 0.599 4.52 72.0011 0.548210.59
3, 26 72.3577(14) 0.17(30) 4.8(10) 72.3553 0.357 5.74 72.3561 0.343220.45
3, 27 72.5489(14) 0.06(30) 2.7(20) 72.5451 0.221 7.35 · · · · · · · · ·
3, 28 72.6614(14) ,0.3 .1 72.6582 0.144 8.68 · · · · · · · · ·
3, 04 71.7247(14) 0.1(3) 1.6(20) 71.7232 0.615 0.44 71.7239 0.454 0
3, 05 72.2530(14) 0.05(30) 10(20) 72.2516 0.288 0.77 72.2519 0.200 0
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existing theoretical results would exceed the frame
this Letter. Therefore the results of only two theoretic
approaches [11,12] have been included in Table I; th
generally agree well with experiment, better than wi
previous experimental values [3–6].

With this substantial improvement in resolution an
photon flux, we searched for previously unobservab
double-excitation resonances. Figure 2(a) shows
overview spectrum belowI3, dominated by the princi-
pal series3,1n and the lowest resonance3,213 of the
strongest secondary series; the energies of the ne
discovered resonances of the secondary series3,2n and
3,0n (see below) have been marked by vertical arrow

FIG. 2. Autoionizing resonances belowI3: (a) overview (from
Ref. [6]); (b) upper region shown on an expanded energy sc
(present work).
3088
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Figure 2(b) shows the principal series3,1n for n $ 14
resolved up ton  24 at DE > 2.3 meV.

The3,2n and3,0n resonances are shown in Fig. 3; bo
series haveT  0 andA  21 and are “quasiforbidden”
[7,13]. A search for the extremely narrow lowest res
nance of the fifthN  3 series,3,22n (with T  0 and
A  0), with a strongly reduced excitation cross secti
[11], was unsuccessful. Hence all series withT  1 or 0
and A  11 or 21 below I2 and I3 have now been ob-
served. The series withT  1, A  11 are the most in-
tense ones, exhibiting also the largest lifetime widths. T
series withT  0, A  21 are weaker and narrower, an
the weakest and narrowest resonances haveA  0, which
could be monitored forN  2 only. Note that series with
the sameT andA get weaker for decreasingK.

These variations in intensity and linewidth refle
differences in the correlated electron motion in the va
ous excited states, in agreement with the results
ab initio calculations [6,9–12]. Electron correlations ca
be described in a rather direct way by a “molecula
picture, where the electron-electron vectorr  r1 2

r2 is taken as an adiabatic, approximate quantizat
axis. In this way, propensity rules for photoabsorpti
[13] and autoionization [14] have been derived, whi
predict that in photoabsorption transitions to states w
y2  0 or 1 are favored; herey2  N 2 K 2 1 is
a quantum number of the collective two-dimension
harmonic motion around the saddle pointsr1  2r2d of
the two-electron potential. In autoionization, large (sma
widths are predicted forA  11 (A  21), since the
respective states have an antinode (node) on the sa
point, coupling stronger (weaker) to the continuum abo
IN21. These propensity rules are confirmed in the pres
experiment; a more detailed discussion will be given el
where [16].



VOLUME 77, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 7 OCTOBER 1996

n

c

e

ion,
ts,
es,
ma
is

e-
th

s-
sed

rat-
H.
y.
il-
ject
aft,
-

tt.

ev.

.,
FIG. 3. Newly observed resonances of two secondary se
below I3: (a),(b) 3,2n series up ton  8; (c) 3,0n series
up to n  5. Smooth backgrounds, caused by neighbori
resonances, have been subtracted.

The parameters of the3,2n and3,0n resonances, derived
by fit, are included in Table I(b), together with theoretic
results [11,12]. While the energies are very accura
G and q are subject to relatively large error bars, sin
the natural widths are much smaller than resolution, a
saturation effects could not be excluded due to the rat
high He pressure of460 mbar required for reasonabl
signal-to-noise ratios. The experimental parameters
generally in good agreement with the results of state-
the-art calculations, with the exception of theq parameters
of the 3,2n series [12]; however, only few theories hav
calculatedq parameters until now.

The ultimate resolving power of beam line 9.0.1
178 000, given by the number of grooves in the 925 liney
ries
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mm grating. However, several factors degrade resolut
including the finite widths of the entrance and exit sli
the coma aberration, figure errors of the optical surfac
and the finite mechanical stability. Even though the co
error is small at 64.1 eV (the Rowland-circle condition
fulfilled at > 71 eV with the grating used), the results r
flect the extraordinary quality of the optical grating (wi
a figure error better than0.5 mrad rms). Beam line 9.0.1
at the ALS is thus a powerful new tool for ultrahigh re
olution spectroscopy of atoms, molecules, and conden
matter.
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