
VOLUME 41, NUMBER 24 PHYSICAL REVIEW LETTERS 11 DECEMBER 1978

The contribution of two-nucleon emission clear-
ly goes in the right direction, but seems to be
too small. We therefore tend to conclude that a
yet unknown mechanism is responsible for the
pronounced strength between quasielastic and 6
peaks systematically observed in this experiment.

In the above discussion, we have limited our-
selves to the dip region. The quantitative inter-
pretation of the entire longitudinal and transverse
response function —a quantity for which systema-
tical experimental information hardly exists in
the litterature —will be considered elsewhere.
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Observation of Pair Splittings in the Autoionization Spectrum of Ba
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Using a three-step laser-excitation process we have selectively excited each of the
four autoionizing (6p&, 20s&~2)z states of barium although the (6p,'. , 20s&y2)jf f/2 pairs are
separated by less than their autoionization linewidth. The energy and linewidth of each of
the states have been measured. The (6p, y» 20s,y2) &

state has an anomalous width which
implies that it autoionizes primarily into excited Ba (6p &g2) ions.

We report, to our knowledge, the first experi-
mental resolution of pair splittings which are
smaller than the autoionization linewidths in the
Ruto10111ZRtioll spectrum of RI1 atom, Spec lflcallyq
we have measured the energies and linewidths of
all four components belonging to the (6p;, 20s~, )~
configuration in Ba. Previously, autoionizing
states have been observed by single-photon vacu-
um-ultraviolet (vuv) absorption spectroscopy';
however, for alkaline-earth atoms, that tech-
nique is limited to only those states with a total
angular momentum of 1. In a previous Letter, '

we reported a three-step laser technique for pop-
ulating autoionizing states of the 5p»ns configura-
tion in strontium; however, only the gross split-
ting due to the Sr+(5p) fine structure was re-
solved. In the experiments reported here, we
have made a significant refinement of our previ-
ous three-photon excitation scheme by using po-
larization techniques to force selective excitation
of each individual J state, including the J= 0 and
2 states which are inaccessible to single-photon
vuv absorption studies. We have been able to
measure the splittings between the J=j+ 2 state
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FIG. 1. Relevant energy levels for the excitation of
the (6P;, 20s&/2)& autoionizing states of Ba. The solid
lines show the stepwise laser excitation. The expan-
sions show the detailed splittings. The autoionizing
states' linewidths are not shown to scale; however, the
increased linewidth of the (6p 3/2, 20s&/2)& state is sche-
matically illustrated. The arrows on the left-hand side
represent the five lowest ionization limits, which cor-
respond to Ba in the 6s, 5d3/2, 5d5/2, 6pg/2 and 6p3/2
states (from bottom to top).

and J=j —2 state for each (6p, , 20s „,)~ pair, even
though the splittings are smaller than the auto-
ionization linewidths of the states.

In addition, we have also observed an anoma-
lous linewidth for the (6p», 2Qs), state, over 3
times as large as any of the other three states.
We believe this increased linewidth is due to
autoionization, mediated by a magnetic interac-
tion, resulting in excited Ba'(6P„,) ions. To our
knowledge, this is also the first observation of
autoionization via such an interaction. Since this
process results in an optically inverted ion popu-

lation, it may be useful for generating vuv or
soft-x-ray lasers. ' Furthermore, since this
previously ignored autoionization process can be
even faster than the normal autoionization to
Ba'(6s) ions, this suggests that calculations of
autoionization rates in other systems' (which are
used to calculate dielectronic recombination
rates) may be incomplete.

In Fig. 1 we show the relevant energy levels
of Ba. The Ba is pumped stepwise, through the
6s6p'P, state, to the 6s 20s ('So or 'S,) Hydberg
state. The next excitation step does not affect
the Rydberg electron, but only excites the re-
maining valence electron; thus, it corresponds
to exciting the Ba ion near one of the resonant
transitions, 6s-6p; (for simplicity, we will re-
fer to the Rydberg electron as the "outer" elec-
tron, and to the other valence electron as the
"inner" or "core" electron). This produces an
autoionizing Rydberg state of the configuration
(6p, , 20s~,)z, where j = 2 (J'=0, 1) or j= ~ (J =1,2).
By appropriate choice of the initial Rydberg state
and of the core-excitation polarization, each of
the four possible states can be populated individ-
ually.

The Ba is in an effusive atomic beam which
passes into an interaction region between two pa-
rallel electric field plates. In this region the
beam density is - 10' atoms/cm'. The top field
plate has a grid to allow ions to pass into an elec-
tron multiplier; the bottom plate can be pulsed to
a high voltage in order to field ionize Rydberg
states and drive the ions through the grid.

Three different choices of polarizations, which
we shall label cases 1, 2, and 3, were used to
populate the Rydberg 6s20s states. For the first
case, both lasers were linearly polarized verti-
cally. Then for each transition, &m& =0 and
therefore t&ZI =1. The final state had to have
even J, thus only the '8, state was populated. For
the second case, the first laser was polarized
horizontally and the second vertically so that
Ibm~ I =1 for the first transition and lhmz I =0
for the second transition. Then, since only m~
=+ 1 final states could be populated, the 'S,
state was not populated. For the third case, we
used two oppositely circular polarized beams.
This can produce final states of m~ =0 for both
So and S,. However, the energy splitting is suf-

ficiently large (3.1 cm '), that we could set the
laser to populate only the 'S,. In this case, the
quantization axis is along the direction of propa-
gation.

The core-excitation laser was delayed by ap-
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proximately 15 ns from the other lasers. To
excite the core to the 6p„, state, its wavelength
was near 4835 A. To excite the core to the
Gp,&, state, its wavelength was near 4555 A ~ For
cases 1 and 2 above, it was nearly collinear
with the other two lasers and was linearly po-
larized vertically. Since this produced 4m&
= 0, Ib,J I = 1 transitions, case 1 resulted in 'S,- (Gp;, 20s», ), transitions, and case 2 resulted in

tions. For case 3, which was only used for the

p,&, transitions, the third laser crossed the other
two at a right angle in the interaction region.
Since the Rydberg-state quantization axis in case
3 was in the direction of the first two lasers'
propagation, the third laser polarization could be
set either perpendicular to this axis (Ib,m I =1,
finalmz =+1) or parallel (6m=0, Ib Jl=l). This
resulted in 'S,- (Gp„» 20s ~,), or 'S,- (Gp»» 20s„,),
transitions, respectively.

The wavelength of the core laser was calibrated
using the spectroscopic data of Rubbmark, Borg-
strom, and Bockasten. ' Near the center of each
wavelength scan, the third laser excited some of
the Gs Gp 'P, atoms to well-known Rydberg states
(5d6d 'P2 at 4947 A and Gs 9d 'D, at 4557 A) and
subsequently photoionized them, resulting in a
frequency marker, limited only by the laser line-
width. The laser scan rate was determined by
splitting off and expanding l(Po of the laser power
and monitoring its transmission through a 3.0-
cm ' FSR (free-. spectral range) etalon. This
calibration technique worked best for the transi-
tion to the p,~, core, where the marker was only
-10 cm ' from line center. In Fig. 2, the two
transitions to the P» core are shown. The mark-
er is plainly evident in both cases. For the pz,
core transitions, the marker was -50 cm ' from
line center, seriously reducing the accuracy.
This is why case-3 polarization (above) was used.
Since the only laser change between transitions
to (6p,i» 20s~,), and (GP~» 20s~, ), was the ro-
tation of a polarizer in the core laser path, the
etalon itself could be used as an absolute fre-
quency marker by recording its transmission
simultaneously with the ion signal. We deter-
mined that the etalon frequency markers were
stable to 0.2 cm ' over several cycles of wave-
length scan by alternating between the two transi-
tions.

The third laser power was adjusted by putting
neutral density filters in its path. To avoid pow-
er broadening, we reduced the power until the
ion signal decreased linearly with laser power.

6s 20s S& (6p3j& 20s&&&)2
3

z
O

6s 20s "So (6p3&2 20s&&&)&

4558
I

4556 4554
LASER WAVELENGTH (A)
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FIG. 2. Excitation spectra of the bvo (6psg»20s&y2) I
states. In each spectrum, the sharp peak corresponds
to excitation of the 6sgd 'D2 Hydberg state of Ba, and
thus serves as a convenient frequency marker. Since
the 3S& Hydberg state lies 3.1 cm (0.64 A) below the
So state, the true energy ordering of the autoionizing
states is the opposite of the ordering in these spectra.

Data were typically taken at a laser power re-
duced further by 5(Po. For the p„, core case,
the laser power was increased temporarily as
the laser scanned over the marker region, to en-
hance its visibility.

Table I lists the energies and the widths of the
four (GP;, 20s~, )z states. The accuracy of the
energy measurements is limited primarily by
wavelength measurements. We estimate the Fano
q parameter' for even the broadest line to be 10'
(using 3&&10 "cm' for the autoionization-broad-
ened resonance absorption cross section, and
10 ' cm fpr the direct Rydberg phptpipnizatipn
cross section'). For such large q, the apparent
line shift should be only 10 ' cm '. The effective
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TABLE I. Energies and llnewidths of (6P;, 208(/2)g
states of barium.

W

(cm ')
r(FvmM)

(cm ')

3/2
3/3
1/2
1/2

63 543.3{3)
63 542.2(3)
61853.4(4)
61852.3 (4)

11.0 {5)
3.1(5)
3.0(5)
3.0(5)

laser line shape (measured by tuning the laser
through a marker resonance) was not so well be-
haved; it depended strongly on the dye used and
laser-cavity alignment. Typically, the width w as
0.5 cm ' for the 4835-A transition, and 1 cm '
for the 4555-A transition.

From Table I, one can see that the fine-struc-
ture doublets have the same ordering and approxi-
mately the same-size splitting. If these split-
tings were due to the S,' 5, interaction, resulting
from the exchange portion of the electrostatic in-
teraction between the two electrons, 1/r», then
the lower doublet would have half the separation

and inverted order. ' This leads us to believe
that the splitting is due to a spin-outer-orbit in-
teraction. ' One can expect that the Rydberg elec-
tron spin density near the core would result in a
splitting of the order of the 6p fine structure re-
duced to [2/(n*)'](1690 cm ') = 0.9 cm '.

This proposed 5, L, coupling ("2" refers to the
Rydberg electron, "1"refers to the core elec-
tron) can also lead to autoionization through an
additional channel. Since the (6p», 20s», ), state
lies above the 6p», continuum, any coupling
which tends to break down the coupling of S, to
L, can lead to autoionization to the (6p»» &s»,),
continuum state. Since there does not exist a
(6p»» es», ), continuum state, this autoionization
channel is not open to the (6p„» 20s„,), state.
Both (6P»„20s»,)~ states do not have sufficient
energy to autoionize into any (6p~, es», )~ continu-
um states. Thus, this autoionization channel,
into an excited 6p core state, will only increase
the linewidth of the (6p», 20s», ), state.

Following the procedure outlined by Fano, ' we
can estimate the contribution this channel will
make to the total autoionimation rate. In particu-
lar, if an 5,~ L, interaction results in a splitting
4, then it will also result in first-order per-
turbed wave functions:

3/2 1
~6p~„ns», &, = I6p»„ns».&, +Z, ~ [ 0 5/, ,).] 16P»„np»g„

fL g e+ . ~n,

=9 cm '. (2)

(FWHM is full width at half maximum. ) This re-
sult was obtained by making the rough approxima-
tion that near its probability maximum, the
bound-state wave-function amplitude [2(3n,*)"'] '
times that of the continuum wave function. ' The
excellent agreement is no doubt, fortuitous; but,
this estimation does illustrate that a 1-cm '
splitting can imply a somewhat larger autoioniza-
tion linewidth. Equation (2) shows that the auto-
ionization rate scaLes as the square of the fine
splitting. This is presumably the reason why it
was not observed in our earlier studies of stronti-
um, where the ionic fine strqcture is 10 times
smaller.

where & is the energy of the autoionizing Rydberg
state above the 6p»2 ionization limit. But now
the 16p»»n, s», ), character can be coupled to the

l 6p»» es», ), continuum wave functions through
the very strong scalar portion of the electrostatic
1/x» force resulting in an autoionization width:

F (FWHM) = 12~(n*)'&'(inc/Z, )' a.u.

In conclusion, we have resolved autoionizing
states of Ba even though the states are separated
by less than their autoionization linewidths.
Furthermore, the anomalous linewidth of the
(6p», 20s», ), state implies the existence of a
new autoionization mechanism which results in
the production of optically excited ions. Both of
these results should provide important checks
on calculations of multielectron wave functions.
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e have measured the wavelengths of the 2s S&-2p ~P2 and 2s S&-2P Po transitions in
Cl xvI to be 613.825 0.013 A and 705.854+0.076 A. Our precision is sufficient to provide
measurements of the 2s&i2-2P &i2 and 2s&i2-2P 3i2 Lamb shifts to an accuracy of + 0.3% and
to test quantum electrodynamics (@ED) theory in the strong-field region. We compare
our results with the one-electron @ED theories of Mohr and Erickson and discuss the ac-
curacy of calculations of electron correlation in two-electron atoms.

We wish to emphasize in this paper that Lamb-
shift measurements in high-Z atoms need not be
confined to the one-electron hydrogenic ions, but
higher precision may be attainable in ions with a
few (two or three) electrons. We present a meas-
urement in two-electron chlorine to justify this
suggestion and discuss briefly the limitations in
the precision of such measurements due to the ac-
curacy of calculations of relativistic energies in
many-electron atoms.

In two-electron ions of low Z (Z «10), there
have been several experimental tests' of quantum
electrodynamics, but of lower precision than
measurements in the corresponding one-electron
atoms. Electron correlation effects have been
calculated approximately to first order in the
Lamb-shift terms' and less accurately than the
experimental values. ' However, such effects be-
come less important at high Z since the correla-
tions can be expressed as part of a 1/Z expansion.

Tests of quantum electrodynamics by 2s -2p
Lamb-shift measurements in one-electron atoms
have been reviewed recently by Kugel and Mur-
nick and by Mohr. ' They point out that although
the highest-precision measurements are in hy-
drogen (20 ppm), ' the higher-order terms of the
Lamb shift, which is usually expressed as a pow-
er series expansion in Zn, are more easily test-
ed in higher-Z ions. The present most precise
measurements are those in "F'+ (Z =9)

' Ar"' (Z = 18)' of + 2%%uo and + 4% accuracy, re-
spectively, both of which test the higher-order
terms of the Lamb shift to approximately the
same accuracy as the work in hydrogen. ' The
higher-order terms in Ze probe quantum electro-
dynamic (@ED) theory in strong fields where the
perturbative theory must eventually break down.
Comparable tests occur only in the comparisons
between theory and experiment of the binding en-
ergy of K-shell electrons in high-Z atoms, '
where an accuracy of about l(Po has been achieved.
Davis and Marrus" measured the two-electron
Lamb shift in Ar XVII, but only with low precision
(- + 3(Fo)~

We accelerated chlorine ions in the Argonne
FN tandem accelerator to an energy of 80 MeV
and further stripped and excited the ion beam in
a thin 20-pg-cm 2 carbon foil. The observation
angle (close to 90') was deduced from the relative
Doppler shifts at beam energies between 56 and
88 MeV. Thus, the first- and second-order Dop-
pler shifts are —3 A/deg and - 3 A, respectively,
at 1200 A for 80 MeV ion beam energy. As we
were able to use internal calibration lines in the
beam-foil spectra, such Doppler shifts had very
little effect on the values of our measured wave-
lengths. The monochromator was refocused for
the fast-moving light source (v/c =P 0.07) by ad-
justment of both the entrance slit and the grating. "

In Fig. l, we show wavelength scans including
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