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Lithium 1s main-line and satellite photoemission: Resonant and nonresonant behavior
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We present experimental results on core-level photoemission of atomic lithium, leading to both
main-line and satellite states of the Li+ ion (1snl where n =2—5). We compare the measured
1s2s ' S main-line cross sections with recent relaxed Hartree-Fock calculations and with previous
experimental results, finding reasonable agreement in both cases. For the n =3 satellite, our re-
sults disagree with earlier photoemission work which was complicated by additional peaks at 52
eV kinetic energy. We discuss possible explanations for these extra peaks. For the doubly excited
state 1s(3s3p) at 71.14 eV, we present total cross-section results in good agreement with previous
photoabsorption measurements. The qualitative dift'erences among our partial cross-section
profiles are discussed, and the phase for the total cross section is rationalized by estimating the
signs of pertinent matrix elements.

I. INTRODUCTION

The study of electron-correlation effects on the photo-
ionization of small atoms is important for two reasons.
First, the accessibility of small atoms to the most sophis-
ticated ab initio theoretical treatments, coupled with the
high sensitivity of photoionization processes to mul-
tielectron effects, can lead to a better understanding of
basic electron-correlation phenomena. Second, experi-
ence with small atoms can provide insight into photoion-
ization processes in larger atoms and molecules. In heli-
um, the smallest atom in which electron correlation can
occur, both resonant and nonresonant experimental stud-
ies, ' ' coupled with theory, ' have elucidated the
role of electron correlation in the continuum with
respect to the He+(2s) and He+(2p) satellite channels.

In this paper we report photoelectron spectroscopic
studies on the next smallest system, atomic lithium. We
emphasize in this work the Li 1s satellite states, for
which open shells and electron correlation in both initial
and final states can further complicate photoionization
processes relative to atomic helium.

Though the valence ionization of atomic Li has been
studied extensively, relatively lit tie experimental
work has been reported on core photoionization for the
Li+(ls2s ' S) main lines and lsnl satellites. Figure 1 de-
picts these pertinent energy levels in Li and Li+, includ-
ing the ls(3s3p) doubly excited state of the neutral. Pho-
toabsorption measurements have provided information
on some of the n =2 satellites, and on the energies and
assignments of the resonances leading to the main-line
and higher-satellite thresholds. A recent work on
core-level photoemission results for Li was complicated
by unexplained peaks which were tentatively ascribed to
the presence of a significant amount of molecular Liz in
the effusive gas beam. '

Several theoretical papers have addressed the 1s ion-
ization in Li, either at one or two photon energies or at
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FIG. 1. Energy-level diagram for neutral and singly ionized

lithium. Binding energies are listed in Table I. At the doubly
excited state 1s(3s3p) at 71.2 eV, the autoionizing decay chan-
nels to the n =2 manifold (1s21) are shown.

the sudden limit. Recent relaxed Hartree-Fock results
have been reported on the photoemission cross sections
as a function of energy for the 1s main lines 1s2s ' S.
Comparison of experimental results with this theory
should indicate the reliabihty of calculations at this lev-
el, and possibly test the importance of electron-
correlation effects in the simplest open-shell atom. Un-
fortunately, the available photoemission spectra ' con-
tain unexplained peaks at —52 eV kinetic energy as not-
ed above. These peaks are assigned to Auger electrons
emitted from decay of the core-ionized dimer, as men-
tioned above, but Larkins et al. have questioned this
interpretation.
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We report here on core-level photoemission spectra
for the atomic Li main lines and 1snl satellites where
n =2—5. Our experimental spectra are unambiguous be-
cause they contain no unexplained peaks. For our non-
resonant results, we compare to the relaxed Hartree-
Fock calculations of Larkins et al. , and to previous
experimental results. ' For the "Auger" peaks in the
data of Krummacher et al. ' and Gerard, we also dis-
cuss an alternate explanation due to Larkins et al.
which involves atom- and/or ion-molecule collisions fol-
lowed by autoionization. If this interpretation is correct,
the photoemission cross sections given by Gerard
should be reanalyzed with no adjustment for molecular
Li2.

Additional information on electron-correlation satel-
lites in simple systems can be obtained from resonant ex-
citation to these states. Along these lines and in analogy
to the 3s3p excited state in neutral He, we report on
the doubly excited resonance in Li[ls(3s3p) P] P at 71.14
eV. At this resonance, we have measured cross-section
profiles for the 1s main lines and n =2 satellites
(Is2p ' P). Total cross-section measurements ' indi-
cating some asymmetry to the shape of the resonant
profile were confirmed by our results which ascribe this
asymmetry to the individual main-line (ls2s ' 5) profiles
only.

Section II describes our experiment. Nonresonant and
resonant results are given in Secs. III and IV, respective-
ly. Conclusions appear in Sec. V.

II. EXPERIMENTAL PRC3CEDURE

The atomic Li photoemission experiment was per-
formed at the Stanford Synchrotron Radiation Laborato-
ry (SSRL) on Beamline III-1, using a grazing-incidence
"grasshopper" monochromator. Relative cross sections
and branching ratios were measured with a time-of-flight
(TOF) electron analyzer at the "magic angle" of
0=54.7 relative to the photon polarization direction, as
described previously. A second TOF detector was
placed at 0=0' with the goal of determining the angular
distribution asymmetry parameters (f3). Because of low
counting rates together with oven instability due to the
buildup of Li and other factors, the P values for the
main lines and satellites could not be reliably determined
by calibration with rare gases.

The TOF detectors were modified by insertion of a re-
tarding grid at the beginning of the flight path. The ex-
periment was performed with a 2-V retarding potential
on this grid, to cut off thermally produced low-energy
electrons from the oven. The 54. 7' analyzer transmis-
sion was calibrated as a function of kinetic energy using
the known partial cross sections for Ne 2s and 2p photo-
emission. '

A resistively heated metal vapor oven constructed of
molybdenum was used to produce an effusive beam of
Li, as described previously, with several
modifications. The running temperature was —575 'C,
where the Li backing pressure in the sample cup behind
the nozzle was -0.03 torr. About 140 W were needed
to reach this temperature, with the power divided among
three resistive heating wires, two on the oven body and
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FIG. 2. TOF photoelectron spectrum taken at hv=87 eV
and 0=54.7'. The 1s2s main-line photoemission is split into 'S
and 'S components, with the 1s2p "P satellites unresolved at
slightly higher binding energy. The relatively intense n =3 sa-
tellites (1s3I) have a binding energy of about 75 eV (Ref. 64).
The very weak higher n satellites are shown also on an expand-
ed scale ( )& 20).

one on the nozzle. To help prevent bumping, small tan-
talum chips were inserted into the sample cup with solid
Li. A slightly modified skimmer and skimmer standoff
were used to prevent buildup of condensed Li before the
skimmer exit.

At 575 C, only —1% of the metal-vapor beam is
molecular Li2, according to thermodynamic calculations
by Nesmeyanov. We saw no evidence of Liz Auger
lines in the 40—55-eV kinetic energy range, in contrast
to the peaks observed by Krummacher et al. ' and
Gerard at —52 eV kinetic energy.

During the collection of the nonresonant spectra, the
oven pressure was unstable. Thus, branching ratios were
measured, showing excellent agreement between two
separate experimental runs. Averaged results are
presented in Sec. IIIA. The monochromator bandpass
was 0.30—0.50 eV for the nonresonant work.

For the resonant spectra, the oven was stable enough
to measure relative partial cross sections. The mono-
chromator resolution was 0.20(3) eV full width at half
maximum (FWHM). The spectral intensities were nor-
malized to the incident photon beam using electron yield
measurements from a stainless-steel grid mounted in the
beam line. Small pressure variations (less than 10%) as
a function of time were accounted for by returning to a
reference photon energy (71.2 eV) every third spectrum.

A 1000-A-thick silicon window isolated the mono-
chromator ( 10 torr) from the sample chamber ( 10
torr). The monochromator energy calibration was ob-
tained from the energy positions of the atomic reso-
nances in Li (ls3s3p at 71.14 eV), He (3s3p at 69.92
eV), and Xe (4d5&2~6p at 65.11 eV).

A representative TOF photoe1ectron spectrum is
shown in Fig. 2, taken at 0= 54. 7' and h v= 87 eV, above
the satellite thresholds. The main-line and satellite bind-
ing energies are reported in Table I.
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TABLE I. Bindin enng energies for the main-line and sa
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sured values for R3& and assumed a linear decrease for
the Rz('P/ S) ratio as stated in Table II and consistent
with the results of Gerard. For hv) 93 eV, we have
used a value for the R» ratio which is an average of
those measured for hv=75 —92.5 eV. This, combined
with the assumption mentioned above for R~, results in
the values in brackets in Table II for R, and in Fig. 4
(bottom).

Also included in Fig. 4 (bottom) are the theoretical
values for o( S)/o('S). The theory predicts this ratio
to be nonstatistical and nearly constant over the range of
our experiment. Our data include the P satellite in the
denominator of the ratio, and should therefore lie below
the theoretical curve.

The Gerard data for the o ( S)/o ( 'S) ratio, also
shown in Fig. 4, are systematically higher than ours, as
expected. With the use of the theoretical value for
o( S)/o('S), we find that the ratio o('P)o /( S) is about
0.14(4), in accordance with the results of Gerard. This
result also implies that perhaps 26(8) percent of the
( 'S + P) peak intensity in our spectra is associated with
the 1s2p P satellite. We note that preliminary Hartree-
Fock (HF) calculations' indicate a o ( P)/o ( S) ratio of
0.24 at hv=90 eV from the "length" approximation.
However, the "velocity" results' predict negligible in-
tensity for the P satellite. Higher-resolution work is
needed to establish the intensity of this conjugate shake-
up satellite as a function of energy.

For ionization to the 1s31 states, we plot the
(on =3)/o(n =2) [o(.ls31)/a(ls2l)] branching ratio in

Fig. 5, and set out the numerical results in Table III.
The ratio increases slightly with energy. One point from
Krummacher et al. ' is shown also in Fig. 5. These au-
thors noted possible problems with the correction for
molecular Li2. We defer comparison with the Gerard

data to the next section on absolute cross sections.
Again, there are no published calculations for the energy
dependence of the n =3 satellite intensity. Preliminary
HF theory yields the o(n =3)/cr(n =2) ratio at 90 eV
as 0.33 for the velocity results and 0.50 for the length re-
sults. ' Early theoretical work at h v=151 eV calculated
the o (n =3)/o (n =2) ratio to be 0.22 —0.25, depending
on the degree of configuration interaction included.
Sudden-limit calculations for the o(ls3s 'S)/o(ls2s 'S)
ratio give a value of 0.33.

Several high-intensity spectra were taken, permitting
measurement of the Isn1 (n =4, 5) intensity relative to
the n =3 satellites. Most of the integrated intensity for
the higher satellites is probably due to n =4, 5 states be-
cause the cross section for the higher satellites drops
dramatically with n. ' This ratio o(n =4, 5)/o(n =3)
between 87 and 93 eV was 0.07(2), which corresponds to
a o(n =4, 5) intensity of about 1.7(4)% relative to the
n =2 ionization manifold. The only theoretical results
available for comparison are HF calculations by Larkins
et a/. which predict the o(n =4, 5)/o(n =3) ratio to
be 1 —4% at h v=151 eV, somewhat below experiment.
Sudden-limit results for the ratio o (Isns;
n =4, 5)/cr(ls2s ' S) give a value of about 1.3%, in
good agreement with our results.

B. Absolute cross sections

From our branching ratios in Tables II and III and
the total photoabsorption cross section, o(total), taken
from Fig. 1 of Ref. 30, we have derived the absolute
cross sections u(n =2), o(n =3), o(ls2s S), and
o(ls2s 'S+ is2p 'P) set out in Table IV. We note that
the quoted absolute accuracy of the photoabsorption
data is 20%%uo, and is not included in the errors shown in

TABLE II. Experimental branching ratios for lithium n =2 photoionization.

Photon
energy (eV)

72
75
77
77.5
80
82.5
85
87
87.5
90
92.5
93
95
97
99

R3)
o. ( S)/o('S + ' P)

1.66(9)
1.56(5)
1.66(5)
1.62(5)
1.71(5)
1.66(5)
1.59(3)
1.80(4)
1.71(5)
1.56(4)

R,
~('s)/~('s+'p)'

1.77(10)
1.79(5)
1.97(7)
1.84(7)
1.95(9)
1.86(8)
1.76(6)
2.02(8)
1.89(8)
1.70(6)

[1.82(13)]'
[1.80(13)]
[1.79(13)]
[1.78(13)]

R~
cr( 'P) /o ('S)

0.123(25)
0.084(12)
0.097(9)
0.085(7)
0.075(7)

'For h v & 80 eV, this ratio was measured directly. For h v) 80 eV, this ratio was derived by assuming
that the ratio R~ (o.('P) /o. ('S) ) behaves linearly above 80 eV according to the equation
R~ = —0. 18[h v(eV)] + 21.9 with an uncertainty of +0. 15.
In the vicinity of the resonances leading to the n =3 satellite thresholds.

'The numbers in brackets [ ] were derived using a value for o 1'5)/o. ('S + ' P) which is an average of
the values in column 1 [1.65(10)].
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tistical. In addition, the total cross-section data from Ref. 30,
on which the absolute scale is based, have an absolute error of
20%.
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FIG. 5. Experimental branching ratio o.(n = 3) /o. (n =2)
( Is31/1s21). One experimental point by Krummacher et al.
(Ref. 31) is shown (open circle).

our plots.
We now discuss how the absolute cross-section values

were obtained. At each photon energy, the following re-
lations hold:

75
77.5
80
82.5
85
87
87.5
90
92.5
93
95
97
99

1.99(8)
1.90(8)
1.86(2)
1.67(2)
1.58(1)
1.45(1)
1.43(1)
1.41(1)
1.30(1)
1.29(1)
1.28(1)
1.18(1)
1.09(1)

0.32(2)
0.31(2)
0.30(1)
0.30(1)
0.29(1)
0.29(1)
0.31(1)
0.27(1)
0.28(1)
0.27(1)
0.26(1)

1.21(11)
1.19(10I
1.15(7)
1.05(7)
0.99(7)
0.89(5)
0.92(6)
0.89(6)
0.79(4)
0.81(9)
0.80(9)
0.74(8)
0.68(8)

0.69(7)
0.60(5)
0.63(5)
0.54(4)
0.53(4)
0.51(3)
0.46(4)
0.47(4)
0.46(3)
0.45(6)
0.44(6)
0.41(5)
0.38(5)

cr(n =2) =o.(total)/(1+R),

cr(n =3)=cr(total) —o'(n =2),
(2)

(3) stated in Table II. Finally, cr('S + P) was calculated as

cr( ls2s 3S)=o'(n =2)R, /[ I+R, (1+RE )], (4)

where R, is defined in Eq. (1) and found in column 3 of
Table II, and R~ is either as measured or assumed as

TABLE III. Experimental branching ratio o.( n = 3 ) /
o (n =2) [cr(ls31)/cr(ls21)] for lithium photoionization.

where R =o.(n =3)/cr(n =2) and assuming that the
only significant contributions to the total cross section
come from the n =2 and n =3 ionization manifolds. We
have neglected ionization of the 2s electron, which con-
tributes only 1 —2% to the cr(total) at these energies,
and the intensity of the higher n satellites (n &4). Thus,
o (n =2) and o.(n =3) were calculated from Eqs. (2) and
(3), respectively, for h v & 80 eV. At two additional
lower photon energies (75 and 77.5 eV), cr(n =2) was ob-
tained directly from the relative cross-section measure-
ments taken while the metal-vapor oven was stable for a
short period, and scaled at 80 eV to the absolute values
derived above.

The values for o.(ls2s S) can be expressed in terms of
measured and derived branching ratios as

o ('S+ P)=cr( S)/R, .

Uncertainties in all cross sections in Table IV were de-
rived from the statistical uncertainties in the measured
branching ratios and in the assumption for R~ (see Table
II).

We now compare the derived absolute cross sections
with the experimental results of Gerard and theoretical
results where available. In Fig. 6 our o(n =2) is plotted
along with the data of Gerard, ' showing the expected
decrease from threshold for ionization of a 1s electron.
The overall agreement between the two data sets is fairly
good, though the slope of the decrease with energy is
somewhat different. No theoretical curves have been
plotted because there are as yet no published calcula-
tions on the energy-dependent behavior of the 1s2p con-
jugate satellites.

The reliability of present theory can be assessed by
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FIG. 6. Derived absolute cross section (Mb) for n =2 (1s21)
photoionization. Open circles are experimental results by
Gerard (Ref. 35) with a representative error bar.
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comparing the individual cross sections for the n =2
(Is2l) main lines. In Fig. 7 the Is2s 'S partial cross sec-
tion is shown with the data of Gerard and theoretical
curves from Larkins et al. We note that the prelimi-
nary theoretical results by Richards' are also in agree-
ment with those plotted in Fig. 7. Only the velocity re-
sults of the theory are plotted, though the velocity and
length forms agree within —10%. Both relaxed
Hartree-Fock (RHF) and configuration-interaction (CI)
results are shown, with the CI calculation producing
consistently lower values by —8%%u~ relative to the RHF
results. Both curves predict an energy dependence of
the cross section in good agreement with our results.
Again, Gerard's data drop off more quickly above
h v=80 eV than either theory or our data.

For the 1s2s 'S main line, Fig. 8 shows Gerard's data
and both RHF and CI velocity forms of theory, along
with our summed results for the unresolved 'S main line
and P satellite. Early calculations by Richards' agree
with the plotted theory. Whereas our S main-line cross
section was slightly lower than theory (Fig. 7), our
'S+ P values are slightly higher, presumably due to the
P contribution. As discussed previously, about 26(g)%%uo

of this summed intensity is due to the satellite if the
theory predicts the S/'S ratio correctly. The energy
dependence in our data is well modeled by theory.

Finally, for the n =3 (is3l) satellites, Fig. 9 shows the
derived absolute cross sections from our experiment and
Gerard's. Here we find the largest discrepancy be-
tween the two experimental data sets. The agreement is
poor and becomes increasingly worse especially to lower
energy, where the data of Gerard rises steeply. At -82
eV, the difference between the two sets is about a factor
of 2. The only nonstatistical uncertainty in the overall
shape of our results stems from decreasing detector
transmission when the n =3 satellite is at low kinetic en-
ergy. We believe that we have adequately accounted for
this eFect because cr(n =3) derived from two separate
experimental runs, with different transmission correc-
tions, were in excellent agreement.

In trying to understand this disagreement for
o(n =3), and similar variance noted earlier, we must

1.0

W 0

RHF (v)

cI (v)

~ Js y 3p

I I
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y

1s2s ~S
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0 0 0
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FIG. 8. Derived absolute cross section (Mb) for the sum of
the n =2 'S and 'P ionization are shown by dark circles for
our results. Theory curves (Ref. 34) and Gerard's data (Ref.
35) are same as in Fig. 7, but represent only the main-line cross
section ('S) ~

consider complications in Gerard's experiment, which
may have implications for all of Gerard's data presented
in Figs. 3 —9 and discussed above. Additional peaks at
51.6 and 52.8 eV kinetic energy were observed in the
photoelectron spectra. ' These peaks were totally ab-
sent in our spectra. They have been interpreted as the
Li2 Auger transitions shown below because they do not
shift in kinetic energy as the photon energy is scanned:

L]2 ( lo„'1erg 2crg ) ~Lip ( iver
„

lo g )+e p,„s„,
Liq+(lo

„ Icing
'2o

g )~Li2 ( lo
„ log )+e~„s„.

(6)

Corrections were made to the data by subtracting the in-
ferred concommitant Liz photoelectron intensity arising
from the 1s ionization. ' However, recent theoretical
work indicates that the actual Auger electron energies
should be less than 52 eV, at 48.45 and 48.40 eV with a
very small energy splitting. Both the observed
"Auger" peak energy of —52 eV and the splitting (1.2
eV) are inconsistent with these calculated values. In ad-
dition, the intensity observed in the peaks near 52 eV is
much too high to be consistent with the predicted l%%uo of
dimer produced at this temperature. The Auger inter-
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FIG. 7. Derived absolute cross section (Mb) for the 1s2s 'S

main line. Open circles are data from Gerard (no quoted er-
ror) (Ref. 35). Solid circles are "velocity" ( V) theory by Lar-
kins et al. , as labeled (Ref. 34).
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0 0 0-
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Photon ener gy (eV)

FIG. 9. Derived absolute cross section (Mb) for the n =3
satellites (1s3l). Gerard data are shown as open circles, with
one representative error bar (Ref. 35).
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pretation would thus require a postulation that the
molecular ionization cross section is much larger than
twice the atomic cross section, or that the amount of Liz
significantly exceeds 1%. Several calculations on the Liz
molecule indicate that the molecular cross section is
indeed roughly twice the atomic value at these energies,
as expected.

In light of these facts, Larkins et al. have proposed
that atom- or ion-molecule collisions, followed by molec-
ular autoionization, is responsible for the peaks near 52
eV kinetic energy in the Gerard spectra. The proposed
three-step mechanism is as follows:

(13)

with

I /2
(14)

pathways: direct ionization and autoionization via the
discrete level. For an isolated resonance, Fano expressed
the total cross section (o, ) in terms of a nonresonant
"background" cross section (o.o) as

(l) Atomic excitation and ionization

Li(1s'2s)+ h v~Li*(1snln 'l'),
Li( ls 2s)+h v~Li+(1snl)+e

(2) Atom or ion mo-lecule -collisions

Li*(lsnln'1')+Liz(lcr 2cr~ )~ Li(ls 2s)

+Liz(lo 2crgng'),

Li +(1 nsl) +Liq(l rc2og )~ Li+(1s )

(8)

(9)

Here p and q are Fano parameters (assumed constant
over the resonance) which describe the strength and
shape of the resonant profile, E is the photon energy, Eo
is the resonant energy, 1 is the linewidth (FTHM), and
c. is a reduced energy.

Furthermore, p, q, oo, and I can be expressed in
terms of dipole and Coulomb matrix elements connect-
ing the ground (g), discrete (P), and continuum (p)
wave functions. The correlation coefficient p is a mea-
sure of the strength of the resonance and corresponds to
the relative decrease below the background cross section
o o. In terms of matrix elements,

+ Li~ ( 1o2osn ctr') .. .

(3) Molecular autoionization

Liz( lcr 2ogng )~Liz+(1 o2crg .)+e (12)

X I &4 I

1'
I
v&&l lr I g &

I

'
2

2 I && I

1' ll & I'2
I &v lr lg &

I

' (15)

The autoionizing processes in Eq. (12) where nP corre-
sponds to 1m„,2o.„,2o.g, and ling have been observed
with electron kinetic energies of 51.5, 51.6, S2.8, and
53.9 eV, in excellent agreement with the energies ob-
served by Gerard (51.6 and 52.8 eV).

We believe that the collisional model put forth by Lar-
kin et al. is very probably correct, requiring only that
atom- or ion-molecule collision cross sections be 1 to 2
orders of magnitude higher than photoionization cross
sections, which is quite possible. ' ' This interpretation
also suggests reanalysis of Gerard's data with little or no
correction for dimer intensity, which should only con-
tribute -2% to the intensity of the atomic photoemis-
sion peaks.

IV. RESONANT RESULTS

where V and r are the Coulomb and dipole operators.
The q parameter describes the shape of the resonant
profile which can be of a Lorentzian, asymmetric, or
window type, and is expressed as

&elrlg&
Z&WI vlv&&~l

(16)

where N is now the discrete state modified by the con-
tinua. The maximum relative increase in the cross sec-
tion in the vicinity of the resonance is equal to p q .
The matrix elements in Eqs. (15) and (16) vary slowly
with energy, thus p and q are relatively constant over
the width of the resonance.

The nonresonant background cross section o.
o is sim-

ply

In Sec. IVA we brieAy review the Fano formalism for
autoionizing total cross-section profiles and give a brief
description of the Starace parameters, which apply to
partial cross sections. In Sec. IVB we present the data
analysis. A discussion of the results at the
[1s(3s3p) P] P resonance in Li follows in Sec. IV C.

oo= 2 1&s I
r lg &

I

'

and the linewidth I of the resonance is given by

(17)

(18)

A. Theoretical background

Fano first described the efFect of an isolated discrete
state P on the total photoabsorption cross section. A
discrete state is embedded in one or more continua lead-
ing to oscillations in the total ionization cross section
caused by interference between the two indistinguishable

The above formalism, though appropriate for describ-
ing the total cross section, does not apply to individual
partial cross sections. Several workers, including Davis
and Feldkamp, Combet Farnoux, and Starace, have
derived equivalent expressions to describe decay into
several continuum channels. Using the notation of
Starace, an individual observable cross section cr(p) can
be written as
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(19)

where oo(p) is the nonresonant partial cross section for
the pth observable final state, and E and q are defined in
Eqs. (14) and (16), respectively. The complex parameter
u„is given by'

ap —— y(g ~r~p)(p V ~y), (20)
g /r/p I

V)

C:

C3

0 —'

I

100
I I

200
Channels

50—
i 1s2s iS

1s2p P
Ts2p ~P.

I

300

where I is given in Eq. (18). The term in parentheses is
common to all channels p. The Starace formalism re-
tains the use of q to describe the total cross-section
profile shape; the squares of the a„parameters for each
channel are similar to the Fano p parameter and an in-
dication of the resonant strength per channel.

The Fano and Starace formalisms lead to the same
mathematical form for the total cross section,

r
' C]+C2E+c.

~t =oo
1+v

where the Starace C1 and C2 parameters can be ex-
pressed in terms of q and p as

C) ——p (q —1)+1,
C2 ——2qp

2

(22)

(23)

However, the p matrix-element expression in Eq. (15) is
not correct for partial cross-section profiles.

For the ls(3s3p) resonance in atomic Li, we report
both Fano (q and p ) and Starace (C~ and Cz) parame-
ters for the total and partial cross sections. Because our
resonant results are for the most part qualitative, we
refer the reader to other sources for more details on the
derivations for the Fano and Starace formal-
sms 11, 12,43, 52, 55

B. Data analysis

A TOF spectrum taken at 8=54.7' and on the
ls(3s3p) P resonance at 71.2 eV is shown in Fig. 10.
The spectrum is uncorrected for the analyzer transmis-
sion, which decreases at lower kinetic energy. The
1s2s 'S main line and 1s2p P satellite are unresolved;
therefore, their summed intensity was used for the fitting
procedures described below.

The total and partial cross-section profiles (with the
exception of the ls2p 'P state) in the vicinity of the
ls(3s3p) P resonance were fitted to the Fano functional
form of Eq. (13) convoluted with a Gaussian of 0.20 eV
FWHM for the monochromator bandpass. The Fano
function was used for the partial cross sections for ease
of fitting, though the inferred Starace parameters in
Table V are more strictly correct. A resonant energy of
71.186 eV was used for the fitting compared with the en-

FIG. 10. TOF photoelectron spectrum taken at hv=71. 2
eV and 0=54.7' on the [1 s(3 s3p) P] P doubly excited reso-
nance.

ergy in photoabsorption of 71.14 eV, and the resonance
linewidth I was taken as 0.10 eV from experiment and
theory. The 1s2p 'P cross-section profile was fitted to a
Lorentzian of 0.10 eV FWHM convoluted with a Gauss-
ian of 0.20 eV FWHM. The resulting Fano q and p
values and the Starace C1 and C2 parameters are report-
ed in Table V. The fits are plotted along with the data
in Figs. 11 and 12.

In all cases the nonresonant background cross section
o.o was taken to be a linear function of energy. Since
there are relatively few data points over the resonance,
we emphasize that the fitting parameters contain appre-
ciable error, as quoted in Table V. Errors in the Fano
and Starace parameters include uncertainty in determin-
ing the best fit and in the selection of a background cross
section o.o.

One complication in the data analysis involves the
presence of a small resonance at only -0.3 eV higher
energy, assigned as the 'P component. Though this reso-
nance appears to be quite small in the total photoabsorp-
tion cross section (see Fig. 11, solid curve), its presence
could perturb the partial cross sections to varying ex-
tents in the vicinity of the P resonance. This second
resonance at 71.47 eV (Ref. 37) has been ignored in our
fits due to the scarcity of data in this region and the
small effect on the cross sections. We note that one of
our data points lies at 71.5 eV, which is about the center
of this second resonance and high throughout Figs. 11
and 12.

C. Discussion of resonance results

Though we have thus far referred to the resonance at
71.14 eV as the doubly excited configuration
[ls(3s3p) P] P, it is well known that the series of states
leading to the Li n =3 satellite thresholds are not the ex-
pected simple Rydberg series, but rather
configurationally mixed series. The analogous doubly
excited states in He have been studied extensively both
experimentally '" and theoretically. ' ' In He the
strongly interacting series of resonances have been
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TABLE V. Fano and Starace parameters for the total and partial cross sections for the 1s(3s3p)'P
resonance.

Channel
Fano parameters

P

Starace parameters
Cl C2

Total

1s2s S
1s2s 'S+ 1s2p P
1s2p 'P

'Values from Ref. 30.

—3.2(7)
—2.60'
—1.6(3)
—2.5(10)

Lorentzian

0.20(8)
0.144'
0.60(15)
0.25(15)

1.9(6)
2.3(15)

—1.9(6)
—1.3(9)

classified with several schemes. ' ' ' More recently,
the resonances below the n =3 satellite thresholds in Li
have been classified in parallel to He, with reasonable
success. We shall use here the notation of Lipsky
et al. , consistent with the first analysis of the n =3
resonances in Li.

The Lipsky notation (N, na)' P identifies resonances
by principal quantum number (N), outer quantum num-
ber (n), and series label (a). The label a (where the
lowest series is termed a) was obtained from approxi-
mately constant quantum defects or from configurations
of the wave functions. The 71.14-eV resonance is la-
beled [(3,3 )aP] P, and is the first member of the P a
series. We note that in the doubly excited symmetry
basis (DESB) of Herrick and Sinanoglu, this resonance
is labeled as E„,or 23 for helium.

Our resonant profile parameters for the total cross sec-
tion agree within error limits with a previous photoab-

I l I
i

I I I I
(

I I I f
]

1

I I I I I I

71.0 71.5 72.0
Photon ener gy (eV)

FIG. 11. Total photoabsorption cross section over the
1s(3s3p) resonance. The dashed curves are convoluted (small

dashed) and deconvoluted (large dashed) fits to our data (dark
circles) using a Fano profile where p =0.20 and q = —3.24.
The fitted curves have been scaled to the photoabsorption
curve (Ref. 30) (solid) at 72 eV. A gaussian of width 0.20 eV
(FWHM) was used for monochromator bandpass in the decon-
voluted fit. The natural linewidth of the resonance was taken
from photoabsorption data (Ref. 30) which is confirmed by
theory (Ref. 57) as being equal to 0.10 eV.

sorption measurement, showing some asymmetry in
shape indicated by a small negative q parameter. Fig-
ure 11 includes the convoluted and deconvoluted fits to
our data, and a photoabsorption curve (0.027-eV
bandpass). Though our p and q agree within errors
with the values reported for the photoabsorption data
(see Table V), " the plotted curves in Fig. 11 appear to
be significantly different in magnitude. The relative in-
crease at the resonance is equal to p q, which is twice
as large as for our plotted fit (deconvoluted) compared to
the absorption curve. We note that an earlier photoab-
sorption measurement disagrees with both our data
and the more recent photoabsorption curve, showing
an even larger positive effect at the resonance (a more
negative q parameter). We offer no explanation for these
discrepancies.

For the individual profiles (Fig. 12), we can make the
following generalizations. The main-line profiles (' S)
appear to be asymmetric, while the n =2 satellite
profiles ( ' P) are probably nearly Lorentzian. The
1s2s S and 1s2p 'P profiles shapes support this state-
ment unambiguously. For the summed 'S and P profile,
careful examination of the spectra reveals that the 'S in-
tensity maximum is at 71.15 eV in our data, whereas the
P maximum is at 71.20 eV. Furthermore, the 'S inten-

sity is at a maximum and below the nonresonant intensi-
ty level at 71.3 eV. Qualitatively, this indicates some
asymmetry in the 'S main-line profile and very little if
any asymmetry in the P profile. Although this behavior
was obvious to visual inspection, we did not proceed
with further deconvolution because of the limited accu-
racy of this data set. Higher resolution and higher
count rates are needed to confirm these 'S and P
profiles quantitatively.

Asymmetry in a line profile indicates the degree of in-
terference and coupling between the discrete and contin-
uum states. Examining the expression for the Fano q
parameter in Eq. (16), we see that a small value of q (cor-
responding to an asymmetric profile) can be caused in
part by a large amount of coupling between the discrete
and continuum states, through the matrix element
(P

~

V
~
p). This Fano q parameter applies only to the

total cross section; thus it is more difficult to make sim-
ple generalizations about the individual profiles. An
asymmetric shape generally indicates strong coupling,
but it is also influenced by the background cross section.
For the 1s2p satellites in Li the nonresonant intensity is
so small that if the resonance is to have an appreciable
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effect, only a symmetric Lorentzian profile is possible, as
observed. For the 1s2s main lines, there is enough non-
resonant cross section to interfere strongly with the au-
toionization pathway via the discrete state. Calculations
are needed, similar to those on He, ' to describe in de-
tail the degree of coupling between the ground, discrete,
and continuum states at this resonance.

We now comment briefly on the cross-section results
of Gerard at this resonance. Their photon resolution
was 0.30 eV compared with our bandpass of 0.20 eV.
The larger bandpass affects their spectrum at h v=71.28
eV, in which each peak appears as a doublet; some of the
cross-section structure is starting to appear in the peaks.
Thus, aside from any possible complications from molec-
ular Li2, the large bandpass prohibits a detailed quantita-
tive study of the resonance profiles. This is emphasized
by the lack of agreement with our results. For example,
the Gerard data for the 1s2s S profile show very little
if any asymmetry.

Because the doubly excited state 3s3p in He has been
studied extensively, "' ' ' we compare it with the
[ls(3s3p) P] P resonance in Li. For the total cross sec-
tions, the "phase" of the resonance (determined by the
sign of the Fano q parameter) is opposite for He (Refs. 8
and 11) and Li. Fano and Cooper presented arguments
to explain the sign of q for the 2s2p and 3s3p resonances
in He. The Fano q parameter is related to the dipole
and Coulomb matrix elements between the ground,
discrete, and continuum states, as in Eq. (16). The sign
of q then is determined by the signs of these matrix ele-
ments. For example, the predicted negative q for the He
2s2p resonance was found to depend on a single negative
matrix element (2s2p

~

r
~

ls ). When this element is
approximated with one-electron integrals as

(2s2p
~

r
~

ls ) —(2)'~ (2s
~

ls )(2p
~

r
~

ls ), (24)

O

(f)
0.5—

0.0—
1 I I I I I I I I I 1 I 1 1 I I I 1 I

70.5 7 & .0 7 t .5 72.0 72.5
P&oton ener gy (eV)

FIG. 12. Individual relative cross sections for resonant de-
cay to the n =2 states S (top), 'S + 'P (middle), and 'P (bot-
tom). The solid circles in the top and middle panels are fits to
the data using the Fano formula with a width of 0.10 eV con-
voluted with a Gaussian of 0.20 eV FWHM (monochromator
bandpass). The resulting Fano parameters are shown in Table
V. For the 'P profile (bottom), the data were fit to a Lorentzi-
an (0.10 eV FWHM) convoluted with a Gaussian (0.20 eV
FWHM).
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(25)

where we have ignored the ' S and ' P splittings for the

Fano and Cooper concluded that it was the negative sign
of (2s

~

ls ) which ultimately produced a negative q pa-
rameter, with all other matrix elements in Eq. (16) posi-
tive. The negative sign of the overlap integral (2s ls )
was explained by less screening of the 2s electron in the
2s2p state relative to the 1s electron in 1s . We use this
reasoning below to rationalize that the double-excitation
dipole integrals are negative. Similar arguments were
made to predict the positive q for the He 3s3p reso-
nance. "

If we proceed to make parallel arguments for the
ls(3s3p) resonance in Li, we first need to estimate the in-
verse of the q parameter as sums over the different con-
tinuum channels:
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1s2s and ls2p states and have assumed that the modified
discrete state + is approximately equal to the unper-
turbed state P. If we further use the fact that the Is
cross section is very small at the resonance, ' and thus
contributes little to the shape of the total cross section,
we can neglect the first term in Eq. (25) above.

We are now left with estimating the signs of the fol-
lowing matrix elements:

(Is3s3p
~

V
~

Is2sep) (Is2sep
~

r
~

Is 2s)

( Is3s3p
~

V
~

Is2pes ) ( Is2pes
~

r
~

Is 2s )

( Is3s3p
~

r
~

Is 2s ) .

The first two Coulomb matrix elements above (left
column) are assumed positive based on the convention
that radial wave functions are positive when the elec-
trons are near the nucleus. The next two dipole matrix
elements (right column) between the ground and contin-
uum states are, respectively, positive for the 1s2scp con-
tinuum (a single-excitation dipole) and possibly negative
for the Is2pes continuum (a double-excitation dipole).
The last remaining integral involves a double excitation
and is thus negative. Combining all these signs, we pre-
dict that the q parameter is probably negative, as ob-
served, for the 1s3s3p resonance.

with energy. Our low-resolution results prohibit a de-
tailed study of the 1s2p conjugate shakeup satellites,
though relative intensities were obtained at a few ener-
gies for the 'P satellite. The summed n =3 satellites
were monitored from 5 to 25 eV above threshold, and
cross-section results disagree with those of Gerard. A
reanalysis of those data for all peaks assuming a col-
lisional interpretation' for the origin of the 52-eV
"Auger" peaks is warranted. Theory which reliably pre-
dicts the n =2 and n =3 satellite intensities as a func-
tion of energy should provide a basis for understanding
electron correlation in atomic Li.

Our results at the [(3,3a) P] 'P dou-bly excited reso-
nance are in good agreement with previous photoabsorp-
tion measurements, confirming an asymmetric profile
in the total cross section. We have also measured partial
cross sections over this resonance, with the qualitative
result that the 1s2s ' 5 main lines show asymmetric
shapes while the 1s2p ' P satellites have nearly Lorentzi-
an profiles. At present there are no calculations on the
[(3,3a) P] P resonance in Li. Just recently, theoretical
results on the analogous 3s3p state in He were report-
ed, ' in excellent agreement with experiment. "' It is
hoped that the experimental results presented here for Li
will stimulate calculations on the individual cross-section
profiles at resonances below the n =3 and higher satel-
lite thresholds in this open-shell system.
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