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We have used the beam-foil interaction mechanism to populate highly excited states in lithium by passing 300-
keV Li+ ions through 8-p.g/cm'-thick carbon foils. The energies of the electrons emitted via autoionization

were analyzed. By moving the foil along the beam axis, prompt and delayed electrons due to decays of Lit
and Libel states were identified. These spectra are interpreted with the help of detailed theoretical calculations.
The excitation energies of the Lit (1s2s')'S' and Libel(2s2p) "P' terms were determined to 0.5%%uo accuracy.
We have observed decays of doubly excited Liu states above the n = 2 threshold. On the basis of our
theoretical estimates, we assign a peak in the high-energy portion of the spectra as due to deexcitation of
triply excited Lii 2s'2p and 2s2p ' configurations.

I. INTRODUCTION II. METHOD AND RESULTS

The study of doubly excited autoionization states
of low-Z atoms, particularly He, has yielded con-
siderable information on two-elec tron correla-
tions. ' Despite the fundamental importance of
these resonances in two-electron atoms, with the
exception of H and He, no systematic experimen-
tal investigation of autoionizing transitions in the
isoelectronic He series has been reported in the
literature. We present here measurements and
interpretations of energies of electrons emitted
in the decay of some doubly and triply excited
states in LiI and LiII.

Observation of the decay of two- and three-elec-
tron states in ions requires an efficient means for
their excitation. Sellin and co-workers' have shown
that beam-foil excitation is a powerful method for
producing highly charged ions in highly excited
states. Among the methods commonly used to ex-
cite autoionizing states (elastic and inelastic elec-
tron scattering, ' ' uv absorption, ' electron or pro-
ton impact, ' and heavy-ion bombardment of gases'
and vapors') beam-foil excitation' "resembles
heavy-ion excitation most closely. There are cer-
tain advantages in heavy-ion excitations, such as
(a) observation of electrons emitted from the pro-
jectile as well as the target, and (b) multiple ex-
citation of electrons. In addition, beam-foil exci-
tation also allows the production of highly excited
ionic states over a wide energy range with the
mean ionic charge controllable to some degree.
Futhermore, both the prompt electron spectra and
the delayed spectra from long-lived metastable
states can be observed in the same experiment by
moving the foil in and out of the focus of a spec-
trometer along the beam axis.

When a fast Li' ion beam with a velocity of about
2.8 x10' cm/sec (300 keV) passes through a 8-p, g/
cm'-thick carbon foil, a high fraction of Li and Li'
projectiles in doubly and triply excited states
emerges from the back surface of the foil. These
multiply excited Li I ~ ~, Li I ***, and Li II **states,
having excitation energies in excess of the first
ionization limit, then decay via Coulomb autoion-
ization provided the parity, spin, and orbital an-
gular momenta of the initial and final states are
unchanged. " Such highly excited lithium states
(decaying by Coulomb autoionization with mean
lives of typically 10 "sec) have decay lengths
L = vr of the order of 280 A at 300 keV beam en-
ergy. Thus in a foil-excitation experiment (foil
thickness d =300 A) there is a certain probability
for the unperturbed observation of such short-
lived ions in flight after the particles leave the
foil. Therefore, we have chosen an experimental
setup (Fig. 1) which allows the foil to be moved in
the focus of our cylindrical electrostatic electron
spectrometer, which is similar in design to the
one used by Sellin and co-workers. ' The foil can
be moved up to 8 cm downstream (tunable time
delay: 0-30 nsec) out of the focus of our cylindri-
cal analyzer. In this manner we are able to sepa-
rate the less probable delayed electron decays
caused by spin-orbit (H,, ), spin-other-orbit (H,.„„),
spin-spin (H, , ), and hyperfine coupling (Hh;) from
the prompt decays.

The electron spectrometer views the beam at an
angle of 8=42.3 and is provided with two pairs of
continuously variable entrance and exit slits in
order to reduce the viewing region of the beam to
a length (f ) of about 1.8 mm at 1-mm beam diam-
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eter, corresponding to an angular spread 268 = 2

and a transmission T =1%. This finite extension
of the beam length viewed by the spectrometer
causes a time uncertainty of the observation f = l/u
=0.6 nsec.

For calibration of the analyzer a monochromatic
point-electron source" was used. Above 50 eV we
achieved a 0.3% full width at half-maximum
(FWHM) resolution and an absolute energy calibra-
tion +0.1% with slit widths of 0.5 mm. To avoid
any influence of Earth's magnetic field on the re-
solution and calibration of the spectrometer, both
the target chamber and the analyzer were shielded
with p, metal.

However, the kinematic transformation'" from
the rest frame of the emitting ion (E, ) to the
laboratory frame (E~,b} causes a considerable line
spread arising from (i) the energy straggling of
the projectiles in the target, (ii} the angle scatter-
ing of the ion beam by the foil, and (iii) the finite
angular divergence (Ae =1') defined by the accep-
tance of the spectrometer. We thus obtain an ef-
fective energy resolution by convoluting these dy-
namical contributions with the spectrometer win-
dow function. For Li' ions (300 keV) passing
through 8-p. g/cm' carbon foils, we measured an
effective resolution of about 1.7% FWHM.

With this experimental arrangement, prompt
and delayed electron spectra of incident 300-310-
keV 'Li' ions on carbon foils were recorded at
beam currents of a few nAmp. Typical results of
the lithium electron spectra are shown in Figs. 2

and 3. The Li spectrum is presented here be-
cause it is the simplest system we studied, and
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FIG. 2. Prompt electron energy spectrum from lithium
produced by foil excitation. Discrete peaks are due to
Coulomb autoionization of highly excited Li i and Li rr

states. Energies are in eV.

even at this stage it permits a rather complete
interpretation. In Fig. 2 we have displayed the
energy distribution (lab system) of the prompt
electron ejection after Li' -C-foil collisions.
This spectrum exhibits two distinct autoionization
line structures superimposed on a continuous elec-
tron background. Because of the fast motion of the
Li projectiles during deexcitation, the autoioniza-
tion lines are doppler shifted by about 50 eV. This
allows discrimination against the slowly varying
low-energy background. This paper will be con-
cerned with the high-energy portion of the prompt
and delayed electron spectra which are shown in
Figs. 3(a) and 3(b), respectively. The intensities
of the data, (a) the prompt and (b) the delayed spec-
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tra, differ by a factor of about one hundred and are
therefore not directly comparable.
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FIG. 3. Prompt and delayed Li i and Li n electron
emission spectrum plotted both in the lab frame (E j,b)
and in the rest frame of the emitting projectiles (Ec~ ).
Energies are in eV.

III. METASTABLE AUTOIONIZING QUARTET LEVELS

Study of autoionization of Li I (1s2lnl') 'L states
to the (1s'el )'l continuum (b,S=1) via spin-orbit,
spin-other-orbit, and spin-spin mixing reveals in-
formation on the strength of relativistic interac-
tions in high-lying quartet levels. Such metastable
"weak" autoionizing states are of interest fpr sev-
eral reasons. The most important reasons are the
following: (i) Autoionization rates due to relativis-
tic mixings are of the order 10 -10' sec '. Hence
electric dipole transitions can compete as deexci-
tation mechanisms. "'" (ii} Because of the nar-
row inherent widths, metastable autoionizing
levels allow precision measurements of the fine-
and even hyperfine-structure splitting. " (iii) The
different strength of configuration interaction with-
in a given fine-structure multiplet (differential
metastability"} provides a mechanism to produce
polarized electrons" and nuclei. '6

In Fig. 4 we have shown a level diagram of the
most prominent odd- and even-parity quartet
states in LiI converging to the (1s2s) 'S and

(1s2P}'P series limits. The excitation energies
indicated in the level scheme are based on theoret-
ical estimates" and on optical line identifica-
tions. '"' ' From the (1s2snl) l and (1s2Pnl) 4l,
«(l + 1) levels, those lying below the (1s2s) 'S ion-
ization threshold can undergo nonradiative transi-
tions only to the (1s' &l ) 'l continuum, whereas
(1s2Pnl) configurations with n& 3 are coupled alter-
natively to the (1s' el) 'l and the (1s2s' Sel) ' 'l
continua. According to Garcia and Mack" the
members of the series (1s2p'Pnl) 4l with n & 3 and
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FIG. 4. Energy-level diagram for metastable autoion-
izing 4L states in Li r. Experimental values (a) are de-
duced from dipole transitions (Refs. 9 and 10). Theo-
retical values (b) are taken from Holgien and Geltman
(Ref. 18). The remainder have been estimated using
the quantum-defect method (Ref. 7). The energy scale
on the right-hand side of the figure represents possible
transition energies of Li r quartet states decaying to the
adjacent (18 e1) 1 continuum. Energies are in eV.

1 & 1 are metastable with respect to Coulomb auto-
ionization (see Fig. 4). The odd-parity configura-
tions (1s2snP), (1s2Pns), and (1s2Pnd) as well as
the even parity configurations (1s2sns) and

(1s2PnP) are strongly mixed. The perturbation
of the quartet states lose significance for the
higher n values, because of the nondegeneracy of
the thresholds (1s2s) 'S and (1s2P) 'P, respectively.
Holden and Geltman" have suggested classifica-
tipn pf the lowest 4P' states in the follpwing way:
(1s, 2 s2P+ ) 'P ' (1), (1s, 2 3sP+ ) 'P ' (2), (1s, 23 sP -)
x'P'(3), etc. , where the (t) classification has
been introduced.

The experimental electron spectrum (t =3.7
nsec) due to decays of some metastable Li1 quar-
tet states to the doublet continuum is displayed in
Fig. 5. The quartet energies as indicated in this
plot have been calculated by Holgfien and Geltman. "
We have assigned the first strong peak in the spec-
trum at about 51.1 eV due tp metastable autoion-
ization of the (1s2s2P)'P'=4P'(1) level. The ex-
citation energy of the Li I 'P' (1) state has been
measured by threshold electron excitation" (57.3
+0.3 eV). A crucial point in our experiments is
the velocity determination of the beam after the
foil. In order to avoid this difficulty, the value4
57.442 +0.004 eV for 'P' (1}has been adopted as
an energy calibration point for all the Li spectra,
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since the prompt and the delayed spectra could be
obtained successively with the same foil. Thus it
is possible, in principle, to determine the transi-
tion energies of the most prominent features in the
prompt and delayed Li electron spectra to an ac-
curacy of ~0.1 eV.

The second strong line in the spectrum at about
55.4 eV could be composed of four lines due to
autoionization of the states 4P' (1), 4P' (2), 4S' (1),
and (1s2P') 'P', respectively. However, the
(1s2Ps) 'P' level decays by photon emission to the
low-lying (1s'2P) 'P' level in about 0.015 nsec. "
Therefore, the peak at 55.4 eV is essentially an
admixture of at least two transitions associated
with autoionization of the 'P' (1) and 'P '(2) levels
which should nearly coincide in energy. This is
justified by the agreement of the energy separa-
tion of the two strongest peaks in this experiment
(3.33 eV) as compared to the optical 'P' (1)-4P' (1)
transition energy of 3.34 eV."

The third peak at about 1 eV below the (ls2s) sS

series limit is surprisingly sharp, although sev-
eral transitions (see Fig. 5) should overlap in this
energy region. Above (1s2s) 'S, two unresolved
peaks appear which might originate from meta-
stable Li I levels of the kind (1s2Pnl) 41 decaying
to the (1s' el) 'l continuum.

Recent beam-foil studies of Li' ions using
grazing incidence spectrometers' "have revealed
dipole transitions arising from LilI levels which
are metastable with respect to Coulomb autoion-
ization. However, no delayed electrons owing to
decays of doubly excited Li II states have been
recognized in our spectra. We thus conclude that

these levels decay mainly by radiation and not by
electron emission.

IV. PROMPT AUTOIONIZING DOUBLET LEVELS

The energy-level diagram as displayed in Fig. 6
is devoted to Coulomb autoionization of odd- and
even-parity Li I states of the kind 1s2lnl' with
n &2. The LiI resonances of the type (1s2lnl') sJ
converge to four distinct series limits (ls2s) ' 'S
and (1s2P) ' 'P, respectively. There is a strong
mixing in the (Is2s) 'Ssl and (Is2p) sPnl configura-
tions owing to the narrow spacing of the (1s2s) 'S
and (1s2P) 'P thresholds (Fig. 6). The odd-parity
Li I 'P' resonances are known from uv absorption'
to better than 0.1 eV accuracy, whereas the even-
parity states such as (Is2s') 'S', (1s2p') 'S', and
'D', etc. , cannot be excited optically from the LiI
ground state (1s'2s) 'S'. In order to classify reso-
nant structures above the (Is2s) sS threshold, Coop-
er et al."have performed close-coupling calcula-
tions. Some of their results are plotted in Fig. 6.
For LiI 1s2lnl' states above the onset of the
(ls2s) 'S series limit at least two continua are ad-
jacent, namely, (Issel) sf and (Is2ssSel) 'l. Owing
to the fact that autoionization is strongest near
threshold, "we would expect that transitions to
the (ls2s sSel) 'l continuum to be favored.
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FIG. 6. Energy-level diagram for Coulomb autoion-
izing 2L states in Li & as derived from (a) uv-absorption
measurements (Ref. 4), (b) present work, (c) close-
coupling calculations (Ref. 22), and {d) variational mini-
mum principle (Ref. 39). The energy ladder on the right
predicts peak positions of possible decays of 2L states to
the (1s el) t' continuum.

, 80 90
40

100 110 120 130 140

50 60 70 80

FIG. 5. Electron energy spectrum for decay of auto-
ionizing quartet states in Li i. The notation of Holgien
and Geltman (Ref. 18) has been adopted. Energies are
in eV.
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The low-energy group of lines in the prompt
spectrum (Fig. 7) can be assigned to Lil doublet
configurations. An analysis of this part of the
spectrum has been attempted. The main group of
lines which occur at about 55 eV coincide with
three 'P ' states from uv-absorption experiments'
to within 0.2 eV. It is apparent from the level dia-
gram that the first peak in the spectrum at 50.5
~0.5 eV cannot be associated to Coulomb autoion-
ization of odd-parity levels. Therefore, we have
interpreted this line as the transition (1s2s') 'S'
(ls' es) 'S' giving an excitation energy of 55.9 +0.5
eV for the (1s2s') 'S' level. This interpretation
is consistent with Fricke's Hartree-Fock calcula-
tion" which predicts the (1s2s') 'S' excitation en-
ergy 0.6 eV above our experimental value. The
higher-lying even-parity states of the kind (Is2P')
&'5' and 'D' could not be verified experimentally.

Possible charging up of the foil during heavy-ion
bombardment would tend to slow down the prompt
electrons, but not the delayed ones. This effect
contributes an unknown uncertainty in the calibra-
tion of the prompt spectra. Comparison of our
Li 'P' energies with those obtained by uv absorp-
tion, however, shows no discernible shift in the
prompt spectra.
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V. THEORETICAL CALCULATIONS

Extensive experimental investigations' "and
theoretical calculations' "'"have been performed
to identify the resonant states in helium due to
double-electron excitation. Since two-electron
atoms are the simplest systems that can autoion-

The doubly excited states for Li' (as with all
other two-electron systems with nuclear charge
Z ~ 2) can be classified into different Rydberg ser-
ies which converge to the N =2 and 3 levels of Li".
When the energy levels are expressed as effective
quantum numbers (n*), i.e. ,

E (a.u. ) = -(3)'/2N' —(2)'/2(n *)', (2)

then, in most cases, the identities of the different
series become apparent, since the fractional parts
of the n*'s should differ only slightly from one
member of a series to another member of the same
series. The series classifications are based partly
on this relationship and partly on a detaifed ex-
amination of the wave functions, which was carried
out to compare the configuration mixings of the

ize, our interest has been to extend these studies
to higher members of the He isoelectronic series.
In particular, this allows the study of two-electron
correlations in highly excited states as a function
of the atomic number. Our experimental data are
explained here in terms of complete calculations
of doubly excited states in LiII and triply excited
states in Li I.

The doubly excited states for Li' have been cal-
culated using the truncated diagonalization method
(TDM) of Lipsky and Russek, "or Altick and
Moore. " For resonances below the m =2 threshold,
all possible hydrogenic product functions have
been included in which one of the electrons is rep-
resented by a 2s, 2P, 3s, 3P, or 3d function, and
the other electron can have any radial quantum
number from 2 to 10. No 1s configurations were
used, although other states through 5g5g were.
In order to calculate resonances below the ¹3
threshold, all configurations with N or n equal 2
were eliminated, and the reduced matrix diagonal-
ized. The full details are given by Lipsky, Con-
neely, and Anania. '

The triply excited states were calculated using
an extension of the TDM as described by Ahmed
and Lipsky. " Here, only configurations up through
n=5 were included, while (as in doubly excited
states) all (Is) states were excluded. Further-
more, the wave functions are expanded in terms of
doubly excited states, so the resultant energy
levels are upper bounds to the true levels.

All the calculated doubly and triply excited levels
come from ab initio calculations, and therefore
do not depend on any experimental constants when
expressed in atomic units below total ionization
(1 a.u. =27.21 eV). In converting to electron volts,
we used

E (eV above Is) =2x13.605 x(-,' —iE(a u. )i) .
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TABLE l. Doubly excited states below theN =2 threshold in Li+. See Eq. (3) of the text for explanation of the classi-
fications. An (*) marks each state which is the lowest member of its series. Energy in a.u. is total energy below dou-
ble ionization. The column marked eV lists the energy above the 1s threshold of Li++.

Classification

Effective
quantum
number (a.u. )

Energy
(ev) Classification

Effective
quantum
number (a.u. )

Energy
(ev)

(2, 2a) 100+
(2, 2a) 311*
(2, 2a) 310*
(2, 2a) 120*
(2, 2a) 111*
(2, 2b)100*
(2, Sa) SOO*

(2, sb)111+
(2, Sa)100
{2,3a)320*

1.604 259
1.633 379
1F733 333
1.773 660
1.792 699
2.022 883
2.522 386
2.562 720
2.641 231
2.677 374

1.902 106
1.874 644
1.790 680
1.760 753
1.747 321
1.613 751
1,439 344
1.429 527
1.411693
1.404 004

70.6887
71.4359
73.7206
74.5349
74.9004
78.5348
83.2804
83.5475
84.0328
84.2420

(2, 4c)111
(2, 4b)1OO
(2, Ga)SOO

(2, Gb)111
(2, Ga)100
(2, 5a)311
(2, Ga)320
(2, Ga}11O
(2, 5b)311
(2, 5a)331

4.182 206
4.224 985
4.531 818
4.582 310
4.639 533
4.eSs 824
4.714 098
4.743 378
4.762 351
4.843 406

1.239 345
1.237 041
1.222 383
1.220 248
1.217 914
1.216 165
1.214 997
1.213 890
1.213 183
1.210 257

88.7224
88.7851
89.1889
89.2420
89.3055
89.3531
89.3849
89.4150
89.4342
89.5139

(2, Sa)311
{2,Sa) 110*
(2, 3b)311+
(2, 3a)331*
(2, Sa) 121*
(2, Sa)S1O
(2, 3a) 120
(2, Sb) 320*
(2, sb) soo*
(2, 3a)111

2.682 455
2.695 314
2.710716
2.835 735
2.853 693
2.856 890
2.867 171
2.906 634
2.925479
2.939003

1.402 948
1.400 303
1.397 183
1.373 713
1.370 592
1.370 043
1.368 289
1.361 728
1.358 687
1.356 542

84.2707
84.3427
84.4276
85.0662
85.1511
85.1661
85.2139
85.3923
85.4751
85.5335

(2, 5a)120
(2, Ga) 121
(2, 5a)310
(2, Gb)32O
(2, Ga)321
(2, 5a) 111
(2, Ga)1SO
(2, Ga)330
(2, Gb)SOO

(2, Gb) SS1

4.873 517
4.874 990
4.878 016
4.919013
4.960 595
4.962 954
4.965235
4.966 74S
4.974 803
4.994 279

1.209 206
1.209 155
1.209 050
1.207 656
1.206276
1.206 199
1.206 123
1.206 075
1.205 812
1.205 183

89.5425
89.5438
89.5467
89.5847
89.6222
89.6243
89.62es
89.6277
89.6348
89.6519

(2, Sa)321*
(2, Sa}1S1*
(2, 3b)120*
(2, Sc)311*
(2, 3c}111*
(2, 3b)100
(2, 4a) 300
(2, 4b }111
(2, 4a)1OO
(2, 4a) 311

2.945 590
3.020 945
3.021 059
3.088 426
3.178 053
3.206373
3.527 069
3.574533
3.637 290
3.680 926

1 ~ 355 507
1.344 151
1.344 134
1.334 679
1.323 019
1.319536
1.285 769
1.281 528
1.276 173
1.272 610

85.5616
85.8706
85.8711
86.1283
86.4456
86.5404
87.4592
87.5746
87.7203
87.8172

(2, Gb)131
(2, Gb)12O

(2, 5a) 131
(2, 5c)331*
(2, 5c)131*
(2, Gc)320
(2, 5c)120
(2, Gc)311
(2, 5c)111
(2, 5b)100

4.996 069
5.032 199
5.036 745
5.P39 818
5.040 104
5.070 369
5.076 944
5.081 129
5.183908
5.230 927

1.205 126
1.203 979
1.203 836
1.203 740
1.203 732
1.202 794
1.202 593
1.202 465
1.199424
1.198 092

89.6535
89.6847
89.6886
89,6912
89.6914
89.7169
89.7224
89.7259
89.8086
89.8449

(2, 4a}320
(2, 4a) 110
(2, 4b) 311
(2, 4a) 331
(2, 4a) 121
(2, 4a) 310
(2, 4a}120
(2, 4b) S2O

(2, 4a) 321
(2, 4a}111

3.701 707
3.727 963
3.745 984
3.838 759
3.867 235
3.870 770
3.871 001
3.913 693
3.955 510
3.956001

1.270 957
1.268 909
1.267 527
1.260 721
1.258 730
1.258 486
1.258 470
1.255 573
1.252 828
1.252 795

87.8622
87.9180
87.9555
88.1407
88.1949
88.2016
88.2020
SS.2808
88.3555
88.3564

(2, ea)SOO
(2, eb)111
(2, ea)1OO
(2, ea)S11
(2, 6a)320
(2, 6a) 110
(2, eb)s11
(2, 6a) 331
(2, 6a)120
(2, 6a)121

5.536 384
5.588 162
5.642 308
5.686 599
5.721407
5.752 100
5.771410
5.846 538
5.874 480
5.879453

1 ~ 190249
1.189046
1.187 822
1.186848
1.186097
1.185 447
1.185 043
1.183 510
1.182 955
1.182 857

90.0583
90.0910
90.1243
90.1508
90.1712
90.1889
90.1999
9P.2416
90.2568
90.2594

(2, 4b) 300
(2, 4a) 130*
(2, 4a) 330*
(2, 4b) 331*
(2, 4b }131~
(2, 4b)120
(2, 4a) 131
(2, 4c)320*
(2, 4c}120+
(2, 4c)S11

3.960 549
3.963 221
3.964 352
3.992 804
3.994 130
4.029 120
4.032 302
4.070 227
4.074 559
4.082 131

1.252 502
1.252 331
1.252 257
1.250 450
1.250 367
1.248 199
1.248 005
1.245 724
1,245 466
1.245 020

88.3644
88.3690
88.3710
88.4202
88.4225
88.4815
88.4867
88.5488
88.5558
88.5680

(2, 6a)310
(2, eb)s2o
(2, 6a)321
{2,6a)111
(2, ea)1SO
(2, 6a)330
(2, 6b)300
(2, eb)ss1
(2, 6b)131
(2, 6b)120

5.881 724
5.922 110
5.963 176
5.965 801
5.966 672
5.968 345
5.981894
5.995 311
5.997 295
6.033 372

1.1S2812
1.182 026
1.181243
1.181194
1.181177
1.181146
1.180 892
1.180 642
1.180 605
1.179943

90.2606
90.2820
90.3033
90.3047
90.3051
90 ~ 3060
90.3129
90.3197
90.3207
90.3387
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TABLE I (continued)

Classification

Effective
quantum
number

Energy,
(a.u. ) (eV) Clg, ssgxcatxon

Effective
quantum
number (a.u. )

(2, 6a)131
(2, 6c)331
(2, 6c)131
(2, 6c)320
(2, 6c)120
{2,6&}311
(2, 6c)111
(2, 6b)100
(2, Va)300
(2, 7b )111

6.038 168
6.040 273
6.040 999
6.070 688
6.078 375
6.080 793
6.184 581
6.233 455
6.539 535
6.591 753

1.179855
1.179 816
1.179804
1.179269
1.179132
1.179 089
1.177 288
1.176472
1.171766
1.171028

90.3411
90.3421
90.3425
90.3571
90.3608
90.3619
90.4109
90.4332
90.5612
90.5813

(2, Va)100
(2, Va)311
(2, Va)320
(2, Va)110
(2, Vb)311
(2, Va)331
(2, Va)120
(2, 7a)121
(2, Va)310
(2, Vb)320

6.643 619
6.687 761
6.725 186
6,756 776
6.776 184
6.848 045
6.874125
6.881 708
6.883150
6.923 556

1.170312
1.169716
1.169220
1.168 807
1.168 556
1.167 648
1.167 324
1.167232
1.167 213
1.166722

90.6007
90.6170
90.6305
90.6417
90.6485
90.6733
90.6820
90.6846
90.6851
90.6984

different states.
In Table I, all doubly excited states which are

less than 91 eV above the 1s threshold, and with
total orbital angular momentum 0, 1, 2, and 3, are
included. As mentioned before, the energies (in
atomic units) below total ionization come directly
from the TDM calculations so they are included in
this table for comparison with other calculations.
The effective quantum numbers, calculated from
Eq. (2), and the energies in eV from Eq. (1) are
also contained in the table.

Whenever there is more than one series for a
given 8, L, and r, the mixings between the dif-
ferent configurations are so great that traditional
classifications based on single products of orbitals
are useless. " Therefore, the letters a, b, c, etc. ,
are used instead to label the different series.
When Z&1, there exists a one-to-one correspon-
dence between the radial quantum numbers (N and

n) of the single-particle states and the true states,
and these are used in our classification scheme.
The letters a, b, etc. , are as s igned according to
the energy of the lowest member of each series.
W'e use the following notation:

(N, na:) (2S+1),L, v,

where N is the inner-electron quantum number
(also the level of Li" below which this state lies),
n is the outer-electron radial quantum number,
and o. =a, b, c, . . . (member of nth series).

Table IE contains a description of all the series
represented in Table I. The column called "ap-
proximate mixings, " except where otherwise
noted, lists descriptions which account for at
least 90% of each wave function in the series
Since few calculations have been made of Li',
the column labeled "width" is to be taken only as
a guide as to what one might expect after consider-
ing information about other atoms or other series.
It seems clear, though, that widths are as charac-

teristic of a series as are the configuration mix-
ings, so we guess that the following rules are
generally true: (i) Series for which configurations
add (plus states) are broader than those for which
configurations subtract (minus states). (ii) Ser-
ies with configurations of smaller orbital quantum
numbers will be broader than those with larger
orbital quantum numbers. (iii) Lower lettered
series are usually broader than higher lettered
ones. (iv) Series which have no adjacent open
channels of like configuration mixings to couple
to, will be very narrow. This rule is strictly true
for the metastable states such as (2P2P) 'I" which
cannot decay at all through electron-electron in-
teractions, but must either photodecay, or decay
via one of L, S, and parity-violating perturbations
such as the spin-orbit interaction.

These rules are not independent, but may be in-
terrelated in one way or another.

Tables III and IV display data similar to Tables
I and II, but for doubly excited states above N=2,
and below the N =3 threshold. Here, since most
states can decay through more than one channel
(the bound electron can drop to either the 1s, or
the 2s or 2p states), estimates of the widths are
even less reliable, so they have been omitted.

Table V displays the results of Ahmed and Lip-
sky" for triply excited states with '$' and 'P'
symmetries. No attempt has been made to de-
scribe the configuration mixings, and so it has
not been possible as yet to classify the states into
series (except for the lowest states of each sym-
metry)

Table VI summarizes the possible decay modes
for the various doubly excited configurations.

VI. Li ri STATES BELOVED THEN =2 SERIES LIMIT

In Fig. 8 we have displayed the higher-energy
portion of the prompt lithium spectrum between 60
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TABLE II. Classification of different series for Li+ below the N = 2 state of Li++.

Series
classification

Lowest Approximate
mixing s

Probabl. e
widths Comments

Se

(2,na) Se

(2, nb) 'S'

3Se

(2,na) 3S'

(2,nb) 'S'

two series involving configurations: 2sns, 2pnp

2 (2sns+2pnp)
2 (2sn s —2pnp )

two series involving configurations: 2sn s, 2pnp

3 (2sn s + 2pnp)
3 (2sn s —2pnp )

Broad
Narrow

Narrow?
Very narrow?

(2, 2b) contains 1.6% 3d3d

(2,na) P'
(2,nb) 'Po

(2,nc) 'P'

, three series involving configurations: 2snp, ns2p, 2pnd

2 (2snp +n s2p) Broad All except (2, 2a), contain over 10% 2pnd
3 (2snp -ns2p) Narrow Have about 10% 2pnd
3 2pnd Very narrow Have 20% sp

, tgree series involving oonfigorations: 2snP, ns2P, 2Pnd

(2,na) 3Po

(2,nb) 'P'
(2,nc) 3P'

2 (2snp +n s2p)
3 (2snp —n s 2p ) + 2pn d
3 (2snp -ns2p) —2pnd

Broad
Narrow
Very narrow

iP, one series involving configuration: 2pnp

(2,na) iPe 3 2pnp

3P', one series involving configuration: 2pnp

(2pnp ) 'P'

D', one series involving configuration: 2pnd

(2,na) iDo 3 2pn d

3D', one series involving configuration: 2pnd

(2,na) 3D'

Metastable

Metastable

Metastable

Metastable

iDe

(2,na) De

{2,nb ) 'D'

{2,nc) iDe

(2pnp —2snd
(2pnp + 2snd')

2pnf

Narrow'? The (2, 2a) state is mostly 2p 2p
Broad?
Very narrow?

three series involving configurations: 2pnp, 2sr~d, 2pnf

D, three series involving configurations: 2pnp, 2snd, 2pnf

(2 na) 3De

(2,nl ) 'D'

(2,nc) 3D'

(2pnp —2snd)
(2pnp + 2snd)
2pnf

Narrow? 2:1 ratio pp to sd.
Broads' 1:2 ratio pp to sd; up to 10%pf
Very narrow? 10% other

i~o

(2,na) I'o

(2,nb) 'S'
(2,nc) iso

three series involving configurations: 2snf, 2pnd, 2png

2pn d
2snf
2png

25% others
a and c are crossing above n = 6

P', three series involving configurations: 2snf, 2pnd, 2png

{2 na) Qo

(2,nb ) 3EO

(2,sc) E
i~8

{2,na) iZ'

2pnd
2$nf
2png

, one series invol. ving configuration: 2pnf

2pnf Metastable

15% other
15% other

Fe, one series involving configuration: 2pnf

(2,na) 0e Metastable
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TABLE IG. Doubly excxted states below the7F =N-t5rejhoId ui Li~.— See Eq. (3) of the text for explanation of the
classifications. An (*) marks each state which is @e iovlrest mamber of its series. Energy in a.u. is total energy below'

doubie ionization. The coiumn marked eV lists the energy' above the 1s threshold of Li++.

Classification

Effective
quantum
number (a.u. )

Energy
{eV) CIassification

Effective
quantum
number (a.u.)

Energy
(eV)

(3, 4b) 33O*

(3, 4a)131
(3, 4d) 331+
(3, 4c)121*
(3, 4c)12O
(3, 4b)310
(3, 4c)321*
(3, 4e) 320+
(3, 4 )3OO*

(3, 4d) 131*

(3, 4b) ill
{3,4e)120*
(3, Ga)300
(3, 5c)111
(3, 4e) 311*
(3, Gb)32o
(3, Ga)1OO

(3, Ga) 311
{3,C )111+
(3, Ga)110

(3, 5c)311
(3, Gb)131
(3, Ga)120
(3, Gb) 321
(3, 4c) 100
(3, Gd}12O

(3, Ga) 310
(3, Ga)331
(3, Ga)111
(3, 5a)121

(3, Gb)3oo
(3, Gc}320
(3, Gb }121
(3, Ga}130
(3, Ga) 320
(3, Gd)111
(3, Gb }331
(3, Ga)33O

(3, Gc}331
(3, Gb }13O

(3, Ga)321
(3, Gc)131
(3, Gb }12O
(3, 5d}320
(3, Gb }1OO

(3, Gb }311
(3, Gb)11O
(3, Gb }33O
(3, Gd)311
(3, Ga)131
(3, Gd)331

(3, 5c)121
(3, 5c)120
(3, Gb)3lo

3.848 669
3.904 760
3.951238
3.962 439
4.016859
4.018 856
4.069 728
4.078 543
4.126824
4.143932

4.164 094
4.197 557
4.237407
4.261 830
4.300 321
4.316852
4.323 992
4.348 654
4.384 070
4.398 467

4.402 746
4.418 806
4.422 271
4.471 510
4.483 692
4.485 655
4.521 118
4.528 520
4.550 003
4,578 688

4.587 292
4.587 827
4.594 721
4.615439
4.622 393
4.644 111
4.651 984
4.701 480
4.748 149
4.752 835

4.754 378
4.759 041
4.769 366
4.793 380
4.807 164
4.818 072
4.839493
4.863 430
4.877 417
4.921801
4.948 313

4.973 987
5.024 704
5.040 031

0.635 023
0.631 172
0.628 104
0.627 381
0.623 953
0.623 830
0.620 753
0.620 232
0.617 435
0.616467

0.615342
0.613511
0.611386
0.610 113
0.608 150
0.607 324
0.606 970
0.605 760
0.604 058
0.603 378

0.603 177
0.602428
0.602 268
0.600 028
0.599485
0.599398
0.597845
0.597525
0;-596 606
0.595400

0.595 042
0.595 020
0.594 735
0.593 887
0.593 604
0.592 731
0.592417
0,590482
0.588 712
0.588 537

0.588 479
0.588 306
0.587 924
0.587 045
0.586 547
0.586156
0.585 395
0.584 556
0.584 072
0.582 562
0.581 680

0.580 839
0.579215
0.578 734

105.1660
105.2708
105.3542
105.3739
105.4672
105.47OG

105.5543
105.5684
105.6445
105.6709

105.7015
105.7513
105.8092
105.8438
105.8972
105.9197
105.9293
105.9622
105.0085
106.0270

106.0325
106.0529
106.0572
106.1182
106.1330
106.1353
106.1776
106.1863
106+113
1063441

106.2539
106.2545
1069622
106,2853
106.2930
106.3168
106.3253
106.3779
106.4261
106.4309

106.4324
106.4371
106.4475
106.4714
106.4850
106.4957
106.5164
106.5392
106.5524
106.5934
106,6174

106.6403
106,6845
106.697 6

(3, 5c)130+
(3, Gc)330*
(3, Ge}320
(3, Gc)321
(3, Ge)131+
(3, Ge)331*

(3, 3a)1OO*
(3, 3a)311~
(3, 3a)120*
(3, 3a)31O*
(3, 3a)111*
(3, 3a)331*
(3, 3a)121+
(3, 3a)320*
(3, 3a }321*
(3, 3b)12O*

(3, 3b)100+
(3, 3a)330*
{3,3b)311*
(3, 3a)131+
(3, 3b)310+
(3, 3c}120*
(3, 3b)111+
(3, 4a) 300*
{3,4c)ill*
(3, 4b )320+

(3, 3c)100*
(3, 4a) 100
(3, 4a)110+
(3, 4a)311
(3, 4c)311*
(3, 4b)131*
{3,4b) 321*
(3, 4a)12O
(3, 4d)12O*
(3, 4b }3OO*

(3, 4a) 310
(3, 4c)32O*

(3, 4b)121*
(3, 4a) 331
(3, 4a)111
{3,4a) 130*
(3, 4a)121
(3, 4d)111+
(3, 4b )331*
(3, 4a) 320

(3, 4a) 330
(3, 4c)331*
(3, 4b )1308

(3, 4d) 32o*
(3, 4a) 321
(3, 4b)12O
(3, 4c)131*
(3, 4b }110*

5.044 549
5.045 078
5.073 602
5.078 919
5.107 665
5.107 934

2.355 671
2.370 379
2.412 464
2.454 094
2.467 751
2.486 609
2.502 490
2.525 504
2.597 784
2.604412

2.606461
2.636 122
2.643 316
2.720 094
2.806 190
2.857 374
2.948 693
3.251 126
3.270 620
3.315399

3.322 360
3.356 666
3.376 221
3.377 701
3.380 754
3.401 962
3.441 341
3.445167
3.453 702
3.533 074

3.527 621
3.540 072
3.540 907
3.546 557
3.553 077
3.576 699
3.586 816
3.589 605
3.607 930
3.622 332

3.707 024
3.723 344
3.728 520
3.74245
3,743 317
3.755 444
3.759 163
3.779 222

0.578 593
0.578 577
0.577696
0.577 533
0.576663
0.576 655

0.860413
0.855 954
0.843 644
0.832 084
0.828 418
0.823 456
0.819363
0.813569
0.796 363
0.794 856

0.794393
0.787 805
0.786241
0.770 310
0.753 978
0.744 960
0.730 023
0.689 218
0.686 969
0.681 953

0.681 191
0.677 506
0.675 456
0.675 302
0.674 986
0.672 811
0.668 878
0.668 504
0.667 672
0.660223

0.660 719
0 ~ 659 590
0.659 515
0.659 007
0.658 424
0.656 338
O. 655 457
0.655 216
0.653 643
0.652 424

0.645 539
0.644 266
0.643 866
0.642 797
0.642 730
0.641 810
0,641 530
0.640 031

106.7014
106.7019
106.7259
106.7303
106.7540
106.7542

99.0331
99.1544
99.4894
99.8040
99.9037

100.0387
100.1501
100.3077
100.7759
100.8169

100.8295
101.0088
101.0513
101.4848
101.9292
102.1746
102.5810
102 ~ 6913
103.7525
103,8890

103.9097
104.0100
104.0658
104.0700
104.0786
104.1378
104.2448
104.2550
104.2776
104.4803

104 4668
104.4975
104.4996
104.5134
104.5292
104.5860
104.6100
104.6165
104.6593
104.6925

104.8798
104.9145
104.9254
104.9545
104.9563
104.9813
104.9889
105,0/97
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TABLE HI (continued)

Classification

Effective
quantum
number (a.u.)

Energy
(eV) Classification

Effective
quantum
number (a.u. )

Energy
(eV)

(3, 4b)100
(3, 4b)311
(3, 4d) 311*
(3, 5d)131
(3, 5c)300
(3, 5e)120
(3, 5b)111
(3, 5f)320*
(3, 5f)120+
(3, ea)300
(3, ec)111
(3, 5e)311
(3, ea}100

(3, eb) 320
(3, 6a)311
(3, Ge)111
(3, 6a)110
(3, 6a)120
(3, 6c)311
(3, eb)131
(3, eb)321
(3, 6d)120
(3, 5c)100

(3, ea)310
(3, ea) 331
(3, 6a)111
(3, 6a)121
(3, ea)320
(3, eb)300
(3, eb)121
(3, ec)320
(3, 6a)130
(3, 6d)111

(3, 6b )331
{3,6a)330
(3, 6a) 321
(3, ec)131
(3, ec)331
(3, eb)130
(3, eb)120
(3, eb }100
(3, ed)320
(3, eb)311

(3, eb)110
(3, eb)330
(3, ed)311
(3, 6a)131
(3, ed)331
(3, ec)121
(3, ec)120
(3, eb)310
{3,ec) 13Q

(3, ec)330

(3, ee)320
{3,6c)321
(3, ee)331
(3, ee)131

3.786420
3.804180
3.812 884
5.15e 034
5.166800
5.182 586
5.191949
5.195904
5.219994
5.229 228
5.256422
5.276 161
5.308 764

5.316965
5.334 856
5.378 273
5.410 067
5.411658
5.414 688
5.426483
5.486 502
5.501321
5 ~ 506 077

5.519267
5.519927
5.548 564
5.580 117
5.604 959
5.613390
5.616235
5.627 760
5.632 986
5.669 706

5.670 644
5.v 01229
5.758 563
5.759 986
5.762 761
5.766 648
5.775 180
5.813842
5.817 001
5.823 160

5.867 736
5.869 243
5,907 285
5.926 307
5.952 875
5.985 090
6.024 590
6.049 717
6.049 939
6.050 642

6.076 334
6.087 556
6.105965
6.105 974

0.639499
0.638 200
0.637 570
0.575 231
0.574 918
0.574 462
0.574194
0.574081
0.573 399
0.573 140
0.572 385
0.571 845
0.570 965

0.570 746
0.570 272
0.569 142
0.568 332
0.568 292
0 ~ 568 215
0.567 919
0.566 441
0.566084
0.565 970

0.565 655
0.565 639
0.564 963
0.564 231
0.563 663
0.563472
0.563407
0.563 148
0.563 031
0.562 217

0.562 196
0.561531
0.560 312
0.560 2S2
0.560 224
0.560 143
0.559 965
0,559 170
0.559 106
0.558 981

0.558 088
0.558 059
0.557 313
0.556946
0.556439
0.555 833
0.555 103
0.554 646
0.554 642
0.554 629

0.554 168
0.553 969
0.553 644
0.553 644

1Q5.0442
105.0795
105.0967
106.7929
106.8014
106.8138
106.8211
106.8242
106.8428
106.8498
106.8704
106,8851
106.9090

106.9150
106.9278
106.9586
106.9806
106.9817
106.9838
106.9919
107.0321
10V.0418
107.0449

107.0535
107.0539
107.0723
107.0922
107.1077
107.1129
107.1146
107.1217
107.1249
107.1470

107,1476
107.1657
107.1989
107.1997
107.2013
107.2035
107.2083
107.2299
107.2317
107.2351

107.2594
107.2602
107.2805
107.2905
107.3043
107.3208
107.3406
107.3530
107.3531
107.3535

107.3660
107.3715
107.3803
107.3803

(3, 6f) 131*
(3, 6f)331*
(3, ed) a31
(3, 6e)120
(3, ec)300
(3, ef) 320
(3, 6b)111
(3, 7a)300
(3, ef)120
(3, vc) 111
(3,6e)311
(3, Va)100
(3, Vb)320
(3, Va)311
{3,ee) a&a

{3,Va)a20

(3, Va)110
(3, Vc) 311
(3, Vb)131
(3, vb)321
(3, Vd)120
(3, 7a) 331
(3,va) 310
(3, ec)100
(3, Va)111
(3, 7a) 121
(3, Va)320
(3, vb)300
(3, 7b)121
(3, 7c)320
(3, 7a)130
(3, 7b)331
(3, 7d)111
(3, 7a)330
(3, Va)321
{3,Vc)131

(3, 7c)331
(3, vb)130
(3, vb)120
(3, Vb)100
(3, 7b)311
(3, Vd)320
(3, 7b)330
(3, Vb)110
(3, Vd)3»
(3, 7a)131

(3, Vd)331
(3, 7c)121
(3, 7c)120
(3, Vc)130
(3, 7c)330
(3, Vb)310
(3, ve)320
(3, 7c)321
(3, 7e)131
(3, 7e)331
(3, 7f)131
(3, 7f)331

6.131236
6.131924
6 ~ 162 879
6.182 800
6 ~ 190456
6.199789
6.202 114
6.226 016
6.228 992
6.254 794
6.274 243
6.301519
6.318347
6.328 366
6.382 732
6.406397

6.417 382
6.422 225
6.431 515
6.494 984
6.510 189
6.515 181
6.518 220
6.519465
6.547 161
6.579 881
6.608 728
6.626 457
6.627 797
6.634 505
6.641 494
6.679 697
6.681 882
6.700 573
6.758 698
6.759 274

6.769 991
6.773 548
6.775 890
6.813942
6.822 816
6.827 594
6.869 939
6.879 434
6.920 339
6.925 504

6,954 737
6 ~ 988 408
7.020 629
7.050 348
7.050 574
7.050 861
7.076 178
7.089 240
7.102 884
7.103466
7.131714
7.132 942

0.553 203
0.553 191
0.552 658
0.552 319
0.552 190
0 ~ 552 033
0.551 994
0.551 595
0.551 546
0.551 122
0.550 805
0.550 366
0.550 098
0.549 940
0.549 093
0.548 731

0.548 564
0.548 491
0.548 351
0.547 410
0.547 189
0.547 117
0.547 073
0.547 055
0.546 658
0.546 195
0.545 792
0.545 548
0.545 529
0.545 437
0.545 342
0.544 825
0.544 795
0.544 546
0.543 783
0.543 775

0.543 63V

0.543 591
0.543 561
0.543 076
0.542 964
0.542 904
0.542 376
0.542 260
0.541 761
0.541 699

0.541 349
0.540 952
0,540 577
0.540 235
0 ~ 540 233
0,540 230
0.539 942
0.539 795
0.539 642
0.539 636
0.539 323
0.539 309

107.3923
107.3926
107.4071
107.4164
107.4199
107.4241
107.4/52
107.4360
107.4374
107.4489
107.4575
107.4695
107.4768

' 107.4811
107.5041
107.5140

107.5185
107.5205
107.5243
107.5499
107.5559
107.5579
107.5591
107.5596
107.5704
107.5830
107.5939
107.6006
107.6011
107.6036
107.6062
107.6203
107.6211
107.6279
107.6486
107.648S

107.6526
107.6538
107.6547
10V.eev9
107.6709
107.6725
107.6869
107.6901
107.7036
107.7053

107.7148
107.7257
107.7359
107.7451
107.7452
107.7453
107.7531
107.7571
107.7613
107.7615
107.7700
107.7704
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TABLE IV. CLassification of different series for Li+ below the N =3 state of Li++.

Series
class ification

Lowest Approximate
mixing s Comments

S', three series involving configurations: 3sns, 3pnp, 3dnd

(B,na} &Se

(S,nb } '8e

(3,nc) ~Se

(3sn s + 3pnp)
(3sn s —3pnp }—Bd'nd

{3sns —3pnp }+Bdnd {3,3c) contains 5% 4f4f

3S', three series involving configurations: 3sns, Bpnp, Sdnd

(S,na) 3Se

(B,nb) 'S'
(3,nc) Se

(3sns + 3pnp )

(3s n s —3pnp ) —3dnd
(3sn s —3pnp ) + 3dnd

P', five series involving configurations: 3snp, nsBp, 3pnd, npBd, 3dn f
(S,na} 'P' 3 (Ssnp +nsBp}+ (3pnd+npBd)
(3,nb) P 3 (3snp +ns3p }—(3dn f + np 3d)
(3,nc) P 4 (Bsnp -ns3p)+ (3pnd -np3d)
3 nd) Po 4 (3pnd-npSd)+ (Bsnp —nsBp)+3dn f

(3,ne) P' 4 (3pnd -Bdnf) 10% mixture of other states

'P', five series involving configurations: 3snp, nsBp, 3pnd, np3d, 3dn f
(3,na) ~P 3 (Ssnp + ns3p)+ (Bpnd+np3d)
(3,nb} 3po 3 (Ssnp +n s3p }+3dn f
(S,nc) 3P' 4 (Bsnp -ns3p)+ (Bpnd —np3d)
(B,nd) ~Po 4 (3snp -ns3p)+ np3d —Bdnf
(3,ne) 3Po 4 (Ssnp -n s 3p ) —3pn d + 3dnf

(3, 4a) and (3, 4c) are mixed because
series a and c are crossing in that
energy range

~P e, two series involving configurations: 3pnp, 3dnd

(3,na) 'P ' 4 (3p np + 3dnd)
(B,nb) 'P' (3p np —3dnd)

both series decay only to 2p plus a p-
continuum electron

3P e, two series involving configurations: Bpnp, Bdnd

(B,na) Pe
(B,nb) 'P ' (Bp np + Bdhd)

(Spnp -Sdnd)
both series decay only to 2p plus ap-

continuum electron. Mixings are
not 1:1 {more like 2:1fora, and 1:2 for b)

D, three series involving configurations: BPnd, nPSd, 3dn f
(3 na) D

(B,nb) 'D'
{S,ec} D'

(3p nd+np 3d)

(Spnd+np 3d)
3pn f

contain 15%df. Series a and b are crossing
at (3, 5a) and (3, 5b}

contain 15% df
contain 20%Pd

3D', three series involving configurations: 3pnd, n p 3d, 3dn f
(S,na) D'
(3,nb) D
(3,nc) ~Do

{Bpnd+n pBd)
(Bp d-npBd)
3dn f

contain 8% 3dn f
contain 8% 3dn f
contain 20% pd

D', six series involving configurations: Bpnp, Ssnp, nsBd, Bdnd, Bpn f, Bdng

{3na) ~De

(S,nb) 'D'
(B,nc) 'D'
(3 nd) tDe

(B,ne) 'D'
(3 nf) 1D

(Ssn d+ns3d) —3pnp
(3snd + n s3d) + Bdnd

n s3d + 3p np + Sp n f—(3dnd —3 dng)
(Bsnd —ns3d) + Bpnf
3snd+3pnp —3pnf -3dnd —3dng
3dng

difficult to classify
2 1 sd-to-pf ratio
difficult to classify
35% other
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TABLE IV (continued)

Series
c l.ass ification

Lowest Approximate
mixing s Comments

D, six series involving configurations: Bpnp, Ssnd, nsBd, 3dnd, 3pn f, 3dng

(3,na) 3D~

(S,nb) 'D'
(3,nc) ~08

(Ssnd + n sSd)
(Ssnd -nsBd) —Spnp
(Bsnd —nsBd) + 3pn f+3dn d

a and c cross near n = 6

Above n = 5 crossing causes breakdown of
classifications

10-15% 3snf

15% other
25% other
15% other

12% other
(3, 4d) has 20% Ssnf
20% other
10% other

10'Io Bdng
15% Spnf

F ~, three series involving configurations: Bpnf, 3dnd, Sdng

(S,nd) 'D' 4 3pnp+3pnf -3pnf
(S,ne) ~D' (Ssnd+ n sSd) + Spnp —Sp nf + 3dng
(S,n f) 'D' 5 3dng —3pn f

'F', six series involving configurations: Bsnf, 3pnd, np3d, 3png, 3dnf, Sdnh

(3,na) ~F0 3 3pnd -npBd+3dnf
(3,nb) 1F' 3pnd —np sd
(3,nc) Fo Bsnf + (Bp ng + 3dnf —np 3d)
(3 nd) ~F + 3pnd+3png -3dnf
(S,ne) 'F' 5 Ssnf —3pn g
(S,nf) 'F' 6 3dnf

3F, six series involving configurations: Ssnf, Spnd, np Sd, Spng, 3dnf, Sdnh

(B,na} P' 3 Sp nd+ np Sd 10% Bsnf
(3,nb) %0 3sn f+np3d
(3,nc) F 4 Ssnf + Bdlf
(S,nd) 'F' (3pnd -np 3d) + (Spng -3dnf)
(S,ne) F' 5 Ssn f—3png
(S,nf) Fo 6 Sdnh

F, three series involving configurations: 3pnf, Sdnd, Bdng

(3,na) F~ Spn f -3dnd
(S,nb) 'F' 4 3pn f+ 3dnd
(S,nc) 'F' 5 3dng

(3,na) F'
(B,nb) 3F ~

(3,nc) E~

3Pn f—3dnd
3pn f+ Sdnd
3dng 10% 3pnf

and 110 eV (c.m. system). The peaks in this spec-
trum are arbitrarily numbered 1-7. The identifi-
cations of these line structures are based on the
comparison of the peak energies with the transi-
tion energies listed in Tables I, III, and V, re-
spectively. We have assigned the main peaks to
transitions of doubly excited Li II states decaying
via Coulomb autoionization to the (Issl) ' 'l con-
tinua. This is consistent with the calculations of
Balashov et al. ' and Stewart et al."" The ex-
perimental autoionization structures are shown in
Fig. 8 along with comparisons with the following
calculations: (a) the six lowest transition energies
of 'P' resonances deduced from Balashov's calcu-
lation"; (b) Stewart and co-worker's" "energy
values of the configurations (2s') 'S, (2s2p) ' 'P,
and (2P'} 'S, 'D (traditional classification); and (c)
the m3jn Lin ' $ ' P0 ' D

ergy values above the LiIII 1s ground state as
presented in this paper (see Tables I and III). We
have excluded from the figure the ' 'P' and '3D'
states since they would not produce prompt elec-
trons.

The energy resolution of our apparatus was not
sufficient to resolve variations in the cross sec-
tion of the order of the natural width (I' & 0.2 eV),
hence the observed Li II autoionization peak heights
for transitions to single final states depend only
on the excitation cross sections. " This is impor-
tant when relative intensities of lines stemming
from different initial levels such as Li II (2, 2a) 'P'
and Liii (2, 2a) 'P', etc. , are compared.

From Table I it can be seen that the lowest
prompt autoionizing Li II states are (2, 2a) 'S',
(2, 2a) 'P ', (2, 2a) 'D', and (2, 2a} 'P ' in order of
increasing ener gy. The theoretical transition en-
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TABLE V. Triply excited states in Li, with configurations S and P

Classification

1(2s2 2p)
] (2s2p2) 2S~

2 Se
2(2p') 2P0

2P 0

4 2P0

3 S
'S'
2P 0

2P 0

2P 0

(2, 2a) ~Se

2S 8

(2, 2a) P'
8
g 2P0

10 P
6 'S'

11 P
7 2S'

2P0

13 P0
(2p)23P e

Continuum

No. of
Electrons

Energy (a.u.)
below total
ionization

2,237 332
2.059 242
2.000 671
1.992 823
1.977 296
1.957 597
1 ~ 946 582
1.935 286
1.930 839
1.924 614
1.906205

1.902 107
1 ~ 876 317
1 ~ 874 645
1.863 538
1.856 891
1.853 743
1.835 791
1.821 748
1.801 004
1.800 661
1.798 138
1.790 680 6

0

Energy (eV)
above Li

ground state

142.552
147.398
148.992
149.206
149.628
150.164
150.464
150.771
150.892
151.062
151.562

151.674
152.376
152.421
152.723
152.904
152.990
153.478
153.861
154.425
154.434
154.503
154.'706

203.4303

Energy (eV)
above 1s
threshold

61.567
66.413
68.007
68.220
68.643
69.179
69.479
6g.786
69.907
70.076
70.577

70.689
71.390
71.436
71.738
71.919
72.005
72.493
72.875
73.440
73.449
73.518
73.721

122.445

Energy (eV)
above

(1s2s) S

78.181
83.026
84.621
84.833
85.256
85.792
86.092
86 ~ 381
86.520
86 ~ 689
87.190

87.302
88.003
88.049
88.351
88.532
88.618
89.106
89.488
90.053
90 ~ 062
90.131
90.334

139.058

ergies associated with these states deviate less
than 0.5 eV from the centroid of the hvo strongest
peaks (1) and (2), respectively. The strongest
peak in the spectrum (1) and about 70 eV can be
attributed to decay of the 'S' and 'P' states which
are predicted at 70.69 and 71.44 eV, respectively.
These two levels (b, E =0.75 eV) cannot be resolved
in our experiments. The positions of the (2, 2a) 'D'
and (2, 2a) 'P' states (Table I) coincide closely with
the position of the 2nd strong peak. The correct
identification of this peak is also supported by the
theoretical estimate of Stewart et al. and Balashov
et al. who predict the transition (2s2p) 'P'- (Isep)
&'P' slightly above the experimental line center.
The energy separation of the peaks (1) and (2) is
3.3 eV which is very close to the energy separation
of 3.46 eV for the (2, 2a) 'P' and (2, 2a) 'P' levels
(see Table I).

We conclude that this measurement gives the
first experimental observation of Li II (2, 2a) ' 'P '
states. These results are summarized in Table
VII. The uncertainties of our data are purely sys-
tematic and include the possible error of the anal-
ysis of the spectra due to the underlying (2, 2a) 'S'
- (Isis) 'S' and (2, 2a) 'D'- (1sed) 'D' unresolved
lines. The observation of the transitions (2, 2a)
x 'P'- (Isep)'P' and (2, 2a) 'P'- (Isep) 'P' in Li'

Initial.
Configuration Final decay channels

i, 3S e

is3P 0

3Pe

&I3g) 0

t.3g) e

fy3F0

1s3F 8

1ses

1sed

lsd

2scs
2p&p

2sEP
2p6's

2p cd

2pcQ

2s6'd

2p 6p
2pe f
2sef
2p 6'd

2p Eg

2pef

TABLE VI. Decay modes for doubly excited states.
States below the n = 2 threshold decay only to the 1s con-
tinuum. States between the n =2 and n=3 thresholds can
decay through all channels listed below.
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demonstrates that the collective foil excitation
populates these states with considerable cross-
section. This is of particular interest for mea-
surements on Be (Ref. 34) and B (Ref. 35), since
experimental data for doubly excited P states are
available only for H and He.

For the higher-lying Li II transitions below the
n= 2 series limit a unique interpretation of the
experimental features is not possible, in general.
However, a small hump just below peak (3) might
be associated with the decay of (2, 28) 'S at 78.53
eV. Peak (3) cannot be identified on the basis of
autoionizing Li II states and will be discussed
later. The peak (4) at about 86 eV should not be
assigned to a single decay, since many closely
spaced transitions (see Table I) are overlapping
in this region. Similarly, the peak (5) near 88 eV
could be a cumulative effect of many decaying
states with effective quantum number n*=4 (Table
I). A multitude of autoionizing levels with effective
quantum numbers n*=5 and n*=6 (Table I) might
be responsible for the shoulder (6) on peak (5).

VII. Li rr STATES BETWEEN THEN=2 AND %=3
SERIES LIMITS

I—

Z.'
UJ

LU

LU

CL

CL
CL NCLN~ g rv

OWNED~IIV(

~ . 2
I

O O
0 Q

O~Q
CL CL
P) P)
P) P)
V) Vl

Pl
Vl

Li'- SPECTRUM

. 5
'

I

. 6
'.. I

r

r

I

4(

LU j-
; LU
,:AM

I

I

I

I

I
I

/
I

/

1pQ

Se

3pe

3FQ

1FQ

3Fe

1Fe

P)
II
C

L ' %'' ' SALASHOV et al.
I Cn

Se

3pQ

De

TABLE VII. Excitation energies in eV for {2,2A)
states in Limni {measured from the Lii& 1s2 ground state).

Experiment
{2,2A) P

146.9+0.5

Theory
{2,2A) 'S

147.07 '
146.95

Experiment
(2, W) ~P

150.3+ 0.5

Theory
{2,2A) 'S

150.54 '
150.31"
150.59

~This work.
ee Qhan and Stewart (Ref. 31).

See Bat.ashov et « ~ {Ref 30)

In a nonrelativistic approx™ation the N =2 and
N = 3 levels of Li III are degenerate. As a result
of this degeneracy the configuration mixing is
strong whenever there are more than one series
of equal parity and J values (Tables U and IV).
Some exceptions occur for I' states. One would
expect that these deviations from the independent
particle model bec ome even more pr onounced when
one goes from the M=2 to the %=3 threshold. For
example, for 'P' states below N= 2, three series
exist (Table II), whereas for 'P' states between
N = 2 and N =3 (Table IV) there are five distinct
series, corresponding to heavy configuration in-
teraction of the five configurations: Ssnp, 'flssp,
Spnd, np3d, Sdnf.

Figure 9 shows the discrete decay modes of the
lowest 'P ' state above N =2 specifically (3, Sa) 'P'.
Fano has pointed out that the autoionization chan-
nel requiring the least energy transfer is most

60
120

70

140

80 90
160

100

ELAe

180 EGMs

110

FIG. 8. Li &i autoionization spectrum between 60 and
110 eV {background subtracted).

likely. " Thus autoionizaiion of 3 lnl'(n & 3) levels
leads principally to the 2l e l' continuum. Never-
theless, a small fraction of these Li II states de-
cay to the final ionic state Li III ls (second column
of Table VI). In the case of (3, 3a) 'P (see Fig. 9),
the channels leading to the (2sep) 'P', (2pes) '~,
and (2Ped) 'P' final states are favored. One ex-
pects such low-energy electrons to be ejected by
fast moving Li projectiles only in forward direc-
tions. The "kinematical cutoff" is defined by"' "

E, + e s in'ebb = 0, (4)

where e = (m/M)E is the reduced projectile energy
and e'b ls the maximum angle of observation (beam
axis: ebb=0'). For our geometry ~b is 42.3'.
Substituting this value in the above equation, one
can show that all electrons arising from decays
of Li projectiles (E: 282 keV) with transition en-
ergies less than 10 eV (E~&12 eV) are outside
the range of our spectrometer. Consequently,
autoionization of Li U levels below (3, Sa) '~'
states (see Table II) decaying into the 2le l' con-
tinuum fall below the kinematic threshold of our
electron analyzer. However, those I i II levels
positioned above (3, Sa) 'F' ceeded: contribute to the
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spectrum at low energies. A hump appearing in
the prompt spectrum at about E„b=12 eV (Fig. 2)
might therefore be attributed to such low-energy
decays. In addition a small structure (peak 7)
above the noise level occurs in the high-energy
portion at about 100 eV (Fig. 8) which coincides
with several Li D (3, 3a), (3, 3b), and (3, 3c) levels
decaying to the 1se/ continuum (Table III). Thus
the existence of beam-foil excited LiII levels ly-
ing at energies between the second and third ion-
ization limit of Li" is indicated. An equivalent
structure has been seen in the H spectrum by

Risley and co-workers" who identified these nar-
row peaks as corresponding to autodetachment of
3/n/' (n ~ 3) levels.

(3,3aj 'Po

4I rr;

r

cn r'

o
4J gV)ggr

a)
fear

2P 2p

VIII. TRIPLY EXCITED STATES IN Li I

Recently some work"' "has been carried out to
investiga te the formation and decay of short-lived
negative helium. ions of the kind 2s'2P, 2s2P', and
2P'. For monoenergetic electrons interacting with
a helium gas, Fano and Cooper" have predicted
the formation of the following triply excited He
resonances: (2s'2P) 'P', (2s2p') 'S', 'D', and
(2P') 'P'. Kuyatt, Simpson, and Mielczarek' were
the first who identified the (2s'2p) 'P' and (2s2P')'8'
He compound states using a transmission
experiment. The beam-foil technique has the ad-
vantage over elastic electron scattering of being
able to produce these states much more abundantly
in positive ions. Hence triply excited Li I levels
isoelectronie with He might contribute to the
prompt electron emission after 'Li'- C-foil col-
lisions. In fact, the high-energy portion of our
prompt lithium spectrum (Fig. 8) has revealed an
unidentified peak labeled 3 at about 80 eV. We
assign this peak as due to Coulomb autoionization

14,2.05-
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66.'76

59.02—
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of triply excited Li I states for the following rea-
sons: (a) Apparently no transition energies of Lili
levels lie between 78.53 and 83.28 eV (see Table I).
Therefore peak (3) cannot arise from decays of
Li II states. (b) The overlap with Lil transitions
as originating from autoionization of the kind
1s3sn/ (n ~ 3)-1s'e/ must be excluded because
these levels are converging at lower energies (68.8
eV) towards the series limit (1s3s)'S~/-Is'e/
and because these states are decaying predomi-
nantly to the final Li 11 states (1s2s) ''S and (Is2p)x' 'P, respectively. (c) Finally, this feature at
about 80 eV is consistent with energies of triply
excited LiI states decaying via Coulomb autoion-
ization to the (1s2s) ' 'Se/ and (Is2P) ' 'Pe/ con-
tinua (Table V).

Figure 10 shows the resulting decay scheme for
the (2s'2P) 'P' and (2s2P') 'S' states in Lil where
dashed lines are used to represent lower intensity
transitions due to shake-down processes. We have
compared the experimental lithium spectrum (Fig.
11) around 80 eV with (i) transition energies as-
sociated with the levels (2s'2P) 'P' and (2s2P') 'S
as derived from Ahmed and Lipsky's TDM calcu-
lations" (Table V), and (ii) with energy positions
of (2s'2P) 'P ' and (2s2P') 'D' decays calculated by
the application of a variational method. " All tra.n-
sition energies indicated in Fig. 11 are upper
limits. We suggest that the structure near 80 eV

FIG. 9. Decay "hannels of the Li n (3, 3a) ~P' level.

FIG. 10. Schematic drawing of the different competing
decay channels of the (28 2P) 2&' and {2s2p ) 2$' states
in Lii (not to scale).
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EcMs (eV)
- (lseP) 'P' might coincide with decays of triply
excited LiI levels.

O

70

III I »&p P (o)

I II 12s'2p 'P' (&)

LiI

SO
I

90

I II I » 2p' 'D' (a)

[Il I 2s2p S'(bl

IX. CONCLUSION

Using the beam-foil method and observing elec-
trons rather than photons, the decay of short-lived
autoionizing states can be studied. We have shown

that doubly and triply excited LiI and doubly ex-
cited LiII levels are produced with considerable
cross sections in Li —C-foil collisions. This is
of particular interest since LiII and Li III levels
decaying via dipole transitions might be populated
due to cascades of autoionizing states in LiI and

Li II.
Because of the insufficient resolution at about

300 keV beam energy a unique interpretation of
the observed line structures is difficult except for
the most prominent peaks. However, by using
thinner foils or gas targets and higher beam en-
ergies it is expected that the resolution can be
improved. Furthermore, by measuring electrons
in coincidence with ions it is hoped that the charge
state coordination of the lithium spectra might be
obtained.
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