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evV.
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The experimental values of the fine and hyperfine energies of the metastable autoionizing
(1s2s2p) 4pP states of Li are used to definitively identify the transitions responsible for the
multiplets at 2934 and 3714 A in the optical spectrum of Li. It is found that the optical lines
are due to the radiative decay to the PP state of the lowest-lying states with symmetries
45¢ and 4P°. The intervals between the quartet states and the fine and hyperfine splittings
of these states are derived from an analysis of the multiplet structures.

1. INTRODUCTION

On the basis of our recent determination! of the
fine and hyperfine structure of the metastable
autoionizing (1s2s2p)2PO state of Li, we have
identified as 1P lines? the 2934 and 3714 A multi-
plets observed in the course of studies®~% on the
Li" 11 spectrum, These lines cannot be classified
in the spectrum of the singly excited atom or ion.
Our work confirms the tentative assignments® of
these lines which are based solely on calculations
of the energies of the quartet levels of Li. In the
present paper we discuss the calculations of the
multiplet structures and intensity profiles for
these lines and the effect of hfs in markedly al-
tering the relative line intensities in the case of
Li’, The fine structure of the (1s2p?)4P€ state is
determined from an analysis of the 3714 A multi-
plet.

II. METASTABLE LEVELS AND THE
Li QUARTET SPECTRUM

The first direct observation of doubly excited
states in lithium, which are metastable against

both autoionization and radiative decay, was

made by Feldman and Novick in 1963.7 The meta-
stability results from the spin selection rule AS
=0 for Coulomb autoionization since there are no
quartet states in the continuum adjacent to the
lowest-lying discrete quartet states. The lowest
excitation threshold observed was at 57.3 +0.3 eV,
which was identified as corresponding to the
(132s21>)4P5 2 level. Several secondary thresholds
were also observed and were assumed to result
from the radiative cascade to the 4P0 state from
other quartet states which are metastable against
autoionization.

The configuration (1s2s2p) has the lowest ener-
gy of those odd-parity quartet states which do not
couple via the Coulomb interaction to adjacent
continuum states. Holdien and Geltman® have
shown that the lowest lying of such 4P0 states can
be classified as

I1s, 2n +)=2"2(|1s, 2snp) + |1s, 2pns) ),

since the configurations (1s2snp) and (1s2pns) are
nearly degenerate (for small ») when the interac-
tion between configurations is neglected. This
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classification is similar to that introduced earlier
for two-electron atoms.® The (1s2s2p) configura-
tion belongs to the group of “+” levels, which
converge as a Rydberg series tothe (lszs)3Se
series limit of Lit at 64.44 eV.

Among other metastable quartet states which
have been treated theoretically are those having
the symmetries 4S¢ and 4pe, The first of these
is associated with the configurations of the form
(1s2sus), » =3, which also converge to the
(1s2s)3S€ limit of Lit. The second can be speci-
fied as (1s2pnp), n =2, converging to the (1s2p)3P0
limit of Li* at 66.50 eV. The 4S€ states cannot
undergo Coulomb autoionization to the singlet
ground state of Lit because of the spin selection
rule AS=0. The (1s2p2)4P€ state is calculated to
lie about 4 eV below the (1s2s) triplet level of the
ion and is similarly metastable. The higher ly-
ing 4Pe states are calculated to be above the
(1s2s) triplet level but are also metastable. This
is because decay to a continuum (1s2sk!) state,
with orbital angular momentum equal to [I(I+1)]/%%
and parity equal to (- 1)}, would violate parity
conservation for a kp final state and orbital angu-
lar momentum conservation for ks or kd final
states.

The 45€ and 4P¢ states can cascade by radiative
decay to the (1s2s2p) level, the only one which is
metastable against radiation as well as autoion-
ization. This fact has prompted efforts to iden-
tify these doubly excited energy levels with those
responsible for the lines observed by Herzberg
and Moore® and attributed to the spectrum of Lit,
since high-excitation energy is required. These
lines cannot be assigned to the normal spectrum
of the atom or ion and are much narrower than
lines associated with levels which can decay by
Coulomb autoionization. The unassigned multi-
plets which are of special interest are those cor-
responding to transitions for which the (1s2s2p)
level is the presumed final state. These observed
multiplets lie at 3714.2 A (3.34 eV), 2934.2 A
(4.22 eV), and 2337.0 A (5.31 eV), respectively.
The first two groups of lines were observed pre-
viously by Schiiler® and Werner, * and the last one
was also seen by Werner. Shown in Fig. 1(a) are
photographs of Herzberg and Moore’s plates of
the 2934 A line. In Fig. 1(b) are shown typical
microdensitometer line profiles which indicate
that the 2934 A multiplet of Li” contains four lines.

A variational calculation by Holdien and Geltman®
using linear combinations of Slater determinants
with correlated trial functions gives for the tran-
sition energies of interest

(152535)45€ ~ (15252p)4P0: 4.22 eV,
and  (1s2p2)4Pe . (1s2s2p)4P0: 3.27 eV.

These results agree well with the optical data and,
in addition, yield fairly good agreement between

calculated configuration energies and electron ex-
citation thresholds observed by Feldman and
Novick. The work of Weiss® also tends to confirm
the assignment for the 3714 A and 2934 A lines,
since he obtains calculated values of

(152s3s)45€ ~ (1s252p)4P0: 4.21 eV,
(1s2p2)4pe . (1s2s2p)4P0: 3.32 eV.

Weiss’ s results also indicate that the 2337 A
multiplet corresponds to the transition (1s233d)4De
~(1s2s2p)4po,

III. THEORY OF THE 2934 A LINE PROFILE

In this section we apply our knowledge! of the
(1s2s2p) level scheme and wave functions to the
question of the correctness of the assignments of
the transitions discussed in Sec. II. First we con-
sider 4S€ ~4PO transitions. In Table I we give
our results for the zero-field energies and eigen-
functions of the 4P0 states. The eigenfunctions,
which are needed for the line-profile calculation,
are given as expansions in terms of the appropri-
ate Russell-Saunders basis states in a represen-
tation in which J, I, and F are good quantum num-
bers. The numerical wave functions are obtained
by diagonalizing the 4po energy matrix, also ex-
pressed in this representation. The states are
designated in Table I by the quantum numbers of
the dominant basis state at zero field.

There is no fine-structure splitting in the
(132s3s)483 ;2 state, but there is hyperfine splitting
due to the Fermi-contact interactions of the three
s electrons at the nucleus. Since L-S coupling
holds for this atomic system, the total contact
interaction may be expressed as a single term:

Xpermi~ acI 'S, (1)
where I, the nuclear spin, is 3 for Li” and 1 for
Li®. The contact constant a, scales as the sum
of the squares of the (zs) radial wave functions at
the nucleus (or more generally, as the total spin
density at the nucleus). If we use the 1s and 2s
hydrogenic Li orbitals of Wu and Shen™ and ex-
trapolate the results for the 3s orbital from the
case of H, we obtain

lRlo(')":O)lz: leo(O)IZ: |R30(0)|2
~108:2.9:0.2. (2)

These results lead to a theoretical value for a,
which differs from the experimental value by less
than 1%, and indicate that the contact energy for
the (1s2s3s) state should be the same as that for
the (1s2s2p) state to within several parts in a
thousand if the sum of the (1s) and (2s) contact
terms is the same for these two states. Strong
evidence for the fact that the [(1s), (2s)] contact
energy is insensitive to the nature of the orbital
of the outermost electron is provided by the re-
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FIG. 1. (a) The 2934 A multiplet of Li’ (from the
plates of Herzberg and Moore). The plates are numbered
in order of increasing exposure time. (b) Typical
microdensitometer line intensity profiles of the 2934 A
multiplet for plates I and II. The intensity ordinate of
plate II is scaled down by a factor of about 2 relative
to that of plate I.

sult that the contact constant for the (1s2s)%S
state® of Li+ is the same as that for the 4PO state
to within 0.5%.

We therefore make the assumption that

1

ac(4se)=ac(4p0):o.172 em 1 3)

and calculate the energies of the 4s hyperfine
levels from the expression
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The calculated 4S€ level scheme is illustrated in
Fig. 2.

If we take as the final state for a given transition
a particular basis vector |(SL)J’,I,F’) (case I),
the total intensity of the line, obtained by summing
over magnetic sublevels and polarizations, is
given by

4 = 4 2
s=1((s®)d, 1, FIBICPO) ", 1, F)] )
where P is the electric dipole moment operator.

For 4S¢ to 4P transitions, this expression re-
duces to

S=4(2F+1)2F'+1)(2J'+1)

- 4 2
< 1¢sCB1*P%)
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TABLE I. (13232p)4P0 energies and eigenfunctions.

Isotope ita;? Energy (cm™) Eigenfunction, ¥, = JEF a, le *p%;4,F)
Li’ 5 4 0.4347 15,4)
3 0.0757 (0.9639) 3, 3) = (0.2664) | 3, 3)
2 —0.2485 (0.9741) | 3, 2)— (0.2246) | §, 2) = (0.0269) | 3, 2)
1 —0.4818 (0.9889) 1%, 1)~ (0.1475) | 2, 1) = (0.0155) | £, 1)
2 3 —-0.7224 (0.2664) |3, 3) + (0.9639) | 2, 3)
2 -1,1156 (0.2261) |5, 2) + (0.9705) | £, 2) +(0.0838) | £, 2)
1 ~1.3359 (0.1482) 15, 1) + (0.9864) | §, 1) + (0.0715) | 4, 1)
0 -1.4300 13,0)
3 2 2.0070 (0.0073) |5, 2)= (0.0877) | §, 2) + (0.9961) | 3, 2)
1 1.4281 (0.0048) 13, 1)~ (0.0730) 1 3, 1) + (0.9973) | 3, 1)
i £ 0.1434 15,5
s 0.0096 (0.9978) 13, §)~ (0.0665) | 3,
2 —0,0902 (0.9986) 12, 2)— (0.0519) 1 2, 3)— (0.0020) | 3, 2
33 —-0.8840 (0.0665) [3,3) +(0.9978) 1 2, 3)
2 —1.0051 (0.0520) I3, 3y +(0.9983) |2, 3) + (0.0266) | %, 3
1 —1.0737 (0.9998) 12, 4) + (0.0174) 1 3, 3)
3 3 1.8257 (0.0007) 15, 3)— (0.0267)| 2, 3) +(0.9996) | , 5
1 1.6626 (0.0174) 13, 3)— (0.9998) | 3, 3)
e L the theoretical line profile, the line shapes are
J F o5 e e taken to be Gaussian functions of the form
{8 e O B AL L 0
-05 p——
o
o and the contributions from the overlapping lines
- 238 em™! are added. We first choose b so that for two lines
20cm 7156.78 cm 1 =
' s - separated by 0.2 cm™*, which is equal to the
2|32 - ; ?} 32 quoted resolution of the optical experiments of
0s o Herzberg and Moore, we obtain a result satisfying
2 ;;g\ 0 e 2 —1— (s 2p®) 4p* the Rayleigh criterion. The results, which appear
sz 82 X s F——F5 % in Fig. 3, are approximate because we have used
2 12 ._/_ﬁ - —: o g. 9, ) PP
8/2 3/2 S —— NI only the dominant components |(SL)J, I, F) of each
e Lo of the *P states, thereby neglecting the hyperfine
25cm™ Sesie cm-! mixing of basis states differing in J quantum num-
20 2 ~ ber by one.
2 {c’//z2 :"—',5—{: \ } ve If we use the numerical wave functions of Table
10 I (case II), the expression for the relative strength
e 05 4 of a transition from a state with total angular mo-
o2 {3/5 E_T_E ‘3}5’ 2 —— Usasz)ep® mentum quantum number F to the ith 4PO state
-05
e {%z; - E ;} Ve becoml:s i
-15 0 S = ‘ 27 a., .., ((1s2s3s)(LS)
J’, F’ J H F

FIG. 2. Energy-level diagrams for the (132s211)4P0 s
(1s2p94P?, and (1s2535)s° states of Li® and Li’. Since
the ordering of the J=3 and J= 3 fine-structure energies
of the 4P state is uncertain, the levels are shown as
degenerate in the figure.

2
x|W(3,J', F,1;F", %

2
x1W(3,0,J%,1; 3,1)17, (6)

where W is the Racah coefficient. To calculate

= 2
J,1, FlIP|[(1s2s2p(L'S)J’, I, F ")

- 42F+1) 1359 B)1%p?) ) 2

x| 2 a ,F,’(zjrr'+1)1/2
JI,F' I

1/2

X(ZJ,+ 1) W(%,J’,F, l;F,}%

2
xW(3,0,J%,1;%,1)|“. 8)
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FIG. 3. Theoretical line profile of the 2934 A multi-
plet of Li' for the case where J is a good quantum
number. The resolution is taken to be 0.2 em™. The
4ge_4po energy interval has been subtracted from the
energies of the lines as shown in Figs. 3 to 6.
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FIG. 4. Theoretical line profile of the 2934 A multi-
plet of Li’. The resolution is taken to be 0.2 em™,

The results for case II appear in Fig. 4. In both
Figs. 3 and 4, the major contributions to line a
come from transitions of the form

4 4
S%,I,F P%’I,F—l,
where we denote states by their dominant compo-
nents. Line b corresponds to

4 -4p
%’I,F %’ I9F

and 18 ~4p
5LF 2I1,F+1°

and line d to %S ~4p .
- %:I, F %: IL,LF

The interesting presence of the fourth linec is due
to transitions of the form

4 4

SagF*P%LF+r

Line c is displaced from the other *S;; —*P;p
line because of the relatively large hyperfine
splittings in the P state. The enhancement of
line ¢ in the more rigorous calculation of case I
is related to the presence of small admixtures of
1P, 5,1, F + 1) components in the final states (see
Table I) because of the off-diagonal hyperfine
contact terms. This gives rise to interference
terms in the expression for the theoretical-line
intensity involving the *S;,, —*P; , electric dipole
matrix element and the larger *S;,, —*P;, dipole
matrix element. The relative phases are such
that the interference is constructive.

For the case of Li% the contact term is smaller
by a factor of about 3, and the effect of the hfs on
line intensities is less important, The theoretical
Li®(4s€ -~ 4P0) line profile appears in Fig. 5. It
can be seen that only three lines are predicted for
this case. Unfortunately, Li® spectral data are
not presently available for comparison with the-
ory.

RELATIVE INTENSITY

1l Il |
1 T 1
-3 -2 -1 (] 1
ENERGY (cm™)

~nd

FIG. 5. Theoretical line profile of the 2934 A muiti-
plet of Li®. The resolution is taken to be 0.2 ecm™'.

A microdensitometer analysis of the original
plates indicates that a best fit of theory to experi-
ment is obtained when the resolution is taken to
be 0.45 cm-!. This value is also consistent with
the widths of other lines measured on Herzberg’s
plates. The theoretical and experimental profiles
for this case appear in Fig. 6. It can be seen that
the predicted line profile agrees quite well with
the experimental intervals and relative intensities.
The results thus provide definitive confirmation
of the assignment of the 2934 A line. The 45e-
4po interval, as obtained from the calculated 45€
splittings, the known 4P0 splittings, and the ob-
served optical wavelengths, is given by

= -1
E, ~E4 o—340’71.91&0.05cm ,

s¢  *p
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FIG. 6. Theoretical and experimental 2934 & multi-
plet line intensity profiles of Li’. The theoretical curve
is calculated by taking the resolution to be 0.45 em™,
Since the least-exposed plate was used, the poor fit for
line a may be due to the nonlinearity in transmission
versus intensity. For more exposed plates, line b is
saturated.

where the uncertainty reflects the precision of
the optical measurements.

It should be noted that the 2337 A multiplet con-
sists of three lines whose splittings correspond
to within 0.1 cm™! of those for lines a, b, and ¢
of the 2934 A multiplet. A calculation of the
2337 A line profile, which hopefully would account
for the fact that there is no line corresponding to
d (2934 jo&), requires knowledge of the three fine-
structure matrix elements (diagonal in J) for the
D state,

IV. THE 3714 A MULTIPLET

We discuss next the identification of the various
lines of the 3714 A multiplet and the determination
of the fine structure of the (1s2p?) state. In order
to identify tentatively some of the 8 observed lines
and to get a crude estimate of the fine structure of
the 4pe state, we first noted those pairs of lines
which had spacings roughly equal to known split-
tings in the 4po state. It was assumed that each
member of such pairs originated in 4P levels
characterized by the same “J” value. A first-
order calculation of the relative line intensities
for the array of transitions also indicated that the
strongest line should correspond to the transitions

4 e 4 o
P - P .
LF” T3 F

These two considerations enabled us to assign con-

sistently the dominant transitions corresponding
to each of the observed lines and to specify the
4pe fine-structure splittings to about 0.1 cm™?,
We also used the values previously cited for the
s electron radial wave functions at the nucleus to
estimate the value of the contact constant:
ac(4Pe,Li7)=0.166 +0.002 cm™ 1. We then varied
the fine-structure splittings about these approxi-
mate values. For each set of parameters, the
corresponding 4pe energy matrix, evaluated in
the [(LS)J, I, F] representation, was diagonalized
with the use of a digital computer to determine
the (1s2p?) level scheme and numerical wave func-
tions. The associated theoretical line profile was
obtained using the expression for the strength of
a transition from state zp]'(4Pe) to state p;(4P0)
as given by

Si] = 2 2 a

j i
[Ty
J,F J',F' J,F JLF

><((4Pe)J,I, AIBICEPY) g, 1, 7 2

2=
J,F

4 = 4 2
= 1CPAIBI*P%)

LY
2

x ( j)(2F+1)%(2J+ 1)

a4, F

x 2 (-

. 1
i 1
Y2F'+1)2
’ ?
J',F' JLE

1
x(2J'+1)2w3,J',F,1; F',J)
xW($,1,J,1;J,1) 2 9)

Implicit in the above expression is the assumption
that none of the 4P€ states has an autoionization
lifetime which is comparable with its radiative
lifetime. [The radiative lifetime of the (1s2p?)
level has been calculated'? to be 1.7x10-% sec. ]
This assumption may not be altogether valid,
since for the 4PO case the J = 3 fine-structure
level has an autoionization lifetime of about 10~7
seconds, which is almost two magnitudes smaller
than the J= 3 lifetime.! In any case, this consid-
eration is not expected to affect the values of the
4pe energy parameters which give the best fit of
the theoretical multiplet structure to the observed
optical splittings. The numerical values obtained
for these parameters are

E, ,-E,, =+0.01+0.03 cm™',
Py P,y

E4 ¢ —E4 e =-1.83+0.03 cm™',
P Py

The uncertainties reflect the range of parametric
values for which the positions of seven theoretical
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lines fit the optical data to within the experimental
precision. The resultant calculated line profile
and the relative positions of the observed lines
appear in Fig. 7. The multiplet pattern for Li®
is shown in Fig. 8. The level scheme of the 4pe
state is illustrated in Fig. 2, and the 4pe_4po en-
ergy interval is found to be

E4 e E4 0=26 915.16 +0.06 cm™?,

P P

The uncertainty in the interval is related to the
accuracy of the 4pe fine-structure determination
and the precision of the optical data.

EXPERIMENTALLY
~— OBSERVED
LINE

RELATIVE INTENSITY

-4 -3 b by o”'
ENERGY (cm ™)

FIG. 7. Theoretical line profile of the 3714 A multi-
plet of Li’. The resolution is taken to be 0.2 cm™!. The
energies of experimentally observed lines are indicated.
The relative intensities, quoted by Herzberg and Moore
(Ref. 5), are (from left to right) 0: 1: 10: 7sh: 8: 6sh:.
5: 1 (sh indicates shoulder). The 4P¢-4p° energy in-
terval has been subtracted from the energies of the
lines as shown in Figs. 7 and 8.
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V. CONCLUSION

Our results clearly confirm that the multiplets
having mean wavelengths of 2934 and 3714 A arise
from optical transitions involving the three low-
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FIG. 8. Theoretical line profile of the 3714 A multi-
plet of Li®, The resolution is taken to be 0.2 em™,

est-lying quartet states of neutral lithium, which
are metastable with respect to Coulomb autoion-
ization. We have also determined from our stud-
ies the intervals between these doubly excited
atomic states as well as their respective fine and
hyperfine splittings. It is hoped that these quan-
tities will prove useful for comparison with any
future theoretical work on these three-electron
configurations,
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PLATE

FIG. 1. (a) The 2934 A multiplet of Li’ (from the
plates of Herzberg and Moore). The plates are numbered
in order of increasing exposure time. (b) Typical
microdensitometer line intensity profiles of the 2934 A
multiplet for plates I and II. The intensity ordinate of
plate II is scaled down by a factor of about 2 relative
to that of plate 1.



