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300'K were calculated in the quantum-mechanical
formulation. To compare the two methods of
calculation, we have evaluated the classical-path
expressio~ for NaHe it 300'K at several frequen-
cies. The results are included in Fig. 1. The
classical approximation is very accurate at low
frequencies, but at high frequencies it overesti-
mates the absorption. At high frequencies the
classical turning points 8& and 8& in the initial and

final states are considerably different and in the quan-
tum-mechanicaltreatment the region 8; &8 &R& con-
tributes little to the matrix elements of D (R).

The dependence of the absorption coefficient on
the interaction potential is similar to that of the
elastic scattering cross section, but the thermal
averaging tends to suppress detailed information
of the kind that can be obtained from cross-sec-
tion measurements.
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Using the beam-foil technique, we have observed zero-field quantum beats in the intensity decays of
transitions from the lsnp 3P terms (n = 2, 3, 4, 5}in 6 Li ir, and deduced the magnetic hyperfine

coupling constant for each isotope for the 2p P terms Preliminary values for these coupling

constants are A(ls2p, P, Limni)=0. 091+0.001 cm ' (2.73 GHz), A(ls2p P, Liii)=0.239+ 0.002 cm'
(7.17 GHz). The measured fine structures agree with recent calculations within a few percent.

I. INTRODUCTION

The fine-structure splittings of the np 3P states
(n= 2-5) of the He isoelectronic sequence have re-
cently been calculated quite accurately up to Z
= 10, ' but experimental values exist only for the
4He splittings. '3 We have therefore begun a series
of experiments for the determination of some ~p 3P
fine-structure splittings of Lirr using the technique
of zero-field quantum beats subsequent to beam-
foil excitation. ' However, in both isotopes of Li
the hyperfine interaction plays an important role
in such a task. In particular, the strong Fermi
contact term of the 1s electron in the hyperfine-
interaction operator produces hyperfine-structure
splittings comparable to the fine-structure split-
tings for all npsP states (n= 2-5) of the two natural
isotopes SLi and ~Li except for the 2p 3P state of

Li. This was shown experimentally by Schuler
and by Herzberg and Moore, 7 and was calculated by
Guttinger and Pauli. The resolution in these ear-
lier experiments was quite unsatisfactory, how-
ever, and the first step of our program is the de-
termination of the magnetic hyperfine coupling con-
stants for the gp 3P terms of both isotopes, which
we present here.

Using the beam-foil technique, we have observed
zero-field quantum beats in intensity decays of
ns S-rc'P P lines of 8' Lirr. These quantum beats,
superimposed on the exponential decay curves,
a.". ise from interference between coherently and
nonisotropically excited fine and hyperfine levels
in the upper terms of the radiating transitions. A
number of measurements of fine4 and hyperfine
structures in Hr, Her, and Lirr have already been
made using this technique, and the theory is also
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well developed and in complete agreement with
the measurements.

II. EXPERIMENT

Intensity decay curves of the transitions were
recorded for times up to 10 nsec after excitation
by a thin carbon foil. The light was collected within
a small solid angle at 90' to the beam axis, and fo-
cused on the entrance slit of a 60-cm Czerny- Tur-
ner monochromator. Photons polarized parallel to

the beam axis were selected with a polarizer placed in
parallel light between two quartz lenses. Photons col-
lected in repeated scans over the decay curve were
accumulated in a 4000-channel analyzer with the
channel numbers synchronized to the position of the
foil as it moved at constant screed along the beam.

Figures 1 and 2 show the decay curves obtained
for the transition 2g3$-2p P of Lirr and Lirr, re-
spectively, at 5485 A. A fast growing-in cascade
produces the slight rise of the curves at times
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FIG. 1. Intensity decay curve and Fourier transform of the 2s ~S-2P 3P transition in 8Lizx at 5485 A.
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FIG. 2. Intensity decay curve and Fourier transform of the 2s 8-2p P transition in Lizx at 5485 A.

shortly after excitation. The position of the maxi-
mum intensity varies with beam energy, showing
that the amount of cascading varies as indicated
previously. It is important to note that the fre-
quencies observed remain exactly the same with
different cascade contributions. All other decay
curves observed are single exponentials with little
or no cascade components, and we show in Figs. 3
and 4 examples of the decay curve of the 3s3$-
4p3P transition of ~Lirr and ~Lirr, respectively, at

3684 A.
The experimental evidence that cascade effects

do not disturb the frequency measurements is com-
plemented by Macek's proof that coherent cas-
cade transfer of frequencies from higher terms is
strongly reduced in our cases.

As can be seen from Figs. 1-4 a number of fre-
quencies are present in each decay curve, and we
have extracted these by two techniques: the back-
ground decay curve is first subtracted in the form
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of an exponential or a polynomial fit, and a Fourier
transform is then made of the remaining modula-
tions. Alternately, the decay curve is least-
squares fitted to an exponentially decaying sum of
cosines of variable amplitude, frequency, and
phase. Where both techniques are applied, the re-
sults are the same. However, the Fourier trans-
form involves much less computer time andappears
to be at least as accurate.

The measured frequencies are linearly depen-
dent on the beam velocity, which has been esti-
mated to within t 1% using the calculations of Lind-
hard and Scharff~ for the energy loss with the car-
bon foil.

III. THEORY

The theory of zero-field quantum beats in de-
cay curves has previously been considered for
systems described by (LS)Z I F-M-~ coupling. Thus
we obtain for the amplitude of the frequency be-
tween two levels (J, F) and (J', F') of the upper
term in the observed transition (LS) J, I, F, to
(LpSp) Jp, I, Fp'.

q'(ZF, Z'F') = XI q"'(ZF, Z'F') ',
where N is a constant proportional to the fractional
alignment, and
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FIG. 3. Intensity decay curve and Fourier transform of the Bs~S-4p~P transition in pLizz at 3684 A.
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FIG. 4. Intensity decay curve and Fourier transform of the 3s S-4p P transition in VLiiz at 3684 A.

qto&(Zy', Z'y") = (2Z+ 1) (2J'+ 1) (2E+ 1) (2E'+ 1)

where the brackets ( }denote 6-j symbols.
These amplitudes are obtained for the modula-

tions observed from the 2p P term of Li rr. For
all the other ~p3P terms of Li and Li observed
the (LS)J I FMz coupling does-n-ot hold any more

owing to the nondiagonal matrix elements of the
hyperfine operator I ~ S, which mixes levels of
different electronic angular momentum J, where
I'= V+I. Thus J is no longer a good quantum num-
ber and the new eigenstates I J5'i) of the atom are
described by sums over the ZJ'M~ states I JE&:

IZZ»=ZIZZ&&ZZIZZ»=ZIZZ&n';, . (2)
J J

The expansion coefficients b JJ are calculated by
diagonalization of the complete matrix of the hy-
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perfine operator I ~ ~S as shown by Guttinger and
Pauli using the theoretical fine structure of Ac-
cad eg gl. ' The beat amplitudes then become

TABLE II. Comparison of measured and calculated
frequencies in np P of 7Lixr (n=2, 4, 5). The calculations
assume A =0. 239 cm, and the fine structures of Accad
et al. (Ref. 1).

=&I ~ &iz, ~~ z (-)" "e' '(OP' Oi~F')I
1 (4)

Inthe following discussion, we use the hyperfine-
coupling constant A as described in Eqs. (2. 12)
and (2. 13) of Kopfermann.

Principal quantum
number g

hyperf inc
transition

J E J'
1 — 1

2 — 2

2 2 2

separation
frequency�

(MHz)
obs. calc.

6010 5S84

9255
IV. RESULTS

A. 'Li n

For the 1g2p P term, the hyperfine structure is
small relative to the fine structure, but the ener-
gies were calculated including the nondiagonal hy-
perfine coupling. That is, we can use Eq. (1) with

TABLE I. Comparison of measured and calculated
frequencies in gp P of Lixz (m=2, 3, 4, 5, ). The calcu-
lations assume A = 0.091 cm ~ and the fine structures of
Accad et al. (Ref. 1).

2 Y
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1 5
2

5
2

11320 11347
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Principal quantum
number n

hyperf inc
transition

J Il J' E'

separation
frequency (MHz)

obs. cale.

2769
2795

1 1
2

0 3
2

2 8
2

1 3
2

2
2

1 2

360

820

440

871

1852

1 2

2 2
1 2

1 2
2 3

1 1
2 2

1 0

2 1
1 1
1 0
2 2

4014

2810
2924

2750
3999

3999

2811
2882
3751
3751

1 2

0 2

8
2

2

2 2
5

2 2

2

Frequencies are accurate to + 1%.

1810

2665 2625

3350 34S5

3640 3529

1 2
2 3

1 1
2 2

2 1

1 2
2 1
2 3
2 1

1 0
2 1
0 1

1 0
1 2
2 1
1 1

1 1
1 2
2 3

2 3
1 2
1 2
2 1
2 2
2 1
0 1
2 2

2 2

1 0
1 1
1 0
2 1
1 1
2 2
1 2

~Frequencies are accurate to + 1%.

2869

3212

3090

3780
6370
6740

430
1320

2440
2950
3550
3810
4250
4600
5150

3166

3177
3850
6343
6697

490
1256
2302

2299
2299
2789
3555
3650
4045
4600
4906

the frequencies calculated and expect only two low
frequencies corresponding to the energy separa-
tions h~(OF, O' F') = ~(12, 11)= ~(22, 21) and
~(22, 10) =8~(22, 10) =h~(23, 22). These two fre-
quencies are observed in the Fourier transform and
give us directly a measurement of the A value, in-
dependent of the fine structure. Neglecting the
quadrupole interaction, we obtain A = 0. 091+ 0. 001
cm . Within this accuracy, A should remain the
same for all higher gp 'P terms, since the hyper-
fine interaction is mainly due to the 18 electron and
is therefore independent of the principal quantum
number g of the p electron. To prove this we have
made measurements on the Sp P(at 1198 A), 4p P
(3684 A), and 5p'P (2674 A) terms. The Sp'P term
was measured in the vacuum ultraviolet without a
polarizing element, but by relying on the geometri. —

cal arrangement and the residual positive instru-
mental polarization of the monochromator. The
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frequencies found are listed in Table I and are com-
pared with calculations using the hyperfine constant
found above and the fine-structure splittings calcu-
lated by Accad et al. '

B. 'Liu

The hyperfine structure is as large as the fine
structure for all the terms observed (2p 3P, 4p P,
5p sP). For the 2p~P term only very high frequen-
cies are expected because of the large separations.
The best spatially resolved decays have revealed
all the structure with observed frequencies up to 15
GHz (Fig. 2). The results have been best inter-
preted using an A value of 0. 239+ 0.002 cm ~. This
value is in agreement with that value expected from
the A value found for the 1s2p'P term of Li rr and

the known ratio of nuclear magnetic moments of the
two isotopes. Thus, any hyperfine anomaly is less
than 2%. However, the A value for

Limni

disagrees
by about 10% with the previous measurements of
Schuler andof HerzbergandMoore, whofoundA(2p
3P) = 0. 26 cm ~. This latter value was deduced from the
incompletely resolvedstructure of the 2s S-2p P tran-
sition, whereas no hyperf inc structure of any other tran-
sitions was resolved in the spectra. The new value
of A is confirmed by measurements in 7Lirr on
transitions from the 4p 3P and 5p3P terms, as
shown in Table G. Reasonable agreement with the
calculations is obtained assuming 4 =0.239 cm '
and the fine-structure splittings of Accad et gl.
It essentially settles the problem discussed by
Herzberg and Moore that A(1s2p P) should be

smaller by about 6% than A(ls2s'S), which they
measured to be 0.257 cm ', whereas they had to
use this same number for the interpretation of
their 2p3P data.

V. CONCLUSIONS

The method used in our experiments suffers
most from the uncertainty of the beam velocity.
It is this uncertainty which enters directly into the
determination of absolute frequencies and is there-
fore responsible for the 1% error in our results.
However, the relative accuracy of the frequencies
is certainly better than 1%, thus indicating in Ta-
bles I and II that we have to expect slight changes
in the fine-structure splittings calculated by Accad
et gl. for better fitting the experimental values ob-
tained so far. Also the contribution of the 2p
electron to the hyperfine interaction, especially its
quadrupole interaction, has to be considered in a
more thorough analysis for which better data are
being collected. For the final improvement to our
results, we expect to make a nonlinear least-
squares-fitting analysis independent of the beam
velocity successfully applied previously to the hy-
perf inc-structure modulations of He r.
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