
PHYSICAL REVIEW A VOLUME 32, NUMBER 3 SEPTEMBER 1985

Lifetime measurements of core-excited quartet levels in Na I
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In a recent spectroscopic study [D. E. Holmgren et al. , Phys. Rev. A 31, 677 (1985)], many
metastable core-excited quartet levels in NaI have been identified, and based on calculated decay
rates (both radiative and autoionizing) some of these levels have been suggested for use in an ex-

treme ultraviolet (xuv) laser. In order to test the theoretical calculations we have used the beam-foil
technique to determine experimental lifetimes for eight quartet levels in the core-excited configura-
tions 2p 3s 3d and 2p 3s4s. The agreement between theory and experiment is within a factor of 2,
but with systematic discrepancies.

I. INTRODUCTION

Very recently Holmgren et ar. ' established 15 quartet
levels in the 2p 3s 3p, 3d, and 4s configurations of NaI
from 28 newly identified transitions. The spectra were
obtained with a high-power, pulsed hollow-cathode
discharge, and the identifications were confirmed by the
enhanced fluorescence observed when a laser was used to
selectively increase the population in the upper levels.

If L and S were good quantum numbers, the observed
levels would be pure quartet states, and although they are
above the first ionization limit, the only available decay
mode would be radiative transitions within the quartet
manifold. However, because of the spin-orbit interaction
there will, in general, be a significant mixing between
quartet and doublet levels which results in two additional
decay channels: autoionization and extreme ultraviolet
(xuv) transitions to some of the doublets in the normal
(2p nl) term system of Na I.

Only the quartet level of highest L and Jwithin a given
configuration cannot mix with doublet levels (since there
is no similar J level). Thus, the single transition
3p "D7g2 —3d I'9/2 at 3882 A had been observed and its
lifetime measured in previous beam-foil spectra.

Harris et al. pointed out that for some of the mixed
quartets the autoionization rate could be expected to be
rather low. This would be the case for those quartet levels
which primarily mix with doublet levels which are forbid-
den to autoionize due to selection rules for L and parity,
for example, the odd-parity 2p'3s3d D states. It is this
particular mixing which also opens the xuv decay branch
(e.g., 2p 3d D 2p 3s3d D) mentione—d above.

Because of these decay characteristics, several schemes
involving the quartet levels in Na I have been proposed for
the construction of a xuv laser operating around 370 A. '

The feasibility of these plans depends, of course, on the
transition probabilities for the various decay channels
which, in turn, depend critically on the'detailed composi-
tion of the quartet levels. In Ref 1, Holmg. ren et al. give
theoretical transition probabilities for both the radiative
and autoionizing decay modes. These were calculated in a
superposition-of-configurations Hartree-Pock approxima-

tion with empirically adjusted Slater parameters using the
RCN/RCG computer program of Cowan.

In the present paper we report experimental measure-
ments, using the beam-foil technique, of the mean lives of
all eight identified quartet levels in the 2p 3s3d and
2p 3s4s configurations of NaI. The experimental life-
times are then used as a test of the theoretical predictions
in Ref. 1.

It is well known that the beam-foil interaction produces
a substantial population in doubly excited and core-
excited states. ' This effect was clearly seen in the strong
excitation of the 3882-A line in the previous beam-foil
spectra and is noted again here for the somewhat weaker
excitation of the other quartet spectral lines. However, we
find that spectra obtained from gas-target excitation show
no evidence of excitation of these quartet levels. This re-
sult is discussed in more detail in the next section.

II. EXPERIMENTS

The Na+ ions were produced in a Danfysik 910 ion
source and electrostatically accelerated to a maximum en-
ergy of 120 keV. After magnetic analysis the beam passed
through either a carbon foil or a gas cell, in a standard
beam-foil arrangement. The gas cell had the dimensions
200& 50&(50 mm, with a quartz window as one side, and
was electrically isolated from the target chamber to serve
also as a Faraday cup for beam normalization during the
spectral scans.

The light emitted after the foil, or from within the gas
cell, was analyzed with a 0.75-m monochromator (Spex,
Czerny-Turner mount), optically coupled to the target
chamber. The monochromator was equipped with a 1200
lines/mm grating, and the light intensity was registered
by a Peltier-cooled Centronic 4249 BA photomultiplier
operated in a photon-counting mode.

The Na spectrum was studied in the 2500—5500-A re-
gion using several different beam energies between 30 and
120 keV. In addition to the known Nal and NaII lines
which were generally very intense, we observed all the
lines identified in Ref. I as transitions between the core-
excited levels in NaI. Figure 1 shows a small section of a
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spectrum recorded at 100-keV beam energy. The ten indi-
cated lines arise from transitions between the quartet lev-
els.

Several aspects of the experiments can be discussed in
relation to Fig. 2. The lower part of Fig. 2 shows the
NaI*' transitions 2p 3s 3p S3/2 2p 3s 3d P3/2 $/2 at
3502 and 3511 A and S3/2- D5/q at 3489 A, ' obtained
with a 60-keV Na beam after passage through a 5 pg/cm
carbon foil. In the upper part of the figure the foil is ex-
changed with a gas cell containing He at a pressure of 0.2
Torr, and we note the complete absence of the core-
excited lines in this case. This large reduction in yield of
doubly excited states on changing to a gas target has been
used to verify the spectral identifications. Beam-gas spec-
tra were thus recorded for all lines reported in Ref. 1

(below 5000 A) using different beam energies, gases (Ar,
air and He), and gas pressures. In all cases we could con-
firm the core-excited origin of the lines identified in Ref.
l. Only the 3882-A line, which is very intense in the
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FIG. 1. Beam-foil spectrum of Na recorded at 100-keV beam
energy. The indicated lines arise from transitions between the
core-excited quartet levels. Foil thickness is 2 pg/cm .

beam-foil spectrum (Fig. 1), showed any intensity at all in
the gas-excited spectra. With Ar or air in the gas ce11 this
comparison with the foil-excited spectrum was sometimes
complicated by the presence of molecular bands.

Similar effects in the optical spectra of doubly excited
He i and Li r have been mentioned in Ref. 8. These results
are interesting both because they provide an important
way to distinguish the core-excited lines from other tran-
sitions and for the understanding of the beam-gas and
beam-foil excitation mechanisms. It should be noted,
however, that using atoms excited in a gas under single-
collision conditions, a large number of doubly excited and
core-excited states have been identified by observation of
the electrons emitted during the autoionizing decay in
flight of these levels. See, e.g., R@dbro et aI , an. d refer-
ences therein. In particular, several core-excited states in
NaI were identified by Pegg et al. ' with this technique,
using a 70-keV Na+ beam and a He gas target, i.e., under
conditions similar to those of the present study. A possi-
ble explanation of these seemingly contradictory results is
that while the production of multiply- excited states does
decrease in gas excitation, the higher probability for au-
toionization and the greater detection efficiency of the
electron spectrometer still aHows these states to be ob-
served.

From Fig. 2 it is also seen that the NaII lines in the
beam-foil spectrum are significantly broader than those in
the beam-gas case, although the experimental conditions
were otherwise the same. This is due to Doppler broaden-
ing, caused by the increased line-of-sight velocities of the
ions from multiple scattering in the foil. This effect in-
creases with foil thickness, "' and thus most of the spec-
tral scans and all decay measurements were made with
very thin foils (2 pg/cm ).

The mean life measurements were made at beam ener-
gies of 80 and 100 keV. At these low energies the foils
lasted generally less than 10 min with a beam current of
0.5 pA. Because of the short decay lengths of the quartet
levels, a charge of foils during a measurement often led to
a visible discontinuity in the decay curve. Since this is
unacceptable, we increased the speed of the measurements
to ensure that the whole decay was recorded with a single
foil. To compensate for the reduced statistics in each in-
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FIG. 2. Comparison between a beam-foil (lower part) and a
beam-gas (upper part) spectrum of Na. The lines marked
NaI*~ are transitions between core-excited quartet terms in
Na r.
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FIG. 3. The intensity decay of the 2p 3s 3p D7/2—2p 3s3d I'7/2 transition at 3866 A, plotted on a semiloga-
rithmic scale.
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dividual curve, all decays were measured between three
and five times. A typical decay curve recorded with a sin-
gle foil is shown in Fig. 3.

For each level the intensity decay was measured only in
the most intense channel since both the analysis of
Holmgren et al. ' and our comparison between the beam-
foil and beam-gas spectra mentioned above ensure that
these transitions are unblended.

Lifetime analyses and results

After background subtraction the recorded decay
curves were analyzed with the multiexponential fitting
program DISCRETE. ' Good numerical stability of the re-
sults was obtained when the start channel for the fits was
varied beyond the point corresponding to the maximum
intensity in each curve. Furthermore, the different
recordings of the same decay yielded lifetimes that agreed
within the quoted uncertainties.

The weighted average of the lifetimes obtained for each
level is given in Table I, and the quoted uncertainties
represent a one standard-deviation estimate from one of
the individual analyses. This error estimate is chosen
since we believe that the uncertainty in the results is dom-
inated by statistical errors associated with the rather low
intensities in the decay curves. In the following, we dis-
cuss some sources of systematic errors.

The major problem in extracting accurate lifetimes
from measured decay curves is usually to account for the
repopulation of the level by cascades from higher-lying
levels. ' The decays of the quartet levels (Fig. 3 is a typi-
cal example) are in all cases best fitted by a two-
exponential function including a long-lived cascade com-
ponent. Table I shows that the "lifetime" of this com-
ponent is sufficiently different from the fast decay to al-
low an accurate determination of the primary lifetime
through a multiexponential fitting procedure. However,
since no information is available on the lifetimes of
higher-lying core-excited states, the exact cascade situa-
tion is unknown.

The very high uncertainty (50%) associated with the
short-lived I'5/2 level is due to the low intensity of the
3472-A transition (the individual decay curves for this

transition had only 60—70 counts at the maximum) and to
the fact that the monochromator viewed a distance along
the beam (0.5 mm) larger than the decay length for this
level (vs=0.33 mm).

Uncertainty in the particle velocity originates from two
sources: (1) the energy calibration of the accelerator, and
(2) energy loss in the foil. The energy of the accelerator
was calibrated to better than 0.01% by measuring the
Doppler shifts of accurately known NeI lines, ' using a
tunable dye laser in a collinear geometry and a Burleigh
wavemeter. The neutral Ne atoms were formed by charge
exchanging the accelerated Ne+ ions in Na vapor. In the
lifetime analyses the energy loss in'the carbon foils must
be taken into account. We used the electronic stopping
power of carbon calculated according to Garnir-Monjoie
et al. ,

'6 and the foil thicknesses quoted by the
manufacturer. This correction to the measured lifetimes
is around 2%, and the total uncertainty due to the veloci-
ty determinations should be less than 1%.

As an overall test of our results we also measured the
intensity decay of the unresolved 3s S—3p P transitions
in Na I. The lifetimes of the 3p P levels
[v( P3&2)=16.339, ~( P&&2)=16.396 ns] have been ob-
tained with high accuracy in beam-laser experiments. ' A
multiexponential fit of the observed decay curve gave a
lifetime of 18.6+1.5 ns. However, it is well known that
such fits tend to overestimate the 3p lifetime because of
incomplete correction for cascades. ' The situation is par-
ticularly difficult in NaI because the lifetime of the 3d
level, 19.8 ns, ' is so close to that of 3p. In an attempt to
better correct for this cascading we performed an arbi-
trarily normalized decay curves (ANDC) analysis, using
the computer program CANDY, ' of the measured decay
together with a simulated yrast cascade including the 3d,
4f, 5g,and 6h terms with theoretical lifetimes from Ref.
19. This analysis reduced the 3p lifetime to between 17.5
and 18 ns, depending on the assumed relative level popu-
lations of the yrast terms. Since this lifetime is much
longer, and hence much more susceptible to systematic er-
rors, than for any of the quartet levels, the fairly good
agreement (within 10%) obtained with the accurate 3p
lifetime' is interpreted as a support for the error limits
given in Table I.

TABLE I. Lifetimes of quartet levels in Na I.

Transition

3p S3/2 —4$ P5/2
3p S3/p —3d P)/2
3p S3/2 3d P3/2
3p S3/2 3d D5/2

3p S3/2 —3d F5/2
3p D)/2 —3d D3/2
3p "D7/2 3d F7/2
3p D7/2 3d F9/2

Wavelength
(A')

4432
3511
3503
3489
3427
3931
3866
3882

Lifetime of upper
This experiment'

4.4 +0.4 (21+9)
2.95+0.20 (25+6)
4.10+0.40 (13+4)
3.34+0.20 (15+5)
0.40+0.20 (7+5)
0.70+0.07 (2.4+0.4)
0.94+0. 15 (15+3)
4.38+0.20 (58+ 10)

level (ns)
Theory

10 9'
5.8'
2.8'
6.1'
018
0.48'
2.9'
6.1,' 6.0'

~(exp)/~(theory)

0.40
0.51
1.46
0.55
2.22
1.46
0.32
0.72

A (autoionization)
(s ')

3 x 10-'
2x 10'
2x 10'
1X 10'
5x10'
2x10'
2x 10'
0

'Cascade lifetime is given in parentheses.
Calculated autoionization probability (Ref. 1).
Holmgren et ai. (Ref. 1), superposition-of-configurations Hartree-Fock with empirically adjusted Slater parameters.
Also measured in Ref. 2, v=7. 6+1.0.

'A. W. Weiss, quoted in Ref. 2.
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The only previous experimental lifetime in the quartet
system of Na1is that of the F»z level. Our new value
(Table I) is significantly lower, most probably because the
improved signal-to-noise ratio allowed us to include a cas-
cade correction to the decay data.

III. COMPARISON WITH CALCULATED
DECAY RATES

Table I gives a comparison between the experimental
and theoretical lifetimes of the quartet levels. The latter
results are derived from branching ratios, including both
radiative and autoionizing decay channels, and transitions
probabilities given by Holmgren et a7. ' Although we
were not able to make accurate branching-ratio measure-
ments, the relative iritensities of the observed transitions
are iri qualitative agreement with the theoretical branch-
ing ratios. Holmgren et al. ' estimate the calculated tran-
sition rates to be accurate to within a factor of 2 to 4.
Table I shows that this estimate is correct. In fact, the
average deviation is 1.99. However, the discrepancy be-
tween the experimental and theoretical results appears to
be systematic. The last two columns of Table I give the
ratio v(exp) to w(theory) and the calculated autoionization

rate, ' respectively. There is a correlation between large
(small) autoionization probability and large (small) ~(exp)
to r(theory) ratio. The only exception to this rule is for
the "Eq~q level.

From this comparison it is evident that further theoreti-
cal work is needed to accurately describe the complicated
decay properties of core-excited quartet levels. However,
the general conclusions drawn in Ref. 1 concerning the
use of the "D3/p an F5~& levels in a xuv laser seem to be
valid, although the estimated laser parameters Inay be
rather uncertain.
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