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Three doubly excited levels in Li x produced upon passage of 56-keV Li ions through a
thin carbon foil have been identified. Their mean lives were measured using the beam-
foil technique with the results given below:

7(1s2P P) = (6.4 +0.3) x 10 sec,
~(1s2s3s'S) = (9.7+0.7) x10 ' sec,
~(1s2s3d'D) = (4.5+0.4)»0-' sec.

In the optical spectrum of lithium certain spec-
tral lines appear which cannot be assigned to the
normal tel nl scheIQes of Ll I ox' Ll II . It has
been suggested by several authors' 4 that these
lines originate from radiative transitions between
doubly excited quartet states in Li I, lying be-
tween the first and second lonizat1on potential.

Due to selection rules these levels cannot auto-
ionize through Coulomb interaction. Auto-ioniza-
tion, because of magnetic interaction, is much

1s2s3d'D -1s2s2P 4I'

1s2s3s 48 -1s2s2P 4P
1s2P24/ - Is2s2p 4P

1s2P3P 4P -1s2s3P 4P

X2337A,
A, 2934 A,
A.3714A,
X4607A .

less likely and this process is too slow to com-
pete with radiative decay to the lowest doubly ex-
cited level.

Four lines in the visible region classified as
transitions between doubly excited levels are
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Applying the beam-foil technique' we studied the
radiation coming from the first three of these
transitions, and measured the intensity decay of
the three different spectral lines to determine the
mean lives of the upper levels.

'I.i ions, accelerated to 56 keV by the isotope
separator at the Research Institute for Physics,
were directed through a thin (10+4 gg/cm') car-
bon foil. A fraction of the ions picked up an elec-
tron in the foil and emerged in various excited
levels of neutral lithium. The excited beam was
analyzed downstream from the foil with a low
dispersion (33 A/mm in first order) f/3. 6 Jarrell-
Ash 0.25 m scanning monochromatox equipped
with a sodium salicylate-coated photomultiplier
detector. When we rotated the grating and fed
the amplified photomultipliex current into a strip
chart recorder, we got spectral scans of the
wavelength x egion between X2000A and ~60004.

Twenty-four spectral lines were detected, ' three
of which wexe identified with previously reported
lines from doubly excited Li r. Figure I shows a
partial wavelength scan of a typical spectrum ob-
tained. Studies of similar spectral scans, ob-
tained with different slit widths, beam currents,
and incident particle energies, assisted us in
identifying the lines denoted as A, 8, and C,
respectively, with the first three lines given
above. Unfortunately, the line expected at X4607A
practically coincides with the line at ~4603 A from
the 1s'4d'D 1s'2P 'P transition in Li I.

We determined the mean lives of the upper lev-
els in a straightforward way'&' by measuring the
intensity I(x) of radiation, at the corresponding
wavelengths from the beam, for various foil posi-
tions x relative to the entrance slit of the mono-
chromator. We assume that the data obtained
this way are represented by the function

where the I ' and o. /v can be determined by a
least-squares computer fit. The n~ are the total
transition probabilities per second out of initial
states i, and are found dixectly when the velocity
e of the radiating particles is known. We mea-
sured v to within an uncertainty of 2% with an 18-
cm radius 90' electrostatic analyzer, which gave
both the energy of the particles and the energy
spread of the beam before and after interacting
with the foil. The incident particle energy E~
was 56.2 keV and had an energy profile thai was
essentially Gaussian with a full width at half
maximum of 0.4 keV. The final particle energy

Ef after interacting with the foil was 48.8 keV and

also had a Gaussian profile, but with a spread of
3.0 keV at half-maximum. The measured energy
loss in the foil is DE= E~ —Ef = (8+ 3) keV, a value
which agrees with the one obtained by extrapolating
Northcliffe's' data. Our value for the final parti-
cle velocity is

v = I (2/m)(E. —~)] '~' = (1.16 +0.02) x10' cm/sec,
Z

The 2/0 uncertainty is mainly due to the statis-
tical velocity distribution, but it also includes
possible uncertainties in the energy analyzer,
e. g. , small variations in the distance between
the plates and influence of the fringing fields. We
point out that when v is determined this way, the
uncertainty of foil thickness is of minor impor-.
tance.

THE 1s2p2 "P LEVEL

Figure 2 shows the data, which we accumulated
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probability out of the multiply excited level causing
X4607A was predicted by Garcia and Mack' to be
two orders of magnitude larger than that out of the
upper multiply excited level causing &3714A. A
study of the decay of &4603 A was made, but we
did not see the expected short-lived component.
In fact, our experimentally measured value for
v of (3.3 + 0.1)x10 ' sec, obtained by measuring
the decay of &4603A, agrees well with previous
measurements of the mean life of the 1s'4d'D
level in Li r. Thus no definite conclusions can be
drawn about the mean life of the 1s2P3P 4I' doubly
excited level.

Our results and those predicted theoretically by
Garcia and Mack' are given in Table I. The the-
oretical transition probabilities were calculated
from screened hydrogenic wave functions neglect-
ing spin. We see that in all cases, large discrep-
ancies exist between the theoretical and experi-
mental values, indicating that re-examination of
the theoretical calculations is necessary.

We think the appearance of these multiply ex-
cited levels at relatively low incident particle
energies (( 100 keV) is significant, because it
gives strong support to the hypotheses that mul-
tiple electronic excitations can be highly probable
for ions of all charge states which emerge from
the foil. We point out that in all beam-foil spec-
tra hitherto observed, with the exception of hy-
drogen, ' and helium, "and lithium (this work), no

transitions have been detected that could be as-
signed with absolute assurance to neutral emit-
ters. " This puzzling observation cannot be ex-
plained by: (1) too low probabilities for transi-
tion between neutral excited states; (2) too high
incident particle energy (Lyman-o, radiation has, for
example, been detected when our incident beam
was 1 MeV protons); or (3) high probability that
all neutral atoms are in the ground state.

However, the existence of a high probability
for the formation of multiply excited auto-ionizing
states can cause this. Since the atom-foil inter-
action is violent, it is probable that a large frac-
tion of the ions and atoms emerge from the foil
in multiply excited levels. When the probability

of the excitation by electron ejection is higher
than that for photon emission (as it is in most
cases), this mechanism can cause a shift of all
charge states upward by 1 or 2 units thereby re-
moving most of the neutrals. Since the transition
probabilities of most auto-ionizing levels are ex-
tremely high (- 10"/sec), their mean lives are
short and transitions between excited levels will
yield broad and faint spectral lines which could
have escaped detection with the spectroscopic ex-
posures that have been used in beam-foil experi-
ments so far. Four studies underway which can
yield information concerning the probability of
formation and relative populations of multiply ex-
cited levels of beam-foil excited atoms and ions
are (1) a study of the charge state distributions
downstream from the exciter foil by direct parti-
cle counting; (2) higher resolution of beam-foil
spectra and detailed analysis of the energy de-
pendence of unidentified spectral lines; (3) mea-
surements of the energy distribution of electrons
ejected by the foil and beam particles during ex-
citation; and (4) a study of the collisional de-ex-
citation of certain multiply excited levels, and
subsequent quenching of spectral lines which occur
when the foil-excited particles enter a differen-
tially pumped gas chamber.

Evidently the beam-foil technique can be applied
to the study of multiply excited auto-ionizing levels
and at lower energies (( 100 keV) be exploited for
studies of spectra of neutral atoms.
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TABLE I. Experimental and theoretical values for the mean lives and transition probabilities of the doubly

excited levels of Li r.

(A)

3714
2934
2337

Transition

ls2p P 1s2s2p P
Is2s3s S ls2s2p P
ls2s3d D 1s2s2p P

exp
(nsec)

6.4 +0.3
9.7 +0.7
4.5 +0.4

exp
(units of
10 /sec)

1.6 +0.1
1.0 + 0.1
2.2 +0,2

&t
'

(units of
108/sec)

29
0.17

52

a
In Ref. 1 the values 59, 0.33 and 88, respectively, are given. The term scheme proposed was, however, partly

based on an unsatisfactory experimental number. The theoretical transition probabilities given above have been cor-
rected for this fact.
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Direct measurements have been made of radiative lifetimes of the nine 4=1 levels of the 3s,
4s, 5s, and 3d configurations in Ne I. Branching ratios have been calculated in the Coulomb

approximation, and oscillator strengths are given for all of the above transitions. The 3s
lifetimes agree well with previous experimental results. The cascade lifetimes determined in
a two-exponential model are consistent with known lifetimes of visible transitions.

INTRODUCTION

In this paper we report on direct measurements
of the radiative lifetimes of the first nine lines of
the "resonance" series of Ne r. A spectrum of
Ne r is shown in Fig. 1. Energy levels in Ne x

have been compiled by Moore' and an energy-
level diagram is given by Condon and Shortley. '
The ground state of Ne i is 1s'2s'2p' 'S, and di-
pole transitions between excited states and the
ground state are allowed only from 'P, ' compo-
nents of the excited states. Intermediate cou-
pling holds in Ne r and all J =11evels will have
significant 'P,' components. Hence, all J= 1
levels will make transitions to the ground state.
The lines studied here originate in the 8=1levels
of the 3s, 4s, 5s, and 3d configurations. The
two 3d levels which radiate near 619 A are not
resolved in the spectrum shown here, but were
observed individually for lifetime measurements.

The experimental apparatus and method of data
analysis have been described in a paper on Ar r

lifetimes' (hereafter called the argon paper). The
resonance transitions are excited by electron col-

lision in low-pressure (™1 p, ) neon and the time
decay of photon emission is recorded in a multi-
channel analyzer after a sharp (-1 nsec) cutoff of
the electron beam. An iterative computer pro-
gram Frantic' is used to make a least-squares
fit of a sum (two or three components, some of
which may be held fixed) of exponentials to the
measured data.

The statistical error estimates to be quoted and
referred to are calculated by Frantic and are a
priori standard deviations o; of the points. These
include uncertainty in the channel widths and
statistical fluctuation in channel count (WN type).
An additional —,'% error is added to these to allow
for any systematic errors in calibration. The
Frantic least-squares fit uses weights Wf = 1/of2
and the estimated standard deviations in the pa-
rameters are obtained from the diagonal elements
of the inverse of the least-squares matrix.

The major interpretative complications are
radiative cascading and resonance photon en-
trapment. These will be discussed in the body
of the paper, and our results will be compared
with some previous determinations of the oscil-


