
PHYSICAL REVIEW A VOLUME 14, NUMBER 3 SEPTEMBER 1976

Radiative lifetimes and transition probabilities for electric-dipole b, n = 0 transitions

in highly stripped sulfur ions*

D. J. Pegg, S. B. Elston, P. M. Griffin, H. C. Hayden, ~ J. P. Forester, R. S. Thoe,

R. S. Peterson, and I. A. Sellin

University of Tennessee, Department of Physics, Knoxville, Tennessee 37916
and Oak Ridge Rational Laboratory, Oak Ridge, Tennessee 37830

(Received 27 May 1976)

The beam-foil time-of-flight method has been used to investigate radiative lifetimes and transition rates

involving b, n = 0 allowed transitions within the L shell of highly ionized sulfur. The results for these

transitions, which can be particularly correlation sensitive, are compared to current calculations based upon

multiconfigurational models.

INTRODUCTION

Transition probabilities or, equivalently, ab-
sorption oscillator strengths (f values) for atoms
and ions are fundamentally important atomic quan-
tities which find frequent practical application in

many areas of research, e.g. , astrophysics, laser
physics, and plasma physics. For example, there
exists an urgent need at the present time for f
values of resonance transitions of high-Z heavy
ions which form impurities in magnetically con-
fined thermonuclear plasmas. ' These impurities,
although only believed to be present in small con-
centrations, are thought to contribute strongly to
radiative energy losses from the plasma.

Recent studies' of the systematic trends of di-
pole (El) f values along isoelectronic sequences,
which are based upon the nonrelativistic perturba-
tion expansion of f values in terms of the inverse
nuclear charge, have proven to be extremely valu-
able for low-to-intermediate-Z ions. Beam-foil
results in this region have been very instrumental
in the establishment of such trends along many
sequences including the detection of certain f
value anomalies brought about by configurational
level crossings or cancellations of transition inte-
grands. It is in this region of low to intermediate
Z that electron correlation effects can become im-
portant particularly for transitions in which the
principal quantum number of the active electron
does not change in the transition, i.e., &n =0
(intrashell) transitions. These intrasheii or
"shell-equivalent" transitions are particularly cor-
relation sensitive owing to the interpenetration
of the electrons of the same principal quantum
number, and many-particle atomic models which
include configuration mixing effects are used to
replace the simple independent-par ticle picture.
Correlation effects, although usually most impor-
tant for low-Z ions, are not entirely negligible
for such intermediate-Z ions as sulfur, which is
being studied here. For some transitions, how-

ever, limited mixing with adjacent configurations
of the same shell is found to be sufficient but this
may not be the case for other transitions studied.
The present work on hn =0 transitions within the
I. shell of sulfur ions represents a considerable
extrapolation in nuclear charge along the isoelec-
tronic sequences of all the transitions studied.
Results for even higher-Z ions will be necessary
in order that one may confidently extrapolate the
existing nonrelativistic systematic curves into the
very-high-Z region where relativistic effects on

f values, such as orbital shrinkage and configura-
tional effects involving the breakdown of the IS
coupling scheme, become appreciable. Recent
relativistic f-value calculations by Kim and

Desclaux, ' gneiss, ' and Lin and Armstrong' indi-

cate that in the cases of the Li and Be sequence,
for example, the calculated f value for the reso-
nance lines begins to depart significantly from the
nonrelativistic value around Z -25. A selected
number of experimental beam-foil results in this
uncharted relativistic regime could greatly serve
to guide theoretical progress.

Comparisons of accurately measured electric
dipole transition probabilities or f values with

calculations of such quantities afford sensitive
tests of the correctness of the wave functions in

the upper and lower states of the transition. Two
distinct types of allowed xadiative processes can
be distinguished. "Out-of-shell, " intershell or
Ant0 transitions, whose rates scale as Z4 along
an isoelectronic sequence and "in-shell, " intra-
shell or An =0 transitions, which scale linearly
with Z. The Ant 0 transitions become too rapid
for the beam-foil time-of-flight method fox large-
Z tow lions (N is the number -of electrons) but
b, m =0 transitions remain accessible to beam-foil
studies to surprisingly high Z owing, of course,
to the considerably weaker Z-scaling dependence.
It is these hn =0 transitions of the type 2s'2P"-
2s2P"" and 2P"-2P"", within the I. shell of sulfur,
that are studied in the present work. Figure 1
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FIG. 3. Schematic diagram of the essential experi-
mental arrangement used in the present work (not to
scale} .

but small entrance aperture mas negligible in this
spectral region. The spatial resolution along the
beam, which is determined by the beam-spectrom-
eter geometries, mas 300 p, m in this experimental
arrangement. This corresponds to a temporal
resolution of -20 psec for a 38-MeV sulfur-ion
beam.

Time-of-flight lifetime measurements mere
made on the most intense and unblended features
by observing (photoelectrically) the intensity of a
wavelength-selected line as a function of the spa-
tial distance between the point of initial excitation,
i.e., the back surface of the foil, and the viewing
region of the spectrometer. The spatial decay can
be converted to a temporal decay via the constant
velocity of the beam. For transitions involving
unity branching ratios, such lifetime measure-
ments can be used to obtain the fundamentally
important quantities, atomic transition. probabili-

FIG. 5. Same as in Fig. 4 except wavelength interval
from 300-420 A. .

ties (g„)or, equivalently, the multiplet oscilla-
tor strengths (f~, ), via the well-known relation-
ships
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f„=1.4992 X10 "&',~(g, /g~)(1/7, ),
where v, is the lifetime of the upper state (sec),
g, , g& are the statistical weights of the upper and

lower states, respectively, and ~,~ is the average
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FIG. 4. Portion of an EUV spectral scan of the foil-
excited sulfur source from -250-300 A, . The incident
beam energy is 38 MeV. The charge states of the most
prominent features are shown. The linewidth of 0.75 A.

P'WHM} is almost entirely instrumental.

v(2p 0&& )=0.19+ 0.02 nsec

l

0.2
DISTANCE (in. )

0,4

FIG. 6. Typical time-of-Qight decay curve for an
allowed An =0 transition in boronlike sulfur. The x =0
or foil surface position occurs at the intensity maximum.
The spatial distance of 0.2 in. corresponds to a temporal
delay of 336 psec using a 38-MeV sulfur beam. The
semilog plot of this decay is seen to be linear over more
than three decay lengths.
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multiplet wavelength of the transition, mhich mas
derived using the recent tabulation of Fawcett. '
The present results are estimated to be uncertain
to - +10/g. Typical time-of-flight decay curves
are shown in Figs. 6-8. In all cases possible the
intensity decay was studied to at least three decay
lengths in order to look for long-lived decay com-
ponents brought about by cascading and/ or line
blending mithin the instrumental bandpass. In most
of the work studied here no long-lived components
mere observed in the decay curves, mhich is to be
expected since the upper states involved in these
allowed intrashell tra.nsitions themselves are the
longest-lived excited states of the ion. "Out-of-
shell" cascade transitions, whose rates scale as
a factor of g' faster than the "in-shell" rates, are
expected to "dump" their population very close to
the foil. %e were very careful in defining the point
of excitation, i.e., x =0, in these studies in order
to try to observe very-short-lived cascade com-
ponents but again, in most cases, easeading is
not found to be a problem. Cascades, when pres-
ent, are in-shell processes. Figure 6 indicates
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FIG. 8. 8patial decay-in-flight curve for the transition
indicated in carbonlike sulfur, 8 0+. The semilog plot
of the decay is seen to be linear for - 100 psec which is
eqmvalent to approximately three decay lengths.

hom the x =0 position is defined by translating the
foil slomly into the viewing region and recording
the initial build-up ln intensity to a maximum.
This maximum corresponds to the viewing region
being completely filled by the foil-excited beam
source. In the other decay curves of Figs. 7 and 8
the 1ntenslty decay' ls shown starting fl om the
measured x =0 position.
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FIG. 7. Spatial decay-in-flight curves for resonance
transitions in the boronlike sulfur ion, 8~~+. The upper
and lower decay curves represent the decay of the J=~~
and J =2 levels, respectively. The semilog plots of the
decays are both linear over more than three decay
lengths.

RESULTS

Tables I and II show the measured lifetimes and
transition rates, respectively, along with some
theoretical results. The calculations of Safronova
et at.' and Cohen and Dalgarno'0 are both based
upon the nuclear-charge expansion perturbation
method which includes only limited configuration
interaction. For intermediate-Z ions such as
sulfur, homever, there appears little difference
for most transitions between the results of Safro-
nova et al.' and those of Sinanoglu. " The latter
results represent a more sophisticated electron
correlation treatment (the results for sulfur ions
are derived from a linear extrapolation of the f
value that is quoted by Sinanoglu" for isoelee-
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TABLE I. Lifetimes in highly ionized sulfur.

Number of
electrons Wavelength (A) Upper level

Lifetimes (10 ~ sec)
Present a Theory b

256.70
308.95
288.39, 299.64
291.27
218.23, 221.44
243.00
190.46
216.00
188.69
247 .10
295.59
180.77

(2s, 2p )~P)
(2P 2) 3P

(2s2p ) D3~~ 5~2

(ap') &y2
{2S2p ) Pgyt
(2p 3)4@0

(2s2p ~) Po)

(2s2p ) D0&

(2s 2P 3)38&

(2s2P 3)3P)

(2P 4}iD

(2s2p ) P3y2

160
168
410
190
81
90
39
73
35

150
70
23

135,c 129
168 156 d

383 & 344 d 385 &

146
50 46 48
54 49
29 32
47 41 77

136, 114 d 133
72, '67 '
20 C19e

Estimated uncertainty, +10%.
b Average wavelengths used in conversion from Ref. 8.' Reference 9.
d Reference 10.

Reference 11.

tronic silicon iona). It can be seen from the tables
that, in general, the measured lifetimes are longer
than predicted by current theory by up to 40%. Of
course, transition probabilities, where derivable,
are lower than corresponding theoretical predic-
tions by the same amount. Since cascading and/or
blending do not in general appear to be a major
problem in the present experiments, it is sus-
pected that insufficient mixing effects have been
taken into account in the multiconfigurational cal-
culations. In cases such as the (2s2P)'P'-(2P )'P
transition in the Be sequence (S"'), where con-
figux ation mixing is expected to be very small,
there exists excellent agreement between theory
and the present result. In contrast, however, the

measured transition probability for the (2s'2P)2P'-
(2s2P')'P transition in the B sequence (S"') is
found to be -40@ lower than the current theoreti-
cal values. In addition, this difference between
theory and beam-foi1. measurements appears to
continue, by roughly the same amount, to lower-Z
members of the sequence for this particular tran-
sition. Strong mixing effects between the ground-
state 2s'2P" and the excited-state configurations
2p" ' (same parity and within the same shell) will

occur, particularly for the low-Z end of the se-
quences. Mixings between. L-sheH configurations
and higher-shell configurations are expected to be
small especially for intermediate-g ions such as
sulfur.

TABLE II. Transition probabilities for some allowed An =0 transitions of highly ionized
sulfur.

Number of
electrons Transition

Transition probability (108 sec ~)

Present ~ Theory b

(2s )'8-(2s2P)'P'
(2s2p) 3P' -(2p2) 3P

(2s22p)2P -(2s2p2)2D
(2s 2p)2P~ -{2s2p2)2P
(2s2p )4P-(2p3)4S
(2s 2P 2) ~D -(2s 2P ) Do

(28'2p')'P -(2s2p')'S'
(2s 2p 2) 3P -(2s 2p 3)3P~

6.25
5.95
2.44

12.35
11.11
13.70
28.57
6.67

7 42 7 77
596 '6 40'
2.61, 2 90 2 60
19,80 ~ 21 65, d 20.79 ~

18.45 20.35
21 45 e 24.64 d13.01'
44.39, 47 79 45.21
7 35 ~ 8.74, d 7.51 ~

Estimated uncertainty, +10%.
b Average wavelengths used in conversion from Ref. 8.

Reference 9.
Reference 10.
Reference 11.
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