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ABSTRACT

We have remeasured the lifetimes of the 3s*4s and 3s°5s%S,, levels in Si I using beam foil spectro-
scopic techniques. Measured values for the lifetimes and oscillator strengths derived from them are pre-
sented and compared with previous measurements and theoretical calculations. Agreement with recent
theoretical calculations is now quite good: for 3s%4s it is excellent and for 3s*5s it is satisfactory,
although the theoretical uncertainties in that calculation are still somewhat larger than desired.

Subject headings: atomic data — ISM: atoms

1. INTRODUCTION

Measurements of element abundances in interstellar
space provide a probe of the nature and composition of the
interstellar medium (Savage & Sembach 1996). The abun-
dance of silicon in the gas phase can be derived from astro-
nomical observations carried out with the Hubble Space
Telescope (HST) and other satellite-based spectroscopic
facilities. The data obtained with the Goddard High
Resolution Spectrograph (GHRS) exhibit very high signal-
to-noise ratios and allow routine measurement of equiva-
lent widths with previously unattainable accuracy; they
also allow measurement of very weak lines. In order to
exploit this accuracy, accurate values for atomic oscillator
strengths of resonance transitions are needed to interpret
the HST data.

Since silicates are among the most common minerals in
the universe, the abundance of Si is of particular interest.
For observations along a line of sight containing large
amounts of Si, where most absorption lines tend to be satu-
rated, measurement of the weak line at 1808 A is the pre-
ferred choice for determining the amount of silicon present
in the intervening space. The oscillator strength for this line
recently has been measured by Bergeson & Lawler (1993)
using time-resolved laser-induced fluorescence, and can
provide a precise Si abundance. The unusually long lifetime
of this level (420 ns) led to its earlier underestimation in
modulated electron beam phase-shift measurements (Curtis
& Smith 1974; Savage & Lawrence 1966), presumably due
to the escape of Coulomb-scattered ions from the viewing
volume during the microsecond modulation times neces-
sary for its access (Curtis & Erman 1977). On the other
hand, for observations carried out along lines of sight where
silicon is less abundant, the situation is quite different: while
the line at 1808 A may be too weak for reliable measure-
ment, stronger transitions are often not saturated and can
be used for analysis.

Using beam foil spectroscopic techniques, we have
remeasured the lifetimes of the 3s*4s and 3s%5s %S, levels
in Si 1. In this paper, we report results of greatly improved
precision for these cases and, where possible, derive oscil-
lator strengths from the lifetimes for use in abundance
determinations.

2. THE 3s%4s*S, , LEVEL

2.1. Lifetime

A beam of 230 keV Si* ions was accelerated by the Uni-
versity of Toledo Heavy Ion Accelerator (THIA) and tra-
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versed 2.4 ug cm~? carbon foils. Radiation subsequently

emitted was analyzed by a 1 m vacuum ultraviolet mono-
chromator, and time-resolved decay curves were obtained
for the 3s?3p2P%,-3s%4s2S,,, transition at 15334 A by
moving the foil relative to the monochromator. The result
of superposing five such determinations is shown in Figure
1. The smooth curve is the result of a two-exponential least-
squares fit to the data. The decay length of the second expo-
nential, due to cascade repopulation of the 3s4s %S, , level,
is an order of magnitude longer than that of the first,
primary, exponential, and its relative intensity is an order of
magnitude smaller. Thus, a lifetime extracted from expo-
nential fitting is expected to be quite accurate. After using
the known prefoil beam energy and the energy loss in the
foil to convert the distance scale to a timescale, a mean life
of T = 0.91 + 0.04 ns was obtained. The uncertainty quoted
here includes the uncertainty in the postfoil beam velocity
as well as the effect of the inability to treat the long-time tail
of the decay curve precisely and uncertainties associated
with the monitoring system. The 3s*3p 2P} ,-3s°4s°S,,,
transition at 1533 A the decay curve of which was measured
is not the desired resonance line (the 3s°3p >P} ,—35%4s %S, ,
transition at 1526.7 A is). However, since these two lines
both arise from the decay of the same state (3s*4s2S, ,),
their decay curves must have identical shapes, and the
stronger transition at 1533.4 A was studied.

The principal cascade contribution to the population of
the 3s24s 2S level comes from the transitions from 3s%4p 2P°
shown schematically in Figure 2a. Curtis, Berry, & Broman-
der (1971) and Curtis (1976) developed a procedure
(denoted ANDC) to account for the effects of cascade re-
population in a lifetime determination such as this. To
implement this technique one measures both the decay
curve of the level whose lifetime is to be determined, I,(t),
and that of the source of the principal cascade repopulation,
I,(t). It then follows that

dlIn1,(®)]/dt = —1/z, + L1/, (1)] ,

where 7, is the desired lifetime and & is a constant. In this
experiment, I,(¢) is the decay curve shown in Figure 1, while
I,(¢) was determined by measuring the decay curve of the
cascading level for the alternate branch 3s3p? 2D-3s%4p 2P°
at 3856 A. These measurements were used to produce
the ANDC plot {d[In I,(t)]/dt vs. [I,(t)/I,(t)]} which is dis-
played in Figure 2b. A mean life of = = 0.89 + 0.05 ns was
obtained from the intercept, in good agreement with the
result from the exponential fit.
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FiG. 1.—Time-resolved decay curve showing the decay of the
35?4528, level; the solid curve shows the results of fitting the decay to the
sum of two exponentials.

2.2. A-Values and f-Values

Transition probabilities per unit time (4-values) may be
obtained from the measured lifetime of the 3s*4s S, , level
if the branching ratio between the transitions to the two
lower levels, 3s*3p >P, 3/,, is known. The earlier measure-
ment of Hofmann (1969) implied a branching ratio of
A(1533.4)/A(1526.7) = 2.03 + 0.04. In addition, we have
remeasured this ratio as A(1533.4)/4(1526.7) = 2.08 + 0.06.
These values agree well with each other and with the pre-
diction of the Cowan relativistic code (Cowan 1981) and of
Weiss (1969), both calculations predicting a branching ratio
of 1.98. Combining the weighted mean of the two experi-
mental branching ratios with our lifetime measurement
gives rise to the A-values, A(1526.7) = 0.364 + 0.017 ns~*
and A(1533.4) = 0.747 + 0.033 ns~ !, and to the oscillator
strengths, f(1526.7) = 0.127 + 0.006 and f(1533.4) =
0.132 + 0.006.

2.3. Comparison with Previous Determinations
and with Theory

A comparison of these measurements with previous

! While the absolute values of the transition probabilities per unit time
measured by Hofmann seem to be in error (see Table 1), the relative A-
values he obtained are likely to be significantly more accurate.
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TABLE 1
COMPARISON OF MEASURED 1531.2 A MULTIPLET
OSCILLATOR STRENGTH WITH PREVIOUS
DETERMINATIONS
Measurements f-Value

Laboratory:

This Measurement ............... 0.130 + 0.006

Curtis & Smith 1974 ............ 0.078 + 0.016

Hofmann 1969 ................... 0.087

Savage & Lawrence 1966 ....... 0.130 4+ 0.029
Astronomical:

Spitzer & Fitzpatrick 1993...... 0.110

Van Buren 1986.................. 0.21 £+ 0.07

Shull et al. 1981%................. 0.230

2 Basis for old “recommended” value of Morton
1991.

determinations is shown in Table 1. It can be seen that our
new results agree well with the early measurement of Savage
& Lawrence (1966) and are in reasonable agreement with
the astronomical determination of Spitzer & Fitzpatrick
(1993); however, there are significant differences from the
other results shown. The value of the lifetime obtained by
Curtis & Smith (1974) using phase-shift methods was sub-
stantially longer but was reported as cascade-free. Our
ANDC results indicated significant cascading from
3s?4p 2P° with a replenishment ratio (Curtis, Berry, & Bro-
mander 1970) of 6% and an effective composite e-folding
time approximately 10 times the primary mean life. Thus it
is likely that cascading may account for this discrepancy. A
comparison with theoretical predictions is shown in Table
2. The agreement with the early calculation of Weiss (1969)
and with most of the recent theoretical work is excellent.

3. THE 3s?5s°S,,, LEVEL

3.1. Lifetime

Here, 170 keV Si* ions traversed 2.4 ug cm~ 2 carbon
foils, and decay curves were obtained for the
3s23p 2p; /2—3325s S, transition at 1023.7 A. The result of
superposing 10 such measurements is shown in Figure 3.
The dashed curve is the result of a two-exponential least-
squares fit to the data. The primary decay length inferred
from the fit is 2.11 + 0.09 mm. For a postfoil beam velocity
of 1.06 + 002 mm ns~!, we obtain a mean life of
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F16. 2—(a) Schematic level scheme showing the principal cascade repopulating the 3s24s 2S level in Si 1. (b)) ANDC plot for the level scheme illustrated.
The analysis incorporates measurements of the decay of the 3s%4s 2§ level decaying with the emission of 1533 A photons with measurements of the decay of
the 3s24p 2P level through detection of 3856 A photons. The lifetime of the 3s%4s %S level is obtained from the y-intercept of the above graph.
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TABLE 2

COMPARISON OF MEASURED 1531.2 A MULTIPLET
OSCILLATOR STRENGTH WITH THEORETICAL

CALCULATIONS
Measurements f-Value

This Measurement ....................... 0.130 + 0.006
Mendoza et al. 1995 .................... 0.131
Marciniak & Migdalek 1993 ........... 0.133
Hibbert et al. 1992 .........cccvvnnne... 0.130
Hjorth-Jensen & Aashamar 1990 ...... 0.141
Luo, Pradhan, & Shull 1988............ 0.118
Aashamar, Luke, & Talman 1984 ...... 0.13
Duftonetal. 1983 ....................... 0.119
Artruetal 1981 ............cceeeeaa.. 0.126
Nussbaumer 1977 ........ccoevviviinnnn. 0.118
Weiss 1969 .....cvviiiiiiiiiieiieaannns 0.130

7=199 4+ 0.12 ns. Again, the uncertainty also includes
effects of the unknown long-time behavior of the decay
curve and uncertainties associated with the monitoring
system.

3.2. Comparison with Previous Determinations
and with Theory

The measured lifetime for the 1023.7 A line may be com-
pared with our previous determination (Curtis & Smith
1974) and with the calculations of Weiss (1969) and of
Hibbert, Ojha, & Stafford (1992). The results are shown in
Table 3. Our present result is in excellent agreement with
the older calculation of Weiss (1969), who predicted a life-
time of 1.91 ns. It is also clearly much closer to the newer
theoretical value of Hibbert et al. (1992), 2.50 ns, than our
previous phase-shift value was, although it still differs from
this result by 4 experimental standard deviations. Recently
(A. Hibbert 1996, private communication) has noted that
the disagreement between the length and velocity forms
which he reported in his paper suggests that convergence,
especially for the 4p—5s transition, had not been obtained in
that calculation. Additional configurations would need to
have been included to obtain a 5s lifetime with the same
precision as he reported for the 4s lifetime. Such calcu-
lations have not yet been carried out. Hibbert estimates that
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Fi1G. 3—Time-resolved decay curve showing the decay of the
35?5525, level. The dashed curve shows the results of fitting the decay to
the sum of two exponentials.
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TABLE 3

COMPARISON OF MEASURED 1023.7 A LIFETIME
WITH PREVIOUS MEASUREMENT AND
THEORETICAL CALCULATIONS

Lifetime
Measurement (ns)
This Measurement ....................... 1.99 + 0.12
Curtis & Smith 1974 (experiment)...... 0.97 +£ 0.2
Weiss 1969 (theory) ........ccoevvvennnnn 191
Hibbert et al. 1992 (theory) ............. 2.501

inclusion of additional configurations would give rise to a
lifetime of approximately 2.36 with a precision of some
10%-15%. Thus, the current agreement between experi-
ment and theory is satisfactory when both experimental and
theoretical uncertainties are considered. A more precise test
awaits the conclusion of a more inclusive calculation.

The 5s level decays to the two 3p levels with the emission
of 1020.7 and 1023.7 A photons and also decays to the two
4p levels with the emission of 5957.6 and 5978.9 A photons.
Because of the large difference in wavelength between these
two regions, it is difficult to measure precisely the relative
efficiency of our detection apparatus. Thus we were unable
to measure a branching ratio with sufficient precision to
extract accurate A-values from the lifetime which we mea-
sured. Nevertheless, the measured lifetime is important as a
check of theoretical calculations that can then be used to
interpret recent astronomical observations.

At present, therefore, one must rely upon theory to
extract from the measured lifetime a transition probability,
and thereby an oscillator strength, for the
35?3p 2P} ,-3s%5s 28, , resonance transition. The two calcu-
lations that give the best agreement with our lifetime
determination (Weiss 1969 and use of the Cowan relativistic
code) give a branching ratio between the two multiplets of
BR(4p-5s/3p—5s) = 0.31. Combined with our measured
value of t =199 4+ 0.12, this results in the multiplet
A-value A(3p-5s) = 0.384 + 0.023 ns~'. On the other hand,
the more recent calculations of Hibbert et al. (1992) and
Mendoza et al. (1995, unpublished), which agree less well
with our lifetime measurement, give a very different branch-
ing ratio, BR(4p—5s/3p—5s) = 0.46. This results in A(3p—
5s) = 0.344 + 0.021 ns~!. In the absence of additional
information, one can use the mean of these two values,
A(3p-5s) = 0.364 + 0.028 ns~ !, a value not as precise as
desired but accurate enough for many purposes. [The same
procedure gives rise to a multiplet A-value for the weaker
branch of A(4p-5s) = 0.139 +0.028 ns~ '] Our calcu-
lations using the Cowan (1981) code and those of Weiss
(1969)  suggest that the LS  prediction of
BR(*Sy,,—*P1,5/*S1,,~>P3;,) = 0.5 is correct for the tran-
sitions both to the 3p and 4p levels. One therefore obtains
for the resonance transition A(3s*3p*P},-3s%5s%S;,,) =
0.121 + 0.009 ns ™!, and f = 0.0189 + 0.0014. This oscillator
strength differs significantly from the value f= 0.0283
obtained by Shull, Snow, & York (1981) and reported by
Morton (1991).

4. DISCUSSION AND CONCLUSIONS

The oscillator strengths measured for the transitions
3p—4s at 1526.7 and 1533.4 A are accurate to approximately
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5% and are in excellent agreement with recent theoretical
calculations. These values may be used with confidence in
the analysis of recent astronomical observations. For the 5s
level, only the lifetime has been accurately measured to an
accuracy of about 6%. However, agreement with the most
recent theoretical calculations is only at the 10%—15% level.
An expanded theoretical calculation is needed to improve
the situation (A. Hibbert 1996, private communication), and
an experimental determination of branching ratio for the

(3p—5s) and (3p—4s) transitions would also be desirable to
reach the desired 5%—6% level of accuracy.
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