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Radiative lifetimes in Si I from laser-induced Auorescence in the visible, ultraviolet,
and vacuum ultraviolet
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Radiative lifetimes for 47 levels in neutral silicon are reported. Lifetimes are measured using time-
resolved laser-induced Auorescence (LIF) on a beam of silicon atoms. The transitions studied span the
spectral range 160—410 nm. The experimental methods used are broadly applicable for measuring life-
times in almost any neutral or singly ionized element using LIF in the visible, ultraviolet, and vacuum-
ultraviolet spectral regions. Lifetimes are combined with previously reported branching fractions or
branching ratios to generate 36 absolute transition probabilities, most with total uncertainty of 5—10%%uo.

PACS number(s): 32.70.Fw, 97.10.Tk

INTRODUCTION

Silicon contributes substantially to ultraviolet solar
and stellar opacity through its high abundance
[log&o(Ns;/XH)= —4.45 in the sun [1]], and rich ultra-
violet spectrum. The study of astrophysical elemental
abundance and synthesis of stellar spectra for nearly all
elements, including silicon, is limited by the accuracy of
existing atomic transition probabilities [2,3]. Accurate
relative transition probabilities for silicon are available
from careful emission and absorption experiments [4,5].
Much less certain is the correct normalization to convert
relative transition probabilities to the absolute transition
probabilities necessary for abundance determinations and
synthesis of stellar spectra containing silicon lines. Smith
et al. , reporting extensive measurements of relative tran-
sition probabilities, discussed the need for additional life-
time measurements in neutral silicon [5]. It is widely
thought that the combination of accurate atomic-level ra-
diative lifetimes with precisely measured branching frac-
tions provides the best experimental determination of ab-
solute transition probabilities [6,7]. Measurement of as
many upper-level lifetimes as possible, covering as broad
a range of upper-level energies as possible, permits the
most accurate determination of absolute transition proba-
bilities. Reported in this paper are the lifetimes of 47
upper levels in neutral silicon ranging in energy from
39000 to 63000 cm ', measured by time-resolved laser-
induced fluorescence on a slow atomic beam of silicon us-
ing radiative transitions in the visible, ultraviolet, and
vacuum-ultraviolet (vuv) regions between 160 and 410
nm. The lifetimes reported in this paper are of particular
interest because they involve extensive measurements of
levels with transitions primarily or exclusively in the vac-
uum ultraviolet ( (200 nm), span a broad range of
upper-level energies (39000—63000 cm '), and represent
a major increase in the number and precision of measured
lifetimes in silicon. These three issues are addressed in
the paragraphs below.

Spectrographs on orbiting observatories such as the In-
ternational Ultraviolet Explorer and the Goddard High

Resolution Spectrograph on the Hubble Space Telescope
have already generated a substantial data base of vuv
spectra requiring accurate atomic transition probabilities
for interpretation. Some species, such as neutral silicon,
have most of their transitions in the vuv or far infrared,
inaccessible to ground-based observation. Many of the
important resonance transitions for neutral and ionized
species lie in the vuv. Such resonance transitions are par-
ticularly vital to studies of the interstellar medium where
absorption of radiation is primarily from ground or
near-ground levels of atoms and ions in the relatively
cold medium. The method of measuring lifetimes for vuv
transitions presented in this paper is broadly applicable
to neutral and singly ionized atoms of almost any ele-
ment.

The wide range of upper-level energies studied in this
experiment (extending nearly to the ionization limit at
65700 cm '), when applied to silicon emission spectra
from sources operated near Boltzmann equilibrium,
means it will be possible to measure the absolute transi-
tion probabilities to 5 —10%%uo accuracy for essentially all
of the classified transitions in neutral silicon using
methods pioneered by Whaling and co-workers [8,9].
Combining lifetimes with branching fractions will direct-
ly result in accurate absolute transition probabilities for
numerous transitions. Using these transition probabili-
ties, the relative populations of the upper levels in an
emission source can be determined. If the level popula-
tions approximate a Boltzmann distribution (that is, if lo-
cal thermodynamic equilibrium is nearly achieved), then
the relative populations of levels energetically close to the
reference levels can be interpolated on a Boltzmann plot
of relative population as a function of level energy. The
relative populations can then be used to calculate the
transition probabilities relative to the reference levels.
When the reference levels (both lifetimes and branching
fractions directly measured) are distributed over a broad
energy range, populations of nearby levels can be accu-
rately interpolated, even when the source departs some-
what from local thermodynamic equilibrium (LTE). The
difBculties in truly achieving LTE in an emission source
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are well known and represent a major challenge to the ac-
curate measurement of transition probabilities through
emission experiments alone. However, even when LTE is
not attained, a high-pressure source can closely approxi-
mate Boltzmann equilibrium over small energy spans due
to collisional mixing between energy levels closely spaced
compared to the average translational energy of the
atoms and ions (e.g., a few thousand cm ' for sources
with effective temperatures of about 5000 K). When the
reference levels are spaced more closely than kz T, inter-
polation between the reference levels results in accurate
relative populations (and thus transition probabilities)
despite the absence of complete LTE. Since the silicon
lifetimes measured in this paper span a broad range of
upper-level energies and those energies are closely
spaced, accurate determination of absolute transition
probabilities for essentially all classified transitions in sil-
icon should be possible when the lifetime data are applied
to the emission spectrum of a silicon source operating
near LTE.

Only a few measured lifetimes in silicon have been pre-
viously reported, and most of those were determined by
time-of-flight beam-foil spectroscopy [10] or by electron-
excitation phase-shift techniques [11,12]. While beam-
foil spectroscopy currently represents the best practical
method for determining lifetimes of highly ionized
species, it is less satisfactory for neutral or singly ionized
species [13]. Both beam-foil and phase-shift techniques
use nonselective excitation of upper levels with resultant
cascade repopulation of the studied level from simultane-
ously excited higher-lying levels. This cascade repopula-
tion distorts the natural (single exponential) decay of the
target level. Selective excitation of upper levels in LIF
experiments such as the one reported here eliminates the
cascade repopulation problem, and the signals obtained
are generally quite strong. The use of pulsed tunable
laser excitation and time resolution of the resultant
Auorescence signal routinely results in level lifetimes in-
dependently reproducible to 5%%uo accuracy [6). Under
favorable conditions, it is possible to measure lifetimes to
a precision of 1% or better using LIF techniques [14],
and certain studies require such precision [3]. However,
most astrophysical applications are better served by ex-
tensive sets of transition probabilities to 5 —10% accura-
cy than by a few isolated measurements of higher pre-
cision.

The methods described in this paper represent an im-
portant extension into the vuv of the experiments
developed by Duquette, Salih, and Lawler to measure the
radiative lifetimes of essentially any neutral or singly ion-
ized atomic species [15,16]. A low-pressure, large-bore
hollow cathode discharge (HCD) source is used to pro-
duce slow atomic and ionic beams. The source has been
used to measure lifetimes by LIF on neutral and singly
ionized atoms for more than 30 elements so far. Pulsed,
continuously tunable laser radiation in the visible, ultra-
violet, and vacuum ultraviolet is generated by a Nd: YAG
(where YAG denotes yttrium aluminum garnet) laser-
pumped or nitrogen laser-pumped dye laser, with
second-harmonic generation in crystals and stimulated
Raman scattering in hydrogen gas when necessary. The

Two diFerent experimental systems were used in this
study as depicted schematically in Figs. 1 and 2. One sys-
tem provides spectral coverage in the visible and ultravio-
let (about 210—700 nm) and the second provides spectral
coverage into the vacuum ultraviolet (about 150—700
nm). The HCD beam sources used in each experiment
are essentially identical. In each system, the HCD source
generates an uncollimated beam of slow silicon atoms.
Pulsed laser radiation, orthogonal to the atomic beam, is
tuned to selectively excite a single atomic upper level.
Laser-induced Auorescence from the decay of the excited
upper level is detected orthogonally to both the laser and
atomic beams by an f /1 imaging system and a photomul-
tiplier tube. The fluorescence signal from the photomul-
tiplier tube is processed by a fast transient digitizer.
Several hundred decays are averaged and automatically
analyzed to generate a radiative lifetime. Reported life-
times represent the average of several thousand decays.

The low-pressure, large-bore HCD beam source
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FIG. 1. Schematic diagram of the visible-ultraviolet lifetime
experiment {spectral range 210—700 nm).

experiment provides complete spectral coverage of the re-
gion 150—700 nm, and minor modifications will extend
the lower wavelength limit to near 100 nm. The
100—200-nm spectral region is particularly important in
vuv astronomy because of the large number of resonance
transitions and the transparency of interstellar hydrogen
(apart from the Lyman lines) in this region.

EXPERIMENTAL METHODS
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cathode is a stainless-steel tube (29-mm inner diameter,
50 mm long), sealed at one end except for a 1.0-mm-diam
opening Oared outward to form an uncollimated atomic
beam or ionic beam. The cathode is lined with the ele-
ment to be studied, which is sputtered by a dc discharge
of about 50 mA in continuously flowing argon gas at a
pressure of about 0.5 Torr. Three different types of sil-
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FIG. 2. Schematic diagram of the vacuum-ultraviolet life-

time expeiment (current spectral range 150—700 nm). (a) Beam
source and scattering chamber. (b) Vacuum-ultraviolet laser

system.

icon liners were used successfully: strips of high-purity
(99.9999%) silicon cleaved from silicon wafers and ar-
ranged "barrel-fashion" around the inside of the steel
cathode; thin (0.025 —0.050 mm) sheets of metallic glass
foils containing about 10% silicon (as well as iron or co-
balt and boron); and a high-purity (99.9999%) thin-
walled (0.5 mm) tube of silicon custom fabricated to fit
the steel cathode. All three sources generated a useful
Aux of silicon atoms, although the pure silicon cylinder
proved the most effective sputter source. The metallic
glass foils produce a good Aux of silicon atoms, but the
other constituents are also sputtered, potentially produc-
ing blends with silicon transitions. Sputtered atoms
along with the argon carrier gas emerge from the cathode
nozzle into a scattering chamber held at much lower
pressure (about 10 Torr) by a diff'usion pump. A
pulsed power supply permits superposition of 5 —10 ps
current pulses of up to 12 A on the dc discharge current.
Such pulses produce an intense burst of silicon atoms and
ions distributed among many metastable levels, permit-
ting study of weak transitions and of transitions not
directly connected to the ground level. In silicon, useful
populations in even parity levels up to 3p 'So(15394
cm ' above the ground level) are found, increasing the
number of accessible odd parity upper levels. A detailed
description of the HCD source including dimensions and
materials has been previously published t17].

In both systems (visible-ultraviolet and vacuum ultra-
violet) the laser beam crosses the atomic beam 1 cm
below the nozzle. Continuous spectral coverage from 210
to 700 nm is provided by a nitrogen laser-pumped dye
laser with second-harmonic generation (when necessary)
in potassium dihydrogen phosphate (KDP) or /3-barium
borate crystals. The nitrogen laser-pumped dye laser
produces 3-ns pulses [full width at half maximum
(FWHM)] with a bandwidth of 0.2 cm ' and peak power
up to 40 kW. Continuous spectral coverage from 150 to
700 nm is provided by a Nd: YAG laser-pumped dye laser
with second-harmonic generation in KDP and stimulated
Raman scattering (SRS) in hydrogen gas when necessary.
Although both laser systems provide coverage of the visi-
ble and ultraviolet regions, in practice the nitrogen laser-
pumped system is generally preferred for excitation tran-
sitions above 210 nm due to greater ease and lower cost
of operation.

Deep-ultraviolet and vacuum-ultraviolet laser radia-
tion is generated by anti-Stokes SRS, in liquid nitrogen-
cooled hydrogen gas, of the second harmonic of a pulsed,
Nd: YAG-pumped dye laser. Nonresonant SRS provides
the continuous tunability in the vacuum ultraviolet (in
this case ~ 160 nm) necessary for a comprehensive survey
of level lifetimes. Competitive vuv laser techniques, such
as sum and difference frequency mixing in metal vapors
or noble gases, can be significantly more efticient in gen-
erating vuv radiation, but for most of the vuv tunability
is limited to narrow spectral regions around atomic reso-
nances in the conversion medium, and continual adjust-
ments in the buffer gas are necessary to ensure phase
matching at different wavelengths.

The Nd: YAG pump laser produces 10-ns-long
(FWHM), 200-mJ pulses in the second harmonic (532
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nm) with a 27-Hz repetition rate. Dye-laser pulses with
energies up to 50 mJ in the range 540—640 nm, collimat-
ed to a 5-mm-diam beam, are frequency doubled in KDP
(270—320 nm). The approximately 8-mJ second-
harmonic pulses, along with the unconverted dye-laser
fundamental radiation, are focused with a 25-cm focal-
length lens into the center of the Raman cell. The cell is
a 30-cm-long, 2.5-cm-inner-diameter stainless-steel tube
filled with about 2. 5X10 Pa (at 77 K) of hydrogen gas.
The fused silica input window and magnesium fluoride
output window of the Raman cell are sealed to the tube
with indium metal gaskets, permitting repeated cycling
between room temperature and 77 K [18]. A mixture of
several orders of Stokes shifted, anti-Stokes shifted, and
unconverted dye-laser radiation diverges out of the Ra-
man cell. Each anti-Stokes order is blueshifted by 4155
cm ' from the preceding order. A concave holographic
diffraction grating (1200 lines/mm, 5 cm diameter, 1 m
radius of curvature) disperses the various anti-Stokes or-
ders (and other radiation) and images the desired order
into a 5-mm circular beam 1 cm below the atomic beam
nozzle. The concave grating, in a modified Seya-
Namioka mount [19], produces an astigmatic image of
the off-axis incident laser radiation —the circle of least
confusion falls near the atomic beam. The regions
around the Raman ce11, the grating, and the laser beam
path up to the scattering chamber are maintained in an
oil-free vacuum of about 10 Torr by an ion pump. The
scattering chamber is held under separate vacuum (about
10 Torr of argon when the beam source is operating)
by a diffusion pump, and a magnesium Auoride window
separates the two vacuum systems.

Each nonlinear step in the generation of the vuv radia-
tion temporally compresses the laser pulse. The higher-
order anti-Stokes pulses used in this study (up to the
seventh anti-Stokes order) have a duration of 4—5 ns
(FWHM). The dye-laser bandwidth of about 0.3 cm ' is
slightly broadened in the SRS process, probably by the ac
Stark effect [20]. The anti-Stokes Raman orders have an
estimated bandwidth of 0.5 cm . For the silicon transi-
tions studied, this sma11 bandwidth degradation posed no
problems —all transitions were easily resolved. The vuv
laser system as currently configured generates useful
amounts of radiation of wavelengths as short as 150 nm
(eighth anti-Stokes order). Modest improvements in the
pump laser power should extend the useful wavelength
range to below 130 nm [21]. Below about 130 nm, sum
frequency mixing in mercury vapor proceeding through
autoionizing levels and providing nearly continuous tuna-
bility may be superior to SRS [22—24].

In both the visible-ultraviolet (vis-uv) and vuv systems,
the LIF from the atomic beam is detected orthogonally to
both the laser and atomic beams by an f /1 fiuorescence
collection system and a fast photomultiplier tube. The
vis-uv system uses two fused silica lenses and an RCA.
1P28A photomultiplier tube, all at atmospheric pressure.
The vuv system uses two magnesium fluoride lenses and
either a Hamamatsu R2083Q (fused silica window) or a
Hamamatsu R1220 (magnesium fiuoride window) pho-
tomultiplier tube, all maintained under the scattering
chamber vacuum (10 Torr of argon). In either system,

spectral filters can be inserted between the lenses where
the fluorescence is roughly collimated. Both systems also
contain extensive baRing along the laser-beam paths to
reduce scattered light.

Processing of the fluorescence signal from the pho-
tomultiplier tube is identical for both the vis-uv and vuv
systems. The timing of the laser and atomic pulses is
controlled to optimize the LIF signal. The signal is pro-
cessed by a Tektronix 7912AD transient digitizer, provid-
ing an effective analog bandwidth up to 500 MHz. The
LIF signals are strong enough (often 10"or more collect-
ed fiuorescence photons from each laser shot) that the
first several nanoseconds of each decay can be discarded,
even for lifetimes as short as 2 ns, providing a pure single
exponential decay and eliminating the need to deconvolve
the laser excitation pulse. Decay curves are averaged and
analyzed by computer to provide a lifetime directly from
a least-squares single exponential fit. Reported lifetimes
are averages from at least ten separately analyzed decay
curves, each of which is an average of 640 LIF shots.
The dynamic range of the experiment extends from about
2 ns (electronic bandwidth limited) to about 2 ps (limited
by systematic effects due to motion of the atoms relative
to the detection system).

Selective laser excitation of a single upper level elimi-
nates repopulation of that level through radiative cas-
cade. However, relatively high-lying levels populated by
transitions out of the laser-excited level can sometimes
radiate in the spectrally sensitive region of the photomul-
tiplier tube distorting the decay curve. In silicon, this
problem occurs when the excited odd-parity upper level
(greater than 50 000 cm ') has appreciable infrared
branches to relatively high-lying even-parity levels which
then cascade through infrared or visible transitions to
lower odd-parity levels, sometimes with further cascade
through visible and ultraviolet transitions to near-
ground-state even-parity levels. The relative strength of
the cascade channels depends on the initial- and final-
state configurations and on the level energy differences.
Such cascades are easily blocked by inserting narrow
bandpass interference filters between the lenses of the
fluorescence collection system. Narrow bandpass filters
used in the vuv system have relatively low-peak transmit-
tances (typically 10—15%), but strong fiuorescence sig-
nals are still routinely detected through the filters. All re-
ported lifetimes were measured using interference filters
whenever radiation from cascade through lower levels
could conceivably aff'ect the results. In practice, the pres-
ence of even small amounts of such cascade radiation is
easily detectable as a distortion of the decay curve with
substantial apparent lengthening of the lifetime when
measurements are made with no spectral filtering of the
fluorescence. We limit our study to lifetimes of levels
below 64000 cm ' due to present lack of appropriate
spectral filters to block cascade radiation.

Whenever possible, at least two separate excitation
wavelengths are used for each upper level, ensuring that
the transition is unblended, correctly classified, and
correctly identified in the experiment. Several upper lev-
els were cross-checked using both the vis-uv and vuv sys-
tems. Agreement between the two systems, coupled with
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extensive experience using the vis-uv system, ensures the
reliability of the newer vacuum-ultraviolet system

The quoted uncertainty of 5% in the reported lifetimes
is a conservative estimate of the combined random and
systematic errors. Scatter from separately analyzed de-
cay curves is typically 1% or less for strong signals and
3% or less for the weakest signals. Although strong LIF
signals are routine, radiation trapping of transitions in
the sputtered silicon atomic beam is not detected—
varying the silicon Aux by changing the dc or pulsed
beam source current has no appreciable effect on the
measured lifetimes. Collisional quenching of excited lev-
els is negligible in the atomic beam with low background
pressure (10 Torr of argon). Possible distortion of the

decay curves due to Zeeman quantum beats is eliminated
by making the measurements in a near-zero magnetic
field ( (20 mG). Longer lifetimes ( )250 ns) can be mea-
sured in a strong magnetic field of 30 G- to prevent this
distortion, but aH silicon lifetimes reported in this paper
are under 100 ns. Possible nonlinearities in the Auores-
cence detection system contribute no more than 2% to
the total uncertainty, as demonstrated varying the size of
the detected LIF signals. The absolute time base calibra-
tion for the 7912AD transient digitizer is provided by a
temperature-stabilized oscillator traceable to National In-
stitute of Standards and Technology standards. Measure-
ment of well-established lifetimes in helium provides con-
vincing evidence of the accuracy of the experiment [25].

TABLE I. Measure lifetimes of odd-parity upper levels in neutral silicon.

Lifetime (ns)

Configuration
and level'

Laser
Energy wavelengths
(cm ')' {nm)'

This
experiment

Smith et al.
Ref. [5]
derived

from
emission

and absorption
spectra

Bash kin
et al.

Ref. [10)
beam foil

spectroscopy

Becker
et al.

Ref. [29]
laser-induced
fluorescence

Savage
and

Lawrence
Ref. [11]

phase shift

Marek
and

Richter
Ref. [12]

phase shift

4s Pp
4s P,

4s P2

4s 'P,

3p D,

3p3 3D

3 33D

3d 'D
3d P

3d'P

3d Pp
3d 'F,

3d 'P,

3d D]

3d D2

3d D3

5s Pp
5s Pl

5s P2

5s 'P,

39 683. 16
39 760.29

39 955 ~ 05

40 991.88

45 276. 19

45 293.63

45 321.85
47 351.55
50 499.84

50 566.40

50 602.44
53 362.24

53 387.33

54 185.26

54 205.09

54 257. 58

54 245.02
54 313.82

54 528.22

54 871.03

252.411
251.432
252.851
410.294
250.690
251.611
288.158
390.552
220.798
221.175
221.089
221.806
221.667
243.515
198.323
198.899
197.760
198.636
197.921
188.185
212.412
187.581
212.299
263 ~ 128
184.552
184.81S
184.747
185.247
185.067
208.446
184.611
184.377
184.87S
183.651
184.145
182.246
205.813
253.238

4.5+0.2
4.5+0.2

4.5+0.2

4.3+0.2

22.0+1.1

22.0+1.1

22.0+1.1
22.5+1.1
11.4+0.6

11.7+0.6

11.5+0.6
3.3+0.2

8.5+0.4

4.2+0.2

4.0+0.2

4.1+0.2

13.8+0.7
12.6+0.6

13.4+0.7

8.8+0.4

6.3+0.6
5.8+0.8

6.3+0.6

3.8+0.6

28+5

37+9

31.+5
17+5
15+2

15+2

17+2
3.0+0.6

8.6+2.0

3.8+0.6

4.1+1.4

4.4+2.7

8.8+4.0

16+4

8.9+3.0

5.9+0.7

4.1+0.2

20.4+1.0
21.3+1.5

3.0+0.4

8.2+0.1

4.4+0.4

4.1 0.4

8.1+0.5

6.1+0.8

18+3

5.53+0.44
5.39+0.43

5.95+0.48
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TABLE I. (Continued).

Lifetime (ns)

Configuration
and level'

Laser
Energy wavelengths
(cm ' )' (nm)'

This
experiment

Smith et al.
Ref. [5]
derived

from
emission

and absorption
spectra

Bashkin
et al.

Ref. [10]
beam foil

spectroscopy

Becker
et al.

Ref. [29]
laser-induced
Auorescence

Savage
and

Lawrence
Ref. [11]

phase shift

Marek
and

Richter
Ref. [12]

phase shift

4d 'Dz

4d Pz

4d 'P,

56 503.35

56 690.90

56 700.25

4d PQ

4d 'P,
56 733.38
58 801.53

4d 'F3

4d D

4d D,

4d D3

58 893.40

59 032. 19

59 056.51

59 118.03

6s [/z( —
~
—

)Q 59 221. 11

59 273.58

6s1/2( z ) z )2 59 506.36

6$1/2( z, z )1 59 636.67

3pnd a 'PQ

5d Pl

5d 'F3

5d 'D

5d D)

5d D3

7s)/z( z, z ))

60 042. 50
61 305.67

61 423.23

61 447. 86

61 511.77

61 574. 81

61 595.43

7s 61 881.60

5d Pz
5d P]

61 841.94
61 936. 13

5d PQ

6d 'F,
61 960.26
62 802. 86

3pnd a 'Pz 59917.34

3pnd a 'P, 60010.46

177.682
199.185
176.635
177.092
176.606
177.063
176.503
170.064
230.306
170.444
190.134
169.621
170.042
169.329
169.551
169.794
189.325
169.079
168.929
169.347
168.267
168.682
167.682
187.484
167.112
167.521
166.852
167.260
166.763
163.117
163.322
163.398
181.408
162.944
163.333
162.571
162.775
162.995
180.910
162.553
180.843
161.801
179.912
162.288
161.658
162.040
161.595
159.796
176.979

44.5+2.2

37.2+1.9

32.4+1.6

31.9+1.6
10.8+0.5

6.2+0.3

4.8+0.3

5.7+0.3

4.8+0.3

32.7+1.6
24.7+1.2

34.6+1.7

20.0+1.0

11.6 I-0.6

11.2+0.6

11.4+0.6
13.4+0.7

10.2+0.5

8.1+0.4

16.1+0.8

8.5+0.4

23.6+1.2

45.9+2.3

11.1+0.6
11.7+0.6

12.1+0.6
19.2+1.0

69+20

35+9

37+10

58+11
2.5+0.6

6.3+2.9

9+4

6.3+1.4

28+6
23+6

1.1+0.3

13+2

12+2

10+ 1Q

3.6+2.0

' Configurations and level energies are from Martin and Zalubas (Ref. [26]). Wavelengths above 200 nm are air values; wavelengths
below 200 nm are vacuum values.

Normalized to the lifetimes reported in Bashkin et al. (Ref. [10]).
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radiative lifetimes from Bashkin et al. [10]. The overall
agreement between our data and those of Smith et a/. is
good, as expected since the level lifetimes chosen for nor-
malization are in good overall agreement with our data.
It is encouraging that, except for comparison with Marek
and Richter, the overall agreement between our lifetimes
and those measured by three di6'erent techniques is well
within the 5% overall uncertainty assigned to our data.
Although the overall agreement between our lifetimes
and those previously reported is good, there is substantial
scatter in the ratios of individual lifetimes. The only oth-
er reported lifetime measurements in silicon were made
on six high-lying even parity levels not studied in this ex-
periment [28].

Table III lists absolute transition probabilities (A
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FIG. 3. Comparison of 36 level lifetimes in silicon measured
in this experiment with lifetimes determined by Smith et al.
(Ref. [5]).

Table I lists the measured lifetimes of 47 odd-parity
upper levels in silicon with level energies ranging from
39000 to 63000 cm ' above the ground level, along with
previously reported measurements. The laser wave-
lengths used to excite the upper levels range from 160 to
410 nm, and many of the upper levels are accessible only
through vuv excitation. The level energies and
configurations are from Ref. [26]. For convenience, six
lifetimes previously reported by us in a preliminary
Letter are included [27]. Three of these lifetimes, for the
4d D' term, have been slightly shortened compared to
our previous report after an electronic bandwidth limita-
tion was discovered in the Hamamatsu R2083Q pho-
tomultiplier tube originally used to detect the Auores-
cence. Single-photon spikes from the R2083Q have a
short risetime and falltime ( ( I ns), but a longer low-
amplitude tail in the impulse response lengthens the ap-
parent lifetimes of short-lived levels. Subsequently, all
short ( (8 ns) lifetimes were measured with at least one
of the higher bandwidth photomultiplier tubes —either
an RCA lp28A (visible-uv sensitivity) or a Hamamatsu
R1220 (visible-uv —vuv sensitivity) —demonstrated to
have sufhcient bandwidth to accurately reproduce life-
times shorter than 3 ns.

Table II and Fig. 3 further compare our results to the
other existing lifetime data for silicon. Previously report-
ed lifetimes for some levels vary significantly from our re-
sults. However, the ave~age ratios of the results reported
here to the previous data generally show good agreement
(except for comparison with the results of Marek and
Richter [12]) with no obvious systematic errors present.
The results of Marek and Richter are based on electron
excitation phase-shift measurements which were
significantly aft'ected by cascade repopulations. Lifetimes
from Smith et al. [5] were obtained by normalizing an
extensive set of relative transition probabilities (branch-
ing ratios) from emission and absorption spectra with the
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TABLE II. Comparison of the lifetimes from this experiment to previously reported silicon lifetimes.

+this experiment

+previous experiment

Number of levels compared

Smith et al.
Ref. [5].
derived

from emission and
absorption

spectra'

1.02+0.66

35

Bashkin et al.
Ref. [10]
beam foil

spectroscopy

1.01+0.13

Becker et al.
Ref. [29]

LIF

1.04+0.02

Savage and
Lawrence
Ref. [11]

phase shift

0.98+0.34

Marek and
Richter

Ref. [12]
phase shift

0.80+0.04

Normalized to the lifetimes reported in Bashkin et al. (Ref. [10]).
The 59 636.67-cm level is not included in this comparison —the ratio for this level is ~,h;„„~„;,„t/~&;th „,I = 18.2.

values) and absorption oscillator strengths (as log, ogf
values) for 36 visible, uv, and vuv transitions out of 13 of
the lowest-lying odd-parity levels in silicon. The transi-
tion probabilities are derived by combining our measured
lifetimes with the branching fraction or branching ratio

data of Smith et al. [5]. Smith et al. directly report their
branching ratios to an absolute precision of +0.001, but
greater precision for small branches ( (0.050) can be
achieved by deducing the branching ratios from their rel-
ative reported log, ogf values for all transitions to a given

TABLE III. Absolute transition probabilities ( A values) and absorption oscillator strengths (as log, ogf) in Si t.

Upper
level

4s Po
4s P;

4s P2

4s 'P1

3p3 3Do

3 33D

3p 3 3Do

3d 'D,

3d P2

3d P1

3d PG
3d 'F;

3d 'P

Lower
level

(configuration 3p )

3p
3p
3p

1D

'So
3p

'D
3p
3p

'D
'So
'po
3p
3p
3p

3p
3p
'D2
3p

'D
3p
3p
3p
3p

1D
3p
3p

1D

'So

Transition
wavelength

{nm)'

252.411
251.432
2S1.920
252.851
298.765
410.294
250.690
251.611
297.036
243 ~ 877
244.336
245.212
288.158
390.552
220.798
221.174
221.892
221.089
221.806
221.667
212.119
243.515
198.323
198.899
226.169
197.760
198.062
198.636
197.921
188.185
212.412
187.310
187.582
188.097
212.299
263.128

A (10 sec ')

222+11
74.0+3.8
54.9+2.9
90.4+4.6
2.67+0.25

& 0.44+0.14
54.7+2.8
168+8

0.0600+0.0084
0.791+0.061
0.628+0.OS7
0.581+0.059

217+11
13.3+0.7
26.2+1.4
18.1+1.0
1.05+0.15
34.5+1.7
10.9+0.6
45.4+2.3

0.107+0.015
44.3+2.2
21.8+ 1.1
65.7+3.3

& 0.175+0.045
27.9+1.4
20.7+1.1
36.5+1.8
87.0+4.3
5.00+0.60
298+15
1.65+0.18
2.24+0.26

0.294+0.029
7.1+1.3
106+5

logiogf
(this experiment)

—0.673+0.021
—0.677+0.022
—0.805+0.022
—0.585+0.022
—1.970+0.039

& —2.47+0.12
—0.589+0.022
—0.099+0.022
—3.401+0.057
—2.674+0.032
—2.773+0.037
—2.803+0.042
—0.091+0.021
—1.041+0.023
—1.240+0.022
—1.400+0.023
—2.635+0.057
—0.897+0.021
—1.395+0.022
—0.630+0.021
—3.442+0.057
—0.705+0.021
—1.192+0.021
—0.710+0.021

& —3. 17+0.10
—1.309+0.021
—1 ~ 437+0.022
—1.189+0.021
—1.292+0.021
—1.731+0.050
+0.149+0.021
—2.585+0.046
—2.451+0.048
—3.330+0.039
—1.84+0.07

—0.482+0.022

logiogf
{Smith et al.

Ref. [5])

—0.82+0.07
—0.79+0.07
—0.92+0.07
—0.70+0.07
—2.08+0.14

& —2.59+0.13
—0.74+0.07
—0.25+0.07
—3.55+0.07
—2.61+0.07
—2.71+0.07
—2.74+0.07
—0.03+0.07
—0.98+0.07
—1.34+0.07
—1.50+0.07
—2.72+0.08
—1.12+0.10
—1.62+0.10
—0.78+0.08
—3.32+0.17
—0.58+0.11
—1.31+0.12
—0.83+0.12

& —3.29+0.11
—1.41+0.12
—1.54+0.12
—1.29+0.12
—1.46+0.07
—1.68+0.09
+0.20+0.08
—2.57+0.11
—2.45+0.11
—3.32+0.11
—1.83+0.12
—0.47+0.11

' Air values are listed for wavelengths above 200 nm, vacuum values for wavelengths below 200 nm.
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upper level. The uncertainty in our reported values re-
sults from the combination in quadrature of the uncer-
tainty in the lifetimes with the branching fraction/ratio
uncertainty reported by Smith et al. Most of the total
uncertainties are between 5—10%%uo. Transition probabili-
ties are not calculated for a few very weak lines
(branching fractions or ratios given by Smith et al. as
"(0.000 "). Figure 4 graphically compares the logtogf
values from this experiment with those obtained by Smith
et al. from emission and absorption measurements. The
overall agreement is good —the mean of
(log, ogf,», ,„~«, ,„,—log, ogf s~„h ««) is 0.060 with a
standard deviation of 0.096. The difference of the log, ogf
values does not appreciably depend on the magnitude of
gf or the energy of the upper level.

The extensive branching ratio data reported by Smith
et al. would seem to be ideally suited for combination
with our radiative lifetimes to generate a comprehensive
set of absolute transition probabilities. However, Smith
et al. limited their measurements to the spectral range
160—410 nm and did not report any data on infrared
transitions. Instead, they relied on semiempirical calcula-
tions to estimate the intensity of the infrared decay chan-
nels. It is difIicult to accurately calculate such strong in-
frared transitions. We found that virtually .every level
above the 3d 'I'; level at 53 387 cm ' exhibited substan-
tial lengthening of the observed lifetime when the LIF
was detected without spectral filtering, indicating
significant infrared decay channels to nearby lower-lying
levels which then radiate in the visible, uv, or vuv. (All
reported lifetimes are based on data collected with spec-
tral filters that blocked all such cascade radiation. ) While
Smith et al. have determined an important set of branch-
ing ratios for transitions in the 160—410-nm range, the
branching fractions (including all possible transitions out
of the level) needed for determination of accurate abso-
lute transition probabilities are more uncertain for levels
above the 3d 'I'& level at 53 387 cm '

~ Transition proba-
bilities for infrared lines from the 13 lowest-lying odd

parity levels are suppressed by either Russell-Saunders
(LS) selection rules or by the extremely low frequencies
of the infrared transitions. The dominant transitions
from all of these 13 levels have branching fractions or ra-
tios (as measured by Smith et al. ) in very good agreement
with predicted pure Russell-Saunders branching frac-
tions, as expected for a light element such as silicon. In
addition, the apparent lifetimes for the 13 lowest levels
are not detectably altered when observed with and
without spectral filtering of the LIF, supporting the as-
sumption that the infrared transitions out of these levels
are insignificant. (Significant infrared transitions out of
these levels would lead to cascade radiation in the spec-
tral bandpass of the unfiltered PMT. Even a small
amount of such cascade radiation tends to appreciably
lengthen the apparent lifetime. ) We therefore conserva-
tively choose to report absolute transition probabilities
only through the 3d 'I'& level. A more accurate deter-
mination of the strengths of infrared transitions out of
the higher-lying levels ()53400 cm ') is needed before
the lifetimes reported here can be confidently combined
with the branching ratios of Smith et al. to generate ab-
solute transition probabilities for those higher levels.

The data reported in this article provide a significantly
more accurate and extensive base than previously avail-
able for either normalizing relative transition probabili-
ties or determining absolute transition probabilities in
combination with branching fraction measurements, and
demonstrates the potential of our vuv system for measur-
ing extensive sets of lifetimes for almost any element.
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