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Abstract. The extensive arc emission measurements of transition probabilities by Corliss and
Bozman are known to contain errors due to flaws in the determination of level populations
in the source. However, if no similar errors were present in the photometric calibration, then
branching fractions from the same upper level deduced from these measurements should be
valid. It is shown that the branching fractions for th&np?-ns?np(n + 1)s transitions in Si,

Gel, Sni and Phi can be accurately estimated using intermediate coupling amplitudes obtained
from spectroscopic data, and thus provide a test of the validity of these measurements. The
results of Corliss and Bozman are examined in the context of comparisons with these estimated
values and with other measurements, and it is demonstrated that branching fractions from the
same upper level obtained from these data can be quite reliable.

Atomic oscillator strengths can be determined experimentally either by absolute emission,
absorption or dispersion measurements, or through the combined measurement of relative
branching fractions and level lifetimes. The absolute measurements require sample
equilibrium, a knowledge of the absolute number density and an absolute photometric
calibration, and the lifetime measurements yield oscillator strengths only in cases where
a single decay channel exists. Thus high-precision measurements have often involved the
combined measurement of lifetimes and branching fractions [1].

While many methods have been brought to bear on the precision measurement of
lifetimes [2] and much progress has been made in the measurement of branching ratios
[3], branching fraction data remain sparse and urgently needed. A very extensive tabulation
of transition probability data derived from arc spectra line intensities exists in the monograph
of Corliss and Bozman [4]. However, it is well known [5] that these transition probabilities
provide neither an absolute nor a self-consistent set of values, so care must be exercised in
their use. In general, the normalization must be corrected for two types of errors. The first is
in the determination of the concentration of radiating atoms in the arc source (which can be
corrected by summing transition probabilities over final states and renormalizing to match
measured lifetime data). The second is in the determination of the level populations in the
arc source due to either a lack of thermodynamic equilibrium or an inaccurate temperature
determination, which causes the renormalization factor to depend on the excitation energy
of the upper level. Since branching ratios involve the comparison of relative transition
probabilities from the same upper level, neither the overall normalization nor the arc
temperature should affect their validity. However, it does require an accurate photometric
calibration of the detection equipment over the very wide range of wavelengths spanning
the decay channels.
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In general, the comparison of experimental branching fractions with theoretical
calculations requires the specification of radial transition moments, which are sensitive
to the details of the potential. However, in the non-relativistic approximation, the relative
intensities of the lines within a supermultiplet all involve the same radial transition moment,
which cancels when branching ratios are formed. If there is no significant branching to
other configurations the branching fractions can be specified from angular factors and the
intermediate coupling (IC) mixing amplitudes, which can be determined from spectroscopic
energy level data. Thes’np>-s?np(n + 1)s manifold of transitions in Si, Gel, Sn|
and Pbi provide such a case, and comprehensive measurements for this supermultiplet
are contained both in the tabulation of Corliss and Bozman [4], and in more recent
studies [6—9]. While the lack of configuration interaction (Cl) in these systems simplifies
the calculational specification of the branching fractions, the transitions cover a wide
range of both wavelength regions and intensity ratios, and are no less challenging to
experimental measurement than any other system studied in [4]. We have therefore made
data-based empirical IC calculations of these branching fractions and compared them with
the measurements of [4] and others, in order to evaluate the reliability of the tabulation of
Corliss and Bozman as a source of branching fraction data.

For a pure configuration, the intermediate coupling amplitudes are manifested both by
the energy levels and by the transition probabilities of the levels. Thus, if the single-
configuration picture is valid, the measured energy level splittings within the upper and the
lower configuration can be used to determine the mixing amplitudes, and these can then
be used to specify (to within factors of the radial transition matrix) the relative transition
probabilities. In the case of the sp antigonfigurations, there are at most two normalized
mixing amplitudes for a given value of, which can be characterized by a singlet-triplet
mixing angled;. For sp the mixing betweetP; and'P; can be characterized Iy (primes
denote that the.S notation is only nominal for the physical states)

PPy = I°R)) 1
I*PY’) = cost:|*P}) — sinq|'FY) (2)
1Py = I°P3) (3)
I'PY’) = sinéy|3P)) + costr|*PY) 4)

whereas for pthe mixing can be characterized betwé® and'S, by 6, and betweeriP,
and!D, by 6,:

1°Pp) = costlo|*Po) — sindo|*So) (5)
°P)) = I°Py) (6)
°P,) = costz|*P3) — sind,|'D2) @)
I'D}) = sinda|*P3) + cosh,|'Dy) (8)
'Sp) = sinbo|*Po) + cosbo|*So). )

A formalism has been developed previously [10, 11] by which these mixing angles are first
extracted from measured energy level data and then used to predict transition probabilities.
For a g—sp manifold, the transitions from the upper level sp to the levels of the ground
configuration B can be deduced from this formalism using tiiS-coupling angular
transition matrices [12, 13]. The nonvanishing values are

CRIF PP = —(*P3Ir | So) = (CP8Ir[3Po) = —+/20 (10)
— 2CRIr PPy = 2(3PIr IPP2) = (*F2|r|'Dy) = 10 (11)

VBERIr PPy = (CPIr PP, = V/75. (12)
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These equations yield, for the upper leve{’

(*Pplr[*PY) = —v/20 cos61 + o) (P°Ir|sp (13)
(3P, |r[>PY') = V/15 cosdy (p?|r|sp) (14)
(P, |r|3PY') = 5(2 sind; sinb, 4 cosfy costy) (p?|r|sp (15)
(*DS|r|3PY') = —5(2 sinf; cosh, — cosh; sindsy) (p?|r|sp) (16)
(*Sylr*PY) = —v/20sinB; + 6o) (p*|r|sp) (17)
for the upper levePPY’
(CPyI7I°PY) = =5 (P?IrIsp (18)
(*P,|r|*PY) = 5v/3 cost, (p?Ir|sp (19)
(*DyIr[*PY) = 5v/3sind, (p?|r|sp (20)
and for the upper levelPy’
(Pplr|'PY) = —v/20sinB; + 6o) (p*|rIsp) (21)
(P, |7I*PY) = V15singy (p?|r|sp) (22)
CP,|7*PY) = —5(2 cosp; sind, — sind; coshy) (p?|r|sp) (23)
(*DS|7|*PY’) = 5(2 cospy cos, + sinby sindy) (p?|r|sp) (24)
(*Sylr[*PY) = V20 cos61 + o) (PPIrIsp. (25)

It should be noted that in a fully relativistic Dirac treatment the corresponding expressions
will involve two separatg j-coupled radial transition matrices, and reduce to equations (13)—
(25) only if these two radial matrices are equal. Theoretical studies of these relativistic
corrections have been presented elsewhere [14].

For pure sp andfconfigurations the energy levels (and thereby the mixing angles) are
specified [10] by three parameter&( G1, ¢, for sp andFo, F», ¢p for p?, in the notation
of [13]). Since the sp and?pconfigurations contain four and five levels, respectively,
the specification of these three parameters is overdetermined. Here this was treated by
using the average energieg of the J = 0, 1, 2 levels to make an exactly determined
parametrization, computing the singlet—triplet splittings from this parametrization, and then
using the deviations as a measure of the validity of the single-configuration picture. Within
this framework, the mixing angle®;, can be determined from the relationships [10]

cot(20,) = Wy (26)
where the sp mixing/ = 1 level is given by

W1 = [e2 — 3e1 + 2e0] /[v2(e2 — £0)] (27)
and the p mixing of theJ = 0 andJ = 2 levels is given by

Wo = —[10e; — 21e; + 11eq] /[4+/2(5e5 — 361 — 260)] (28)

Wy = —[Se2 + 361 — 8e0) /[2v/2(5e2 — 361 — 2¢0)]. (29)

In terms of the transition element&|r|i) given by equations (13)—(25), the transition
probabilities are obtained from

Au(ns™h) = 1[126538/A(A)]3 [(k|r|i)[? (30)
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Table 1. Spectroscopic database and intermediate coupling parametrization of energy levels (in

cm1). Sources of spectroscopic data:1$15]; Ge1 [16]; Sni [17, 18]; Pbi [19].

Level Eops Ec AE Eops Ec AE

Sii Gel

6p? 3P 0 0 0 0 21.8 +21.8

6p? 3Py 77.115 7712 0 557.1341 5571 0O

6p? °P, 223.157 2555 +32.4 1407.9609  1369.4-40.5

6p? D) 6298.850 6266.5 —32.4 71252989  7165.8+40.5

sz 156 15394.370 15412.1 17.7 16367.3332 16345:21.8

6p7s3P8 39683.163 39683.2 0 37451.6893 37451.7 0

6p753P‘1” 39760.285 39760.3 0 37702.3054 37700.91.4

6p7s3P‘§ 39955.053 39955.1 0 39117.9021 39117.9 0

6p7slP‘1’/ 40991.884 40991.9 0 40020.5604 40022.61.4

Sni Pbi

6p° 3P, 0 107.5 +107.5 0 0 0

6p2 3p, 1691.806 1691.8 0 7819.2626 7819.3 0

Gp2 3P’2 3427.673 33410 -86.6 10650.3217 10812.3+161.9

6p? 1D, 8612.955 8699.6 +86.6 21457.7982 21295.9-161.9

6p? 1S 17162.6 17055.1 —107.5 29466.8303 294939 27.0

6p7s3P8 34640.76 34640.8 0 34959.9084 34959.9 0

6p733P‘1’/ 34914.28 34899.6 —14.7 35287.2244 35445.9-158.7

6p733P‘§ 38628.88 38628.9 0 48188.6296 48188.6 0

6p7slP‘f’ 39257.05 39271.7 +14.7 49439.6165 49281.058.7

Table 2. Empirical singlettriplet mixing angles (in degrees) and empirically deduced Slater

parameters (in crrt).
lon 6 02 6o Fo  F(P) G Fo(sp  Giusp &
Si —0.951 1.22 6.01 5247.7 1016.0 181.1 404214 557.0 181.3
Gel —4.38 6.20 21.3 6081.4 1016.9 879.8 39139.1 576.6 1110.8
Sni -10.2 16.8 29.7 7333.3 918.6 2096.9 37750.4 450.8 2658.7
Pb1 —-22.2 39.8 32.2 16074.8 921.9 7292.2 44568.2 789.2 8819.1
and the branching fractions are defined as

(31)

BFy = Aik/ZAik"
I%

The measured energy level data (obtained from [15-19]) are given in table 1, together
with values obtained from thé-averaged IC parametrization and the subtracted differences.
The agreement between the observations and the values obtained from the parametrization
indicates that the single-configuration approximation is valid. The extracted mixing angles
and Slater parameters are given in table 2.

Table 3 presents the branching fractions, computed from equations (13)—(25), by the
reduction of the measured transition probabilities of Corliss and Bozman [4], and from other
published experimental studies [6-9]. IniShe agreement between the IC semiempirical
values and the high-precision measurements of Setithl [6] is quite striking, and gives
additional credence to the single-configuration model for this system. Larger deviations exist



Letter to the Editor L773

Table 3. Comparison of semiempirical and measured branching fractions (in per cent). SE
denotes semiempirical estimates from this work, and CB denotes the measurements of [4].
Other measurements are from [3] for1S[7] for Ge1, [8] for Sn1 and [9] for Pbi.

Sil Gel Sni Pbi

Transition SE CB Other SE CB Other SE CB  Other SE CB Other

5Py« 3P 333 32 333 312 29 329 318 37 55 489 15 32
3Py « 247 24 247 212 27 203 174 27 13 128 11 18
3P, « 411 40 407 383 36 361 410 22 19 381 74 49
D), « 088 04 12 88 7 103 93 14 13 029 05 05
g « 006 — <02 052 06 038 052 03 — 001 — —
5Py« 3P 252 33 246 264 29 203 285 30 30 360 15 16
3P, « 748 67 754 731 69 678 677 64 62 51.2 37 41
D, « 0.020 — 0027 053 14 13 38 6 9 128 48 43
5P« P 024 — 03 29 7 45 47 21 10 27 1 3
3Py « 025 — 02 33 6 36 68 13 4 115 11 10
8P, « 015 — 02 10 2 17 003 — — 249 35 25
D), « 920 95 934 862 75 832 818 60 76 552 48 50
g « 74 5 57 66 10 7.0 67 6 — 58 6 13

between the semiempirical and measured values for Rt it has been shown [14] that this
occurs because of unusually large differences between the two relativistic radial transition
integrals caused by fortuitous cancellation effects, and not because of any breakdown in the
single-configuration approximation.

The results of [4] generally agree quite well with both the semiempirical estimates
and with subsequent experimental measurements. These transitions involve branches with
wavelengths from 200@\ to over 7000A so, irrespective of any problems with either
the relative or absolute normalization of the transition probabilities in the measurements
of Corliss and Bozman [4], the results presented here demonstrate that the photometric
intensity calibration was accurate. It is therefore concluded that branching fractions from a
common upper level that are deduced from the measurements of [4] can be expected to be
reliable to the accuracies indicated in table 3.

| am grateful to Dr David Ellis for valuable discussions. The work was supported by the
US Department of Energy, Office of Basic Energy Sciences, Division of Chemical Sciences,
under grant number DE-FG02-94ER14461.
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