Vol. 1,No. 1
Fall 1989

J.Sci. L. R. Iran

CALCULATIONS OF OSCILLATOR STRENGTHS AND
LIFETIMES OF Cul, Agl AND Aul USING COULOMB
APPROXIMATION

Mahmood Soltanolkotabi

Department of Physics, University of Esfahkan, I. R. Iran.

Abstract

Oscillator strengths and lifetimes of all energy levels of Cul, Agl and Aul
were calculated using the Coulomb approximation (for ‘the first time), and then

compared with available. data.

Introduction

Single-valence electron atoma are an important class of
atoms. Their oscillator strengths are their fundamental
properties. The oscillator strengths of the spectral lines of
most atoms are not known with sufficient accuracy due to

experimental difficulties. The results of most measuring

techniques are subject to large uncertainty due to
uncertainties in vapor pressure data (1,2). A quick and
simple method seems to be the Coulomb approximation of
Bates and Damgaard (3). This theoretical calculation
reveals some interesting properties which are generally in
accordance with both experimental and detailed theoreti-
cal results. Knowing the oscillator strengths one can easily
calculate the transition probabilites of the spectral lines
and hence, the lifetimes of the energy levels of most atoms.

Theory
The oscillator strength Fy is related to the matrix

clements of the dipole moment of the radiating electron.
This quantity (in SI units) is expressed as (4)
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where m and e are the electron’s mass and charge, i, is the
Plank’s Constant divided by 2m, g; is the statistical weight
of the initial state, w; is the angular frequency of the
absorbed or emitted radiation, and finally S; is the line
strength. Similar expression is given for the transition
obability (4
probability (4) ;. .
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The subscripts i and f refer to the initial and final state, of
the atom. The line strength S is given by where ¢ is the
Sig =8q = I<Sm; | & D | fp> |
! €)

polarization unit vector of light and D is the dipole
moment of the excited atom. The atomic wave functi-
on of the initial and final states are denoted by |im; > and

z
mi mf

fm; > respectively.

In order to calculate the oscillator strength or transition
probability, one needs to know the atomic wave function.
To simplify the problem, we consider transitions which do
not involve equivalent electrons, and use L-S coupling as
an approximation.

We rewrite equation (3) in a somewhat different form
by.using the components of vectors € and D in  their
spherical bases” -
e.-D=3 (—1)e.D,
oo (4)
Using (3), L-S coupling, and (4) we obtain
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where primed and unprimed symbols denote the lower and
upper levels, respectively. Using the fact that eqz =1 for
q= 0, * 1 and that D, is the g-component of a spherical
tensor of rank 1 i, e D, = Ty, equation (5) reduces to

§= ):_'L' L 1<n’'L’s’f'm’|Dq | nLsjm > 1
¢ -1 mm (6)
By the use of Rose’s book notation (5), equation (6) can be
written in uncoupled representation as
S =§_,:' Ltnper+n W2 (Ll j 5 Sy X C* (jly,
mqm’) 8ss' [<n’L’| |D| |nL>P
™
Where W and C are the Racah and Clebsch-Gordan
coefficients, respectively. The term|< n’L’ {|Dlln L >[is
called the reduced matrix element. The kronocker delta
forbids spin-flip transitions. Knowing that the Clebsch-
Gordan coefficients vanish unless m=m+ q and using
equations (3.7), (4.34),(4.35), (5.14) of the above men-
tioned reference, with a little calculation one obtains

-1

S=e’(2j+1)QF+D QL +1)W(LjL’j, ShC?(LIL,
000) x S5 R* . . Ry rdr
(8)
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Thus, the oscillator strength (1) and transition
probability (2) can be written as

Fy = z_g‘hﬁ(zj +1) QL +1) W3(Lj L’ j, SI) C* (L1L’, 000) x
| §7R* Ry i P
and 0
4 3 ,
Ag =.§_7°w_‘°h?(2j+ 1) @L+1)W? (Lj L' j, Sl) X C*(L1L";
b 000) X| f5° R% /R, rdr [

(10)
respectively. In equations (1) and (2) g; = 2j"+1,8=2j +
1, and w; = w; = w have been used.

In principle, all the factors in equation (9) and (10) can
be calculated exactly except the radial integral part which
needs to be evaluated approximately.

The Schrodinger equation for one electron atom with
no spin and the central potential V (r) is given by:

2

:7 R+ (—%?-v(r)+2_fi“rﬁn— 5‘:;—1)) R, (N=0
(11)

putting h=1,m 1,2V (r) =— V (1), and &, = — 2E,

we have

en ) Ry (=0
(12)
One needs to solve this equation for R; (r) which satisties

d? L(L+1
a—i_RnL+ (V(r)— —(-'2—)—
r r

the boundary conditions as r —» 0, r —p o and is.

normalized to unity.

For a hydrogen atom V (r) is the Coulomb potential and
the energy parameter €, is the ionization energy expressed
as:

L
n’ (13)
where n is an integer. For other single valance atoms,
however, one usually defines an effective total quantum
number n* which is not necessarily an integer. By analogy

we may put: o
fr = (14)

Using Thomas-Fermi function (6), one observes’that
the main part of radial wave function is far outside of the
atomic core. Since the potential is Coulombic outside the
core, Bates and Damgaard proposed to use a solution of
hydrogenic Schrodinger equation with the energy parame-
ter given by experiment and such that it still converges at r
—»». Such a function can not generally converge at the
origin, and, furthermore, does not have the right number
of nodes. In calculating the matrix element of the electric
dipole moment, however, such faults are not disadvantage-
ous, since the contribution from the origin and near the
origin for heavy atoms is negligible. Normalization of such
functions is difficult, Bates and Damgaard take an
approximate normalization factor.

To obtain the potential function for a complex atom, a
central potential is assumed and it ig further assumed that
the major contribution to integral [, Rz TR, drcomes from
the regions of moderate and large radial distances. Bates
and Damgaard used the above approximation and showed

€
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that in order to evaluate the wave-function for many
electron atoms it is sufficient to replace V by its asymptotic
form, -QT, where Q is the excess charge on the nucleus
when the active electron is removed.

With this approximation equation (12) reduces to

d Q L@L+D
e

R =0

(15)
The solution to equation (15), with boundary condition R
(r —»=) —» 0, is the confluent hypergeometric function
W_*,; .1(2r/n’), the expansion of which in a power series is

mn -
W (2r/n*) =exp (— 1/ n*) 2t/n#)ne  f=oA,r*

(16)
Where A,is one and A, is given by the following recursion
formula

A=Am 2 (LL+D—(r—0@*—t+1)

an

The normalized wave function is obtained as

R, =0+ (a*+L+1) T (*-1)/Q)*WasL +1/2

(18)
This series expansion of R,.; does not terminate for non-
integer n’.

Another approximation has been used in evaluating the
normalized wave function (6). From equations (16), (17),
(18), and after some manipulation one may obtain.

R, =% 0C(n# L) Q'7 (Qnn+pexp (— Qrin®)
P 19
where coefficients C (n", L) are given by
CaxL)y=y@QL-"?an)"AL)
(20)
and -
y)=Q @ (T(ax+L +1)T (n*—2) />
AL)= A,
When a similar expression obtained for the lower state and
equation (19) are used we find
§ Ry iR rdr =5 Tppm0 ey (0, 1) Cp(ns, L) x
(Qr) '+ +n* +1—p—p :
expl — Qr (w*+n )/ @'*n]dr
=L =0Cp @'+, L) Coln+, L)[n*n'#/(n*+n'%)]
2 ne+nlat2ppt (20
XT(n*+ n'*+2-p-p)

Now, the radial integral is in a calculable form prov-
ided that T'-functions can be determined. The I'-functions
are determined (8) from.

r@=uZ _ C)
@)
where the coefficients C, are tabulated in the above
mentioned reference.

Numerical Calculations

Now all the factors in equations (9) and (10) are in
calculable form. A computer program originally developed
by P. Tsederis in Professor W. Happer’s laboratory at
ColumbiaUniversity was usedto evaluate the noble metal
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oscillator strengths, transition probabilities, and hence the
lifetimes of the states. The values for the energy levels
were taken from C. E. Moore’s book (9).

Tables 1, 2, and 3, list, for example, the calculated
oscillator strengths and wavelengths for given initial and
final states of Agl, Aul, and Cul, respectively. Since the
complete list of these data take quite a large space only
part of them are given here.The complete list of these data
can be obtained by request from the author.

The lifetime of each state for the above elements was
calculated using transition probabilities. The results for
these elements are listed in tables 4, 5, and 6 respectively.
Double precision has been used throughout the computer
program. The wavelengths and lifetimes are given only to
two decimal places.

Discussion of the Results

A number of transition probabilities which are
calculated by Pitchler (10) for Agl and Cul using this
method are listed in column four of the tables 7 and 8§
respectively, for comparison. The rest of the columns are
taken from the same reference and list the corresponding
experimental values. The agreement of present calculated
transition probabilities with those of Pitchler is clearly
seen.We should emphasis that our wavelengths are slightly
larger than those given by Pitchler, but do not make any
significant change to the values of oscillator strengths or
transition probabilities.

A number of lifetimes of Agl and Cul are also listed in
table 9. Column three shows the results of the present
work. The rest of the columns list experimental values.
Relatively good agreement between these results exist.

‘Summary

We have given a complete and comprehensive

Soltanolkotabi
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theoretical description of the Coulomb approximation. A
computer program based on this theory has been written.
With the help of this computer program the oscillator
strengths and lifetimes of all available energy levels of Cul,
Agl and Aul are calculated. To the best of our knowledge
these data are given for the first time. These results have
been compared, whenever available, with the correspond-
ing theoretical and experimental results. In general, good
agreement between them exist.

The author is grateful to Professor A Kiasatpoor for
reading the manuscript.
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Absorption Absorption
Initial Upper Oscillator Wavelength Initial Upper Osdllator Wavelength
State State Strength A State State Strength A
558y, 5P, 0.24 3383.86 18, 0.50 x 10:: 3380.21
5P, 05t 3281.6 10 D,, 0.88 x 10 3351.55
6Py, 0.77 x 10, 2070.50 128, 0.32 x 107, 3330.83
6Py, 021 x 10}, 2061.82 11Dy, 0.61 X 10, 3311.35
7Py, 0.18 x 10, 1850.44 12D,, 0.42 x 10 3283.47
7Py, 0.57 x 10 1847.70 5B, 6Sy 012 8275.78
8P, 0.72 x 107 1766.13 5Dy, 0.56 x 10 5473.06
8 Py, 0.23 x 10, 1764.89 5 Dyp 0.505 5467.01
9Py, 0.35 x 10 1723.98 7Sy, 0.10 x 10° X 4669.78
9 P 0.12 X 107, 1723.33 6D,, 0.11 x 10 4214.00
10P, 0.19 x 10~ 1699.69 6D, 0.10 , 4212.14
10B,, 0.47 x 10 1699.24 88y, 0.3 x 107 3982.70
7D,, 0.45 X 10 3814.16
5P, 65, 0.11 7689.89 7D, 0.41 x 10, 3812.017
5D,, 052 5210.51 981 0.15 X 107 371024
78y, 0.10 x 10 447729 8 Dip 0.23 x 10°, 3626.17
6D,, 0.11 4056.61 8 Dspy 0.21 x 10 3625.71

Table 1 - The Oscillator Strength and Wavelength of Agl
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Absorption . Absorption
Initial Upper Oscillator W.avelengtll Initial Upper Oscillator W.avelmdl
State State Strength A State State Strength A
85y, 0.34 x 10‘21 3941.83 108, 0.81 x 10:: 3570.73
7D,, 045x 105, 368476 9D,, 0.13x 10, 352239
9 Sy, 0.15 x 10 3587.69 9D,, 012x 10, 35212
8 D;, 023 %10,  3509.02 18y, 048 x 10, 348878
10 Sy, 083 x 107 3457.08 10D, 0.86 x 10, 3458.26
9D,, 0.13x 107, 34175 10 D,, 0.79 x 10 3458.05
125, 031x10, 343620
11D, 0.60 x 10’ 3415.48
11D, 054x10°  3415.44
12D,, 041x107 33858
12Dy, 0.37x 10" 3385.82
Table 1 cont
Absorption Abserption
Initial Upper Oscillator Wn.velength Initial Upper Oscillator W.:velengtll
State State Strength A) State State Strength A
-1
6S,, 6Py, 0.19 2676.73 6D,, 0.47 x 10 4812.94
6Py, 045 242869 6D 0.41 4794.00
71’1/2 0.10 x 10-1 1665.75 8 51/2 0.10 10“ 243.02
TP 0.12 x 10 1646.66 7D,, 0.10 x 107 3802.99
8Py, 0.33x10, 1501.38 7D,, 09x10"  3797.02
8Py 0.14 x 10 1494.53 98y, 0.31x10°  3635.54
-1 8D -2
6%, 75, 0.85 x 16 5839.07 i 043x107 347258
8D,, 0.40 x 10 3468.21
6Dy, 034, 406624 108 0.14x10  3396.39
8Sy, 0.94 x 10 3651.83 9p.” y 2 :
7D 092x107 332110 n 0.3 X107, 3313.44
2 2 9D;, 0.21% 10 3310.59
98y, 0.31 x 10_1 3192.68 1s 078 10-3 327444
8D,, 039x10,, 306631 0D At '
- e 0.13x 10 3226.89
108y, 0.14x10, 300675 10D oI x10" 3617
9D,, 0.21 x 10 2941.56 s : -1 .
118, 077x10° 291079 & 0.4730x 10 320291
10D, 0.12x10  2873.15 ﬁ gm 086x10, 317.01
125y, 0.47x10 285412 13s” 081x10,  3172.53
11D, 0.81x10° 283036 % 0.30x10,  3157.24
- )5 12D,, 0.58 x 10 3137.08
135, 0.31x 10 2817.80 12D 2
12D 0.55x10°  2801.74 s 05510 3136.71
1ag? 021 x10°  2793.04 148y, 021x107  3126.19
3p” 107 278170 13D, 0.40 x 10 3111.98
» 0.38 % 19, : 13D, 0.40x 107 311155
14D 0.29 x 10 2766.90 5 - 3 .
6P 3 14D,, 030x10°  3093.47
’” 78y, 0.1 7512.80 14D, 029x10"  3093.27
Table 2 — The Oscillator Strength and Wavelength of Aul
Absorption Absorption
Iniial  Upper Oscillator Wavelength Initial ~ Upper Oscillator Wavelength
State State Strength A State  State Strength A
4s, 4, 0.24 3274.89 6P, 0.68x 107 1817.26
4P, 049 , 324847 Th, 0.17x 107 174157
5B, 0.71 x 10 2024.97 7P, 049 x 107 1725.66
5Py, 0.14x 107 2024.99 8B, 018 x 10,  1685.68
6P, 0.14 x 10 1825.34 § Py 024 x 10 1687.04

Table 3 - The Oscillator Strength and Wavelength of Cul
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Absorption Absorption
Initial Upper Osdllator W.lvelength Initial Upper Oscillator Wavelength
state state Strength A state state trength A
9P, 078X 10, 166430 8D,, 011x107 34149
9 P3p 0.11x 107 1664.70 9D,, 0.82x 10, 3354.48
0P, 0.43 x 10 1650.11 9D,, 0.75x 107, 3354.42
10 P,, 046 x 107, 1640.47 10D,, 0.56 % 107 3314.19
1Py, 023x10,  1640.47 10D,, 0.51x 10, 3314.14
11 Py, 0.46 x 10 1640.47 11D, 0.35x 10 3286.02
4B, 58y 0.12 7935.31 58y, 5P, 0.44 16010.09
4D,, 051 5154.66 5P;, 089 16010.88
68y, 0.10 x10 4481.60 6Py, 0.28 X m_1 8586.00
5D,, o1, 40237 6Py, 020x10,  8410.04
78y, 032x 10 3826.12 7Py, 0.64 x 107 7001.76
6D,, 0.44x 107 3655.27 78, 0.17 x 10 6751.50
883, 0.14x107  3567.14 8P, 049x 107 6178.19
8P, 0.71 x 10:2 6196.50
7D, 0.22 x 10-: 3482.60 9P, 0.19x 10" 5§900.40
98y, 0.78 x 10" 3434,94 9P,, 0.33 x 107 5905. 48
8Dy, 0.13 x 10'; 3386.36 109, 0.10 x 107 5725.83
9D;, 0.83 x 10 3326.76 10P;, 0.19x 10 5728.09
0D, 0.5 x 10~ 3287.13 E 11:1,2 g.cls; x 18_2 :gﬁ.z
2 .12 % 1 .
4P, 58 " 0.12 4 8094.85
4D, 0.52 x 10 5221.51
4D, 0.47 y 5219.65
65y, 0.10x 10 453205
5D,, 0.11 x 10° 4064.38
5D, 010  ,  4063.78
78y, 032x10, 386283
6D,, 0.44 x 10_1 3683.76
6 D,, 0.40 x 10_1 3688.48
8Sy, 0.14 x 107 3599.03
7D,, 0.22 x‘lo:1 3512.49
7D, 0.20 x 10, 3512.83
98, 077X 10, 346449
8D;, 0.13 x 10 3415.08
Table 3 cont.
Lifetime Lifetime
State (n sec) State (nsec) State (n sec)
58, e 5F,, 136.76 us,, 538.23
5P, 6.89 5F,, 137.53 10D,, 213.60
SP 6.23 7D,, 54.80 10D, 220.35
6 S:Z 26.36 7D, 56.13 128+, 836.21
6 Pl/2 45.54 5Gq, 229.33 11D,, 301.83
6P,, 36.21 5Gy, 229.33 11Dy, 314.05
5D,, 12.95 98,, w2 12Dy, ;2
5D,, 13.28 9Py, 564.26 12Dy, 442,16
78, 58.40 9P,, 413.23
7P, 138.89 8D,, 91.97
7P,, 104.67 8Dy, 95.01
6D,, 28.82 6F 228.30
6D, 29.70 6F 229.51
4F,, 69.99 108,, 349.47
4F,, 70.27 10P,, 932.56
8S ,, 117.89 10P,, 650.80
8P, 306.06 9D,, 143.92
8P, 224.99 9D, 148.73

Table 4 - The lifetime of each state in Agl
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Lifetime Lifetime Lifetime
State (n sec) State (nsec) State (n sec)
6S,, o 7D,, 27.69 12s,, 525.51
6P, 5.42 5F,, 69.85 11D,, 200.14
6P;, 3.89 5Fg, 68.74 11D, 212.17
78y, 2229 981, 92.35 1384, 783.11
JP, 91.31 8D,, 49.82 12D,, 285.98
7Py, 37.88 8Dy, 52.15 12Ds, 302.64
6D, 1.8 108, 191.32 148, 1117.25
6D, 12.39 9D,, 84.31 13D,, 397.78
8S,, 4738 9D, 89.26 13D, 414.35
8P, 34477 1us,, 33243 1D,, 525.56
8P, 168.53 10D,, 133.81 14D, 557.13
1D3, 26.25 10Dy, 141.53
Table § - The lifetime of each state in Aul
Lifetime - Lifetime Lifetime Lifetime
State (nsec) State (nsec) State (n sec) State (n sec)
4s, - 5Dy, 28.91 7Dy, 93.12 10D,, 314.09
4P, 6.51 4F,, 69.67 8P, 157.21 10D, 308.54
4P,, 6.34 4F,, 69.77 8P,, 217.99 1Py, 1021.55
48, 25.79 78, 114.15 98y 357.01 11P3, 1020.50
5P, 43.15 7P, 180.99 8D, 149.90 1 D5, 425.61
5P,, 43.17 1Py, 116.35 8D,, 146.45
4D, 12.80 '6D,, 55.52 9P, 339.30
4D,, 12.88 6D, 55.51 9P,, 422.89
6Sy, 58.54 5Fsy 135.54 9D,, 221.89
6Py, 324.83 5F;, 135.30 9D, 217.61
6P,, 230.95 8S,, 208.48 0P, 594.70
5D,, 28.61 7D,, 96.27 10P,, 725.2
Table 6 — The lifetime of each state in Cul
A (195
AAD Transition Present P. 1. C.B.
work
8275.78 5p*P%, 65 S 4y, 0.49 0.5 0.27 2.3
7689.88 SPPS, -G5Sy, 0.23 0.27 0.17 14
5473.06 5p*P°, -5 D,, 0.49 0.52 0.46 1.6
5467.01 5pP%,, -5d? Dy, 4.44 4.66 41 16
5210.51 5pPy, -5 D,, 2.54 2.68 2.48 15
4669.78 SpP-7s$ 0.12 0.14 0.22 14
4477.29 5pP-7s$§ 0.06 0.07 0.11 11
4214.00 5pP-6dD 0.16 0.18 — —
4212.14 5pP-6dD 1.44 1.65 11 26
4056.61 SpP-6dD 0.88 0.97 0.6 -
3982.70 5pP-8sS 0.055 0.062 0.062 —
3841.83 5pP-8S 0.030 0.034 0.034 -
3814.16 5pP-7dD 0.082 0.09 - ~
3812.01 5pP-7dD 0.74 0.8 0.52 -
3684.76 5pP-7dD 0.44 0.48 0.3 -

Table 7 - Transition probabilities of Ag I spectral lines
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AAD Transition Present P. TS. CaB.

work
3710.24 5pP-9sS 0.028 0.032 0.03 —
3587.69 S5pP-9%S 0.015 0.018 0.015 —
3626.17 SpP-8dD 0.041 0.05 - —_
3625.71 5pP-8dD 0.43 0.45 0.25 -
3509.02 S5pP-8dD 0.24 0.27 0.13 —_
P. Pichler (10)
T.S. Terpstra and Smit (11)
C.B. Corliss and Bozman (2)

Table7 cont.
) gA (0%

AA) Transition Present P. K.R. C.B.

work
8094.85 4P}, -5¢? Sy, 0.48 0.51 - 2.6
7935.31 41:211‘,‘/’2 -5s? Sy, 0.25 0.27 — 13
5221.51 4p’Py, —4d? D, 0.50 0.54 0.6 0.95
5219.65 4p’Py, ~4¢°D,, 4.58 4.83 45 58
5154.66 4p°P° h -4d? D, 2.55 2.69 24 4.7
4532.05 4pP-6sS 0.13 0.14 0.17 0.65
4481.60 4pP-6sS 0.06 0.07 0.06 —_
4064.38 4pP-5dD 0.17 0.2 - —
4063.78 4pP-5dD 1.61 1.77 1.26 -
4023.76 4pP-5dD 0.9 1.0 0.76 0.77
3862.83 4pP-7sS 0.057 0.062 - —
3826. 12 4pP-7sS 0.027 0.032 — -
3688.76 4pP-6dD 0.086 0.095 — -
3688.48 4pP-6dD 0.78 0.86 - —
3655.27 4pP-6dD 0.44 0.48 — —
3599.03 4pP-8sS 0.028 0.031 — -
3567.14 4pP-8sS 0.015 0.016 - —
3512.99 4pP-7dD 0.043 0.05 — —
3512.83 4pP-7dD 0.43 0.49 — —
3482.60 4pP-7d4D 0.24 0.28 — —
P. Picher (10)
K.R. Kock and Richtler (12)
C.B. Corliss and Bozman (2)

Table 8 Transition probabilities of Cu I spectral lines
Present v
Element  State work Phase Level Atomic Hook Absorption
T (n sec)  shift crossings beam tube

Cu 4p’P° * 7.2%0.3¢ 7.220.7° - 5.0%0.8° 6.5%1.0¢

7.0°

Table 9 - Lifetimes of State of Agl and Cul.
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Present
Element  State work Level Atomic Hook Absorption
T (n sec) crossings beam tube
Ag 5’1’3,2 6.23 6.7° 7.280.7 6.4£0.7" 7.0£0.8!
7.320.48
Ag 5P 6.89 7.560.221 8.0:0.8 7:0.8" 8.78:1"

kS

* Two lifetimes have been calculated for the state of Cul. The lifetimes for
2p,, and ?P,, are 6.51 n sec and 6.34 n sec respectively. In no experimental
report that we know of have these lines been resolved.
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