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Abstract: Using the Coulomb approximation, transition probabilities were calcu.
lated for twcntx lines of the sharp and diffuse series of neutral copper and
silver atoms. The logarithm of the line strength is found to be proportional
to the inverse of the principal quantum number of the upper level. The oscil-
lator strengths of the higher members in the scries are proportional to the
inverse cube of the effective quantum number of the upper levels of the
relevant transitions. Available experimental data were used for comparison.

1. Introduction

Transition probabilities of the spectral lines of metal atoms are not suf-
ficiently known" because of experimental difficulties. This is the case, in par-
ticular, for copper and silver atoms. However, in recent years, more infor-
mation on the transition probabilitics of spectral lines of copper has become
available¥ while, for silver, the transition probabilitics are still largely un-
known*.

In calculating the transition probabilitics, one may choose among several
approximate methods. The quickest and simplest seems to be the Coulomb
approximation of Bates and Damgaard®, which can be successfully applied
to moderately or highly excited lines® and, especially, to spectral lines ori-
ginating in what is called the alkali part of the term diagram of copper and
silver atoms. As will be shown bellow, theoretical oscillator strengths, cal-
culated using the Coulomb approximation, exhibit some interesting proper-
ties which are gencrally in accordance with both experimental and detailed
theoretical results.

* This work was supported in part by the Federal Fund for Scientific Work.
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Table 1
Transition probabilities of Cu I spectral lines calculated in the LS-Coupling-Cou-
lomb approximation.
gA(10's™) |
M4 Transition This work | g pe [ c.B | A.A®
C. A

8092 4p P —55%S, 0351 — 26 -
7933 4 p°P°yy—S5sSy: 027 - 13 -
5220 4p'Py;—4d°Dy 054 0.6 0.95 -
5218 4 p’P°; —4d*Dy, 4.83 45 5.8 -
5153 4pP°;—4d°Dy, 2.69 24 4.1 -
4530 4pP —6sS 0.14 0.17 0.65 -
4480 4pP —6sS 0.07 0.06 - 0.098
4063 4pP —5dD 0.2 - - -
4062 4pP —5dD 177 1.26 — -
4022 4pP —5dD 1.0 0.76 0.77 -
3861 4pP —7sS 0.062 - - -
3825 4pP —7sS 0.032 — - 0.064
3687 4pP —6dD 0.095 - - —_
3687 4pP —6dD 0.86 — - 0.74
3654 4pP —6dD 0.48 - - -
3598 4pP —8sS 0.031 - - -
3566 4pP —8sS 0.016 - - 0.026
3512 4pP —7dD 0.05 - - -
3512 4pP —7dD 0.49 - - -
3481 4pP —7dD 0.28 - - 0.38

2. Transition probabilities

Transition probabilities are closely connected with the knowledge of the
matrix elements of the dipole moment of the radiating electron. Supposing
that this (outer) electron is under the influence of a potential which has
central symmetry, then the angular part of the relevant matrix element is
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Table 2
Transition probabilities of Ag I spectral lines calculated in the LS-Coupling-Cou-
. lomb approximation.
gA(10°s™")
LA Transition This work | 150 | c.B®
C. A

8273 Sp’P°:—65%Sy, 0.5 027 23
7687 SpP°y1— 658y 027 0.17 14
5471 Sp3P°y;—5d°Dy: 0.52 0.46 1.6
5465 5 p?P°y—5d Dy 4.66 4.1 16

5209 5p*P°yy;—5d*Dy 2.68 248 15

4668 SpP —17sS8 0.14 0.22 1.4
4476 SpP —17sS 0.07 0.11 1.1
4212 SpP —6dD 0.18 — _
4210 SpP —6dD 1.65 1.1 26
4055 SpP —6dD 0.97 0.6 -
3981* SpP —8sS 0.062* 0.062* -
3841 SpP —8sS 0.034 0.034 -
s SpP —7dD 0.09 -
3810 SpP —17dD 0.8 0.52 -
3682 S5pP —7dD 0.48 0.3 -
3709 SpP —9sS 0.032 0.03 —
3586 SpP —9sS 0.018 0.015 -
3624 S5SpP —8dD 0.05 - -
3624 SpP —8dD 0.45 0.25 -
3508 SpP —8dD 027 0.13 -

easily calculated in an LS-coupling scheme, while the radial part has to be
numerically computed with approximate radial wave functions. The transi-
tion probability is usually expressed in terms of the absorption oscillator
strength, a dimensionless quantity, by the following relation

& Ap’ =
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where A,,’ is the transition probability:from the level n’ to n,  the angular
frequency of the transition, g, and g,” are the statistical weights of the lower
and upper levels, and f,’, is the absorption oscillator strength. When there is
only one electron above closed shell, oscillator strength is explicitly given
in the LS-coupling scheme by the relation?

c 35 h s ywewin: Ayl el + ) @)
o 2 > >

Herc g, is the Bohr radius, ¢ the fine structure constant, and ) the wave-
length of the spectral line; 27’ + 1 is the statistical weight of the upper le-

vel W(LJL'J,; %-l) denotes the Racah coeficient, J is the total angular

momentum, L the total orbital momentum (letters with indices correspond
to the upper level), l> is the larger of the two orbital angular momenta of
the jumping electron, and ¢* is the square of the radial part of the matrix
clement (in atomic units)

1 H
= [,‘ Ry r RS2 rd r] . 3)
4z —1 |

This relation can be obtained by means of lincar intcrpolation from the
tables of Bates and Damgaard®. R, is the radial wave function in the Cou-
lomb approximation. In order to obtain g2 one has to know [, I’ the orbital
quantum numbers of the jumping electron, and the effective principal quan-
tum numbers of the levels involved in the transition, which are defined by

n," a3 @

Herc E, is the binding energy of the jumping electron (in atomic units).

In general, it may be stated that if two differcnt atoms from the same
column in the periodic system have almost identical term structures, then
their transition probabilities of analogous transitions will be almost iden-
tical, provided thc calculations arc made by usc of the Coulomb approxima-
tion. This condition practically holds for copper and silver atoms if we
restrict our calculations to the alkali part of their encrgy diagrams, where
a single electron is jumping abovc the closed d-shell.

Inspection of the observed Lande factors® indicates that the LS-coupling
scheme is a good approximation for the alkali part of copper and silver
atoms. Therefore, a comparison of the calculated transition probabilities
with experimental values can serve as a direct check of the Coulomb appro-
Ximation.
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The transition probabilities of the sharp and diffuse series for twenty lines
of copper and silver are given in Tables 1 and 2. For the comparison of
copper transition probabilities, three sets of experimental values were
chosen?39. The transition probabilitics measured by Kock and Richter?

logagt
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Fig. 1. Logarithm of A gf for the sharp serics of Cu I as a function of the inversc
principal quantum number.
Coulomb approximation: @ 4 p?P°y:—ns S,
O 4p*P°::—ns'S,:. Experimental points:
+ 4pP°; —65S;» and x 4 p*P°y:—65°Sy; from Kock and Richter?,
V 4 p?P? :—ns?Sy; from Allen and Asaad’.

seem preferable because they used a well-defined plasma source in which
thermal equilibrium for copper atoms was established. Although there are
only a few lines that can be compared with theoretical values, the compa-
rison is more than satisfactory, which proves the validity of the Coulomb
approximation for copper spectral lines. The experimental values of Corliss
and Bozman? are less accurate. At best, they differ from the calculated va-
lues by a factor two or a little less. Recently, Corliss® has published a review
of Cu I oscillator strengths which corrects previously published data® accor-
ding to the temperature obtained with the help of the transition probabili-
tics measured by Kock and Richter?. For the comparison of transitions from
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higher levels, we take from this review? only the corrected values of the
transition probabilities of five appropriate lines measured by Allen and
Asaad!0,

For infrared lines of both copper and silver atoms, the Coulomb approxi-
mation ceases to be fully valid because both the upper and lower levels are
rather low in the energy diagram. For all lines of the sharp series, small
exirapolations of the tables® were made.

In the case of silver, a comparison with the relative transition probabili-
tics measured by Terpstra and Smit¥ can be made along the whole series of
the given spectral lines. Their values were put on the absolute scale with
the calulated value of the 3981 A line (marked by an asterisk in Table 2).
Agrcement is better than within a factor of two; in several cases, the com-
pavison is quite satisfactory. The absolute experimental values of Corliss and
Bozman? for silver sometimes differ by an order of magnitude. This dis-
agreement may be attributed to the unknown inhomogeneous structure of
their plasma source and to the lack of thermal equilibrium among the atoms
of the added elements').

117 020 Qa2s
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Fig. 2. Logarithm of A g f for the diffuse series of Cu I as a function of the inverse
principal quantum number.

Coulomb approximation: @ 4 p*P°,—nd?*Dy;,
A 4pP°y—nd Dy, O 4 p?P°yy;—nd?Dy,. Experimental points:
+ from Kock and Richter).



PROPERTIES OF ... 185

F=1=
w|

b oo
...'v-
n‘_-
=

o0 s 020 0%

Fig. 3. Logarithm of X gf for the sharp series of Ag I as a function of the inverse
principal quantum number. Coulomb approximation: @ 5p!Py,—ns?Sy.,
O 5p?*P°:—ns'S,;. Experimental points: .
x 5p*P°,—nsiSy: and + 5p?P°—ns’S,, from Terpstra and Smit?.

3. Properties of the line strengths

The paper of Terpstra and Smit* includes two interesting diagrams which
show that log)\3g A for both the sharp and diffuse series of silver lines is
proportional to the inverse of the principal quantum number of the upper
level. The quantity A’g A is proportional to A gf or to the line strength?.
Figures 1, 2, 3 and 4 show that, with f-values calculated by the Coulomb
approximation, we again obtain straight lines in the diagrams with logl gf
on the ordinate and (1/n) on the abscissa. Thus the empirical relations of
Terpstra and Smit appear to be confirmed by semiempirical calculations,
now extended to copper lines. The points in Figs. 1 and 3, which belong to
infrared spectral lines, deviate from straight lines. The reason of this may lie
in the breakdown of the Coulomb approximation. Terpstra and Smit have
also stated that the same empirical relation holds for the sharp series of the
alkaline elements and that the slopes of straight graphs have the same pro-
portion as the numbers of the rows of the periodic system, i.e. 2:3:4:6:8
for Li, Na, K, Rb and Cs, respectively. For the first three elements, this rela-
tion can be checked directly with the help of the critical compilation of
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transition probabilities published by Wiese et al%, In the case of copper
and silver, the ratio of the slopes for the sharp series is 0.78 and for the dif-
fusc series 0.725. The latter value s close to 5/7 = 0.714.

logagf
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Fig. 4. Logarithm of A g f for the diffuse series of AgI, as a function of the inverse
principal quantum number. Coulomb approximation: @ 5 p3P°;—nd?*Dy,,
A S p*P°ys—nd?*Dy,, Q 5 piP°%;—nd?D,, Experimental points:
X 5p*P°y,—nd?®Dy; and + 5p*P°y:—ndDy: from Terpstra and Smit*.

4. Properties of the oscillator strengths

It is a well-known fact that oscillator strengths for any series of hydrogen
lincs are proportional to the inverse of the cube of the main quantum num-
ber of the upper level. For heavier atoms, one would expect!¥ a similar
dcpendance, except that 1 should be replaced by n*, i. e. by the effective
main quantum number. In order to find whether the same applies to copper
and silver oscillator strengths, the product of calculated gf values with n"
was plotted against n* (Figs. 5 and 6). Because of the limited usc of the Bates
and Damgaard tables for transitions from very high lcvels, additional points
were taken from the extrapolation of the straight lincs from Figs. 1, 2, 3 and
4. The straight-line extrapolation is justified in the case of silver, as is shown
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Fig. 5. The quantity g f multiplied by n*’ as a function of n* for the sharp and dif-
fuse series of Cu I:

O 4pP°y;—nd Dy, @ 4 p’P°yy—nd*Dy,, A 4 p*Pyys—ns*Sy.

by the results of Terpstra and Smit!. For copper, there is no direct justifi-
cation but the extrapolation is plausible because analogous transitions in
copper and silver atoms have similar oscillator strengths. Figs. 5 and 6 show
that, above well-defined levels, all points lie on the straight lines which are
parallel to the n* axes. This property may be of considerable use in the cal-
culation of the quadratic Stark-constants in which sums over oscillator
strengths appear™. The dependance of oscillator strengths on the inverse
cube of the upper cffective main quantum number may be used in order to
assess the part of the sum over distant levels.

5. Summary and conclusion

The transition probabilitics of copper and silver lines were calculated
using two approximations. The similarity between the observed Lande fac-
tors and the theorctical ones derived from the LS-coupling scheme suggests
the applicability of the LS-coupling approximation to the angular part of the
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matrix elements of the dipole moment. The radial parts of the same matrix
elements were taken from the tabulation of Bates and Damgaard. Their
Coulomb approximation can be applied to moderately and highly excited
levels in the alkali part of the term diagram of neutral copper and silver

&0

Fig. 6. The quantity gf multiplied by n** as a function of n* for the sharp and dif-
fuse series of Ag I:

o 4 P 1P°;y; —nd !Ds/z, ®5 p’P“./; —nd 'D,h, A 5 p ’P°|,'z—n S 28:_ 2.

atoms. The property that the logarithm of ), gf is proportional to 1/n is
shown to be valid for both copper and silver spectral lines except for the
first members in the sharp and diffuse series. Extrapolation to higher mem-
bers of this linear relation was used in order to show that the oscillator
strengths of higher members in each series are proportional to 1/n*. All pro-
perties derived from the theoretical transition probabilities calculated by the
Coulomb approximation arc similar between analogous series of spectral
lines of copper and silver originating in the alkali part of their term diagram.
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SVOJSTVA JAKOSTI OSCILATORA SPEKTRALNIH LINIJA Culi Agl

G. PICHLER

Institut za fiziku Sveucilista, Zagreb

Sadrzaj

Koriste¢i Coulomb-ovu aproksimaciju, izra¢unate su vjerojatnosti prije-
laza za dvadesect linija ostre i difuzne serije bakrenog i srebrnog atoma. Izra-
Cunavanja su pokazala da je logaritam jakosti linije proporcionalan inverz-
nom glavhom kvantnom broju gornjeg nivoa. Jakosti oscilatora visih ¢lanova
u spomenutim serijama, proporcionalne su inverznom kubu efcktivnog glav-
nog kvantnog broja gornjeg nivoa. Niz cksperimentalnih podataka upotrijeb-
ljen je za uporedenje s izraCunatim vrijednostima.





