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Abstract
Quadratic Stark constants of neutral copper spectral lines for all s,p, and d levels
are calculated using the Coulomb approximation. These results are compared with
existing data and, generally, good agreement is observed.

Introduction

In showing the behavior of the energy levels of an
atom under the influence of an external electric field,
quadratic Stark constants are of interest in plasma
spectroscopy in the treatment of quasi-static broadening
of spectral lines [1-3]. In particular, Stark broadening data
are important for radiative transfer calculations and
diagnostics of both laboratory and astrophysical plasmas
[4].

To the best of our knowledge, no experimental data
are available for quadratic Stark constants measured ina
homogeneous external electric field. The Coulomb
approximation used in the calculation of the quadratic
Stark constants will give satisfactory results when applied
tothe transition probabilities [5-7] and lifetimes [5,7-9] of
neutral copper spectral lines with consideration of filled
core atom. Although the quadratic Stark effect has been
evaluated for the hydrogen atom [9-11}, no similar
calculation has been carried out for the copper atom (as far
as we know) except for a few levels [12].

Quadratic Stark Constants

The energy of interaction between an atom and an
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external electric field is given by

wW=-D.& hH
where D is the electric dipole moment of the atom, and &
is the homogeneous external electric field. Higher excited
states have larger dipole moments and are therefore more
strongly shifted.

Shifts of energy levels can be calculated with the help
of time-independent perturbation theory by using the
second order approximation (the first order approximation
vanishes) [14]. If the external field is in the z-direction,
then the shift of the level with the principal quantum
number n is given by
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where j is the total angular momentum, M is its projection
on the z-axis and E is the excitation energy of the level.
The summation is taken over all possible perturbing
levels which are marked with primes. In the theory of line
broadening [2], the frequency shiftof the levelisexpanded
in the power series of the inverse distance between the
source of the electric field (perturber) and the perturbed
atom, i.e.
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- where C# are the Stark constants. The coefficient in the
second term of this series is the quadratic Stark constant,

which, with the help of Equations (2) and (3), is given = .

-~ explicity by the following relation
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Quadratic Stark constants determine the magnitude of

- the shiftof the energy levels in the atom which is under the
“influence of an external electric field.

The square of the matrix element in (4) with the help |

iof LS coupling approximation may be expressed in the
following way [5]:

[(niM1 D, W M= (2j + 1) (2 +1) C*Glj’; -MOM)
D MY (4P 1) WA(Lj 'L'; S1) a’¢*a?

coefficients, respectively. L shows the total angular
momentum, S the total spin momentum, 1 the larger of the
~ two orbital angular momenta of the jumping electron, a,
the Bohrradius, e the electron charge, and o the radial part
of the matrix element which is given by

o
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where R, is the radial wavefunction calculated in the
Coulomb approximation [3, 151.
_The relation (5) is written with the assumption that
~only one electron is above the closed shell of other
*electrons, From (5) it follows that the summation in (4)
" may be taken only over the levels that satisfy the selection
rules:

- Aj=0,1
- AM=0
AS=0
S Al.-: +1 :
CAL=0 %)
- where AL, denotes the change of the total orbital quantum
- number of the parent ion.
. Fromthe definition of C,, it follows that it depends on
- the structure of the energy diagram. Our calculations are
restricted to the s,p and d levels of the alkali part of the

: &) B
where C and W denote the Clebsch-Gordan and Racah
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- term diagrams of the neutral copper. It was shown that

‘both the LS coupling approximation and the Coulomb
approximation are reliable [5,6,13,15]1. We used these
approximations.

Breaking the summation (4) into parts with different

j values and calculating the constant factors on the left of
- o in (5), the explicit expression for the quadratic Stark
. constants of the s; p and d levels may be written as follows
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F05 S c2 (nd3p25n' p 1) Table I. Continued
n' End3p-En'pyp 7p PP 3.26x10
(®)
where o is expressed in A and excitation energies in 8p 2Pij3 -1.49x10-1
cm'. Inorder to obtain the final dimension of C,, one must
includethe factor 1.12x10-'2for [cm* sec'] units. Excitation 8p Py 1.49x10 !
energies were taken from Moore's table [16] which is
limited. Thqs, we used the available termsix?every sumin 8p 2p¥2 8.20x10 1
(8). The revised computer program stated in ref. [5] was
used for these calculations. 9p P2 1.69%10 2
9p PY3 -2.04x10 2
Table I. Quadratic Stark constant of copper atom 9p ZP% 1.63x10 2
C4 C4
Level {cm* sec’!) (cm* sec'!) 10p 2pl2 -3.45x10 12
this work Ref. (13)
10p 2P 2.3x10 2
S5s 28173 4.16x10 1 4.44x10 15
4d D3 +2.29%10 12 4.05x10
6s Sy -6.48x10 15 438x10 1
44 Dy +0.39x10 2 -0.44x10
s 813 -3.83x10
5d D3 +8.94x10 12 +1.36x10 2
8s 813 -1.27x10 10
9s 2513 3.43x10 13
Results and Discussion
ap PY3 -3.01x10# 2.72x10 Table I shows the quadratic Stark constant of this
work. Column 3 shows the only available data using the
4p PP -4.41x10 1.9x10 same method, namely the Coulomb approximation [13].
Generally, good agreement can be seen. However, there
4p P -1.81x10 % 3.77x10 -1 are some differences which are described as follows: (i)
The signs are opposite, except for 5d. As relation (8)
s5p 2pif2 4.9x10 4.92%x10 M show§, th§ only placeg that si‘gn p{ays a role are the
energies in the denominators in which, in general, the
sp P 8.25%10 §47x10 -+ higher principal quantum number,n,corr.esponds.tohigher
energy. Therefore, one expects to obtain negative signs
32 - ) for all C,’s. However, there are exceptions (such as
Sp 7P -2.15x10° 42510 effective ;)n'ncipal quantum number) inpwhich higher n
2 - may correspond to lower energy compared with initial
6p P12 -1.8x10 state. This may make the sign for C,’s positive. (ii) One
can not rely on the results of this reference, because of
6p P3 27.35x10 4 —_— several mistakes which were observed (formulas (5) & (6)
of this reference). Furthermore, this reference made use of
6p PY; 7.02x10 4 —_— the tables of Bates and Damgaard [17] which are limited.
On the other hand, the Coulomb approximation gives
Tp py3 -4.56x1013 —— statisfactory results with regard to the transition
probabilities and lifetimes as mentioned earlier. Therefore,
Tp Y2 -4.47x10 1 — one expects reliable results for quadratic Stark constants.
Due to the difficulties both in calculations and in
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- experiments, no other data, to the best of our knowledge,
exist. A more accurate energy level is needed. This can be
achieved using the latest laser spectroscopy techniques.

One may use the Weisskopf formula in plasma to
deduce the electron density by applying the quadratic
- Stark constant, C,

y=846Nvi(Co¥ ©)

where 7y is the half-width of spectral line, v the mean

velocity of electrons, and N, the electron density [2].
Stark broadening has been measured by various
investigators [3]. Some of these results are tabulated by N.
Konjevic et al. [4]. Stark broadening parameters for
several Cul multiplets were also calculated by R. Konjevic
et al. [18]. Large discrepancies are reported by these
authors. As far as we know, no direct measurement of the
quadratic Stark constant has been reported.
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