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Electron-impact excitation of zinc and ytterbium atoms
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Relativistic distorted wave calculations have been carried out to study the electron-impact excitation of Zn and
Yb atoms from their ground 1S0 state which have outer shell configurations 3d104s2 and 4f 146s2, respectively.
Excitations to the lowest and next-lowest singlet P states viz. (4s4p, 4s5p) 1P1 in Zn and (6s6p, 6s7p) 1P1 in
Yb along with the (6s5d) 1D2 state in Yb have been considered. Differential and integrated cross section results
have been obtained and compared with recent experimental results and theoretical convergent close coupling
calculations. In general, good agreement between the theoretical calculations and experimental measurements
has been observed.
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I. INTRODUCTION

There has been renewed interest in studying electron-
impact excitation from the ground state of zinc and ytterbium
atoms over the last few years [1–8] due to the importance
of such processes in plasma studies. For example, there is
the possibility of using zinc as a replacement for mercury
in high-pressure discharge lamps [9]. As well, ytterbium has
been of interest in biophysical research, where it has been
used in the dry film method for the determination of glucose in
blood plasma [10]. In addition to the requirement for accurate
collision cross section data both of these atoms show strong
relativistic spin-orbit and exchange effect contributions which
reveal the break down of LS coupling [5,11–13]. There have
been limited theoretical investigations of electron scattering
from zinc and ytterbium in the past and a systematic treatment
of such processes is very desirable.

In the earliest study of inelastic scattering from zinc,
Williams and Bozinis [14] measured differential cross sections
(DCSs) for the excitation of the (4s4p) 4 1P1 and (4s5p) 5 1P1

states from the ground state but only at a single incident elec-
tron energy of 40 eV. Kaur et al. [15], in a paper mainly devoted
to the excitation of magnesium, also reported fully relativistic
distorted wave (RDW) calculations for the electron-impact
excitation of the 4 1P1 and 4 3P0,1,2 states of zinc at incident
electron energies of 10, 20, and 40 eV to encourage more
experimental work on this atom. More recently, Panajotović
et al. [1] reported DCS measurements for the excitation of the
4 1P1and 5 1P1 states of zinc for scattering angles up to
12

◦
at low to intermediate electron energies. These DCS

measurements were later extended to scattering angles up to
150

◦
and were presented along with nonrelativistic convergent

close coupling (CCC) calculations in the paper of Fursa
et al. [2]. In this paper they also compared their theoretical
and experimental DCS results with the previous calculations
of Kaur et al. [15] for the excitation of the 4 1P1 state.
Although the RDW calculations of Kaur et al. [15] were
fully relativistic, they used simple single-configuration bound-
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state wave functions and the results were not in as good
agreement with the experimental measurements as the later
CCC calculations [2].

For electron scattering from ytterbium, the first measure-
ments of electron-impact coherence parameters for Yb were
reported by Li and Zetner [11] at 20 and 40 eV incident electron
energies for near forward scattering angles. They detected
the electrons which had been superelastically scattered from
the laser-excited 6s6p 3P1 state of 74Yb which is de-excited
to its ground 6s2 1S0 state. Prompted by such experiments,
Srivastava et al. [13] carried out the first completely relativistic
distorted-wave calculations for the time reversed process, that
is, the electron-impact excitation of the 3P1 fine-structure levels
of the 6s6p state of this atom. They included excitations of
all the fine-structure levels of the 6s6p 3P state as well as
the 6s6p 1P state from the ground 6s2 1S0 state and reported
a selection of collision parameters including DCSs as well as
various Stokes parameters at 20 and 40 eV. These results were
again obtained by using only single-configuration bound-state
wave functions. Thereafter a series of experiments at the
University of Manitoba were conducted to study electron
scattering from ytterbium [5,6,12,16]. Johnson et al. [16] have
measured the DCS for excitation of the 6s6p 1P1 state at
impact energies of 5, 10, 20, 40, and 80 eV while Zetner
et al. [12] studied electron-impact excitation of the 6s6p
3P0,1,2 levels and reported measurements of DCS and Stokes
parameters at collision energies of 10, 20, and 40 eV. In these
two experimental papers [12,16] results were reported only
up to 50

◦
scattering angles. They also reported a comparison

with nonrelativistic unitarized distorted wave approximation
(UDWA) calculations [17] and the RDW results of Srivastava
et al. [13]. Reasonably good agreement was found among the
two theoretical calculations and the experimental results. More
recently the Belgrade group, Predojević et al. [3,4], measured
DCSs for the excitations of the (6s6p) 1,3P1, (6s5d) 1D2, and
(6s7p) 1P1 states at a number of incident electron energies
in the range 10–80 eV and for a wide range of scattering
angles (1◦–150◦). They compared their DCS results for the
6s6p 1,3P1 levels with the UDWA and RDW calculations at
10, 20, and 40 eV but no theoretical results were available at
other energies or for the other excited states. Very recently,
Bostock et al. [8], in light of the new experimental DCS
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results as well as the lack of a comprehensive theoretical study
of electron scattering of ytterbium, applied the convergent
close-coupling method in both the relativistic (RCCC) and
nonrelativistic (CCC) forms to this problem. They reported
differential and integrated cross sections for excitation of the
(6s6p) 3P0,1,2, (6s6p) 1P1, (6s7p) 1P1, and (6s5d) 1D2 states
for a wide range of incident electron energies. They found
reasonable agreement between their theoretical calculations
and the experimental measurements for the various cross
sections.

In view of the latest detailed experimental measurements
and the nonperturbative CCC and RCCC calculations reported
for electron excitation from the ground state of zinc [2] and
ytterbium [8] atoms, in the present work we have repeated our
earlier RDW calculations using elaborate multiconfiguration
wave functions for the bound states and present our improved
results for the DCS and integrated cross sections (ICS) for
excitation of the singlet states of these two atoms in order to
establish the reliability of widely used perturbative approaches
at least in the range of intermediate and high incident electron
energies. We have already carried our similar calculations for
the excitation of the (6s6p) 3P1 of Yb which were reported
in Ref. [5]. The recent applications of our improved RDW
approach to electron-impact excitation of various atoms, viz.
Ca [18], Hg [19], and the inert gases [20,21], where we have
used elaborate multiconfiguration wave functions to describe
the target atoms, have proved to be very successful. These
new RDW calculations for the excitation of Zn and Yb
replace our earlier work [13,15] using simpler bound-state
wave functions in order to test the reliability of the RDW
method for these processes in Yb and Zn as well as future
applications for other atoms. In this paper we have applied the
RDW method to the electron-impact excitations of the 4 1P1

and 5 1P1 states of zinc and the 6 1P1, 7 1P1, and 5 1D2 states
of ytterbium and report detailed differential and integrated
cross sections results. We compare these results with the latest
experimental measurements and theoretical CCC and RCCC
calculations.

The details of our RDW method used in the present work
have been given in our various recent papers [18–21]. In Sec. II,
we briefly describe the calculations of the multiconfiguration
bound-state wave functions of zinc and ytterbium atoms used
in our calculation and give the formula for calculating cross
sections. We present our results in Sec. III and draw some
overall conclusions in Sec. IV.

II. THEORY

The RDW method is a perturbative method involving only
the configurations of the initial and final states of the target.
This is in contrast to multichannel methods such as the CCC
and RCCC which include a large number of excited states in
the expansion of the wave function. The RDW method gives
reliable results at medium and high incident electron energies
and has the advantage of requiring much less computational
power than multichannel methods. Methods such as the CCC
are more reliable at lower energies but become more difficult
to calculate as the energy increases.

Since we include only first-order terms in our calculations,
configurations included in the initial and final wave functions
can only differ by one orbital. We include sufficient configu-
rations in our multiconfiguration wave functions to ensure the
energy of the states and the oscillator strengths (in the case of
allowed dipole excitations) have good accuracy. Generally,
we find that wave functions with the smallest number of
configurations which meet our accuracy criteria give the most
reliable cross sections over a wide range of energies.

The nuclear charges of Zn and Yb are 30 and 70,
respectively, and both atoms have two valence electrons in
their ground states with configurations [Ar]3d̄43d64s2 and
[Xe]4f̄ 64f 86s2 using the j -j coupling notation as described
by Grant [22]. Here d̄, d, f̄ , f denote d and f electron orbitals
having total angular momentum j of 3/2, 5/2, 5/2, and 7/2,
respectively. The transitions considered in the present work are
n 1S0 → n′ 1P1 for Zn (n′ = 4, 5) and Yb (n′ = 6, 7) and also
5 1D2 for Yb. These arise due to electron-impact excitation of
one valence electron from the (ns2) ground state configuration
to either n′p̄ or n′p for the n′ 1P1 excitations as well as to
either 5d̄ or 5d for the 5 1D2 excitation. The ground states for
Zn and Yb have even parity and total angular momentum J =
0 while the excited P states have odd parity with total angular
momentum J = 1 and the excited D states have even parity
with total angular momentum J = 2. To obtain relativistic
multiconfiguration wave function for the ground as well as
excited states of Zn and Yb we have used the Dirac-Fock
GRASP2K program of Jönsson et al. [23]. The singlet P excited
levels with odd parity and J = 1 are connected to the ground
states with even parity and J = 0 by dipole-allowed transitions.
The dipole oscillator strengths for these transitions have also
been obtained from GRASP2K code.

The following set of multiconfiguration wave functions for
the ground and the first excited states of Zn (n = 4) and Yb
(n = 6) have been obtained as

n 1S(J = 0) : a1(ns2)J=0 + a2(nsn′s)J=0 + a3(np̄2)J=0 + a4(np̄n′p̄)J=0 + a5(np2)J=0 + a6(npn′p)J=0

+ a7(n′s2)J=0 + a8(n′p̄2)J=0 + a9(n′p2)J=0 (1)

and

n 1P (J = 1) : b1(nsnp̄)J=1 + b2(nsnp)J=1 + b3(nsn′p̄)J=1 + b4(nsn′p)J=1 + b5(np̄n′s)J=1

+ b6(npn′s)J=1 + b7(n′sn′p̄)J=1 + b8(n′sn′p)J=1, (2)

where n′ = n + 1 and the mixing coefficients ai’s and bi’s have been obtained from the GRASP2K code and are given in Table I.
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TABLE I. The mixing coefficients ai’s and bi’s in Eqs. (1)–(5) obtained from GRASP2K [23] for the ground- and excited-state wave functions
for the various transitions considered in Zn and Yb.

Mixing coefficients Zn Yb Mixing coefficients Zn Yb

Ground state 4 1S0 → 4 1P1 6 1S0 → 6 1P1 6 1S0 → 5 1D2 Excited state 4 1S0 → 4 1P1 6 1S0 → 6 1P1 6 1S0 → 5 1D2

a1 0.9700 0.9664 0.9882 b1 0.4780 0.4721 −0.5684
a2 −0.0543 0.0185 −0.0448 b2 0.6967 0.7352 0.7067
a3 0.1292 0.1648 −0.0945 b3 −0.3094 −0.2967 −0.1157
a4 0.0512 0.0526 −0.1121 b4 −0.4247 −0.3854 0.1049
a5 0.1739 0.1785 b5 −0.0517 0.0016 −0.1463
a6 0.0759 0.0612 b6 0.0738 −0.0021 −0.2385
a7 −0.0185 −0.0002 b7 −0.0256 0.0014 −0.2736
a8 0.0112 0.0089 b8 −0.0348 0.0018
a9 0.0180 0.0109

For the excitation of the (n + 1) 1P1 states in both Zn and
Yb we found a simple spectroscopic configuration was ade-
quate. Thus, the ground-state wave function was represented
by a single (ns2) configuration while the excited states were
given by the spectroscopic configuration wave functions:

(n + 1)1P (J = 1) : c1(nsn′p̄)J=1 + c2(nsn′p)J=1. (3)

The mixing coefficients were found to be c1 = 0.5655 and
c2 = 0.8247 for Zn and c1 = 0.5093 and c2 = 0.8606 for Yb
from the GRASP2K code [23].

Finally, for the 5 1D2 excitation in Yb, the following set of
wave functions for the ground and excited states was used

6 1S(J = 0) : a1(6s2)J=0 + a2(6s7s)J=0

+ a3(5d̄2)J=0 + a4(5d2)J=0 (4)

and

5 1D(J = 2) : b1(5d̄6s)J=2 + b2(5d6s)J=2 + b3(5d̄2)J=2

+ b4(5d̄5d)J=2 + b5(5d2)J=2

+ b6(6s6d̄)J=2 + b7(6s6d)J=2, (5)

whose mixing coefficients obtained from the GRASP2K code
[23] are also included in Table I.

Our calculated optical oscillator strength (OOS) for the
dipole-allowed transitions in Zn and Yb are given in Tables II
and III. These are compared with the critically evaluated
NIST values [24] as well as available experimental [25–28]
and other theoretical [2,8,29–31] results as a check on the
quality of our wave functions. From Table II, we observe that
our calculated OOS for the 4 1P1 → 4 1S0 transition in Zn
is 1.46, which matches the value given by NIST [24] and is
very close to the experimental measurements [25,28] and the
value obtained by the CCC calculation, that is, 1.47. The other
theoretical values [29,30] are also in good agreement. For the

5 1P1 → 4 1S0 transition in Zn there are no experimental values
of the OOS reported in the literature. However, our calculated
value 0.089 is very close to recently reported theoretical results
obtained by Zatsarinny and Bartschat [29] and Liu et al. [30].
The value 0.11 obtained from the CCC calculation [2] and
the theoretical result 0.122 taken from [31] are somewhat
higher. In Table III we observe that our calculated OOS for the
6 1P1 → 6 1S0 transition in Yb is 1.20 from GRASP2K code
[23], which is in good agreement with the other theoretical
and experimental results shown in the table. In contrast, our
calculated OOS for the 7 1P1 → 6 1S0 transition in Yb is 0.22,
which is in very good agreement with the value given by
NIST [24], that is, 0.25 but much higher than the OOS obtained
from the RCCC calculation [8].

The transition matrix for the electron excitation of an atomic
system from initial state |JaMa〉 to final state |JbMb〉 can be
expressed in the first-order RDW approximation as (atomic
units are used throughout the paper)

T (Jb,Mb,μb; Ja,Ma,μa)

= 〈ϕb(1,...,N )F−
b,μb

(kb,N + 1)|V
−U |Aϕa(1,...,N )F+

a,μa
(ka,N + 1)〉, (6)

where Ja , Jb and Ma , Mb are quantum numbers referring
the total angular momentum and z component of the bound
state and μa , μb are the spin projections of the projectile
electron. The transition matrix contains contributions from
direct excitation as well as exchange of projectile electron
with the one of the valence electrons via the antisymmetrizing
operator A. As well, ka and kb are the momenta of the incident
and scattered electron while φa and φb are the wave functions of
initial and final states of the target viz. Zn or Yb, as described
above. V is the interaction potential between the projectile

TABLE II. Optical oscillator strength for different transitions considered in Zn.

Zatsarinny and
Transitions GRASP2K [23] NIST [24] Lurio et al. [28] Doidge [25] CCC [2] Bartschat [29] Liu et al. [30] Verner et al. [31]

4 1S0 → 4 1P1 1.46 1.46 1.46 1.47 1.47 1.45 1.514
4 1S0 → 5 1P1 0.089 0.11 0.095 0.096 0.122
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TABLE III. Optical oscillator strength for different transitions considered in Yb.

Transitions GRASP2K [23] NIST [24] RCCC [8] CCC [8] Lange [26] Baumann and Wandel [27]

6 1S0 → 6 1P1 1.20 1.26 1.29 1.28 1.27 1.30
6 1S0 → 7 1P1 0.22 0.25 0.005

electron and the target atom. The distorted waves F
+(−)
a(b),μa(b)

describing the projectile electrons are the solution of the
relativistic free-particle Dirac-Fock equations with outgoing

(incoming) boundary conditions in the field of the distortion
potential U , which is taken to be ground-state static potential of
the atom. Once we obtain the T matrix, the DCS is calculated

FIG. 1. Differential cross sections (DCSs) (in units of a2
0 sr−1) for electron-impact excitation of the 4 1P1 state of zinc at different incident

electron energies. Theory: solid line, present RDW results; dashed line, previous RDW results [15]; dotted line, CCC calculations [2];
experiment: solid circles, Fursa et al. [2]; open squares, Panajotovic et al. [1]; open circles, Williams and Bozinis [14].
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from the following formula:

dσ

d�
= (2π )4 kb

ka

∣∣T RDW
a→b

∣∣2
. (7)

The ICS have been obtained by integrating the DCS overall
scattering angles.

The bound-state wave functions calculated by the GRASP2K

code [23] converge to at least one part in 106, while the solution
of the free-particle Dirac-Fock equations is accurate to one part
in 105. The accuracy of the radial integration involving these
functions is governed by the accuracy of the integrands as well
as the integration method used. We have accurately evaluated
the oscillating long-range contribution to the direct terms in
the T matrix by using contour integration so the overall error
in the radial integration should not exceed one part in 104.
In evaluating the T matrix in (6) we expand the free wave
functions in partial waves and calculate the individual terms
for increasing values of their angular momentum until they
agree with the equivalent relativistic Born term to one part in
105. We then use the Born subtraction method to effectively
sum this series to infinity. Thus, the overall accuracy of the
results reported here is at least one part in 104 within the RDW
approximation used.

III. RESULTS AND DISCUSSION

A. Generalized oscillator strength

The generalized oscillator strength (GOS) is defined in
terms of the DCS dσ/d� by the following formula [32–34]:

f (K,E) = ωka

2kb

K2

(
dσ

d�

)
, (8)

where ω is the excitation energy for the transition in atomic
units, ka and kb are the initial and final momenta, respectively,
of the electron, and K is the momentum transfer expressed in
terms of the scattering angle θ by the relation

K2 = 2E

[
2 − ω

E
− 2

√(
1 − ω

E

)
cosθ

]
, (9)

where E is the incident electron-impact energy in atomic units.
The limit of the GOS for optically allowed transitions as
K → 0 is the OOS. Since K cannot physically reach this
limit in the case of an excitation process, the resulting GOS
values have to be extrapolated in order to achieve this limit. To
avoid such an extrapolation, Avdonina et al. [32] introduced
the forward-scattering function (FSF), which is the limit of the
GOS when θ = 0. This function depends on the value of the
OOS assumed for the transition in question.

For the 4 1S0 → 4 1P1 excitation measurements in Zn,
Panajotović et al. [1] normalized their results at small
scattering angles to the FSF and the later measurements at
larger scattering angles [2] have been subsequently normalized
to these small-angle results. They used the experimental
oscillator strength 1.47 [25] for this purpose, which is very
close to the value we obtained. For the normalization of the
5 1P1 they used the OOS value of 0.122 [31] which is somewhat
higher than our value of 0.089. Williams and Bozinis have

used the value of 1.46 [28] for the oscillator strength of the
4 1S0 → 4 1P1 transition to normalize their cross sections. This
normalization also determines the normalization of their cross
sections for the excitation of the 5 1P1 state.

For Yb, the experimental DCS results of Predojević et al. [3]
for the excitation of the 6 1P1 state are normalized to the FSF
using a value for the OOS of 1.30 while Johnson et al. [16]
have normalized their DCS data by utilizing the UDW ICSs
at 80 eV, and then employing the optical excitation function
data of Shimon et al. [35] to normalize their results at other
energies. Predojević et al. [4] measured DCS for the excitation
of the (6s7p) 1P1 and (5d6s) 1D2 relative to that for the
excitation of the 6 1P1 state, which was normalized as described
above.

FIG. 2. As for Fig. 1 but for electron-impact excitation of the
5 1P1 state of zinc.
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B. Differential cross sections

1. Zinc

In Fig. 1 we present DCSs for the excitation of the 4 1P1

state of Zn from the ground state for incident electron energies
from 10 to 100 eV. We have included the previous RDW
calculations of Kaur et al. [15] at the available energies in order
to access the improvement obtained by using more elaborate
target wave functions. We have also included the small-angle
measurements of Panajotović et al. [1], the measurements of
Fursa et al. [2] in the scattering angle range up to 150o, as
well as the experimental results of Williams and Bozinis [14]
at 40 eV. The CCC calculations of Fursa et al. [2] are also
included in Fig. 1 for comparison. At 10 eV energy our
present RDW results are close to the CCC calculations of Fursa
et al. [2] although somewhat larger in the forward direction.

We also observe that our previous RDW calculations [15] are
above the other results for all scattering angles. At 15 and 20
eV our results are much closer to the CCC calculations and
the measurements of [1] in the forward direction. Although
our present results and the CCC calculations agree well over
the whole angular range they exceed the experimental results
of [2] at intermediate and large scattering angles. As the
incident energy increases to 40 eV and above, our present
results become closer to the CCC values and agree very well
with the small-angle DCS values of Panajotović et al. [1].
However, at larger scattering angles, both the CCC [2] and the
present calculations tend to be higher than the measurements
of Fursa et al. [2]. At 40 eV the measurements of Williams
and Bozinis [14] are in good agreement at small scattering
angles but exceed both the measurements of [2] and the CCC
and present calculations at intermediate scattering angles.

FIG. 3. Differential cross sections (DCSs) (in units of a2
0 sr−1) for electron-impact excitation of the 6 1P1 state of ytterbium at different

incident electron energies. Theory: solid line, present RDW results; dashed line, previous RDW results [13]; dot-dashed line, RCCC calculation
[8]; dotted line, CCC calculation [8]; dash-dot-dotted line,UDWA calculation [16]; experiment: solid circles, Predojevic et al. [3]; open squares,
Johnson et al. [16].
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In general, we find that the previous RDW results [15] are
substantially higher than the present RDW calculations as well
as the CCC calculations reflecting the larger OOS produced
by the target-state wave functions used there.

In Fig. 2 the DCS for excitation of the 5 1P1 state at 20,
25, and 40 eV incident electron energies are presented and
compared with the CCC calculations and measurements from
Fursa et al. [2], as well as the experimental data of Panajotović
et al. [1] and Williams and Bozinis [14]. As the energy
increases, the present RDW and CCC [2] calculations converge
to the low-angle measurements [1]. At 40 eV, the agreement
with the experimental DCS of Williams and Bozinis [14] is
quite reasonable over the entire range of scattering angles
while at larger scattering angles both theoretical results are
larger than the measurements of [2] at all energies.

2. Ytterbium

Figure 3 shows the DCSs for excitation of the 6 1P1 state
from the ground state of ytterbium at 10, 20, 40, 60, and 80
eV incident electron energies. The present RDW calculations
are compared with the experimental data of Johnson et al. [16]
and Predejović et al. [3], as well as theoretical RCCC and CCC
calculations from [8] and the UDWA calculations of [16,17].
In this figure we have also included the previous RDW results
of Srivastava et al. [13]. At 10 and 20 eV the experimental
data of Johnson et al. [16] up to 70

◦
are seen to lie above

the experimental DCS curve of Predojević et al. [3]. This

FIG. 4. As for Fig. 3 but for electron-impact excitation of the
5 1D2 state of ytterbium.

is primarily due to the different normalization method used in
obtaining the DCS results as discussed earlier. At 10 eV we find
that there is good agreement among the present RDW, CCC,
and RCCC calculations and the measurements of Predojević
et al. [3] up to 40

◦
, after which the various data sets diverge. As

in Zn, the previous RDW results of [13] lie considerably higher.
Above 10 eV the present RDW results are in good agreement
with the CCC and RCCC calculations and measurements
at small scattering angles while the discrepancies at large
scattering angles becomes smaller with increasing energy of
the incident electrons. The UDWA calculations also show
reasonable agreement with other theories at higher energies.

Our present RDW DCS results for excitation of the 5d6s
1D2 state from the ground state are presented in Fig. 4 at 10-
and 20-eV incident electron energies and compared with the
measurements of Predojević et al. [4] and the RCCC and CCC
calculations [8]. At 10 eV for scattering angle up to 50◦ all the
theoretical results agree reasonably well with the experimental
data. At larger scattering angles our RDW calculations predict
a larger cross section with respect to the CCC and RCCC
calculations while the experimental measurement is lower
by roughly the same amount. At 20 eV our RDW results
are in relatively good agreement with the RCCC and CCC
calculations [8] over the entire range of scattering angles. The
experimental results of Predojević et al. [4] agree with the the-
oretical results up to 50◦ but are considerably lower for larger
angles though the shape is similar to the theoretical curves.

FIG. 5. As for Fig. 3 but for electron-impact excitation of the
7 1P1 state of ytterbium.
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Finally, in Fig. 5 we show our present RDW calculations of
the DCS for the excitation of the 7 1P1 state at 20 and 40 eV. Our
results are in good agreement with the experimental results of
Predejović et al. [4] over most of the angular range. However,
both the RCCC and the CCC DCSs of [8] are significantly
lower at all angles, reflecting the much smaller values of the
OOS they find.

C. Integrated cross sections

In Figs. 6 and 7, respectively, we show our ICSs for the
different transitions considered in Zn and Yb. In Fig. 6 for
Zn, we include the ICS obtained from the DCS measurements
of [2,14] and the CCC calculations of [2] as well as those
of Zatsarinny and Bartschat [29] and the measurements of
Shpenik et al. [36] for excitation of the 4 1P1 state. We observe
that the ICS results follow the general trends seen for the
DCS; that is, the agreement improves with the measurements
of the Belgrade group and the CCC calculations as the
energy increases. The ICS of Williams and Bozinis [14]
are considerably above the other results, as expected from
their DCS measurements. The calculations of Zatsarinny and
Bartschat [29] produce results close to those of the CCC
calculations [2] while the low-energy measurements of [36]
agree with the lowest-energy measurement of [2].

For the excitation of Yb, we include the ICS results obtained
from the DCS measurements of [3,4,16] in Fig. 7. We have also
included the CCC and RCCC results of [8], the UDWA calcu-

FIG. 6. Integrated cross sections (ICSs) (in units of a2
0 ) for

electron-impact excitation of the 4 1P1 and 5 1P1 states of zinc.

FIG. 7. Integrated cross sections (ICSs) (in units of a2
0 ) for

electron-impact excitation of the 6 1P1, 5 1D2 and 7 1P1 states of
ytterbium.

lations from [16], as well as our previous RDW results [13].
Reflecting the behavior of the DCS, the measurements of [16]
as well as the UDWA [16] and previous RDW [13] calculations
are substantially above the present results. We agree well with
results obtained from the DCS measurements of [3,4] as well
as the CCC and RCCC calculations [8] with the exception of
the excitation of the 7 1P1 state, where the CCC and RCCC
results are much lower, as we have shown for the DCS.

IV. CONCLUSIONS

We have used our RDW method to calculate the differential
and integrated cross sections for electron-impact excitation of
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the 4 1P1 and 5 1P1 in Zn and 6 1P1, 7 1P1, and 5 1D2 states in
Yb from their ground states. The results are compared with the
recent experimental results and theoretical CCC calculations.
The use of elaborate multiconfiguration bound-state wave
functions lowers our present results from our previous RDW
calculated values, bringing them into significantly better
agreement with the measurements of the Belgrade group and
the CCC and RCCC calculations. Obtaining accurate values for
the OOS is crucial in obtaining reliable DCS results for these
atoms. The use of differing values of the OOS to normalize
the experimental measurements contributes to the problem of
comparison between theory and experiment. It is important to

have accurate values for these quantities for both experimental
and theoretical applications.
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