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Resonance enhanced electron impact excitation for P-like Cu XV∗
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Employing both the Dirac 𝑅-matrix and the relativistic distorted wave with independent process and isolated reso-
nance approaches, we report resonance enhanced electron impact excitation data (specifically, effective collision strengths)
among the lowest 41 levels from the n = 3 configurations of Cu XV. The results show that the latter approach can obtain
resonance contributions reasonably well for most excitations of Cu XV, though a comparison between the two approaches
shows that the close-coupling effects are truly significant for rather weak excitations, especially for two-electron excitations
from the 3s3p4 to 3s23p23d configuration. Resonance contributions are significant (more than two orders of magnitude) for
many excitations and dramatically influence the line intensity ratios associated with density diagnostics.
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1. Introduction
In astrophysical and laboratory plasmas, the spectra

(or emission lines) of highly charged P-like ions are often
observed.[1] The lines are very helpful in comprehension of
density fluctuations and basic processes in both astrophysi-
cal and laboratory plasma.[2] Over the decades, many of P-
like lines of Cu XV have also been observed in tokamak dis-
charges, laser-produced plasma, or the beam-foil spectrum.[3]

Copper and gold can form an alloy, which can be easily used
in a Hohlraum (or cavity) as wall material[4] to maximize the
laser to x-ray conversion efficiency in inertial confinement fu-
sion (ICF).[5] In addition, the current design of the ignition
target in the National Ignition Facility is a capsule of copper-
doped beryllium with a smooth deuterium-tritium solid layer
on the inner surface.[6] Hence, the emission lines from highly
charged ions of copper, including Cu XV, are expected to be
of diagnostic potential in the ICF plasma. To achieve this di-
agnostic goal, it is required that a large number of atomic pa-
rameters, such as the rates of electron impact excitation (EIE,
which is the current research focus[7–9]). One has to heavily
rely on theoretical calculations due to the scarcity of the ex-
perimental data.

No reports are available in the literature on the EIE of
Cu XV to the best of our knowledge, though a few studies
on energy levels and radiative rates are found.[10–12] Previ-
ous researches on EIE for other P-like ions, such as S II,[13]

Cl III,[14] K V,[15] Ca VI,[16] and Fe XII[2,17–20] showed that
resonance contributions can be significant for the EIE data
(specifically, effective collision strengths, i.e., ϒ values). We
note that the 𝑅-matrix method within a close-coupling frame-
work is adopted for the calculations on the EIE of all these
Z≤ 26 ions, though they can be treated in a second way, which
is based on the first-order Born approximation, as done in the
study on direct excitation (DE) in Ni XIV by Landi et al.,[21]

and the further work performed by Wang et al.,[22] in which
resonance contributions were included via the independent
process and isolated resonance approximation using distorted-
waves (hereafter IPIRDW)[23] and the Dirac 𝑅-matrix (DRM)
approach.[24,25] It is found that resonance contributions are
also of vital importance for Ni XIV.[22]

In this work, we report on the EIE cross sections among
the 41 levels from the n = 3 (3s23p3, 3s3p4, and 3s23p23d)
configurations of Cu XV. The EIE cross sections and effec-
tive collision strengths among these levels are very helpful for
density diagnostics.[2,20,21,26] To take into account resonance
contributions as in Ref. [22] and assess the accuracy of atomic
data, we study the EIE processes by employing both the DRM
and the relativistic distorted-wave (RDW) together with the
IPIRDW approaches. Both approaches have been integrated in
the FAC.[27,28] We deliberately keep target expansion identical
for the two approaches. Therefore, the differences between
the two approaches are mainly due to the close-coupling ef-
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fects. For most excitations, the two sets ϒ values from both
approaches agree with each other within 20%, though the im-
portance of close-coupling effects has truly been found for a
number of weak excitations, especially for those weak two-
electron transitions from 3s3p4 to 3s23p23d configuration. The
FAC code[27,29] is used throughout the present study.

2. Calculations
The present calculations are similar to our recent paper

(see Wang et al.,[22]) which is preferred for detail calculations.
Here we only present a brief description of the calculation.
In the DRM calculation, we take into account the 41 levels
from the n = 3 configurations of Cu XV in both the target CI
expansion and the close-coupling expansion of the following
calculation of the scattering problem. The 𝑅-matrix bound-
ary r0 is set to enclose the 1s, 2s, 2p, 3s, 3p, and 3d orbital
wavefunctions with amplitude more than 10−6. Exchange ef-
fects are included for l ≤ 12 in the 𝑅-matrix inner region (i.e.,

r ≤ r0), whereas we neglect them in the outer region. To ob-
tain detailed resonance structures, we use a 0.01 eV energy
mesh for energies less than 95 eV, which is a little higher than
the largest threshold of the 41 target levels as listed in Table 1,
whereas a coarse energy mesh (5 eV) is used for high-energy
(up to 1.5 keV) collision strength (Ω ) calculations. Up to
l = 60 partial waves and 50 radial basis functions per partial
wave are considered in the calculation. Convergent Ω values
with energies less than 1.5 keV are expected from these partial
waves for forbidden excitations, whereas for dipole-allowed
transitions, the present DRM ϒ values are convergent at up to
∼ 106.8 K from comparison with the following DW results.

In the IPIRDW approach, we calculate direct excitation
(DE) and resonance excitation (RE) separately. Using the
RDW method, which is also implemented in the FAC code,[27]

we can straightforwardly perform the calculation of DE col-
lision strengths. Here we take into account up to l = 75
of the partial-wave expansion to obtain convergent collision

Table 1. Target state energies relative to the ground state (in eV) and lifetimes of Cu XV.

No. Conf. Level E(FAC) E(NISTv5) τ/s LS mixing purity(No.)
1 3s23p3 4S3/2 0.0000 0.0000 — 94(1)
2 3s23p3 2D3/2 6.7081 5.9438 3.20×10−3 84(2)
3 3s23p3 2D5/2 7.8596 7.1667 4.06×10−2 100(3)
4 3s23p3 2P1/2 12.7378 11.2957 8.43×10−4 100(4)
5 3s23p3 2P3/2 14.4911 13.1376 3.47×10−4 81(5)
6 3s3p4 4P5/2 40.4087 41.7950 3.97×10−10 88(6)
7 3s3p4 4P3/2 42.5747 3.52×10−10 88(7)
8 3s3p4 4P1/2 43.4422 3.26×10−10 86(8)
9 3s3p4 2D3/2 51.4934 1.70×10−10 73(9)

10 3s3p4 2D5/2 52.0556 1.98×10−10 75(10)
11 3s3p4 2P3/2 59.0868 59.2400 8.30×10−11 50(26),40(11)
12 3s3p4 2P1/2 59.7376 7.03×10−11 34(13),27(35),26(12)
13 3s3p4 2S1/2 63.0531 9.86×10−11 43(13),25(35),15(12)
14 3s23p2(3P)3d 4F3/2 63.1963 1.68×10−9 94(14)
15 3s23p2(3P)3d 4F5/2 64.0759 2.96×10−9 90(15)
16 3s23p2(3P)3d 4F7/2 65.3739 1.56×10−8 94(16)
17 3s23p2(1D)3d 2F5/2 66.3868 2.90×10−9 44(17),31(36)
18 3s23p2(3P)3d 4F9/2 66.8771 5.32×10−3 96(18)
19 3s23p2(1D)3d 2F7/2 67.3219 1.45×10−8 46(23),32(19)
20 3s23p2(3P)3d 4D1/2 67.3343 5.14×10−10 96(20)
21 3s23p2(3P)3d 4D3/2 67.5193 5.46×10−10 94(21)
22 3s23p2(3P)3d 4D5/2 68.5379 7.35×10−10 68(22),12(17)
23 3s23p2(3P)3d 4D7/2 70.7093 7.18×10−8 47(23),26(19)
24 3s23p2(1D)3d 2G7/2 74.8482 1.25×10−9 94(24)
25 3s23p2(1D)3d 2G9/2 75.6415 1.09×10−3 96(25)
26 3s23p2(3P)3d 2P3/2 77.9613 8.69×10−12 38(11),32(37)
27 3s23p2(3P)3d 4P5/2 78.2897 76.8271 6.87×10−12 84(27)
28 3s23p2(3P)3d 4P3/2 79.0004 77.6468 8.52×10−12 59(28),14(30)
29 3s23p2(3P)3d 4P1/2 79.4514 78.5190 7.14×10−12 64(29),16(31)
30 3s23p2(1S)3d 2D3/2 80.1836 1.64×10−11 29(30),28(41),24(28)
31 3s23p2(1D)3d 2P1/2 80.7794 7.93×10−12 37(31),27(12),22(29)
32 3s23p2(1S)3d 2D5/2 82.6060 83.7700 2.06×10−11 46(40),39(32)
33 3s23p2(1D)3d 2D5/2 85.8046 1.08×10−11 62(33),23(32)
34 3s23p2(1D)3d 2D3/2 85.8750 83.3645 7.12×10−12 72(34)
35 3s23p2(3P)3d 2P1/2 87.3340 7.33×10−12 40(31),30(35)
36 3s23p2(3P)3d 2F5/2 88.3914 5.52×10−12 44(36),33(17)
37 3s23p2(1D)3d 2P3/2 88.9915 87.2319 7.56×10−12 46(37),29(26)
38 3s23p2(3P)3d 2F7/2 89.4626 87.3105 5.63×10−12 62(38),36(19)
39 3s23p2(1D)3d 2S1/2 90.8064 7.55×10−12 70(39)
40 3s23p2(3P)3d 2D5/2 93.7658 91.1425 6.26×10−12 43(40),27(32)
41 3s23p2(3P)3d 2D3/2 93.8331 91.2076 6.55×10−12 54(41),42(30)
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strengths. Partial waves with higher contributions are consid-
ered via the Coulomb–Bethe approach. We calculate collision
strengths at six scattered electron energies Ef = 3, 17, 104,
279, 975, and 2621 eV, during which CIs within all the 41
levels are included in the calculation.

The RE contributions are considered via the IPIRDW ap-
proach. For more details of the IPIRDW approach, our recent
works on H-like Fe XXVI,[30] Ne-like Se XXV,[31] and Ni-like
ions[32–35] are preferred. Here the related S-like doubly ex-
cited levels from 3s23p3n′l′, 3s3p4n′l′, and 3s23p23dn′l′ with
l′ ≤ 8 are explicitly included up to n′ = 75, and higher n′ con-
tributions up to n′ = 200 are included via the (n′)−3 scaling
law.[32,36] CI among the 3s23p3, 3s3p4, 3s23p23d configura-
tions are all included for Cu XV, and the CI within the same
complex is considered for S-like Cu XIV. Our test calculation
shows that radiative damping effects are not important (the ef-
fects are less than 2% for 99% excitations at 106.4 K, where
the fractional abundance of Cu XV peaks[37]), thus we neglect
them in both DRM and IPIRDW calculations.

3. Results

In Table 1, level designations, energies, and life-
times of the 41 levels of Cu XV are listed. The

present target energies agree with the NIST ones
(http://www.nist.gov/pml/data/asd.cfm) within 2 eV, but with
four exceptions up to 2.6 eV for levels 34, 38, 40, and 41. We
also note that, although the designation and the corresponding
configuration is unique for most levels in Table 1, there exist
a few levels for which the designation is ambiguous because
the mixing between two levels (or even among more levels in
some cases) is very strong, such as levels 12, 26, and 30. In
such cases, our LS mixing purity listed in Table 1 could be
helpful for further redesignation of them.

In Table 2, we report the ϒ values for all the 820 ex-
citations among the 41 levels in the temperature range of
105.2 ≤ Te ≤ 106.8 K. Three sets of ϒ values are reported
for each excitation. The first row is the DE ϒ values from the
RDW calculation, the second row is the DE+RE ϒ values from
the IPIRDW approach (hereafter the IPIRDW ones), and the
third row is the ϒ values from the DRM calculation (hereafter
the DRM ones). Table 2 shows that RE enlarges dramatically
many excitations, and that both the IPIRDW and DRM ϒ val-
ues agree well with each other for most excitations. In the
following, we first make detailed comparisons between both
the DRM and IPIRDW ϒ values for a few typical excitations;
secondly, we study the overall resonance enhancement of the
ϒ values and the overall agreement of ϒ values from the DRM

Table 2. Effective collision strengths of excitations for Cu XV. Three sets effective collision strengths for each transition are present
in this table, the first row is the DE effective collision strengths from RDW, the second and the third row are the DE+RE ones from
the IPIRDW and DRM approaches. Only a portion of excitation data among the ground configuration are shown here. The whole
excitation data among the 41 levels will be available in the journal homepage.

Electron temperature (lgTe, K)i j
5.2 5.4 5.6 5.8 6.0 6.2 6.4 6.6 6.8

1 2 5.40×10−2 5.29×10−2 5.13×10−2 4.91×10−2 4.63×10−2 4.28×10−2 3.88×10−2 3.46×10−2 3.04×10−2

6.34×10−1 6.63×10−1 6.33×10−1 5.48×10−1 4.36×10−1 3.27×10−1 2.36×10−1 1.67×10−1 1.17×10−1

6.39×10−1 6.51×10−1 6.13×10−1 5.26×10−1 4.17×10−1 3.12×10−1 2.25×10−1 1.59×10−1 1.12×10−1

1 3 8.03×10−2 7.89×10−2 7.69×10−2 7.41×10−2 7.05×10−2 6.61×10−2 6.10×10−2 5.56×10−2 5.02×10−2

8.17×10−1 7.94×10−1 7.23×10−1 6.10×10−1 4.80×10−1 3.61×10−1 2.63×10−1 1.91×10−1 1.39×10−1

7.74×10−1 7.59×10−1 6.97×10−1 5.90×10−1 4.66×10−1 3.51×10−1 2.57×10−1 1.86×10−1 1.35×10−1

1 4 1.03×10−2 1.00×10−2 9.59×10−3 9.03×10−3 8.31×10−3 7.47×10−3 6.54×10−3 5.60×10−3 4.71×10−3

1.57×10−1 1.46×10−1 1.26×10−1 1.02×10−1 7.70×10−2 5.59×10−2 3.94×10−2 2.73×10−2 1.88×10−2

1.75×10−1 1.68×10−1 1.50×10−1 1.23×10−1 9.37×10−2 6.81×10−2 4.78×10−2 3.30×10−2 2.25×10−2

1 5 1.45×10−2 1.40×10−2 1.34×10−2 1.25×10−2 1.13×10−2 9.99×10−3 8.49×10−3 6.95×10−3 5.47×10−3

3.37×10−1 3.22×10−1 2.84×10−1 2.32×10−1 1.76×10−1 1.27×10−1 8.83×10−2 5.99×10−2 4.00×10−2

3.61×10−1 3.56×10−1 3.22×10−1 2.66×10−1 2.04×10−1 1.47×10−1 1.02×10−1 6.94×10−2 4.62×10−2

2 3 1.57×10−1 1.54×10−1 1.51×10−1 1.47×10−1 1.41×10−1 1.35×10−1 1.28×10−1 1.20×10−1 1.13×10−1

3.35×100 2.99×100 2.58×100 2.10×100 1.62×100 1.19×100 8.52×10−1 6.03×10−1 4.29×10−1

2.88×100 2.57×100 2.22×100 1.82×100 1.40×100 1.04×100 7.45×10−1 5.30×10−1 3.79×10−1

2 4 2.34×10−1 2.33×10−1 2.32×10−1 2.30×10−1 2.29×10−1 2.27×10−1 2.25×10−1 2.24×10−1 2.24×10−1

7.97×10−1 7.52×10−1 6.82×10−1 5.92×10−1 4.99×10−1 4.19×10−1 3.56×10−1 3.11×10−1 2.80×10−1

7.09×10−1 6.76×10−1 6.19×10−1 5.42×10−1 4.60×10−1 3.87×10−1 3.30×10−1 2.89×10−1 2.59×10−1

2 5 1.43×10−1 1.42×10−1 1.41×10−1 1.40×10−1 1.38×10−1 1.36×10−1 1.33×10−1 1.31×10−1 1.30×10−1

7.74×10−1 7.46×10−1 6.80×10−1 5.82×10−1 4.74×10−1 3.76×10−1 2.98×10−1 2.41×10−1 2.01×10−1

7.23×10−1 7.04×10−1 6.50×10−1 5.62×10−1 4.60×10−1 3.66×10−1 2.89×10−1 2.33×10−1 1.93×10−1

3 4 1.92×10−1 1.91×10−1 1.89×10−1 1.88×10−1 1.86×10−1 1.84×10−1 1.82×10−1 1.81×10−1 1.80×10−1

9.35×10−1 7.74×10−1 6.39×10−1 5.21×10−1 4.22×10−1 3.46×10−1 2.90×10−1 2.52×10−1 2.26×10−1

7.73×10−1 6.67×10−1 5.71×10−1 4.78×10−1 3.95×10−1 3.26×10−1 2.74×10−1 2.38×10−1 2.11×10−1

3 5 5.35×10−1 5.33×10−1 5.30×10−1 5.26×10−1 5.22×10−1 5.17×10−1 5.13×10−1 5.10×10−1 5.08×10−1

2.04×100 1.85×100 1.63×100 1.39×100 1.16×100 9.63×10−1 8.15×10−1 7.09×10−1 6.38×10−1

1.77×100 1.65×100 1.49×100 1.28×100 1.08×100 9.01×10−1 7.64×10−1 6.65×10−1 5.94×10−1

4 5 6.91×10−2 6.81×10−2 6.68×10−2 6.51×10−2 6.30×10−2 6.04×10−2 5.76×10−2 5.48×10−2 5.20×10−2

2.70×100 2.37×100 2.02×100 1.63×100 1.24×100 8.94×10−1 6.28×10−1 4.33×10−1 2.99×10−1

2.09×100 1.85×100 1.59×100 1.30×100 9.92×10−1 7.23×10−1 5.11×10−1 3.56×10−1 2.48×10−1
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and IPIRDW approaches for all the 820 excitations; and fi-
nally, using the collisional radiative model (CRM), we calcu-
late the line intensity ratios (or line pairs), which shows that
the resonance enhancement effect is important and that the
IPIRDW ones agree with those of DRM.

In Fig. 1(a), we compare cross sections and the cor-
responding effective collision strengths calculated by both
DRM and IPIRDW approach for excitation 1–2 (3s23p34S3/2–
3s23p32D3/2). We convolute the cross sections with a 2.35-eV
normal distribution function in Fig. 1 and other following
cross sections. Under such convolution, it is easier to see the
resonance structures, and different Rydberg series peaks still
can be separated, as shown in Fig. 1. Excitation 1–2 is a mixed
(E2+M1) forbidden transition. The cross sections are dramat-
ically enlarged in the threshold region, and the ϒ values are
enlarged by a factor of 10.4–2.5 over 105.0–107.2 K. Both the
IPIRDW and DRM background (DE) cross sections agree well
with each other. Almost identical resonance structures have
been obtained from both the IPIRDW and DRM approaches,
while the ϒ values from the two approaches also agree well
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Fig. 1. (color online) Cross sections (in Mb, 1 Mb = 10−18 cm2) for transi-
tions 1–2. In panel (a), the dashed lines and the dotted lines are DE values
and DE+RE values from the IPIRDW approach. The solid line is the re-
sult from DRM. The inset presents the effective collision strengths for 1–2
excitation. (b) The partial RE cross sections through 3s23p3n′l′ (dashed
line), 3s3p4n′l′ (dotted line) and 3s23p23dn′l′ (dash-dot-dotted line) reso-
nance complexes series.

with each other to within 8%. Figure 1(b) shows that the reso-
nance contributions mainly come from the S-like 3s23p23dn′l′

complex series over the whole threshold region, and the cross
section peaks around 8, 25, 38, 47, and 53 eV are from the
complex series with n′ = 6–10, respectively. For other excita-
tions among the ground configuration, there are similarly good
agreements between the IPIRDW and DRM results, while the
RE contributions are also dominated by the 3s23p23dn′l′ com-
plex series.

Figure 2(a) presents the ϒ values of resonance transitions
(∆S = 0, ∆L≤ 1, E1) from the ground level to 3s3p4 configu-
ration, i.e., 1–6, 7, 8 (3s23p34S3/2–3s3p44P5/2,3/2,1/2). Reso-
nance contributions to these strong transitions are small (less
than 10%). The ϒ values from both IPIRDW and DRM ap-
proaches agree with each other within 6% below 106.6 K, and
the DRM ones at higher temperature are not converged due
to the high partial-waves contributions and the higher energy
(above 1.5 keV) collision strengths have not been considered.
Transitions from the ground level to the other 5 levels (Nos.
9–13) in the 3s3p4 configuration are all intercombination
(spin-changed) E1 transitions. We plot the cross sections of
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Fig. 2. (color online) (a) DE+RE effective collision strengths from both
the IPIRDW and DRM approaches and DE ones from RDW for excita-
tions 1–6, 7, and 8. (b) Cross sections from the IPIRDW and DRM ap-
proaches for excitation 1–9. The partial contributions through 3s3p4n′l′,
and 3s23p23dn′l′ resonance complexes series are shown in the inset.
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excitation 1–9 (3s23p34S3/2–3s3p42D3/2) in Fig. 2(b), and the
excitation is not strong and dramatically enlarged by reso-
nances over the threshold region. These intercombination E1
excitations are much like forbidden ones. Both the IPIRDW
and DRM background cross sections agree well with each
other. The IPIRDW approach underestimates the resonance
contributions to these excitations. Figure 2(b) also shows
that the resonance contributions mainly come from the S-like
3s23p23dn′l′ complex series over the threshold region. The
complex series can decay to the levels of the P-like 3s3p4 con-
figuration via a three-electron transition, during which one of
the three electrons is autoionized, and the orbitals of the other
two electrons are changed. These three-electron transitions
can occur owing to strong core mixing between 3s3p4 and
3s23p23d configurations. As we only consider CI within the
same complex in the IPIRDW approach, the discrepancies of
cross sections from the two approaches in the threshold region
are not unexpected. However, for the transition, the agreement
of ϒ values from both approaches is still satisfactory as shown
in Table 2, for example within 23% for 1–9 over the range of
105.0–107.2 K. Good agreement also exists for other transitions
in the array of 3s23p3–3s3p4, as seen from Table 2.

In Figs. 3–5, we compare certain transitions from the
ground level to the levels in the 3s23p23d configuration. Fig-
ure 3 shows the ϒ values of excitations 1–27, 28 and 29, i.e.,
3s23p34S3/2–3s23p2(3P)3d4P5/2,3/2,1/2, which are also reso-
nance E1 excitations and the strongest excitations from the
ground level. Resonance contributions to the three excitations
can be neglected and ϒ values from the IPIRDW approach
are larger than its DRM counterparts at most by about 10%
over the range of 105.0–106.8 K. Figure 4 shows the com-
parison of the IPIRDW and DRM cross sections and their
ϒ values for excitation from the ground level to level 14
(3s23p2(3P)3d4F3/2), which is a spin-unchanged and E1 tran-
sition. However, it behaves as a forbidden transition due to
∆L≥ 2. The resonance enhancement of the transition is of im-
portance at low temperature. The background cross sections
from the two approaches agree with each other within 8%,
though resonance structures slightly differ from each other.
Consequently, the ϒ values from the two approaches agree
with each other within 8%. Figure 5 shows cross sections
from the two approaches and ϒ values for forbidden transition
1–24, i.e., 3s23p34S3/2–3s23p2(1D)3d2G7/2, which is a rather
weak transition and resonance excitation dominates over all
the temperature range. Resonance contributions can enhance
the ϒ values by up to around two orders of magnitude at low
temperatures. The DRM background cross sections are larger
than its IPIRDW counterparts by around 20%. The cross sec-
tions from the two approaches agree well with each other and
the agreement of the corresponding ϒ values are within 28%,
which is still acceptable.
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Fig. 3. (color online) DE+RE effective collision strengths from both the
IPIRDW and DRM approaches and DE ones from RDW for excitations
1–27, 28, and 29.
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IPIRDW and DRM approaches and DE background ones for excitation
1–14, of which the effective collision strengths are shown in the inset.
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Fig. 5. (color online) Cross sections and effective collision strengths for
excitation 1–24, the same as Fig. 4.

Figures 6 and 7 show the comparisons of two rather weak
(as indicated from their cross sections) two-electron-transition
excitations 7–24 and 6–27 between the levels of 3s3p4 and
3s23p23d configurations. Such excitations can occur because
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of the interaction between these two configurations. For most
two-electron-transition excitations, the ϒ values from the two
approaches agree well with each other. As shown in Fig. 6 for
7–24 excitation, the agreement of the ϒ values from the two
approaches is satisfactory, being within 16% over the range of
105.0–107.0 K, and resonance enhancements of the excitation
over the threshold region are of vital importance. However, for
a number of two-electron-transition excitations, the ϒ values
from the two approaches largely differ from each other, which
shows the importance of the close-coupling effects. As shown
in Fig. 7 for 6–27 excitation, the close-coupling effects are so
important for the excitation that the DRM ϒ values are larger
than their IPIRDW counterparts by up to a factor of about 2,
whereas the resonance enhancements of the excitation are so
small that they could be neglected.
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Fig. 6. (color online) Cross sections and effective collision strengths for a
two-electron excitation 7–24, the same as Fig. 4.
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Fig. 7. (color online) Cross sections and effective collision strengths for a
two-electron excitation 6–27, the same as Fig. 4.

Figure 8, in which we present the ratios of the DE+RE ϒ

values to the DE ones at Te = 105.2 K, shows the overall impor-
tance of resonance contributions to ϒ values. Statistic results
show that resonance contributions can enlarge the ϒ values at
Te = 105.2 K by more than 20% and a factor of 2 for 112 and

244 out of all the 820 transitions, respectively. Whereas at
higher temperature, resonance contributions become smaller
as expected.

Te=105.2 K i=1
i=2
i=3
i=4
i=5
i>5

Upper level indices

(D
E
+

R
E
)/

D
E

5 10 15 20 25 30 35 40

102

101

100

Fig. 8. (color online) DE+RE effective collision strengths from the
IPIRDW approach over the DE ones from the RDW method at Te =
105.2 K. The horizontal axis values are the upper level of excitations. The
squares, circles, up-triangles, down-triangles, diamonds, and crosses are
the excitations from levels i = 1, 2, 3, 4, 5, and others, respectively.

Figure 9 shows the overall comparison of ϒ values from
the two approaches at Te = 106.4 K, where the fractional abun-
dance is of Cu XV peaks.[37] Statistic results show that the ϒ

values from the two approaches agree with each other within
20% for 670 out of all the 820 transitions. There are 112 ex-
citations with large difference (more than 20%) between the
two sets of ϒ values, for which the DRM ones are all larger
than the IPIRDW one. In addition, most of the excitations (67
out of 112 transitions) are the two-electron transitions from
the 3s3p4 to 3s23p23d configuration. The large differences ob-
viously come from the differences between the background
collision strengths from the two approaches.
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Fig. 9. Comparisons of effective collision strengths from the IPIRDW and
DRM approaches at Te = 106.4 K.

P-like ions are very useful for density diagnostics.[2,19,26]

The most useful density diagnostics line pairs (or line intensity
ratios) are related to the strong allowed lines from the 3s23p3

to 3s23p23d configuration with wavelengths in the range of
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132–255 Å, and those from the 3s23p3 to 3s3p4 configura-
tion with wavelengths in the range of 196–479 Å. To illus-
trate the resonance excitation effects on line pairs, we make a
test calculation using the collisional radiative model (CRM),
in which electron impact excitation and de-excitation rates,
radiative rates among the 41 levels are considered. All the
E1, M1, E2, and M2 radiative rates are calculated by us-
ing the FAC code. Employing the electron impact excitation
data in Table 2 together with steady-state rate equations from
Dufton,[38] we can obtain relative level populations and sub-
sequently emission-line intensities of Cu XV. Present results
show that resonance contributions significantly change the rel-
ative level populations and dramatically influence the density
diagnostics line pairs. Figure 10 presents two line intensity
ratios or line pairs (in photon units) over the density range
of 108.8–1012.2 cm−3 at 106.4 K. We note that the two line
pairs have been used for density diagnostics in the case of P-
like Fe XII.[2] Resonance contributions enlarge significantly
the ratios by 26%–37% at the density below 109.4 cm−3. It
also shows that the line intensity ratios from the DRM and
IPIRDW approaches agree well with each other, though large
differences between the two sets of ϒ values exist for some
weak transitions, especially for two-electron excitations as we
mentioned above.
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Fig. 10. (color online) (color online) Line intensity ratios (in photon units)
of line pairs (a) 3–10/1–6 and (b) 3–10/1–7 at Te = 106.4 K are obtained
from CRM together with DE+RE effective collision strengths from the
IPIRDW (dotted-line) and DRM (solid line) approaches and DE ones from
the RDW method (dashed-line).

4. Conclusions
Employing both the Dirac 𝑅-matrix and the relativistic

distorted wave with an independent process and isolated reso-
nance approaches, we report resonance enhanced electron im-
pact excitation data (specifically, effective collision strengths)
among the lowest 41 levels from the n= 3 configurations of Cu
XV over 105.2–106.8 K. It is found that resonance contributions
dramatically (over two orders of magnitude) enlarge many ex-
citations, and that the effective collision strengths obtained
from the two approaches agree with each other for most exci-
tations, though close-coupling effects are truly significant for

weak excitations, especially for two-electron excitations. Den-
sity diagnostic line intensity ratios from the two approaches
agree well with each other and are enhanced by resonance con-
tributions by up to 37%. To the best of our knowledge, this is
the first study on electron impact excitation of Cu XV.
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