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Transitions in highly ionized copper in the wavelength range 65-121 A have been identified in spectra recorded at
the University of Rochester’s 24-beam Omega laser facility. Wavelengths and energy levels are presented for
oxygenlike Cu XXII, nitrogenlike Cu XXIII, carbonlike Cu XX1v, and boronlike Cu XXV. The wavelengths of
magnetic dipole transitions within the ground configurations are predicted from the energy levels.

INTRODUCTION

Transitions of the type 2s-2p in highly ionized copper were
identified by Kononov et al.! and by Behring et al.2 in spec-
tra from laser-produced plasmas. The spectra reported in
Ref. 2 were produced at the University of Rochester’s Omega
laser facility. Small targets were spherically irradiated by
six beams of the frequency-tripled (A = 351 nm) Omega
laser, and the focused laser intensity was 1 X 104 W/cm?2.
Transitions in F-like, O-like, N-like, and C-like copper were
identified. In the present work, copper-coated plastic
spheres were irradiated by 24 Omega beams, and the focused
laser intensity was 6 X 1015 W/cm?2 The plasmas were much
hotter and brighter than the plasmas produced by six beams,
and a number of new identifications in O-like through B-like
copper have been made.

EXPERIMENT

The targets were plastic spheres 600 um in diameter and
coated with 1 um of copper. Each of the 24 Omega beams
was focused onto the surface of the target, and the diameter
of each focal spot was 50 um. The energy in each laser beam
was 50 J, the pulse duration was 450 psec, and the focused
intensity was 6 X 10> W/cm234 The 24 focal spots were
arranged in a spherically symmetric pattern.

Spectra were recorded by a 3-m grazing-incidence spectro-
graph.® The spectrograph was fitted with a gold-coated
grating with 1200 lines/mm, and the angle of incidence was
88°. The grating was blazed at an angle of 4° 7/, and spectral
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lines were observed from 20 to 300 A. Radiation from the
target was focused onto the entrance slit of the spectrograph
by a gold-coated cylindrical mirror that was positioned 130
cm from the target and 70 cm in front of the entrance slit.
The line image formed by the mirror was crossed at an angle
of 1° with the entrance slit, and this provided spatial resolu-
tion of the target in one dimension. This imaging system is
described in detail in Ref. 6. The spectra were recorded on
Kodak-type SWR photographic plates, and the radiation
from five laser shots was integrated into each exposure.

RESULTS

The wavelengths were measured using several previously
measured’-® Na-like, F-like, and O-like copper transitions as
standards. Many of the transitions were observed in second
and third orders. The wavelengths were measured to an
accuracy of +0.015 A, and the wavelength separation be-
tween two closely spaced lines could be measured to an
accuracy of +0.005 A. The measured wavelengths and the
classification of the spectral lines in O-like through B-like
copper are listed in Table 1. All the previously observed!2
transitions in F-like through C-like copper were identified,
and a number of new identifications were made for O-like
through B-like copper. These new identifications were
made on the basis of Edlén’s recommended wavelengths.10-13
Transitions in Li-like and Be-like copper were also identi-
fied, and these observations were discussed by Brown et al.1¢

The energy levels for Cu XXII and Cu XXIII were derived
from the measured wavelengths and are presented in Table

© 1987 Optical Society of America



Table 1. Wavelengths (in Angstroms) and Classifications of Spectral Lines in Cu XX11, Cu XXx111, Cu XXIV, and

Cu xxV
Observed
Ton Transition Int.? Present Previous® Previous® Predicted?
Cu xX11 _
2522p4 3Py-2s2p5 1Py 2¢ 65.417 65.43 65.434
1Dy 1Py 30 77.512 77.521 77.51 77.517
3P, 3Py 15 83.183 83.170 83.18 83.171
3Py 3Py 5 88.395 88.39 88.385
3P, 3Py 25 90.276 90.257 90.27 90.256
3Py 3Py 5 90.864 90.85 90.853
8o 1Py : 4 93.302 93.31 93.296
3Py 3Py 5 95.222 95.21 95.211
3Py 3Py 5 104.620 104.61 104.611
1Dy 3P, 3 114.974 114.975
2s2p5 3P1-2p° 1Sy 1 74.383 74.379
1Py 1S, 10 © 98.180 98.179
Cuxxin .
2522p3 2D3/0-252p* 2Py o 2 67.759 67.752
4S3/2 %S 1 70.073 70.077
2Dz 2Psyo 1 76.076 76.072
2D3ye 281 5 79.615 79.608
2Dsyo 2P 20 79.664 79.636 79.65 79.657
43/ D3y 1 80.057 80.042
2Py 2Pyis 15f 83.340 83.335 83.35 83.352
2Pyyg 2812 5 91.000 91.028 90.984
2Dy;e - 2Dap 5 92.728 92.695 92.72 92.723
2Dssp 2Ds/o 10/ 94.888 94.847 94.83 94.855
4Ss/2 4Pijs 707 96.485 96.457 96.427
483/ 4P 4 98.848 98.892 98.879
2Py 2Dgys 1 108.519 108.528
4S3s0 4Psz 4 111.071 , 111.057
2s2p% 2D30-2p° %Py 1 80.400 80.372
2Dyys 2P3yg 2 93.667 . 93.613
2Dsyz 2Py 5f 96.845 96.762 96.778
2P3s 2Pyss 4/ 99.243 99.191
CuxxIv
2522p2 2P5-252p% 1D, 4 82.195 82.209
3Py 38, 1 83.084 83.052 83.056
D, 1Py 15/ 83.340 83.301
3P, 38 7 87.128 87.107 87.130
1S, 1Py 10/¢ 94.888 94.892
3Py 3Py 5/ 96.845 96.818
1Dy 1D, 8 96.930 : 96.979
3Py 3Py 1 98.444 98.404
3Py 3Py 4ie 99.243 99.206 99.210
3Py 3Dy 3 104.292 104.340
3Py 3D, 3 119.572 119.580
3Py 3D3 2 120.442 120.394
252p? 3Dy-2p* 3Py 4 85.226 85.192
3Dy 3Py 2 87.055 87.021
3Dy 3Py 3 97.639 97.596
3Dy 3Py 1 98.576 98.554
3Py 3P, 3 100.637 100.618
3D3 3Py 7 103.702 103.730
3Py 3Py 4 105.760 105.727
1Py 18p 2 105.859 105.821
Cuxxv
282})2 41)1/2—21)3 4Sa/g 2 97.272 97.278
4Py 4832 3 107.659 107.661
4Ps2 4832 3 117.507 117.510

a Intensity based on visual estimate of plate darkening.
5 Behring et al.2

< Kononov et al.!

d Predicted by Edlén.10-13

¢ Blend with cold line from lower ionization stage.

f Blend with Cu XXIV.

¢ Blend with second-order line.

h Possibly blended with Cu XXV.

i Blend with Cu XXVIL

i Blend with Cu XXIII
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Table 2. Energy Levels (in 10 cm~3) for Cu XXII and

Cu xx11
Ion Level Present Predicted®
Cu xx1 2522p* 3P, 0 0
3P, 101.62 101.66
3P 151.99 152.04
D, 237.95 238.20
18, 456.29 456.39
252p5 3P, 1107.71 1107.96
3Py 1202.17 1202.34
3Py 1283.28 1283.45
1P, 1528.08 1528.25
2p8 15, 2546.61 2546.79
Cu xxIn 252p3 4Sy, 0 0
2Dy 170.86 170.85
2Dsys 230.07 230.03
2Pys 327.90 327.91
2Psyq 446.78 447.10
252p* 4Py, 900.33 900.44
4Py 1011.65 1011.34
4Py 1036.43 1037.05
2Dgyyq 1249.11 1249.34
D5 1283.94 1284.27
2812 1427.08 1427.01
2Py 1485.34 1485.40
2Py 1646.68 1646.83
2p5 2Py 2316.72 23117.56
%P2 2492.89 2493.56

2 Predicted by Edlén,10.11

2. The overall accuracy of these energy levels is +200 cm™1,
From these energy levels, we have calculated the wave-
lengths of the magnetic dipole transitions between levels
within the 2522p* and 2522p3 ground configurations of the O-
like and N-like copper ions. The present predicted wave-
lengths, the previous predictions of Kaufman and Sugar,15
and the measurements of Hinnov et al.6 are listed in Table
3. The observed Cu XXIV transitions were insufficient to
enable the energy levels to be determined accurately.
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