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Transitions of the type 25-2p in the F 1,01, N 1, and C I isoelectronic sequences of copper, zinc, gallium, and germa-

nium have been identified in the spectra from plasmas
Rochester. The wavelengths are in the range 50 to 112

roduced by the OMEGA laser system at the University of
and are measured using silicon and oxygen lines as wave-

length standards for gallium and using several lines from the F 1, 0 1, and Na I isoelectronic sequences as wavelength
standards for copper, zinc, and germanium. The energy levels that are determined from the measured wavelengths
are also presented. Based on these measurements, the wavelengths for a number of magnetic-dipole transitions
within the ground configurations of the F 1, 0 1, and N 1 isoelectronic sequences are predicted.

INTRODUCTION

Transitions of the type 2522p*-2s2p**1 (where k = 2, 8, 4, 5)
are prominent in the spectra obtained from astrophysical and
laboratory plasmas. A number of lines from iron and nickel
near 100 A have been identified in the spectra of solar flares,!
and transitons in Ge XX1v and Ge XXV have recently been
identified in tokamak spectra.? Transitions in Zn XXII,
Zn XX111, Zn XX1V, Ge XXIV, and Ge XXV have been identified
in spectra from laser-produced plasmas.? At low densities,
the forbidden transitions between levels within the ground
configuration of high-Z ions are intense. These transitions
appear in the VUV and visible regions of the spectrum and are
useful for the determination of a number of plasma parame-
ters. By measuring the wavelengths of the allowed transitions
that terminate on levels in the ground configuration, it is
possible to predict the wavelengths of the forbidden transi-
tions that occur within the ground configuration.

In this paper, we report the observation of spectral lines in
the F1,01, N1, and C 1isoelectronic sequences of copper, zin,
gallium, and germanium. The plasma was produced by the
spherical irradiation of solid targets using six frequency-tri-
pled beams* from the OMEGA laser system at the University
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of Rochester.’ The wavelengths were recorded using a 3-m
grazing-incidence spectrograph, and the wavelengths were
determined relative to several previously observed lines in the
F1,01,and Naisequences. There is good overall consistency
with the wavelengths recommended by Ed1én for the F 1 and
O 1sequences and with the wavelengths measured by Kono-
nov” for the NaIsequence. Most of the observed transitions
in the N 1and C 1sequences represent new identifications, and
a complete set of energy levels for the 2s2p* configuration of
the N-like ions Cu XXI11, Zn XX1V, Ga XXV, and Ge XXVI is
presented. The energy levels for the F 1, O I, and C I se-
quences are also presented.

EXPERIMENT

The targets were spherically irradiated with an approximately
cubic array of six beams from the OMEGA laser system. The
laser was frequency tripled (851 nm), and, for each laser shot,
the energy incident on target was between 200 and 300 J with
a pulse duration of 600 to 700 psec. Each laser beam was fo-
cused by an /3.7 lens to a point a distance of 4 target radi
beyond the center of the target. The average intensity of
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Table 1. Classifications of Lines Isoelectronic Wifh F 1 (in angstroms)®

Transition Cu XX1 Zn XX1I Int. Ga XXIII Int. Ge XXIV Int.

2522p®-2s2p6 ‘ , o
2P3/0-2S1/2 78.390 B 73.941 A,B 20 69.782 B 40 65.893 A,B 10
2P1/2-2S1/2 90.354 B 86.538 A,B 13 83.013B 25 79.736 A,B 7

¢ A indicates transitions previously identified by Behring et al.3; B indicates transitions previously identified by Kononov et al.?

Table 2. Classifications of Lines Isoelectronic with O I (in angstroms)?

Transition Cu xXxX11 Zn XXII1 Int. Ga XX1IV Int. Ge XXV Int.
2522p%-252p®

3Py-1Py [65.43] 61.491 B 6 57.779 6 [54.27]
1Do-1Py 775621 B 73.583 A,B 17 69.862 30 66.364 A 9
3Py-3P; 83.170 B 77.948 A.B 9 73.107 15 68.616 A 5
3p,-3P, 88.38] 83.228 A,B 7 78.385 12 [73.88]
3Py-3P, 90.257 B 85.022 A,.B 15 80.110 bl 30 75.514 A 4
3Py-3P; [90.85} 85.283 A,B 7 80.110 bl 30 75.17T A 2
1S,-1P; [93.30] 89.754 A,.B 5 86.552 4 83.590 2
3p,-3p, [95.22] 90.582 b1,A,B 4 86.316 4 82.385 2
3P;-3P, [104.61] 100.303 B 6 96.255 4 [92.53]

252p5-2p® ‘ '
1p,-15, [98.18] 93.347 6 88.900 . 2 84.826 3

a A indicates transitions previously identified by Behring et al.3; B indicates transitions previously identified by Kononov et al.?; b1, blend; data in brackets,
interpolated.

Table 3. Classification of Lines Isoelectronic with N I (in angstroms)?

Transition Cu XXIII Zn XX1V Int. Ga XXV Int. Ge XXVI Int.

2522p3-2s2p* v .
483/2-2P3o [67.31] 63.346 4 [59.56] [55.95)
2D3/5-2P3/3 [76.06] 71.917 0 68.009 1 [64.36] .
2D3/5-2S1/2 79.636 bl 75.290 8 71.232 bl 2 67.433 1
2Ds/9-2P3/2 79.636 b1,B 75.499 A 13 71.561 6 67.836 3
2P3/5-2Py/» 83.335 B 78.957 A 9 74.866 8 70.990 2
2P, ,0-2Pg/2 [86.38] 81.866 3 77.54 5 [73.48]
2P1 92812 91.028 86.266 7 81.776 4 77.512 bl 2
2D3/9-2D3/2 92.695 B 87.686B - 9 [83.05] 78.698 2
2Dg/2-2Ds5/o 94.847B 89.474 AB 8 84.401 11 79.637 2
483/5-4P1/2 96.457 90.046 4 84.110 5 [74.49]
483/2-4P3/2 98.892 92.182 bl 6 85.910 2 80.079 2
433,3-4132,2 [111.05] 104.537 3 98.333 bl 6 92.624 bi 3
2s2p-2p
2D3/22Ps3/2 [93.63] 89.013 4 84.713 bl 4 [80.74]
2D5/2-2P3/o 96.762 bl 92.617 5 88.749 6 85.181 1
2P ,0-2Py /3 [118.11) 112.37b1 4

a A indicates transitions previously identified by Behring et al:3; B indicates transitions previously identified by Kononov et al.9 bl, blend; data in brackets,
interpolated.

Table 4. Classification of Lines Isoelectronic with C I (in angstroms)?

Transition Cu XXIV Zn XXV Int. Ga XXVI Int. Ge XXVII Int.
2522p2-2s2p3
3Py-1Dy 77.111 2
3p;-38, 83.052 78.714 2 74.60 6 [70.73]
3Py-38; 87.107 82.640 7 78.385 12 74.301 1
3Py-3Py 99.206 92.85 5 86.946 2 81.370 0
3P,-3D, [104.41] 97.449 3 91.063 6 (85.25]

a b1, blend; data in brackets, interpolated.

351-nm light at the target surface was 1 X 1014 W/cm2. The the 351-nm radiation was almost entirely inverse
overall absorption of laser energy by the target was 88 to 92%. bremsstrahlung, with a very small fraction (<10™%) of the
At the irradiation intensities used, the absorption process for absorbed energy going to superthermal electrons.
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In the case of zinc, the targets were solid fragments of pure
zinc and were roughly spherical in shape with an average di-
ameter of 450 um. The copper, gallium, and germanium
targets were coated-glass microballoons. The average di-
ameter of the microballoons was 850 um, and the thickness
of the glass shell was 1 um. The thickness of the copper,
gallium, and germanium coatings was 3 to 10 um. Additional
gallium spectra were collected using crystals of GaAs ap-
proximately 400 um-in size.

The spectral data were accumulated over six shots for each
of the target materials. The spectra were recorded by a 3-m
grazing-incidence (88°) spectrograph that has been described
in detail in Ref. 8. The spectrograph was fitted with a 600-
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line/mm gold-coated Bausch & Lomb replica grating, and
spectral lines were observed in the range 30 to 260 A.

A number of spectral lines from Cu XX1 and Cu XXII were
observed in first, second, and third order, and these lines were
used as references® to establish the wavelength scale for the
copper plate. The accuracy of the copper wavelength mea-
surements is estimated to be better than 0.02 A.

The gallium wavelengths were determined by comparison
of line positions in the second, third, fourth and fifth orders
with the positions of lines from oxygen and silicon appearing
near the edge of the plate. These probably originated from
the glass stalk holding the microballoon. These averaged
wavelengths were then used to adjust the first- and second-

Table 5. Energy Levels Isoelectronic with F 1 (in inverse centimeters)

Level Cu XX1 Zn XX11 Ga XXIII Ge XXI1V
2529p5 2Py 0 0 0 0
2Pys2 168 920 196 870 228 400 263 470
2s 2p82Sy/s 1275670 1352430 1433030 1517610
Table 6. Energy Levels Isoelectronic with O I (in inverse centimeters)
Level Cu xXx1 Zn XXI111 Ga XX1v Ge XXV
25224 3P, 0 0 0 0
3P, 110 340 119 58 127 190
3p; 179 060 209 330 243 570
1D, 238 280 + 2 267 120 299 410 335890 + z
15, 512 070 575 490 646 420 + 2
252p5 3P, 1107 950 1176110 1248 280 1324 260
3P, 1202 360 1282970 1 367 860 1 457 390
3P, 1 380 580 1485 080
1p, 1528250 + 2 1626 230 1730 860 1842730+ z
2p6 1S, 2697 570 2 855 840 3021620+ 2
Table 7. Energy Levels Isoelectronic with N I (in inverse centimeters)
Level Cu xx111 Zn XXIV Ga xXxv Ge XXVI
2522p3 4S5/ 0 0 0 0
2Das2 170 940 + x 188 130 208 480 + x 233 620 + x
2Ds/o 230 020 + y 254110 281 460 + x 313240 + y
2P1s2 328 090 + x 357 130 389 300 + x 426 450 + x
2P3/o 446 810 + z 500140 + 2z 560 690 + 2 629 140 + 2
2s2p* 4Py 956 600 1016 950 1079 630
4Pg/n 1011 200 1084 810 1164010 1248 770
4Pyjo 1036 730 1110 540 1188 920
2D3/o 1249750 + x 1 328550 1412600 + x 1504 300 + x
2Ds/o 1284350 +y 1371750 1466 280 + x 1568940 + y
2S1/2 1426 650 + x 1516 340 1612340 + x 1716 570 + x
2P3/o 1485730 + y 1578 630 1678870 + x 1787390 + y
2Py /e 1646790 + = 1766 650 + z 1896410+ 2 2037790 + 2
2p5 2Py 2317810+ y 2451700 + 2 2593 060 + x 2742910+ y
2P1s2 2656 040 + 2z
Table 8. Energy Levels Isoelectronic with C I (in inverse centimeters)
Level Cu XxX1v Zn XXV Ga XXVI Ge XxXVII
2s22p2 3P, 0 0 0 0
3p,; 132110 + x 157710 + x 186 880 + x
3P,y 188160 + x 218070 + x 251610 + x 287 920 + x
2s2p3 3D, 1026 180 1098 140
3Py 1196 160 + x 1295060 + x 1401740 4+ x 1516 880 + x
38, 1336170 + x 1428130 + x 1527360 + x 1633800+ x
1D, 1514880 + x
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Table 9. Predicted Wavelengths of Magnetic-Dipole
Transitions (in angstroms)¢

Cu- Zn Ga Ge
2s22p5
2P3/0-2Py/5 592.00 H 507.95 437.83 379.55 H
2s529pt
3Py-3P, 558.47 477.71 410.56 H
3P¢-3Py 145518 1114.21 859.25
3p,-1D, 37436  333.99
3P1-1Dg 1135.59 1110.12 1083.19
3P1-1So 300.29 273.10 248.23
2s22p3
4S3/0-2D3/0 531.55
483/0-2Ds/2 393.53
2Daje-2Dsjo 1515.61 -

a H indicates wavelengths identified in PLT tokamak spectra by Hinnov et
al13

order wavelengths on this plate and also on another plate
showing only gallium lines. The wavelength of each line was
then averaged over all orders in which it appeared on both
plates. The accuracy of most gallium wavelengths is esti-
mated to be 0.005 A unless there occurs some systematic shift
with respect to the standards.

The zinc wavelengths were determined by assuming the
wavelength of the F I-like transition to be 86.540 A and ad-
justing the grating equation so that the second- and third-
order wavelengths matched. The averaged wavelengths were
used to plot a correction curve for the first-order wavelengths.
Each wavelength was then averaged over all orders where it
appeared. The accuracy is about 0.005 relative to 86.540 A
for most lines.

The germanium lines were measured relative to a number
of Ge XX1I (sodiumlike) transitions.” The two transitions 3d
2Ds/o-4f 2F7/2 and 3d 2D g/9—4f 2F5/o were also observed in the
copper, zinc, and gallium spectra. Our wavelength mea-
surements for these two sodiumlike transitions in copper, zinc,
and gallium agree with the published wavelengths of Kono-
nov’ to within 0.005 A.

The wavelengths and relative intensities of the spectral lines
from the F 1,01, N I, and C 1 sequences are listed in Tables
1-4. All the listed wavelengths are from the present work, and
those transitions that have been previously identified in Refs.
3 and 9 are designated A and B, respectively. The measured
wavelengths for the N 1and C 1 sequences are listed in Tables
3 and 4, and except for four previously identified transitions
in Cu xx1iI (Ref. 9) and four previously identified transitions
in Zn XXI1v,39 the transitions in the N'1 and C I sequences
represent new identifications. These transitions were iden-
tified using recently calculated wavelengths'® and by ex-
trapolating from the measured wavelengths of lower-Z ions
(Z = 22, 24, 26, 27, 28).11 The spectral lines from the B 1,
Be 1, and Li I sequences are absent in the data. The plasma
temperature was apparently not high enough, or the duration
of the plasma was not long enough, to produce these highly
charged stages of ionization.

The energy levels of the ions isoelectronic with C 1, N I,
O 1, and F 1 were derived from the observed wavelengths. In
many cases, the total number of observed transitions was in-
sufficient to determine all the levels of the lower configuration
2522pk. In such cases, we have adopted the values recom-
mended by Edlén%!2 .and have designated the relative
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uncertainties by +x, +y, etc. In the case of Zn XXIII and
Ga XXIV, a complete set of energy levels was obtained. The
present values for the levels of Zn XXI11I and the calculated
values of Edlén® agree to within a'standard deviation of 198
cm~1. The calculated energy levels are presented in Tables
5-8. C i

Listed in Table 9 are the predicted wavelengths, based on
the energy levels of Tables 5-8, for a number of magnetic-
dipole transitions within the ground configurations of the
F 1,01, and N1isoelectronic sequences. The three transitions
indicated by H have recently been identified in Princeton
Large Torus (PLT) tokamak spectra.13
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