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The spectral lines of the Ne-like ion Ni XIX, corresponding to nl-21' transitions with n = 4-15,
have been recorded for the first time in the emission spectra of a laser plasma. The
wavelengths of the indicated transitions have been measured with an accuracy of + (0.5-2.5)
mA, using the spectral lines of the H- and He-like ions of Na, Mg, and C1 as references.
The ionization potential of Ne-like Ni XIX has been measured. The strong interaction of the
2s22p55d and 2 ~ 2 configurations
~ ~ 4 ~of this ion has been experimentally confirmed.
O 1996 American Institute of Physics.[S1063-7761(96)01108-01

1. INTRODUCTION

The study of the resonant series of multicharged ions is
extremely crucial for a number of reasons. First, this is a
traditional problem of experimental atomic spectroscopy (the
identification of spectral lines and the measurement of their
wavelengths) and makes it possible to judge the quality of
various methods of purely theoretical calculation of the
atomic structures. Second, this is important for developing
spectroscopic methods for diagnosing high-temperature
plasma. Finally, such a study presents one of the few possibilities of measuring the ionization potentials of multicharged ions.
Experimental studies of resonance series of multicharged
ions with a simple structure (H-, He-, Li-, and Ne-like ions)
are usually not especially difficult for the first terms of the
series, with An = n - n,= 1 , 2, 3 ( n and n, are the principal
quantum numbers of the optical electron in the excited and
ground states), but become much more complicated for
An%=1, since the line intensities usually decrease rather
quickly with increasing An. For example, in the case of Nelike ions with nuclear charges Z,,,,226, until recently, as a
rule, only resonant series with A n c 5 could be studied (see
the review in Ref. l), and only very recently have the lines of
Ne-like Mo XXXIII with A n S 16 been studied in the plasma
of the Alcator C-Mod t ~ k a m a k . ~
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The appearance of extremely fast, focusing x-ray spectrographs with spherically curved ~ r ~ s t a lmakes
s ~ ' ~ it possible to record the higher terms of the resonant series of
multicharged ions by means of plasma sources that are more
accessible for spectroscopists, such as a laser plasma. We
showed in our earlier pape? that, for example, when laser
pulses with very moderate values of the energy parameters
were used (El,< 10 J, 71,- 1 ns), it was possible to study
transitions with An- 10 in He-like A1 XII. In the work reported here, using about the same energetics of the plasma
sources, we have succeeded for the first time in studying the
resonant series of the Ne-like ion Ni XIX for A n s 13.
2. EXPERIMENTAL SETUP

The experiments were carried out using two different
laser systems.
In the first case, a Nd laser with a pulse energy of up to
10 J and a pulsewidth of 2 ns was used to create the plasma.6
In the second case, the plasma was created by the radiation of an XeCl excimer laser with an active volume
of 9 X 4 X 100 cm3 and a wavelength of X = 0.308
The
pulse energy was 2 J with a pulsewidth of 12 ns. The laser
operated with a repetition frequency of 10 Hz. Its radiation
was focused on the surface of a solid target into a spot
-70 p m in diameter, so that the flux density of the heating
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FIG. 1. (a) Experimental layout: I-stepped target, 2-laser beam, 3-spherically
a luminescence spectrogram of the plasma created by the XeCI laser radiation.

radiation in this case was - 4 X 1012w/cm2, while in the first
case the flux density was higher (-3 X 10'~-10'~w/cm2).
In both cases, a stepped target was used (see Fig. l),
where one part contained the material being studied (nickel)
and the other part contained a material whose spectral lines
were used as a reference (NaCl, NaF, Mg).
The x radiation of the plasma in both cases was recorded
by two spectrographs with spherically curved mica crystals,
the radii of their spherical surfaces being 100 mm and 186
mm. The crystals, the plasma, and the photographic plate
(see Fig. 1) were arranged in accordance with the FSPR-1M
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system? in which the spectra are simultaneously recorded
with high spectral resolution (AlAA>5000) and a spatial
resolution of -20 p m along the expansion direction of the
laser plasma. Since the field of view of the spectrographs
was -0.3-0.7 A, while the extent of the spectrum being
studied was larger (= 1.3 A), the entire range being studied,
8.0-9.3 A, was broken up into four overlapping sections,
each of which, besides the spectral lines of the Ne-like Ni
XIX, contained a sufficient number of reference lines, which
chiefly consisted of the resonant series of the H- and He-like
Na ions and the resonant and intercombination lines of the
Magunov et a/.
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TABLE I. Spectral lines used to calibrate the spectrum of Ni XIX (n is the
order of reflection of the crystal).
Transition

Ion
2s~1z
~

~

~

A,

A

Na XI
Na XI
Na XI
Na x
Na x
Na x
C1 XVI
CI xvr
Na x

2s~~2

2

n

2

6 ' ~ 1 ~'so
5 ' ~ 1 ~'so
2 1 ~ 1 -'so
1
2 3 ~ 1 - I1S ,
4 l P I - 1 'so
4C
2 I p 1 - I 'so
2 3 ~ 1 - 'so
1
j satellite

Cu

xx

Mg XI
Mg XI

Mg x

n= 7

7d-2p

7s-2pl

6

He-like ions Mg XI and C1 XVI, with well-known wavelengths (see Table I). Examples of the resulting spectrograms
are shown in Figs. 1-3.
For the first subrange 7.8-8.5 A (Fig. 4), the reference
lines were the Lyman lines of the H-like ion Na XI, L o ,
L , , and La (see Table I). The range from 8.5 to 8.8 A was
covered by the L p lines of Na XI and the lines of the resonance series nipI-1 'so of the He-like ion Na x with
n = 5 , 6, 7 (Fig. 5 ) . The third range, from 8.8 to 9.0 A,
between the 5 ' p 1 - 1 'soand 4 ' p 1 - 1 'solines of Na x in
second order, is covered by the resonant and intercombination lines of the He-like ion C1 XVI from the fourth order of
reflection (see Fig. 6). Finally, the longest-wavelength section of the spectrum, from 9.1 to 9.3 A, obtained in a laser
plasma created by the radiation of a XeCl laser (Fig. 7),
contains the resonant and intercombination lines of the Helike ion Mg XI and the well-known dielectronic j satellite of

ls2-lsnp NaX
5
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4
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FIG.2. Luminescence spectrogram of the laser plasma in the region A = 8.6-9.0

A. The plasma was created by a Nd laser.

Ni XIX

FIG. 3. Example of a luminescence spectrogram of plasma heated by a XeCl excimer laser.
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FIG. 4. Densitometer tracings of the emission spectra
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of a plasma 2f Ni + Na (above) and of NaF (below) for
the 7.8-8.5 A region. The plasma was created by a Nd
laser.
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FIG. 5. Densitometer tracings of the emission spectra o f f plasma
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of Ni Na (above) and of NaF (below) for the 8.3-8.8 A region.
The plasma was created by a Nd laser.
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FIG. 6. Densitometer tracings of the emission spectra of a plasma
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of Ni + NaCl (above) and of NaCl (below) for the 8.7-9.1 A
region. The plasma was created by a Nd laser.
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Mg x. The 4C line of the Ne-like ion Cu xx was also used as
a secondary reference (see Table I). Using these lines made it
possible to determine the dispersion dependence for each
range with an accuracy no worse than 0.5-1.0 A, which
corresponds to the laser-plasma parameters that determine
the widths of the spectral lines that limit the spectral resolution.
3. RESULTS AND DISCUSSION

To identify the lines of Ne-like Ni XIX, whose wavelengths were determined from the experimental spectra, the
270
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9.1

Ni x ~ xenergy levels were calculated theoretically, taking
into account interconfiguration interaction and relativistic
corrections, using the software package RE LAC.^-" The
shortest-wavelength section of the spectrum, shown in Fig. 4,
has the most complex line structure. Superposition of the
lines of not only Ne-like but also F- and 0-like ions is characteristic of this section of the spectrum, which makes it
much more complicated to identify the lines with high n
located in this range. Taking into account the results of the
theoretical calculation of the wavelengths and transition
Magunov et a/.
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FIG. 7. Densitometer tracings of the emission spectra
of a plasma of*Ni + Mg (above) and of Mg (below) for
the 9.1-9.35 A region. The plasma was created by a
XeCl laser.

Wavelength, A

probabilities and the complications mentioned above, it is
possible to identify the lines indicated in Fig. 4. These are
mainly the lines of the most intense series, nC and n D . It is
possible to indicate single lines of other series, 5 A , 6 A ,
6 B , 8 G , and 8F (see Table I1 for the notation for the transitions). The highest observed terms of the series correspond
to the 15C and 140 transitions. The anomalously high intensities of the 14C and 11C lines are apparently associated
with superposition of the lines of ions of different multiplicity. The same is true for the 11D line. The 8 C and 9 D lines
are not resolved in the experiment.
The next section of the spectrum, shown in Fig. 5 , contains the well-isolated lines 6 C , 7 C , 7 G , and 7 0 . The difference of the measured wavelengths for these lines from the
results of calculation is less than -C 1.4 m i . Besides these
lines, other intense lines are observed that belong to ions of
another multiplicity.
Figure 6 shows a spectrum on which the 6 G , 6 0 , and
6F lines are identified. The difference from the calculated
results is also less than 1.2 mA in this case. Finally, the
longest-wavelength section is shown in Fig. 7 . Of the lines
identified in this figure, the greatest difference from the calculated wavelength occurs for the 4B line. A comparison of
the line intensity and the transition probabilities suggests that
this difference is also associated with overlap of the lines.
The results of the wavelength measurements of the identified spectral lines of the Ni XIX ion are shown in Table 111,
TABLE 11. Designations of the transitions of various series in the Ne-like
ion.
Transition
j j coupling

LS coupling

Designation

Note. An overline in the designation of a configuration corresponds to a
vacancy in the subshell.
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along with the results of the theoretical calculation of the
wavelengths and radiative transition probabilities and the experimental data obtained earlier in Refs. 11 and 12.
An analysis of the dependence of the calculated
nd - 2 p radiative transition probabilities And-2pon n shows
that there are nonmonotonic sections on these dependences,
associated with strong interaction of the 2s22p5nd,
2s22p5n'd, and 2s2p6n"l configurations for certain n, n ' ,
and n" values. This shows up especially clearly on the n
dependence of the oscillator strengths f2p-nd of these transitions, or, more precisely, the n 3fZp-,,d values [where the
factor n3 eliminates the main part of the f ( n ) dependence],
which are shown in Fig. 8 for the nC(2pl,2-nd3,2) and
nD(2p3,,-nd5,,) series. It can be seen from this figure
that, as a result of the interaction of the
and
2s22p64p states with total momentum J = 1, the transition
probability A5dW2-2 p (line 5 ~ is )anomalously large, while
the interaction of the 2s22p58d, 2 s 2 2 p 5 9 d ,and 2 . ~ 2 ~ ~ 5 ~
states with J = 1 increases the probability A8d312-2P112
(line
8 C ) and decreases Agds122p3,2 (line 9 D ) .
Since lines 8C and 9 D are not resolved in the experimental spectrum, it is simplest experimentally to check the
presence of this strong configuration interaction from the
5C line. To do this, we consider the intensity ratio
a= I 5 , I I 5 , of lines 5 C and 5 D . For a plasma density of
N,= 1021 ~ m - characteristic
~ ,
of the conditions of the experiments of this paper, the populations of the states with the
same principal quantum number n 2 5 are proportional to
their statistical wsights and consequently the ratio is
a = 15, / I 5 , =A 5d312-2p,12l A 5dSl2- 2P312.
Neglecting configuration mixing, this ratio should amount to a,, = 0.65, and taking it into account, a,= 1.095; i.e., if configuration interaction were absent, the 5 C line would be less intense than the
5 D line by a factor of almost two. As can be seen from Fig.
7 , this is not so, and the experimental value of 15C/15Dis
a,,,= 1.09, which corresponds to the result of a calculation
t=king into account configuration mixing.
The results shown in Table 111 can be used to determine
the ionization potential of the Ni XIX ion. To do this, by
analogy with Refs. 13 and 10, it is possible to use the
quantum-defect method and approximate the resulting enerMagunov et a/.
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TABLE 111. Spectral lines of the Ni XIX ion, identified in the emission spectra of a laser plasma.

gies Eric(,)
the type

l/X,c(D) of the excited levels by a formula of

FIG. 8. Oscillator strengths f of the transitions 2p,,,-nd,, (series n C ) and
2pY2-nd5,, (series n D ) in the Ne-like ion Ni xrx. The value of n3f is
plotted along the y axis, the straight lines correspond to a calculation neglecting configuration mixing, and the points to a multiconfigurational calculation.
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where parameters a c ( ~ ) b, c ( D ) , and C C ( D ) determine the
value of the quantum defect. Since the nD series converges
to the ground state 2s22p5 2 ~ 3 1 2of the F-like ion Ni x x ,
ID is the first ionization potential of the Ni XIX ion, while
Ic is the total ionization potential of Ni XIX and the
2s22p5 2 ~ 3 , 2 - 2 ~ 2 22~p 5 transition energy of the Ni xx
ion. The values of parameters I , a , b, and c were determined
in this work by the method of least squares, using either the
theoretical or the experimental values as energies EnccD,.
The lines 5C, 8C, and 9D were left out of consideration,
since their positions are shifted in an irregular way because
of configuration interaction. The Ic and I D values thus obtained are shown in Table IV. It can be seen from this table,
first, that the Ic(D, values obtained using the theoretical and
experimental energy levels coincide to within experimental
error; second, that the ionization potential I. = 1540.1+ 0.5
Magunov et a/.
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TABLE IV. Values of I c and I D obtained using theoretical and experimental values of the energies of the
excited states of the Ni XIX ion.

theory
1539.96

exp.
1540.1(5)

theory
1557.82

exp.
1557.1(8)

theory
17.86

exp.
17.0(1.3)

eV obtained from the experimental data agrees with the earlier measured value14 of lo=15412 1 eV but has higher precision; and, third, that the difference I c - I D obtained in this
paper coincides within the indicated limits of error with the
result of a direct measurementI5 of the 2 ~ 3 , 2 - 2 ~ 1 / 2magneticdipole transition energy in the Ni xx ion. We should point
out that the ionization potential in Ref. 14 was derived from
2s22p6
data on the wavelengths of the
( n = 3-6) transitions measured in Refs. 16 and 17 with an
error of 20.005 A, which caused a larger error of the I
value.

4. CONCLUSION

exp., Ref. 15
17.85
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