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Density-sensitive electric quadrupole decays in Ni-like ions observed in laser-produced plasmas
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The electric quadrupole transition 3p63d'a tSa-3p53d'a4f ( 2, 2 ) J 2 has been observed in the spectra

of Taxlvi, %xavu, RexLviu, PtLI, AuLli, and HgLui. The excited-level populations of Ni-like gold are

calculated by means of a collisional-radiative model and show that the intensity ratio of the electric dipole

3py2-4d5~2 and electric quadrupole 3py2-4f7~2 resonance transitions is sensitive to density in the range

10 -10 cm, in qualitative agreement with the present observations.

The spectra of multicharged ions produced by laser irradi-
ation of high-Z elements are dominated by the electric-
dipole resonance lines of the isoelectronic sequence of nick-
el. The transitions from the J= 1 odd levels 3d94p, 4f, 5f,
3p'4s, 4d to the@round state 3p63dtatSo have been identi-
fied below 10 A in most of the elements from hafnium
(Z-72) to gold (Z-79).' ' It has been concluded so far
that the laser-produced plasmas, which involve electron
densities n, typically larger than 10 cm ', are not suitable
for the observation of "forbidden" lines. In this article, we
report on the experimental and theoretical evidence of
electric-quadrupole decays in these spectra.

Since their ground state corresponds to complete filling of
the n 3 shell, all J-2 even levels having one electron in
the n -4 shell may decay by means of one electric-
quadrupole transition with 4n - 1, except for the first excit-
ed configuration 3d 94s, to the J= 1, 2, and 3 odd levels by
means of electric-dipole transitions with 4 n = 0. It is
known' that the transition probabilities for these two decays
scale, respectively, as Z,6 and Z, (Z, being the charge of the
ion core). As a consequence, the E2 transitions lose their
"forbidden" character at high-Z, values. With regard to the
closed-shell character of their ground state, neonlike and
nickel-like ions behave in the same manner. The identifica-
tion of the E2 transition from the 2s2p63d level to the
ground state 2s 2p6 'So has already been reported for
Srxxrx, Zrxxxx, Moxxxm, Rhxxxm, and Agxxxvm9 in
neonlike ions produced by laser irradiation.

The spectra of the six elements tantalum (Z -73),
tungsten (Z-74), rhenium (Z-75), platinum (Z =78),
gold (Z = 79), and mercury (Z = 80) have been recorded at
the Groupement de Recherches Coordonnees Interaction
Laser-Matiere (GRECO-ILM) laser facility in Palaiseau,
France. The laser wavelength was 0.53 p, m with pulse dura-
tion of 600 ps. The laser beam was focused on wire, foil, or
drop (in the case of Hg) targets, and the laser intensity was
about 10' %/cm2. Further details on the experimental set-
up, as well as a typical spectrum of gold, were published re-
cently. '

A picture of the spectral region of interest is given in Fig.
1. The line labeled B is the transition 3p 3d'0-3p'3d' 4d

(&,T') J-1. It is surrounded by the 3p-4d transitions of
the neighboring ions, mostly copperlike at longer wave-

lengths and cobaltlike at shorter wavelengths. At the left-
hand side of the six spectra, the unresolved 3d-5p and 3p-
4d transition arrays (UTA) emitted by iona isoelectronic to
zinc and elements of higher Z, merge in complex structures.
The lines labeled A form a sequence which cannot be inter-
preted as an electric-dipole transition in Ni-like and nearby
sequences by ab initio estimates of wavelengths and transi-
tion probabilities provided by the RELAc code using the rela-
tivistic parametric potential method. '0 " The same code was
then used for the determination of the electric-quadrupole

A~2 transition probabilities and it was noticed that the tran-

sitions with the highest probabilities, 3p63d'o-3p'3dta4f
0

(T,T) J-2 did fit quite well (within 0.01 A) the observed

sequence of A lines.
According to their transition probabilities, other E2 tran-

sitions should be observable at lower wavelengths (3p-4f
and 3s-4d types), but they occur in the dense spectral re-
gion of the n 3 to n 5 transitions and could not be iden-
tified unambiguously. We recall that the two E2 transitions
from the 3d 4s levels in Moxv'2 and in Xexxvu" have al-
ready been observed in tokamak plasmas at much lower
electron densities. In the sequence from tantalum to mer-
cury presented here, their transition probabilities are two or-
ders of magnitude lo~er than for the A line now identified,
and they are not detectable in our spectra.

Because of the good signal-to-noise ratio, an isoelectronic
sequence of faint lines, labeled a in Fig. 1, could be mea-
sured at about 0.02 A from the A lines. Two possible inter-
pretations of this satellite spectral feature have been exam-
ined. First the Ni-like transition 3p63dta 'Sa-3p~3d'a4f

(~,~) J- 2 for which the transition probability is about la/o

of that for the A line, proved unsatisfactory with regard to
experimental and theoretical wavelength comparisons. The
fact that the wavelength differences PL, p )L.th„, are similar
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FIG. 1. Spectra of laser-irradiated tantalum, tungsten, rhenium, platinum, gold, and mercury. The lines labeled A and 8 are, respectively,

the transitions from 3p 3d 4f (2, 2) J 2 (E2 type), and from 3p 3d' 4d (2, 2) J-1 (E1 type) to the ground state of nickel-like ions.

The loni-wavelength companion (labeled a ) of the A line is its Cu-like satellite,

for A and a lines supports the second interpretation that the
a lines are E2 emissions from the 3p'3d'04fni level in Cu-
like ions. Furthermore, the larger width of the a lines is-in-
dicative of a satellite structure associated with the parent 3
line. To check this, and since the UTA formalism has not
yet been developed for E2 transitions, a detailed evalua-
tion of the two arrays 3d' 4s-3p'3d' 4s4f and 3d' 4p
3p53dM4p4f' was performed and we found that all strong
lines of these arrays occur in a range of 0.005 A. The ratio
of the intensity of the A line to that of its recombination
satellite is several times larger than for any El resonance
hne observed in our spectra (see, for example, Fig. I of
Ref. 6) and this can be understood qualitatively. In Cu-like
ions, the odd and even levels of the 3p 3d' 4fnl level can
decay by means of E1 transitions with n -1, and the Z,5

factor which favors some E2 transitions in the branching ra-
tios of nickel-like ions is then changed in Z, .

The wavelengths and transition probabilities have been
calculated by taking into account the mixing of all config-
urations having 17 electrons in the n = 3 shell and one elec-
tron in the n =4 shell, the potential parameters being fitted
for such upper configurations. The discrepancies with ex-
perimental wavelengths reported in Table I are some~hat
larger than for 3d-nl resonance transitions. In order to
understand this, the repulsive effect of the 3p'3d'4f level
on the 3p 31' level was evaluated in Co-like ions. It as-
sumes that the wavelengths of the resonance lines from the
3p'nI levels in Ni-like ions should be shifted by 0.002 A if
the 3p 3d84fnl levels are explicitly introduced in the energy
matrices. It was found also that potential parameters fitted
on 3p5-type configurations only can further reduce the
wavelength discrepancies by another 0.002 A.

Space-resolved intensity measurements of the A and 8
lines in Au show that their intensity ratio varies significantly
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TABLE I. %avelengths (in A) and weighted transition probabilities gA (in 10' s ') for the transition 3p 3d 0 J =0—3p 3d 4f ( 2, 2 )

J-2 in TaxLVI, %XLvII, RexLVIII, PtLI, Au LII, and HgLIII, and the same for the strongest associated satellites in TaxLv, % XLVI, RexLvII,
PtL, AuLI, and HgLII.

Ion ttpp Jfow ~theor

Tantalum
gA ~expt ~theor

Tungsten
gA ~expt ~theor

Rhenium
gA ~expt

Ni-like 0.253 4.848 0.278 4.857 0.296 4.695

Cu-like

(4s spectator)

Cu-like

(4p spectator)

3
2

5
2

1

2

I
2

3
2

5.044

5.046

0.285

0.199

0.197 5.054

0.273

4.870

4.872

4.874

4.874

4.875

0.319

0.334, 4.881

0.334

0.304

4.707

4.709

4.710

4,710

4.711

0.357

0.247

0.246 i 4.717

0.371

0.337

Ion &.Pp Jfow ~theor

Platinum

gA 'expt ~theor

Gold
gA ~expt ~theor

Mercury
gA ~expt

Ni-like 4.246 0.457 4.254 4.113 0.497 4.119 3.985 0.544 3.993

Cu-like

(4s spectator)

Cu-like

(4p spectator)

3
2

5
2

1
2

I
2

I
2

3
2

4,263

4,265

4.266

4.266

4.267

0.492

0.335

0.336 4.274

0.505

0.453

4.129

4.130

4.132

4.132

4.133

0.546

0.370

0.372 4.137

0,558

0.498

4.001

4.002

4.004

4.004

4.005

0.604

0.407

0.410 4.008

0.615

0.546

along the laser axis. One can expect that the ratio of these
two lines, which have very different transition probabilities,
varies with increasing electron densities, when the collision-
al processes have to be considered in the population and/or
depopulation processes of the quasimetastable upper level of
the A transition. The chain of programs developed by the
last three authors at Jerusalem was used to solve the
collisional-radiative problem of evaluating the excited-level
populations in AuLu. %e assumed a plasma with an elec-
tron temperature of 800 eV consisting of 50'lo Ni-like ions
in their ground state. The configurations 3p63d'4s, 4p, 4d, 4f
and 3p53d'04s, 4p, 4d, 4f were included in the calculations to
evaluate the radiative transition probabilities and the col-
lisional rates connecting all the excited levels among them-
selves and with the ground state. Lines were assumed to
have a Doppler profile at an ion temperature of 400 eV.
Self-absorption in a 30-p,m-thick plasma, corresponding ap-
proximately to the observation conditions, was also taken
into account.

Figure 2 shows the computed intensity ratio I& /Is for
several electron densities up to 10 cm together with typ-
ical experimental results. Error bars are evaluated from the
uncertainties in the film calibration and the residual inaccu-
racies in subtracting the underlying continuum of the 8 line.
In the experiments, space resolution was kept to a
minimum value of 25 p.m in order to improve the signal-
to-noise ratio. At low electron densities, the Iq /ls ratio is

unaffected by collisions up to n, = 10' cm when collisions
begin to play a part in the depopulation of the upper levels.
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FIG. 2. (a) Experimental intensity ratio Iz jl~ of the lines la-

beled A and 8 in Fig. 1, as a function of the distance from the laser
target. The origin of the distance scale is arbitrary. (b) ab initio

evaluation of the same ratio as a function of the electron density in

the collisional-radiative model.

Above n, =10 ' cm ', opacity effects on the 8 line saturate
the density variations of the I~ /Is ratio.

A good qualitative agreement is found between theory
and experiment, in view of the fact that the measurements
are time integrated and the model simple. In particular, cas-
cades from upper levels with n =5, autoionization pro-
cesses, and recombination from Co-like ions were neglected
in the present study. Ho~ever, these results show that the
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electron density can be estimated to be in the range
102'—10~2 cm ~ at a distance of 100 ttm in Fig. 2(a), but the
origin of the scale cannot be well defined. This distance
corresponds to the spatial peak of 3d' -3d~4f emissions in

previous experiments using Au-Al alloy targets with elec-
tron densities in the same range.

In conclusion, the present wavelength measurements of
electric-quadrupole transitions in several Ni-like ions for
elements in the range Z =73-80 are in satisfactory agree-

ment with ab initio calculations. Satellite spectra of these
F. 2 decays have also been measured and identified as ori-
ginating from copperlike ions. Density-sensitive E2-to-E1
line ratios in high-density plasmas had already been predict-
ed in the neon isoelectronic sequence. ' The present work
completes a similar theoretical analysis in one element of
the nickel sequence with experimental checks. This opens
the way to promising electron density diagnostics in high-

density, high-Z plasmas.

'In association with Centre National de la Recherche Scientifique.
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