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Abstract 
A detailed analysis of the X-ray spectra emitted by laser produced plasma 
of lanthanum (8.5-12.5A) and praseodymium (8.4-11.3A) is given, using 
ab-initio calculations with the HULLAC relativistic code. Resonance 3d-nf 
( n  = 4, 5 ,  6 )  and 3p-4s, 4d transitions of the La XXX and Pr XXXII Ni I- 
like ions and neighbouring ionization states (La XXVIII to La XXXVI, 
Pr XXX to Pr XXXVI) have been identified. 

densitometer recording of a lanthanum spectrum emitted by 
a plasma obtained with a 3 J laser pulse. Figure 2 shows a 
praseodymium spectrum Obtained from a laser pulse* 

3* Theory 

The spectra were analyzed by comparison of ab-initio com- 
puted wavelengths and gf values to experimental wave- 
lengths and intensities. The relativistic-parametric-potential 1. Introduction 

Laser-produced plasmas of high-2 elements are powerful 
sources of radiation in the X-ray region. Theoretical 
analysis of the radiation emitted from these dense plasmas 
is useful for understanding the plasma energetics and the 
determination of plasma parameters from spectroscopic 
diagnostic. Recently, many such spectra emitted by ions in 
ionization states isoelectronic to Ni I and neighbouring iso- 
electronic sequences have been obtained and analysed for 
heavy elements up to uranium [l-lo]. Such spectra emitted 
by the rare earths plasmas can be used as a bright source in 
the 1 keV energy range. However, only limited work has 
been done on these spectra since the pioneering work of 
Bulkhalter et al. [ll],  besides the analysis of highly ionized 
europium from laser-produced plasma [ 121 and of gadolin- 
ium introduced in the PLT Tokamak [13]. Also a brief 
account of similar spectra of Sm, Gd, Tb and Ho with an 
emphasis on the Ni I-like transitions has been published 
recently [14]. The interest in these spectra for the study of 
inner shell excited autoionizing configurations [ 151, 
prompted us to make a detailed analysis of the lanthanum 
and praseodymium spectra obtained at  the Soreq Nuclear 
Center [16]. Also the 3d-4f pseudocontinuum emitted by 
the highly ionized praseodymium ions in this region has 
been used recently as a continuum source in time-resolved 
absorption experiments [17]. 

2. Experiment 

Spectra of lanthanum and praseodymium were obtained 
using laser produced plasmas at the Soreq Nuclear Research 
Center. The laser pulse energy was varied between 3 and 
70 J, while the laser pulse duration of 3.5 ns was kept con- 
stant. The beam was focused by a lens onto a plane target. 
The X-rays were dispersed by a KAP crystal and recorded 
on RAR 2495 films. The wavelengths were calibrated using 
known K-shell lines and their satellites of He I- and Li I- 
like sodium, providing the wavelength measurements at an 
accuracy of about 3mA. Figure 1 displays a typical micro- 

[ 181 method for ab-initio wavelengths and transition prob- 
abilities calculations was used. Because of the accuracy of 
the theoretical predictions and the isoelectronic regularities 
there is no ambiguity in most cases in the identification of 
lines, besides the blendings. For the identification of 3d"- 
3d"-'nf transitions, which appear in the spectra as single 
unresolved features, use has been made of the UTA 
(Unresolved Transition Array) model [ 191. Unresolved 
arrays that are split into jj subarrays (i.e. 3d1Onl-3di9nl4&.) 
were identified using the SOSA (Spin Orbit Split Array) 
model [20]. 

4. Results and discussion 

The results of the computations and the identification of the 
lines are given in Table I for lanthanum and in Table I1 for 
praseodymium. In these tables, the first column gives a label 
which identifies the transition (or the transition array) on 
Fig. 1 (lanthanum spectrum) and on Fig. 2 (praseodymium 
spectrum). The next two columns show the experimental 

9 10 11 12 13 
Wavelength , X (A) 

Fig. 1 .  Microdensitometer recording of the X-ray spectrum emitted by a 
lanthanum target irradiated with a laser pulse of 3 J nominal energy and 
3.5 ns duration. Labels refer to Table I. 
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I 31 

W 
I I I 1 I I I 

9 10 11 12 
Wavelength , A (A) 

Fig. 2. Microdensitometer recording of the X-ray spectrum emitted by a 
praseodymium target irradiated with a laser pulse of 5 J nominal energy 
and 3.5 ns duration. Labels refer to Table 11. 

wavelength and intensity. In the case of UTA, the mean 
wavelength of the experimental features is given. The follow- 
ing columns give the isoelectronic sequence of the ion, the 
theoretical wavelength of the transition [or the weighted 
mean wavelength, in the case of UTA, followed by the theo- 
retical width of the array (in m%l)]; the gfvalue of the tran- 
sition is given in the case of line transition. The last columns 
give the upper level designation (only the biggest component 
preceded by the square of the eigenvector is given), the total 
quantum number J ,  of the upper level and J ,  of the lower 
level. 

4.1. T i  I -  to Fe I-like ions 
For these ionization states (ground configuration from 3d4 
to 3d8) the experimental spectrum shows a band structure of 
unresolved transition arrays corresponding to the 3d"- 
3d"- ' 4  f transitions. The experimental wavelength ranges of 
these bands have been compared to the computed UTA 
mean wavelengths and widths. The higher ionization states 
(Ti I-, V I- and Cr I-like) appear, in the lanthanum spectra, 
only in those spectra obtained with high energy (70 J) laser 
pulses. These transition do not appear in spectrum dis- 
played in Fig. 1 which was obtained with 3 J laser pulse. 
This is indicated by (#)  in the label column of Table I. 

4.2. CO I-like ions 
The 3p63d9-3d63d8[4 f + 5fl and 3p63d9-3p53d94d tran- 
sitions were computed ab-initio with the RELAC code. The 
results of these full intermediate coupling calculations are 
compared in Tables I and I1 to the partially resolved experi- 
mental features. 

4.3. N i  I-like ions 
For the Ni 1-like ions the configuration mixing scheme of 
Tragin et al. [lo] was used for the theoretical computations 
using the RELAC code. The 3p63d"-3p63d9[4p + 4 f l  
+ 3p53d"[4s + 4 4  + 3s13p63d''4p and 3p63dl0-3p63d9 
[ 5 p  + 5 f +  6 p  + 6 f  + 7f] + 3p53d"[5s + 5 4  transitions 
have been calculated. The results of these computations 
were compared to the prominent lines appearing in the 
spectra. The discrepancy between calculated and measured 
wavelength was less than 20mA. As pointed out in Refs 
[lo] and [14], some accidental crossing of levels of the Ni I- 
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like ions can enhance significantly line intensities. This is the 
case for the 3s23p63d'0-3s23p63d~,z4 f s i z  [ J  = 11 and 
3s23p63d'0-3s3p63d'04p3,z [J = 1) transition in Pr XXXII. 
The gffactor of the first transition is enhanced from 0.012 to 
0.20 through mixing of the upper level with 3 ~ ~ 3 p ~ , ~ 3 d ' ~ 4 s  
[ J  = 11 and the second one from 0.14 to 0.61 through 
mixing of the upper level with 3s23p63d:,,4 f5,, [ J  = 11. 

4.4. Cu I -  and Zn I-like isoelectronic sequence 
In the spectra of high-Z elements (Z > 70) [6 ,  lo], one 
observes the typical j j  splitting of the 3d-nf SOSA 
transitions (n  > 3)  in Cu I-like and lower ionization states. 
In particular, this gives rise to two very well observed 
"grids" of array transitions, the first located on the long 
wavelength side of the 3dl0-3d:,,4 f5i2 Ni I-like line, and the 
second one on the long wavelength side of the 
3d'0-3d2,,4 f7,2 transition. In a previous work [4], depar- 
ture from pure j j  coupling for the 3d-4 f array was reported. 
This departure is expected to be even stronger for the same 
arrays of lower-Z elements. In the case of the La and Pr 
spectra, only one grid of array is observed: from the two j j  
subarrays observed in the spectra of high-Z elements only 
the one satellite to the 3d'0-3d~i24f5,2 Ni 1-like is still 
observable (corresponding to the 3d" lSo-3d94 f ' P ,  tran- 
sition in LS coupling). The transition from pure j j  to LS 
coupling is further demonstrated by calculating the 3d1°4d- 
3d94d4 f transitions in ions along the Cu I-like isoelectronic 
sequence. The resulting synthetic spectrum is displayed in 
Fig. 3 for La [Fig. 3(a)], Dy [Fig. 3(b)] and Pt [Fig. 3(c)]. 
As Z increases the intensity of the second array increases 
(this array corresponds to the 3d''-3dZi24 f7l2 transition in 
the Ni I-like ion). Thus, for the 3d-4f transitions of the 
Cu I- and Zn I-like isoelectronic only one SOSA was 
observed and identified in Tables I and 11. In the other 
3d-nf transitions with n > 4,  however, the two different j j  
subarrays were identified. This split is illustrated in Fig. 4 
for the 3d"4d-3d94d5f transitions in Cu I-like lanthanum. 
For the 3d-4 f transitions, another complication arising 
from the non-relativistic configuration mixing, can put into 
question the simple identification of features 38, 39 (in the 
lanthanum spectrum) or 33, 34 (in the praseodymium 
spectrum) as pertaining to 3d-4f transitions in the Cu I- 
and Zn I-like ions, respectively. Table I11 shows the effect of 
configuration mixing on the computations of the 3d1'4s- 
3d94s4 f transition. Presented in Table III(a) are the results 
for the single configuration computation. Table III(b) gives 
the results when configuration mixing of the upper configu- 
ration with 3d94p4d is introduced. Table IV shows the effect 
of configuration mixing on the 3d1°4p3d94p4 f transition. 
Identification of these theoretical computed lines in the 
experimental spectra would be possible only if much higher 
spectral resolution could be achieved. Considering that the 
wavelength difference between the bands is about loom& it 
is clear, however, that the configuration mixing can shift 
some intense lines from the original band to the adjacent 
feature. This effect was considered when giving the classi- 
fication in Tables I and 11. Nevertheless it can be shown 
that the intensity of the band 38 (La spectrum) or 33 (Pr 
spectrum) is contributed mainly by Cu I-like transitions. 
This was demonstrated by performing a level population 
calculation based on a collisional model that included the 
low lying 3d1'41 and 3d"Sl ( I  = s, p ,  d , f )  levels of the Cu I- 
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Table I. Results for identified transitions in the spectrum of lanthanum laser-produced plasma (8.5-12.5 A )  
Label I,,, (A) lex, Sequence Ilh (A) AA,h (mA) sf,, Upper level or UTA transition J, J, 

1 
2 
3 
4 
5 

6 

7 

8 

9 
10 

11 

12 
13 
14 
15 
16 
17 
18 

19 

20 

21 

22 

23 
24 
25 

( # I  
( # I  
(# )  
26 
27 
28 

29 

30 
31 

32 

33 
34 
35 
36 
37 
38 
39 
40 
41 

8.544 
8.614 
8.730 
8.800 
8.915 

9.041 

9.073 

9.200 

9.227 
9.321 

9.380 

9.433 
9.567 
9.603 
9.740 
9.774 
9.841 
9.912 

9.945 

10.217 

10.266 

10.340 

10.512 
10.621 
10.658 
10.095 
10.360 
10.660 
11.010 
11.315 
11.570 

11.611 

11.644 
11.652 

11.670 

11.787 
11.837 
11.918 
12.020 
12.047 
12.147 
12.240 
12.335 
12.458 

10 
8 
3 
7 
5 

25 

15 

20' 

10 
3 

6 

30 
15 
25 

7 
10 
10 
5 

8 

15 

12 

8 

20 
6 
6 

7 

20 

18 
15 

10 

15 
10 
10 
30 
10 
20 
10 
20 
20 

Ni I 
c u  I 
c u  I 
Zn I 
Zn I 

CO I 

CO I 

CO I 
Ni I 
Ni I 
Ni I 

Ni I 

Ni I 
Ni I 
c u  I 
cu I 
Zn I 
Ni I 
Zn I 

cu I 

CO I 

CO I 

CO I 

Ni I 
c u  I 
c u  I 
Ti I 
V I  
Cr I 
Mn I 
Fe I 
CO I 

CO I 

CO I 
CO I 

CO I 

Ni I 
Ni I 
cu I 
Ni I 
c u  I 
c u  I 
Zn I 
Ni I 
Ni I 

8.547 
8.627 
8.733 
8.810 
8.920 
9.047 

9.056 
9.076 
9.077 

9.230 
9.308 
9.379 

9.448 
9.585 
9.627 
9.744 
9.774 
9.833 
9.920 

(9.359 

10.192 
10.207 
10.207 
10.214 
10.248 
10.251 
10.264 
10.333 { 10.340 
10.492 
10.597 
10.633 
10.083 
10.356 
10.646 
10.955 
11.286 
11.558 

11.642 
11.643 
11.669 
11.731 

11.749 

11.964 
11.997 
12.053 
12.228 
12.252 
12.351 
12.431 

2 
5 

7 
16 
64 
64 

5 
8 

248 
259 
264 
269 
266 

336 

17 

0.42 

0.59 
0.43 
3.48 
2.45 
0.81 
0.79 
2.66 
1.92 
0.67 
1.03 

0.14 
1.21 
0.48 

1.47 
0.45 
0.49 
0.41 
0.29 
0.93 
0.41 
0.81 
0.47 
0.69 
0.41 
0.54 
0.40 
0.64 
0.98 
0.98 
0.33 

7.6 
14.9 
10.2 
7.0 
5.2 
4.3 
2.8 

2.1 
6.2 
4.8 

5.3 
0.5 
0.5 

1 0  

1 0 
1 0  
712 512 
512 512 
312 512 
312 512 
512 312 
312 312 
712 512 
712 512 

1 0  
1 0  
1 0  

1 0  
1 0  
1 0  
312 112 
112 112 
512 312 
112 312 
312 312 
512 512 
312 512 
512 312 
512 312 
312 512 
512 512 
1 0  
3/2 112 
112 112 

512 312 
712 512 
512 512 
312 312 
312 512 
512 312 
112 312 

512 312 
1 0  
312 112 

1 0  
1 0  
1 0  

(# )  Indicates feature observed in spectra obtained with higher energy laser pulses only. (*) Indicates those cases where the 
experimental feature may arise from the superposition of lines from transitions with different electron spectators configurations. 
Only the transition with the lowest of these configurations is given (see text). 
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Table 11. Results for identified transitions in the spectrum of praseodymium laser-produced plasma 
(8.4-1 1.3 A)  
Label A,,, (A) I,,, 

1 8.460 25 
2 8.521 10 
3 8.540 5 
4 8.595 25 
5 8.609 25 
6 8.666 5 

7 8.748 15 

8 8.885 3 
9 8.915 15 

10 9.040 3 

11 9.225 2 

12 9.265 5 

13 9.314 15 

14 9.363 

15 9.431 

16 9.559 
17 9.647 

18 9.682 

19 9.955 
20 10.210 
21 10.512 
22 10.474 
23 10.503 
24 10.515 

25 10.542 

26 10.562 
27 10.622 
28 10.714 
29 10.768 
30 10.801 

31 10.852 

32 10.908 
33 10.965 
34 11.048 
35 11.129 
36 11.256 
37 11.310 

8 

12 

20 
8 

5 

30 
50 
60 

50 

50 
25 
10 
5 

15 

80 

40 
20 
30 
10 
10 

~~ 

Sequence ALh (A) 

Ni I 8.447 
Ni I 8.481 

c u  I 8.610 
Ni I 8.589 

8.661 
8.723 
8.736 { !  8.754 8.763 

8.765 
Zn I 8.872 
Ni I 8.885 

8.966 
I { 8.958 

Ni I 9.194 
Ni I 9.246 

i c o  I 9.259 

C O  I { 9.279 
9.290 
9.286 
9.289 
9.322 

I { 9.332 

Ni I 9.524 
c u  I 9.616 

9.652 
9.673 

Mn I 9.929 
Fe I 10.214 
CO I 10.519 
CO I 10.443 
CO I 10.473 
CO I 10.485 

10.517 
I i10.513 

C O  I 10.540 
CO I 10.598 
Ni I 10.607 

c u  I 10.780 
10.804 {E 10.841 

cu I 10.998 

Zn I 11.021 
Ni I 11.108 
Ni I 11.238 
Ni I 11.314 

AA,, (mA) a f , ,  Upper level or UTA transition 
~~ 

1.23 
0.61 

0.52 
0.09 

1.43 
0.47 
0.24 
0.37 
0.64 
0.47 
0.32 
0.45 
0.03 
0.03 
0.39 
0.42 
0.88 
1.06 
0.51 
0.90 
0.47 
0.75 
0.61 
0.48 
0.80 
1.03 
1.05 
0.33 

244 
248 
247 
237 

8.0 
13.6 
10.4 
7.0 
5.3 
4.1 
2.7 

303 

2.3 
6.3 
4.4 

14 

5.4 
0.7 
0.2 
0.2 

J" JL 

1 0  
1 0  

1 0  
1 0  

1 0  
512 312 
112 312 
312 312 
1 0  
1 0  
112 112 
312 112 
1 0 
1 0  
512 512 
512 312 
512 312 
712 512 
112 312 
312 312 
512 512 
312 512 
512 312 
312 512 
512 512 
1 0  
312 112 
112 112 

512 312 
712 512 
512 512 
312 312 
312 512 
512 312 
112 312 

512 312 
1 0  
312 112 

1 0  
1 0  
1 0  
1 0  

(*) As in Table I. 
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-2 
X 
Y 

a 
(5, 

t I 

a)  La  (Z=57l 

I 

bl  Dy (Z=66) 

I 
h 

2 

X 
Y 

a 

" t  
t I Ill 

7 . 5  8 . 0  8 . 5  

c )  Pt (Z=78) 
" t 

NAVELENGTH (A) 
Fig. 3. Synthetic spectra showing the result of the computations of the 
3d1°4d-3d94d4f array in Cu I-like La XXIX (a), Dy XXXVIII (b) and 
Pt XL (c). The clear transition from LS to j j  coupling is apparent in the 
experimental spectra when comparing the spectra of rare-earths (this work) 
with the isoelectronic spectra of fifth row elements (see, for example, Ref. 
C61). 

like La ion. All the 14 level energies, electron impact excita- 
tion rates at  a typical electron temperature of 519eV (one 
half the ionization energy of the ion) and the radiative 
dipole decay rates have been calculated using the HULLAC 
code. The rate equations have then been solved for electron 
densities from l O " ~ m - ~  to 1023cm-3. These results were 
shown to be very little dependent on the electron tem- 
perature. Figure 5 shows the computed relative population 
of the 3d1°41 levels ( I  = p ,  d ,  f) to the population of the 
3d1'4s ground level. Figure 5 shows that for a typical elec- 
tron density of n, = 10" cm-3 (a critical density for the Nd- 
glass laser used in these experiment), the low lying 3d1°41 
levels are almost statistically populated. Thus all the tran- 

La (Z=57) 3d-5f 

9 :  5 9175 1 6 . 0  

WAVELENGTH ( A )  
Fig. 4.  Synthetic spectra showing the result of the computations of the 
3d1°4d-3d94d5f array in Cu I-like La XXIX. The array is split into two 
subarrays according to the j value of the 3d hole and Sf outer electron of 
the upper excited configuration (see Ref. [ 191). 

sitions 3d"41-3d94l4f, excited from these levels, are 
expected to appear in the experimental spectrum. All these 
transitions give rise to line in the same spectral region and 
have about the same UTA mean wavelength [21] corre- 
sponding to feature 38 in the lanthanum spectrum. There- 
fore, although configuration mixing can move some lines 
(especially in the case of transitions with 4s or 4 p  spectator 
electron), the bulk of the intensity of the 3d-4 f transition 
remains in the original wavelength range. Actually, the same 
conclusion can be reached for the feature 39 (lanthanum 
spectrum) or 34 in the praseodymium spectrum. These fea- 
tures have been identified as 3d10414&3d94141'4 f transitions 
of the Zn I-like ions, although, in this case, also, configu- 
ration mixing through 4s4f-4p4d or 4p4 f-4d2 interaction 
can move some lines from the central 3d-4f  Zn I-like 
feature. 

d 
0 *+ 

0-0- 

18 19 20 21 22 23 

Log N e  
Fig. 5. Population relative to that of the ground state of the La XXIX 
excited levels 3d"4Ij (0, 4p,/,; 0, 4p3/,; V, 4d31,; 0, 4d5/2; ., 4f512; A, 
4f,,,). At ne = 1021cm-3, the relative population densities are close to the 
LTE limit values. 
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Table 111. Results of ab-initio computation of the 3d"4s-3d94s4f tran- 
sition in Cu I-like La X X I X  (only transitions with g f >  0.1 are given) 

(a) Results for the 3d"4s-3d94s4f transition 

Upper level 2 (4 

(b) Results for the 3d"4s-3d9[4s4f+ 4p4dl transition 

(a) Single configuration approximation. (b) Including configuration mixing of the upper 
configuration with 3d94p4d. 

This simple model shows also that for the Cu I- and Zn I- 
like 3d-n f transitions with n > 4, each experimental feature 
is in fact the superposition of many SOSA arising from the 
different possible spectator electron configurations. But in 
Tables I and I1 only the theoretical SOSA with the lowest 
spectator configuration have been calculated (for example 
3d'04s-3dzi,4s6 f5,2 for the feature labelled 2 in Table I). In 
fact other SOSA, arising from configurations with other 
electron configurations (i.e. 3dlonl-3dzl,n/6 f5/J might con- 
tribute to the line intensity. Since all these SOSAs have 
approximately the same mean wavelength [21], only the 
one with the lowest spectator configuration was given in 
Tables I and 11. 

5. Conclusion 
In this work, a detailed analysis of the X-ray spectrum 
emitted from the laser produced rare-earths (La and Pr) has 
been given. Resonance 3d-nf (n = 4, 5 ,  6 )  and 3 p 4 s ,  4d tran- 
sitions of the La XXX and Pr XXXII Ni I-like ions and 
neighbouring ionization states (La XXVIII to La XXXVI, 
Pr XXX to Pr XXXVI) have been identified. The effect of 
configuration mixing was found to be important for the 
identification of Ni I-like and Cu I-like transitions. The 
observed satellite spectrum of the Ni I-like 3d''-3d94 f tran- 
sition exhibit a pronounced LS structure in contradistinc- 
tion with the spectra of higher-Z elements which shows a 
definite j j  doubled peak structure. 
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