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Abstract-

 

The energies of the Ni-like ions with Z=36-51 are calculated. The energies of the low 3d3/24d3/2

 

[J=1]

 

and

 
upper 3d3/24f5/2

 

[J=1]

 

working levels of the self-photopumped X-ray laser are analyzed along the sequence. We studied 
irregularities in the crossing Z-points of each working level with another level of the same parity. The irregularities are the 
features of the energy levels and of the radiative transition probabilities (RTP) associated with this level. They result in a 
decrease in the radiative transition probability (RTP) in one transition channel and an enhancement of RTP in another 
channel. The list of elements that lase on the self-photopumped transition can be extended much further than originally 
known. We present the first calculation of the wavelengths of this transition in Ni-like sequence to Z

 

= 79 using the 
relativistic perturbation theory with a zero approximation model potential. 

 
Keywords:

 

spectroscopy of multicharged ions, radiative-collisional X-ray lasers, energy levels and radiative 
transition probabilities.  

I.

 

Introduction

 Effect of oscillator strength transfer in the neon isoelectronic sequence with 
application to X-ray laser modeling was considered by us in [1]. This study suggests 
that Z points at which interacting levels are close to each other may be important for 
modeling emission spectra of dense plasma. Later the authors of [2] where the level 
crossing in the Ni-like sequence and associated irregularities in the functions of energies 
and probabilities of radiative transitions in the range Z = 74-84 were studied arrived at 
the same conclusion. From this, the conclusion about the possible incorrect 
identification of levels in their crossing regions follows. Here we review the experiments 
on the study of self-photo pumped X-ray laser in Ni- like ions in order to determine 
possible irregularities in the sequences of working levels. Another challenge is to detect

 
misidentifications in the working levels energies.

 Self-photo pumped (SPP) x-ray lasers (XRL) in Ni-like ions were presented in 
1996 [3] as an alternative approach to the standard radiative collisional scheme for 
inversion creation. We use the term SPP following the name given in literature. This is 
really collisionally pumped laser assisted by radiation trapping. Both schemes for Ni-like 
ions are shown in Figure1. This new class of SPP in Ni-like XRL was first investigated 

theoretically in [4] where high gain was predicted for the 4f 1P1

 

– 4d 1P1

 

transition in 
Mo14+

 

at 22.0 nm. It was supposed that preplasma was created by a nanosecond pulse 
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followed by a picosecond pulse to control the temperature and density in plasma and to 
achieve high gain. This wavelength was calculated using the multiconfiguration Dirac-
Fock atomic physics code by Grant and co-workers in the extended average level mode 

[5]. In the experiment [6] the Ni-like SPP XRL on the 4f 1P1
 – 4d  1P1

 transition was 
demonstrated in Ni- like Zr, Nb, and Mo, and the measured wavelengths for these ions 
were presented. For Mo14+  a gain of 13 cm-1  was measured at 22.6 nm for a target up to 
1 cm long [6]. The wavelengths of this transition for ions from Z = 36 to 54 were 
predicted in [6] using the experimental data of this work to provide small corrections to 
their calculations. In the experiment [7], the progress in the optimization and 
understanding of the collisional pumping of X-ray lasers using an ultrashort 
subpicosecond heating pulse was reported. Time integrated and time resolved lasing 

signals at the standard 4d 1S0
 – 4p  1P1 XRL line in Ni-like Ag was studied in detail.  

Under specific irradiation conditions, strong lasing was obtained on the SPP 4f 1P1
 –  4d 

1P1
 transition at 16.1 nm. The strong lasing on the SPP transition in Mo14+  was also 

observed with very modest (less than 1 J) pump energy at high repetition rate [8]. 

Recently lasing on the SPP 3d 1P1
 –  3p 1P1  laser line has been observed for Ne-like V, 

Cr, Fe, and Co, as well as for Ni-like Ru, Pd, and Ag [9]. A strong dependence on delay 
between the main and second   prepulses was found: the optimum delay shifts towards 
smaller delays with increasing atomic number Z. Accurate wavelength measurements 
and calculations are shown to be in excellent agreement.  The experiment [9] has 
demonstrated that the list of elements that lase on the SPP transitions can be extended 
much further than originally known.  

 

Fig. 1:  The diagram of three XRL transitions in Ni-like ions  

© 2017  Global Journals Inc.  (US)
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 Many authors have investigated the spectra of Ni-like ions using vacuum spark, 
laser produced plasma and electron beam ion trap as light sources [10-16]. The 3d 94d

 and 3d94f
 
configurations have been analyzed in the Rb X –

 
Mo XV sequence [12-13]. In 

[12-13], these configurations were investigated using parameter extrapolations within 
the Generalized-Least-Squares (GLS) method. This method was used in [14,15] to 
predict for 3d94d, 3d94f

 
configuration energy levels in Cd XXI and Ag XX. GLS 

predictions of 3d94d, 3d94f
 
energy levels in the Zr XIII –

 
Pd XIX sequence are tabulated 

in [16]. 
 Note that lasing wavelength (λlas) in Mo14+

 
was determined theoretically [4] and 

in the experiment [6] using one and the same atomic physics code [5], but results for λlas

 were somewhat different (by 4Å). The 3d3/24f5/2

 

[J=1]

 

upper working level has the 
largest oscillator strength and RTP to the 3d10

 

ground level. This fact allows it to 
achieve high precision in this level energy measurement along the Ni-like sequence up to 
high Z

 

~ 84; in some ions, the energy of the transition to the ground state was accurate 
up to the fourth significant digit. The wavelengths of resonant radiative transitions in 
heavy Ni-like ions were calculated by us to Z = 83 in [17]. Moreover, in [17] the 

wavelengths (for Z

 

within 79 –82) were predicted with the same accuracy, although 
they have not yet been measured experimentally.

 In the present paper, we analyze the smoothness of the working energy levels of 
SPP XRL along the Ni-like sequence. We have found some irregularities in Ni- like 
sequence energies in the region Z=42 (Mo14+) and in the region Z = 49 (In21+) for the 
upper 3d3/24f5/2

 

[J=1]

 

working level. The causes of irregularities are studied.  

 The principle purpose of this paper is to predict the wavelengths of SPP XRL 
lines in Ni-like ions with Z ≤

 
79. The calculations are performed by the Relativistic 

Perturbation Theory with Model zero approximation Potential (RPTMP). The 
fundamental principles of the RPTMP approach are given in [18] where energy levels of 
the 3p63d94l, 3p53d104l, (l=0,1) configurations and radiative transition rates to the 
3p63d10

 
ground state in the Kr IX

 
ion are calculated. The stability of calculations on the 

approximation used was discussed in [18]. Energy levels of the odd and even states with 
J=1

 
of the Ni- like ions with Z = 36-51 are given in Tables 1 and 2.

 
Table 1:

 

Energy levels (in 1000 см-1) of the odd states with J=1
 

of the Ni- like ions 
with Z = 36-51 

 

level

 

36 37 38 39 40 41 42 43 
3d5/24p3/2

 

855.9

 
 

1005.5 1175.7 1366.2 1557.8 1758.9 1971.7 2.210.0+ 

3d3/24p1/2

 

869.6

 
 

1020.4 1191.7 1383.1 1575.7 1777.7 1991.5 2189.2+ 

3d3/24p3/2

 

875.3

 
 

1027.6 1200.7 1394.4 1589.5 1794.4 2011.5 2233.8 

3d5/24f5/2

 

1310.8

 
 

1516.9 1743.8 1990.5 2238.1 2495.1 2771.8 3033.7 

3d5/24f7/2

 

1318.7

 
 

1526.3 1755.4 2004.5 2254.7 2514.3 2793.5 3060.0 

3d3/24f5/2

 

1332.2

 
 

1.545.2 1779.7 2034.9 2292.0 2559.1 2843.9 3121.3 

3p3/24s1/2

 

1650.9

 
 

1868.7 2077.8 2309.0 2541.3 2782.4 3035.0 3292.3 

3p1/24s1/2

 

1712.0

 
 

1939.7 2159.6 2403.5 2649.6 2905.8 3175.3 3451.0 

                               

1

G
lo
ba

l
Jo

ur
na

l
of

Sc
ie
nc

e
Fr

on
tie

r
R
es
ea

rc
h 

  
  
  
 V

ol
um

e
X
V
II  

 I
ss
ue

  
  
  
er

sio
n 

I
V

V
I

Y
ea

r
20

17

11

  
 

( F
)

© 2017   Global Journals Inc.  (US)

Irregularities in Energy Sequences of Ni- Like Ions. Applications to Wavelengths Calculations of the                   
Self-Photo Pumped 4f1p1 −  4d 1P1 X-Ray Laser Transition

3p3/24d3/2 2044.8 2305.1 2256.9 2831.1 3106.7 3391.7 3688.7 3990.8 

3p3/24d5/2 2055.4 2317.2 2570.4 2846.0 3122.9 3409.4 3707.8 4011.6 

3p1/24d3/2 2116.3 2387.8 2651.6 2939.6 3230.2 3531.3 3846.2 4167.8 
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level

 

44  45  46 47 48 49 50 51 
3d5/24p3/2

 

2440.9

 
 

2682.8  2937.5 3205.2 3480.4 3.767.1 4064.5 4372.8 

3d3/24p1/2

 

2419.1

 
 

2659.7  2913.1 3179.1 3452.4 3737.0 4031.8 4337.2 

3d3/24p3/2

 

2468.9

 
 

2715.4  2975.2 3248.6 3530.0 3823.4 4128.1 4444.3 

3d5/24f5/2

 

3321.4

 
 

3617.3  3924.2 4247.3 4576.1 4916.4 5267.1 5627.2 

3d5/24f7/2

 

3350.0

 
 

3649.4  3960.0 4286.7 4619.5 4964.0 5319.1 5683.8 

3d3/24f5/2

 

3419.9

 
 

3728.2  4048.4 4383.3 4723.1 5094.1+ 5454.3 5828.8 

3p3/24s1/2

 

3561.8

 
 

3842.3  4135.8 4442.1 4757.8 5065.3+ 5404.8 5751.8 

3p1/24s1/2

 

3740.8

 
 

4043.4  4360.9 4692.7 5034.2 5389.3 5757.3 6139.8 

3p3/24d3/2

 

4305.9

 
 

4632.5  4972.3 5325.9 5687.3 6060.8 6445.5 6842.3 

3p3/24d5/2

 

4328.3

 
 

4656.6  4998.2 5353.7 5717.2 6092.9 6480.1 6879.4 

3p1/24d3/2

 

4504.2

 
 

4854.0  5219.2 5600.1 5991.3 6397.0 6816.4 7250.9 

Table 2:

 

Energy levels (in 1000 см-1) of the even states with J=1

 

of the Ni- like ions 
with Z = 36-51 
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level 36 37 38 39 40 41 42 43
3d3/24s1/2 706.2 840.9 995.9 1171.0 1347.3 1532.7 1729.8 1931.4
3d5/24d3/2 1088.4 1263.0 1458.1 1673.1 1889.4 2115.1 2352.6 2594.8

3d5/24d5/2 1098.9 1275.3 1472.1 1688.8 1906.8 2134.3 2373.4 2617.4
3d3/24d5/2 1106.4 1284.2 1482.7 1701.4 1921.6 2151.6 2400.8+ 2648.7

3d3/24d3/2 1110.1 1288.5 1487.5 1706.7 1927.6 2158.2 2393.6+ 2640.6

3p3/24p1/2 1793.6 2.025.4 2248.6 2494.2 2740.6 2996.2 3263.4 3535.2

3p3/24p3/2 1811.0 2045.6 2271.6 2520.6 2770.7 3030.5 3302.4 3579.5

3p1/24p1/2 1862.1 2104.2 2338.5 2597.0 2857.6 3128.4 3412.6 3703.1

3p1/24p3/2 1.874.4 2119.3 2356.7 2618.9 2883.5 3159.0 3448.2 3744.5

3p3/24f5/2 2258.9 2.549.8 2832.0 3136.7 3442.4 3757.5 4092.6 4413.0

3d3/24s1/2 2145.1 2369.7 2607.0 2856.4 3113.3 3381.3 3659.5 3948.6

3d5/24d3/2 2849.6 3115.3 3393.8 3685.5 3984.6 4295.3 4616.5 4948.6

3d5/24d5/2 2873.9 3141.5 3421.8 3715.5 4016.7 4329.5 4653.1 4987.6

3d3/24d5/2 2909.5 3181.8 3467.4 3766.8 4074.3 4394.0 4725.1 5067.6

3d3/24d3/2 2900.6 3172.0 3456.5 3754.8 4060.9 4379.1 4708.5 5049.2

3p3/24p1/2 3819.4 4114.3 4422.2 4742.5 5070.2 5409.0 5758.3 6118.8

3p3/24p3/2 3869.5 4171.0 4486.0 4814.4 5150.9 5499.4 5859.3 6231.3
3p1/24p1/2 4007.8 4325.1 4657.5 5.004.5 5361.2 5731.5 6114.8 6512.4

3p1/24p3/2 4055.5 4379.9 4719.8 5075.4 5441.4 5821.8 6216.2 6625.7

3p3/24f5/2 4760.5 5116.2 5483.5 5867.5 6257.7 6660.0 7073.3 7497.2

II. Features of Lower and Upper Working Levels of SPP XRL along the Ni-
like Sequence

The schematic diagram of three strong XRL transitions is shown in Fig. 1: two 
of them are standard  3d4d [J=0] – 3d5/24p3/2 [J=1] and 3d4d [J=0] – 3d3/24p1/2[J=1]
transitions. The classifications of lower working levels in Fig. 1 are valid for Z  42. The 
3d5/24p3/2 [J=1] level is the lower working level of an XRL for the entire nickel 

<

isoelectronic sequence, the 3d3/24p1/2[J=1] level is the lower working level for heavy ions 
starting with Z = 62. The third 3d3/24p3/2[J=1] level decays to the ground state 
significantly weaker than two mentioned above, and does not provide a significant gain. 
In our recent work [19], the energies of standard XRL transitions in ions of the Ni-like 
sequence with Z ≤ 79 are refined by RPTMP calculations. The calculated energies of 
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the two standard 4d−4p, J= 0−1 XRL transitions are corrected by extrapolation of the 

experimental differentials of XRL transition energies dEZ
las

 

= EZ
las

 

– EZ−1
las; i.e., the 

differences between transition energies of neighboring ions, which weakly depend on Z

 

(especially, in the region Z

 

≤

 

50). It is proven that the accuracy for the final results for 
large Z

 

is within the experimental error. 

 

The 3d3/24f5/2

 

[J=1] – 3d3/24d3/2

 

[J=1]

 

transition is optically self-photopumped 
XRL in all Ni-like ions, the positions of working levels vary with respect to other levels 
along the sequence.

 

Based on our previous studies of XRL [20-22], it can be argued that 
there are at least four principal differences between standard and self photo-pumped 
mechanisms: 

 

(i)

 

In the standard scheme, the upper working level is populated by strong monopole 
electron collisions; in the SPP scheme it is populated by strong dipole electron 
collisions, which means large oscillator strength and effective photoabsorbtion.

 

(ii)

 

Effective SPP XRL is possible only in optically thick plasma (large electron density 
ne

 

and diameter d), while the standard XRL is possible both in optically thick and 
in optically thin plasma over a wide range of ne

 

and d. 
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Below we demonstrate the irregularities in the sequence of both the lower and 
the upper working levels of SPP XRL. Crossing of each working level with another level 
causes the irregularities. Level crossing is accompanied by a strong interaction at 
certain Z points. Fig. 2a shows the scaled energies along Z of the 3d3/24d3/2 [J=1] lower 
working level and 3d3/24d5/2 [J=1] level close to it. In addition to the energy levels 
calculated here, Fig. 2a also shows the corresponding experimental values [16]. 
Reference [16] does not indicate classification of 3d4d [J=1] levels, their classification 
was made earlier in [13]. Note that theoretical and experimental classifications are 
identical. There are some differences between theoretical and experimental energies, 
typically few units in the 4th-5th digits. These differences are conditioned by the shift of 
the theoretical list of energy levels as a whole, but this shift does not affect the accuracy 
of λlas. The energy levels in Fig.2a are scaled by dividing by (Z-23)2, so that the 
behavior of the third and forth significant digits can be observed. At the beginning of 
the sequence, the 3d3/24d3/2 [J=1] level is above the 3d3/24d5/2 [J=1] level. The crossing of 
these levels is in the range 41 < Z < 42 (shown by arrows). The crossing of the 
corresponding experimental energy levels occurs at exactly the same Z value. At Z = 
42, one can observe the “repulsion” of levels caused by their interaction; the “repulsion”
is a feature of theoretical and experimental data. Note, that repulsion can be seen due 
to energy scaling; in fact, the repulsion value is about few thousand of cm-1, i.e. few 
units in the forth digit for the 3d3/24d5/2 [J=1] level. 16
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(iii) In the SPP, the upper working level is quickly emptied due to the large radiative 
decay rate. Therefore, in this scheme, a laser effect is short-lived; maximum XRL 
duration may be a few tens of picoseconds. A standard XRL can operate in quasi-
continuous mode (under certain conditions).

(iv) In the SPP, the lower and upper working levels does not change their classification 
along the Ni-like sequence, in the standard scheme the upper working level changes 
its classification: the 3d5/24d5/2 [J = 0] state is dominant in the classification of the 
upper working level at Z ≤ 51, and the 3d3/24d3/2 [J = 0] state is dominant for Z > 51 
[19]. 



 

 

   
   

   
  

 

 

    

   
 

  

   

Fig. 2a:

 

The crossing of low working 3d3/24d3/2

 

[J=1]

 

energy level with 3d3/24d5/2

 

[J=1]

 

energy level in Ni-like sequence, shown for the theoretical and experimental scaled 
energies along Z 
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Fig. 2b: Features of theoretical upper working level 3d3/24f5/2 [J=1], shown by scaled 
energy along Z in comparison with correspondent experimental data

Notes
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Fig. 3: Difference between experimental, predicted from [6] and calculated here, λlas of 
SPP XRL transition in Ni-like ions

In Fig. 2b, we can see hard to explain behavior of the 3d3/24f5/2 [J=1] upper 
working level in the region of Z = 42. The features of this level will be considered below 
in more detail; however, it is important to note here that the energy structure of odd 
states in the range Z = 40-49 exhibits extremely high instability caused by the 
interaction of levels with each other, which rapidly changes with Z. (Note, that the 
calculation in simpler approximations without accounting for 3p1/2, 3p3/2 orbital’s, in 
principle, confirms the results shown in Figures 2a, 2b). In this case at hand, we 
understand the instability as the ambiguity of the calculation of eigenvectors and 
eigenenergies. As a result, the calculation in the same approximation leads to different 

energies  of  a certain level.  The  deviation from the smooth curve in Fig. 2а 10000 
cm-1; however, such a value leads to a sufficiently large deviation from the 
corresponding experimental values of λlas at Z = 42, shown in Fig. 3.

At the point Z = 42, λlas calculated here is 222 Å that is smaller than the 
experimental and theoretical values of [4] by 4 Å. In the recent experiment [9], the 
delay time between preliminary and main pump pulses was optimized to achieve the 
maximum yield of the X-ray laser. In fact, the electron density was optimized in [9]. X-
ray lasing occurs in the Ni-like ion ionization mode, so that the lasing times on both 
transitions  were restricted to the ionization time of Ni-like ion to the Co-like state. 
Time resolved measurements in [9] allowed high-accuracy wavelength measurements of 
the SPP and standard X-ray laser lines. Thus, the calculations of the previous work [6] 
were confirmed: λlas ≈ 22.61 nm in Ni-like molybdenum (Mo14+, Z=42). Our calculations 
are performed for an isolated atom. Based on the studies performed, it can be argued 
that the interaction of levels at the point Z = 42 is so strong that the energy levels 
3d3/24d3/2 [J=1], 3d3/24d5/2 [J=1] in dense hot plasma can differ significantly from the 
corresponding energy levels in an isolated atom. 

 ~

 ~

4.
N

il
se

n
 J

.,
 D

es
ig

n
 o

f 
a
 p

ic
os

ec
on

d
 l

as
er

-d
ri

v
en

 N
i-
li
k
e 

M
o
 x

-r
ay

 l
as

er
 n

ea
r 

20
 n

m
. 

19
97

 J
. 
O

p
t.
 S

oc
. 
A

m
. 
B

14
15

11
-1

51
4

Ref



 

 

   

   

  

  
 

   
 

 

© 2017  Global Journals Inc.  (US)

1

G
lo
ba

l
Jo

ur
na

l
of

Sc
ie
nc

e
Fr

on
tie

r
R
es
ea

rc
h 

  
  
  
 V

ol
um

e
X
V
II  

 I
ss u

e 
  
  
 e

rs
io
n 

I
V

V
I

Y
ea

r
20

17

16

  
 

( F
)

Irregularities in Energy Sequences of Ni- Like Ions. Applications to Wavelengths Calculations of the                   
Self-Photo Pumped 4f1p1 −  4d 1P1 X-Ray Laser Transition

Fig. 4: Composition of low working level 3d3/24d3/2 [J=1] along Ni-like sequence on a 
logarithmic scale

The problem is related to the composition of the 3d3/24d3/2 [J=1] working level, 
which indicates the strength of level interaction. It is shown in Fig. 4 for all 3d4d [J=1]
levels in Ni-like ions with Z = 36 – 79. Figure 4 shows that contributions of the 
3d3/24d3/2 [J=1] and 3d3/24d5/2 [J=1] levels are almost equal at Z = 42, which could lead 

to levels’ misidentification. Theoretical energies of these levels at Z = 42 are 2393554 
cm-1 and 2400846 cm-1 (51% and 41%, respectively, are the contributions to the 
3d3/24d3/2 [J=1] low working level). The contributions of these levels in [13] are 45% and 
34%, and the energies are 2385902 cm-1 and 2393229 cm-1 respectively. (We note that 
the theoretical list of energies of Ni- like ions in the range of small Z is shifted as a 
whole by 5000-8000 cm-1). Fig. 4 demonstrates the rapid restructuring of lower working 
level compositions: so that the 3d5/24d3/2 [J=1] level contribution increases by five orders 

of magnitude in the range Z = 40 – 42. 
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Figure 5 shows the scaled energies along Z

 

of the 3d3/24f5/2

 

[J=1]

 

upper working 
level and the close 3p3/24s1/2

 

[J=1]

 

level. Crossing of these levels occurs in the range 48 

Z

 

49. At Z

 

= 49 one can see the “repulsion”

 

of levels caused by their interaction; the 
“repulsion”

 

is a feature of theoretical data. In Fig.5, the corresponding experimental 
energies for the 3d3/24f5/2

 

[J=1]

 

level are shown [16]. Unfortunately, we have no available 
data on the experimental 3p3/24s1/2

 

[J=1]

 

levels in the Z region under consideration. The 
value Z

 

= 49 is the point of an abrupt jump (irregularity) in spectroscopic constants of 
the 3d3/24f5/2

 

[J=1] upper working level and the 3p3/24s1/2

 

[J=1] level crossing it, caused 
by the strong interaction of these levels at this value of Z. This interaction is shown in 
Fig. 6, where we can see the 3d3/24f5/2

 

[J=1] level composition. The interaction of levels 
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at the point Z = 49 leads to the so-called effect of oscillator strength transfer we 
considered in [1] for the Ne-like sequence. At this point, the rate of radiative processes 
abruptly changes: the probabilities of the transition from the 3d3/24f5/2 [J=1] level to the 
ground state and to the state of the lower working level slightly decrease. At the same 
time, these probabilities for the 3p3/24s1/2 [J=1] level increase by an order of magnitude 
and become almost equal in magnitude to the corresponding values of the 3d3/24f5/2

[J=1] level. These effects are clearly expressed in figures 7a, 7b showing the RTP to the 
ground state from 3d3/24f5/2 [J=1] and 3p3/24s1/2 [J=1] levels. Thus, it can be assumed 
that there was incorrect identification at the point Z = 49 when extrapolating the upper 
working level in [6], and the 3p3/24s1/2 [J=1] level which is close to the 3d3/24f5/2 [J=1]
level in energy was used as the upper working level (see Figure 5). If this assumption is 

correct, λlas 144.7 Å for Z = 49, which is identical to [6]. When using our value for 

 < 
 < 

 ~
3d3/24f5/2 [J=1], λlas  140.0 Å (here the energy jump shown in Fig. 5 is taken into  ~
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Fig. 5: Crossing of upper working 3d3/24f5/2 [J=1] energy level with 3p3/24s1/2 [J=1]
energy level in Ni-like sequence, shown by scaled energy values along Z. The 
corresponding experimental values for 3d3/24f5/2 [J=1] energies are also shown



 

 

 
 

   
 

    

   

    

account). Another argument in favor of the incorrect identification in [6], are large 

jumps of the differential dλlas (Z) =

 

λlas (Z )- λlas (Z-1) in the range Z

 

= 47-50.  
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Fig. 6: Composition of upper working level 3d3/24f5/2 [J=1] along Ni-like sequence on a 
logarithmic scale

Fi : Radiative transition probability from the upper working level 3d3/24f5/2 [J=1]
and the levels 3d5/24f5/2 [J=1], 3d5/24f7/2 [J=1] to the ground level 1S0.  
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Fig. 7b:

 

Radiative transition probability from the levels 3p3/24s1/2

 

[J=1]

 

and 3p1/24s1/2

 

[J=1]

 

to the ground level 1S0  
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III. Wavelengths of the Self-Photopumped Nickel-Like 4f1P1 → 4d 1P1 X-Ray

Laser Transitions

A comparison of the wavelengths of the self-photopumped nickel-like 4f 1P1 → 4d 1

P1  X-ray laser transitions, we calculated by the RPTMP method with corresponding 
experimental values, shown in Figure 3, exhibits a deviation of ≤ 1% in the range Z = 

37-46. For Z ≥ 48 Å, our results are identical to experimental data with an accuracy of 
several units in the fourth significant digit. 

Energy levels (103 cm-1) of W XLVII. Comparison of present calculations with 
experimental data [23, 24] and with calculations by GRASP92 [25]

Table 3:

Configuration Term Present
Work GRASP92 

3p63d10 1S0 0.0 0.0 0.0 
3p63d94s (5/2,1/2) 12601.5 12600.1 

12616.44 12615.2 12591.1 
3p63d94s (3/2,1/2) 13138.66 13137.8 13110.8 

13148.2 13147.4 13120.7 
3p63d94p (5/2,1/2) 13379.05 13357.5 

13388.20 13366.3 
3p63d94p (3/2,1/2) 13916.27 13894.8 

13940.6 13922.4 13930.6 
3p63d94p (5/2,3/2) 14229.0 14234.9 14221.0 

3p63d94p (3/2,3/2) 14751.0 14756.2 14741.1 
3p63d94d (3/2,3/2) 15935.9 15924.2 
3p63d94d (5/2,5/2) 15556.1 15561.3 15550.2 

15610.2 15614.9 15605.0 

Notes

Experiment



 

       
 

  

  

 

  
 

 
    

 
   

    
    

  
    
    
     
     
    
   
   
    
   
    

3p53d104s  (3/2,1/2)

  

16247.0

 

16258.9  

 

3p63d94d

 

(3/2,3/2)  

 

16256.2

 

16284.7  16282.9 
3p63d94f  (5/2,7/2)  

 

17045.9

 

17042.2  17030.6 

3p63d94f
 

(3/2,5/2)
 

 

17574.7

 

17580.3*  17586.5 17585.6 

3p53d104s  (1/2,1/2)

  

[18727]

 

18726.4

 

18724.4 
3p53d104d  (3/2,3/2)

  

19044.4

 

19041.8 19057.5 
3p53d104d  (3/2,5/2)  

 

19244.5

 

19234.8  19244.1 
3p53d104f  (3/2,7/2) 

 

20589.0

 

20600.1 20613.8 

3p53d104d (1/2,3/2)

  

21561.0

 

21547.0  21614.6 

Data from [24] 

 

Two values of Z are exceptions: (i) the calculation instability point at Z

 

= 42 
and (ii) the point Z = 49 where the 3d3/24f5/2

 

[J=1]

 

and 3p3/24s1/2

 

[J=1] states are 
probably incorrectly identified in the calculation by the MCDF method in [6]. 
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Table 4: Wavelengths (λlas, Å) of the 3d3/24f5/2  (1P1) –  3d3/24d3/2  (1P1) SPP laser 
transitions in Ni-like sequence calculated by RPTMP

Z λlas

50 134.08
51 128.12
52 122.54
53 117.39
54 112.66
55 108.36
56 104.295
57 100.51
58 96.98
59 93.68
60 90.57
61 87.65
62 84.89
63 82.28
64 79.81
65 77.47
66 75.23
67 73.08
68 71.06
69 69.11
70 67.25
71 65.47
72 63.75
73 62.10
74 60.51
75 58.97
76 57.48
77 56.04
78 54.64
79 53.23
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We estimated the accuracy of the calculation of the energies of the upper and 
lower working states for high Z using experimental measurements of various studies. As 
an example, we compare the experimental energies for Z

 

= 74 (W46+) obtained using the 
Super

 

EBIT (electron beam ion trap) [23-24], presented in Table 1. There are also listed 
the theoretical results calculated using the MCDF method called the Grasp92 [25]. Here 
we do not present earlier calculations of other authors. We also note the impossible 
comparison to the other calculations [26] in view of the level identification entanglement 
in this paper.

 

Good agreement between experimental and theoretical results for the energy 
levels in Table 3 may be noted: the maximum deviation is two units in the fourth 
significant digit. For the problem under study, it is important to ascertain the high 
accuracy of the calculation of the upper and lower working levels. For the experimental 
energy of the 3d3/24f5/2

 

[J=1]

 

level, Table 3 gives two values: one obtained

 

in the 
experiments [23] and the other later [24], respectively. The difference with our 
calculation is 6 units in the fifth significant digit. We did not find the experimental 
energy of the 3d3/24d3/2

 

[J=1] lower working level for high Z

 

in the literature.

 

The 
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energies of two other states of the 3d4d configuration with J = 1, 2, given in Table 1 
also agree with high accuracy, which indirectly confirms the calculation reliability. 

Wavelengths of the 3d3/24f5/2 (
1P1) – 3d3/24d3/2 (

1P1) SPP laser transitions in Ni-
like sequence calculated by RPTMP are listed in Table 4. The data on las (see Table 
4) are obtained a priori, no fittings were used. The error can be several units in the 
fourth significant digit.The precision wavelengths of laser transitions are necessary, in 
particular, to determine ions in which intense laser emission is possible at wavelength 
for which multilayer mirrors (MM) with high reflectance are developed.  

IV. Conclusion

The crossing region of each working level with another level is characterized by 
their strong effect on each other, which can cause strong instability of the energy 
structure in the crossing region. In such regions, jumps in functions of energy levels and 
probabilities of radiative transition on Z are possible (see Figures 7a and 7b). From this, 
the conclusion about the possible incorrect identification of levels in their crossing 
regions follows.

The SPP XRL can be very sensitive to external fields. It is implied that even an 
insignificant change in the plasma density can affect the emission spectrum. An indirect 
confirmation of this can be the remarkable phenomenon (see Fig. 4) where a rapid 
increase in the contribution of the 3d5/24d3/2 [J=1] level to the composition of the lower 
working level is demonstrated. In the interval Z = 40-42, the contribution of this level 
increases by five orders of magnitude. A similar pattern is observed in Fig. 6 where the 
contribution of 3p3/24s1/2 [J=1] also rapidly increases to Z = 49, where this level strongly 

23
.K

ra
m

id
a 

A
.E

.,
 S

h
ir

ai
 T

. 
20

0
9 

E
n
er

gy
 l

ev
el

s 
an

d
 s

p
ec

tr
al

 l
in

es
 o

f 
tu

n
gs

te
n
. 

W
 I

II
 

th
ro

u
g
h
 W

 L
X

X
IV

. 
 A

t.
 D

at
a 

N
u
cl

. 
D

at
a 

T
ab

le
s

95
30

5-
47

4

Ref

It is generally accepted that the energy levels of atomic system/multicharged ion 
are identified unambiguously. It means that atomic energy values are practically 
independent on plasma sources. Present studies of the irregularities in energy sequences 
led to a theoretical observation of an extraordinary phenomenon; it could be called 

“instability of the multicharged ion state”. The calculations directly indicates the ion 
Mo14+ (Ni-like state of Mo) in which the 3d3/24d3/2 [J=1] level energy defined in typical 
laboratory source might significantly differs from that defined in a source of very small 
ion density. The ultra high vacuum is maintained in EBITs (electron beam ion trap) 
apparatus. Thereby EBITs are used to investigate the fundamental properties of highly 
charged ions.  

λ



  
 

 
 

  

 

 

    

 

 

 

  
 

  

interacts with the upper working level. In this case, the oscillator strength is transferred 
from the upper working level to the 3p3/24s1/2

 

[J=1]

 

level. 
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