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 The energy states, transitions chances, oscillator intensities, and collision intensities were 
computed with FAC (fully relativistic flexible atomic code) program. The calculated results 
were utilized for identification of the reduced population to sixty-nine thin structural states 
in C-like Zn (XXV) and indicates the gain coefficients with several electron densities (from 
10+20 to 10+22 cm3) and at a wide range of electron plasma temperatures 
(700,800,900,1000, &1100,1200,1300,1400,1500) eV. By using coupled rate equation to 
calculate the reduced population at different temperature and plotting that against electron 
densities; gives that at lower electron densities the reduced population proportional with 
reduced population till radiative decay happening; while at higher electron densities than 
10+20 the radiative decay may be neglected in comparing with collisional depopulation so 
population states becomes independent and approximately the same. The gain coefficient 
was calculated by using the Doppler broadening equation of several transitions in 
Zn(XXV); these data plotted against electron density, and it was found that  the gain was 
increased with temperature and producing the short wavelength laser , between 22 and 50 
nm for the Zn30+ion. The data was compared with the experimental calculations values 
collected by NIST and with the theoretical calculations of Bhatia, Seely & Feldman; where 
the calculated data differs from energy levels of Zn (XXV) comparing to experimental 
values in NIST at (2p1/2 2p3/2)1 and (2p1/2 2p3/2)2 by 0.05 and 0.04 successively; and it differs 
than the theoretical work of Bhatia at (2p1/2 2p3/2)1 and (2p1/2 2p3/2)2 by 0.05 Ryd and 0.04 
Ryd successively also; which proved that our calculations are in well agreement with other 
works. 
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1. Introduction  

       X-ray lasers are a class of lasers in which gain has been 
demonstrated over various discrete wavelengths ranging from 
3.56nm to 46.9nm. Because of the very short-duration and high-
energy excitation pulses required to generate these lasers [1], [2], 
photo excitation method [3], Electron collisional pumping method 
(ECP), charge transfer technique, electron collisional 
recombination process and dielectronic recombination pumping 
are examples of X-ray pumping procedures which using 
picoseconds chirped pulse amplification (CPA) pulses [4]-[6]. 
Globally it’s often observed that carbon is abundant element in 
astrophysical sits having the atmosphere. Emission lines of C-like 

ions are functionalized at prosopopoeia of the solar, astrophysical 
and melting plasmas whose illustrating needed exact atomic 
calculations; where the soft X-ray and XUV regions most of the 
data was found[7], [8]; thus Electron Collisional Pumping was 
functionalized to generate   soft X-ray lasers after pumping 
methods[9], [10].  

The process of pumping was illustrated as following: 

Xl
n+ + e               Xu

n+ 

where Xl
n+ is a n-frequencies of atom ionization of the element X 

that pumping occurrence from lower level “l” to an excited level 
“u” in the same element atoms. 

Theoretically there are more works done for computing the 
energy states, transition possibilities’ and oscillator powers for Zn 
(XXV) [11]-[17]; while the gain for the same element not have 
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more studies. The goal of this thesis is to utilize the atomic 
calculations such as energy states, oscillator powers and 
spontaneous radiative decay rates which calculated by using 
(FAC) program depending on  Dirac equation for sixty nine thin-
structure states to compute reduced populations and gain 
coefficients of C-like Zn excited states through a broad extent of 
electron densities (10+20 to10+23) and at several electron 
temperatures (700, 800, 900, 1000, 1100, 1200, 1300, 1400 & 
1500).These calculations might support the experimentalists for 
generating soft X-ray lasers. 

2. Calculations equations used for Gain Coefficient 
determination 

      To calculate gain coefficient firstly energy levels, weighted 
oscillator strength and radiative rate for allowed transitions should 
be calculated; then the reduced population should calculated by 
solving coupled rate equation [18], [19]. After calculating the 
reduced population, it used to solve the Doppler broadening 
equation to obtain the gain coefficient. 

    Laser emission from Zn (XXV) ions plasma was investigated 
by studying the relation between several plasma temperatures and 
electron densities. 

According to equation (1) 
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   Since 𝑁𝑁𝑢𝑢 and 𝑁𝑁𝑙𝑙 are the fractional populations of levels 𝑢𝑢 𝑎𝑎𝑎𝑎𝑎𝑎 𝑙𝑙 
successively, 𝐴𝐴𝑢𝑢𝑢𝑢 represents Einstein coefficient for spontaneous 
radiative decay from u to l; 𝑁𝑁𝑒𝑒 represents the electron density and 
𝐶𝐶𝑙𝑙𝑙𝑙𝑒𝑒  𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝑢𝑢𝑢𝑢 𝑑𝑑 are the rate coefficients for collisional excitation and 
de-excitation successively. The actual population density 𝑁𝑁𝑢𝑢  of 
the 𝑢𝑢𝑡𝑡ℎ state can be computed from relation (2) [20][21]. 

 

𝐶𝐶𝑢𝑢𝑢𝑢𝑑𝑑 = 𝐶𝐶𝑙𝑙𝑙𝑙𝑒𝑒 �
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  Since 𝑔𝑔𝑙𝑙  and 𝑔𝑔𝑢𝑢 represents a statistical weights of lower and 
upper states, successively. 
 

The electron impact excitation rates identified by the 
effective collision strengths 𝛾𝛾𝑢𝑢𝑢𝑢  
[20]Where; 

𝐶𝐶𝑢𝑢𝑢𝑢𝑑𝑑     =
8.6287 ∗ 10−6

guTe
1 2⁄ 𝛾𝛾𝑙𝑙𝑙𝑙                                (3) 

 
The measured population density Nu  of the uthwas calculated 
[20], 

 
𝑁𝑁𝑈𝑈 =  𝑁𝑁𝑢𝑢 ∗  𝑁𝑁𝑙𝑙                                                       (4) 

Since 𝑁𝑁𝐿𝐿is the number of ions which achieved at the ionization 
stage 𝐿𝐿 [20], 

𝑁𝑁𝐿𝐿 =  𝑓𝑓𝐿𝐿
𝑁𝑁𝑒𝑒

𝑍𝑍𝑎𝑎𝑎𝑎𝑎𝑎�                                                      (5) 

Since 𝑁𝑁𝑒𝑒 is the electron density,𝑍𝑍𝑎𝑎𝑎𝑎𝑎𝑎 is the average degree of 
ionization and 𝑓𝑓𝐿𝐿 is the fractional abundance of the ionization 
levels were calculated [20]. Where the populations computed 
from Equation (1) is equal the unit; 

�
𝑁𝑁𝑢𝑢
𝑁𝑁𝑙𝑙

69

𝑈𝑈=1

  = 1                                                                (6) 

where the populations density calculated by Equation (1) is 
equal unit, 

By computation the state’s population density, the values 𝑁𝑁𝑢𝑢 𝑔𝑔𝑢𝑢⁄   
and   𝑁𝑁𝑙𝑙 𝑔𝑔𝑙𝑙⁄  can be determined.           

To prove that when inversion factor (F>0) gives positive gain 
equation (7) was used[22]; 

𝐹𝐹 =  
𝑔𝑔𝑢𝑢
𝑁𝑁𝑢𝑢
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Since 𝑁𝑁𝑢𝑢 𝑔𝑔𝑢𝑢⁄  and𝑁𝑁𝑙𝑙 𝑔𝑔𝑙𝑙⁄  are the reduced populations of the upper 
state and lower state successively. Then Eq. (7) used to compute 
the gain coefficient (α) for Doppler broadening of the various 
transitions in the Zn (XXV) ion. 

𝛼𝛼𝑢𝑢𝑢𝑢 =  
𝜆𝜆𝑙𝑙𝑙𝑙3

8𝜋𝜋
 [

𝑀𝑀
2𝜋𝜋𝜋𝜋𝑇𝑇𝑙𝑙

]1 2� 𝐴𝐴𝑢𝑢𝑢𝑢𝑁𝑁𝑢𝑢 𝐹𝐹                            (8) 

Since M is the ion mass, 𝜆𝜆𝑙𝑙𝑙𝑙is the transition wavelength in (nm), 
and 𝑇𝑇𝑙𝑙is the ion temperature in eV. 

3. Results and discussions 

3.1. Energy states 

With utilizing (FAC) [23] energy state measures for the 1s2 
2s2 2pnl (n=3, l=s, p & d) and ml (m=4,l=s, p, d &f ) 
configurations in C-like Zn+30 was obtained, this data presented in 
Tables (1); which shows the 69 energy levels of transition 
configurations: 

Table (2) presented the comparison between our calculations 
of energy levels for Zn (XXV) the theoretical calculations by 
Bhatia, Seely and Feldman [12] and the actual results computed 
by NIST [24]. 

In table (2), the calculated data for energy levels of Zn (XXV) 
comparing to experimental values in NIST at (2p1/2 2p3/2)1 and 
(2p1/2 2p3/2)2 by 0.05 and 0.04 successively; and it differs than the 
theoretical work of Bhatia at (2p1/2 2p3/2)1 and (2p1/2 2p3/2)2 by 0.05 
Ryd and 0.04 Ryd successively also; which proved that our 
calculations are in well agreement with other works. 

3.2. Level population 

Where increasing the excited electrons in higher energy states 
than in ground state causes the production of Laser in the XUV 
and soft X-ray spectral area; 
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Table 1: Energy states and definitions for Zn (XXV) 

 
* Ryd is Rydberg constant 

 
Schematic diagram of population inversion (Source of figure: 

https://spie.org/publications/fg08_p94_lasers?SSO=1) 

 

 

 

Thus the process of the reduced population densities was 
computed for sixty nine thin structure states starting from 1s2 2s2 
2pnl (n=3, l=s, p&d) and ml (m=4, l=s, p, d &f) configurations. 
The determination was done by applying the coupled rate Eq. (1) 
simultaneously using MATLAB version 7.10.0 (R2010a) 
computer program [25][17]. 

Figure (1 to 4) illustrate the reduced population for states 
(2p3/23s1/2)2, (2p1/23p3/2)1, (2p3/23p3/2)3, (2p3/23p3/2)1, (2p3/23d5/2)4, and 
(2p3/23d3/2)3at various temperatures (800,900,1000,1100)eV; so it 
can explain the behavior of states populations’ density for several 
ions; where at low electron densities the reduced population 
densities are proportional to the electron densities, and the 
excitation process for an excited state is followed immediately by 
radiation decay. These results were agreed with the results of 
Feldman et.al. [11,17,24]. At electron density 10+19 various peaks 
were appeared; which means that radiative transitions dominant 
the de-excitation due its higher energy and fast decay time. 
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Figure 1: Reduced population of Zn+30 states at electron temperature 800eV. 

 
Figure 2: Reduced population of Zn+30 states at electron temperature 900eV. 

 
Figure 3: Reduced population of Zn+30 states at electron temperature 1000eV. 

 

 

 
Figure 5: Reduced population of level (a) (2p1\23p1\2)1, (b) (2p1\23p3\2)1 for Zn (XXV) 
after electron collisional pumping as a function of the electron density at 
temperatures (700, 800, 900, 1000, 1100, 1200, 1300, 1400&1500) eV. 

3.3. Radiative lifetime 
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atomic transfer probability is related to the life time u of an exited 
state  

 

 
Figure 6: Reduced population of level (a) (2p3\23p3\2)3, (b) (2p3\23p3\2)1 for Zn (XXV) 
as a function of the electron density at different electron temperatures (700,800, 
900, 1000, 1100, 1200, 1300, 1400&1500) eV. 
 

𝜏𝜏𝑢𝑢 =
1

∑ 𝐴𝐴𝑢𝑢𝑢𝑢𝑙𝑙
                                               (9) 

Table 3. Illustrate the results of (2p1/23d3/2)2--(2p1/23p3/2)1, 
(2p3/23d5/2)4—(2p1/23p3/2)1and (2p3/23d5/2)4—((2p1/23p3/2)2radiative 
life time is longer than the lifetime of the lower state.   

 

3.4. Inversion factor 

According to equation (7) the reduced population for lower 
states and upper states was calculated and demonstrate in the 
equation to calculate the inversion factor and it’s found that the 

inversion factor is larger than zero. By using electron collisional 
pumping process the pumping quanta can be transferred to other 
state as a result of collision process, and this cause population 
inversion from the upper states to the lower states; whence this 
population inversion achieved appositive gain via F>0[21]. 

3.5. Gain coefficient 

The gain process is the measure of the part of medium energy 
transferred to the emitted radiation which causes the amplification 
of the emitted radiation leading to strength optical power. 

To calculate the gain the MATlab version the program was 
used to solve the coupled rate equation; this by using Aul 
(spontaneous decay rates), Ce

lu (electron collisional excitation rate 
coefficients) and Cd

ul (electron collisional deexcitation rate 
coefficients). 

> 0. 

Finally the Doppler broadening equation was solved for 
various transitions to give the gain coefficient; then by plotting 
the relation between gain and electron density at different 
temperature to obtain the most intense laser transitions. 

The figures (7, 8, 9, 10 & 11) illustrates the proportional 
relation between gain and electron density; and also have 
proportional relation between gain and temperature. According to 
the collected data it’s found that the largest gain occur at 
temperature (1100eV) which give gain height of (13.522cm-1) at 
wavelength (50nm); this transition is at (2p3/23p3/2)1—(2p1/23p3/2)1 
which refers to them by (16<>9). The smallest gain occur at 
temperature (800eV) which give gain   height of (2.5530cm-1) at 
wavelength (22.79nm); this gain transition at (2p3/23d5/2)4—
(2p1/23p3/2)1which describe them as (22 <>10); the gain of these 
transition at (22 <>10) and at (16<>9) was  plotted against electron 
densities at different temperatures. See Figure (11). 

 
Figure 7: Electron density versus Gain coefficient at temperature 800 eV. 
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Figure 8: Electron density versus Gain coefficient at temperature 900 eV. 

 

Figure 9: Electron density versus Gain coefficient at temperature1000 eV. 

 

Figure 10: Electron density versus Gain coefficient at temperature1100 eV. 

 

 

Table 4: configuration states, wavelength and maximum gain coefficient at 
various temperatures. 

 

4. Conclusions 
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