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ABSTRACT 

The recent availability and progress of intense ultra short pulse laser systems has led to 

growing interest in the development of high-repetition-rate soft x-ray lasers driven by short 

laser pulses. With the help of these intense laser pulses any kind of matter can be rapidly 

ionised on a time scale comparable to or shorter than the characteristic relaxation times of ion 

states. This can result in a transient population inversion between the ground and excited ion 

states and amplification of radiation in the soft-x-ray region. 

 

The purpose of this paper entitled “Calculation of X-ray lasers inversion in the ground state 

of oxygen” is to calculate some laser systems so as to understand lasing transitions and obtain 

gain in some suitable media in the range of X-ray wavelengths.  

 

INTRODUCTION: The development of lasers towards the shorter wavelength region and 

the possibility of their applications in different branches of science and industries in a more 

fruitful way have led the researchers to build up new lasers in the range of X-ray 

wavelengths. Many theoretical investigations have been proposed and a lot of experimental 

demonstrations have been carried out since the early 1970’s to produce a successful X-ray 

laser. A number of laser systems such as collisional excitation, recombination, 

photoionization, capillary discharge, chirped pulse amplification (CPA) etc. have been 

investigated and in some cases small gain in the X-ray laser (XRL) have been experimentally 

demonstrated. Still, we have to wait to obtain a practical X-ray laser owing to a number of 

practical difficulties. 

 

X-ray lasers using laser plasmas as active medium have been extensively reported in 

literatures following both the electron collisional and recombination schemes
1,2

. Various 

workers have demonstrated the collisional pumped x-ray lasers in the neon isoelectronic 

sequences of 3p-3s transitions in laser plasmas
3,4

. One of the most popular soft x-ray laser 

approaches is based on the optical field ionization of atoms in an intense laser field
5,7

. This 

ionization mechanism is very selective and allows one to strip all atoms to a particular 

ionization stage. In the case of a linearly polarised laser field the free electron can be left 

relatively could which allows one to create a transient population inversion between excited 

and ground ion states during the three-body recombination cascade. Uptil now, theoretical 

studies of a possible x-ray lasing to the ground state ions were concentrated on H-like and Li-

like ions
5,6

. Experimental results
8-10

 have demonstrated evidence of amplification in H-like Li 

ions at 135
0

A  on the L   transition. This evidence is not overwhelming and there are still 

some contradictions
11,12

. In this paper I try to identify more suitable routes and scheme for the 

creation of population inversion and soft x-ray lasing to the ground state for OIII ions. Saha’s 

ionization formula has been used to analyse the time evolution of fractional population 

inversion and gain. 
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THEORY:  

1.1 GROUND STATE LASERS AND ENERGY LEVEL SCHEME: 

Ground-state lasers are nothing unusual. For example, of the 6940
0

A  Ruby laser is the first 

laser ever to be operated. Ground state optical maser is known to be operated by higher 

pumping rates as compare to the lasers working with transitions between excited levels and 

they can be well modelled by a simple three level scheme. Therefore, to find an optimal way 

for the creation of an inversion between the ground and excited states of an ion we also 

consider an idealized three level model as shown in the Fig. 1.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Two neighbour ion stages connected by a pumping process having the rate Wp(S
-1

) are 

assumed. This pumping produces the required ion population directly in the upper laser state. 

Here A21 is the probability of the spontaneous radioactive decay.  

 

 

1.2. THE GENERAL CONDITIONS FOR POPULATION INVERSION TO THE 

GROUND STATE: 
The basic theory is concerned with the three-body recombination cascade process. The rate 

equations for populations of the various levels then written in the form for populations Ni of 

the various states are 
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Fig. 1.1. Three level scheme for ground state soft X-ray laser 
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Where N = N0 + N1 + N2 = constant population at the initial conditions are N0 = N – n,    N2 = 

0,   N1 = n with ‘n’ being the initial population of the ground state. The formal solution of the 

above rate equations with Wp depending on time is given by, 
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The corresponding time evolution of the population  
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The general consideration we can assume that the pumping rate is constant during the short 

interval of inversion. For this case 
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For special case γ = 1, the above equation becomes 
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1.3 FRACTION OF ATOMS IONIZED (SAHA’S EQUATION) 

Saha ionization equation
14,15,16 which

 represents the relation between fraction atoms ionized, the 

pressure, temperature and the ionization energy, which is written as 
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Where ne is the number of electrons per unit volume, ni is the number of ions, na is the 

number of neutral atom per unit volume, Me is the electronic mass, g0 and g
+
 represents 

respectively the degeneracies of the neutral atoms and that of the ionized atom, and Q is the 

binding energy of the first electron. The formula is applied to a simple reaction like 

 UeCaCa  
                       .......1.8 

The logarithmic form of equation 4.7 is written as  

5.6log5.2
3.21

log
2

2
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Where f is the fraction of atoms ionized, P is the total pressure, U is the heat of ionization and 

R is the gas constant. Equation 1.9 shows that the fraction of atom ionized depends on U, P, 

and T. Further at a certain temperature the fraction of ionized atom depends on pressure only. 

Using equation 1.9 one can calculate the fraction (%) ionized at various values of temperature 

and pressure figure 1-2 is a rough schematic of the results obtained by Saha
13

 for calcium. 

The striking fact is that when T is held constant, ionization increases as pressure decreases. In 

other words, one expects more at the top of the chromospheres than at the bottom. (For 
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example, one can take the temperature at the photosphere as 7500
0
K and the pressure there as 

1 atmosphere (considered a reasonable value) then for calcium f = 0.34 i.e. 34% of calcium 

atoms would be ionized). It shows that calcium begins to get ionized at temperature of about 

4000
0
K and ionization is promoted by a reduction in pressure. But actually electrons arise 

from many other sources and therefore it is better to take its concentration as an independent 

constituent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4 COMPARISION OF FRACTION OF ATOMS IONIZED AND FRACTION OF 

INVERSION: 

 

 The fraction of inversion can be simplified from equation (1.5) as 
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N

N
x


  is the fraction of inversion. 

Taking the logarithm, we have 
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Fig. 1-2. Ionization of Ca at various temperatures at 1 atoms, 10
-2

 

atoms, 10
-4

 atoms. Pressures, according to the Saha ionization 

equation 4.9. 
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The equation (1.7) and (1.10) shows similarity in both L.H.S. and R.H.S. The graphs shows 

in the Fig.1-2 describe the variation of percentage of ionization of Ca at various temperatures 

at 1 atoms, 10
-2

 atoms and 10
-4

 atoms according to equation (1.7). Fig.1-3 shows the fraction 

of population inversion of OIII for different values of β (β = 0.01, 0.03, and 0.05). These two 
graphs have been plotted only to indicate the analogies between Saha equation of thermal 

ionization and equation (1.10). The Curves indicate that the phenomena of population 

inversion and ionization (thermal) are analogous.  
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1.5 OIII ENERGY LEVELS AND RELATIVE POPULATION INVERSION: 

I turn to the discussion of ion candidates that are more favourable for the creation of an 

inversion to the ground state. We consider low-charged ions with a partially filled L 

shell. In Fig. 1-4 this is applicable specifically for transitions in OIII ions. If the 

intensity of laser radiation is high enough to ionize most of the oxygen atoms to the 

next ionization stage OIV and if the electrons are left cold then due to the three body 

recombination cascade on inversion can be created on 2p3s 
3
P - 2p

2
 
3
P transition in  OIII  

ions
17

.
 
The   gain coefficient G for  a  Doppler broadened  Laser  transition dominant in  

the high temperature plasma is expressed  as      
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Expressing Nj in terms of electron and ion densities n e and  Znn ei / of a plasma 

formed from  a target element of atomic number   Za   as 
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Where  nj  is the number density of OIII ions in all levels. Β = (nl/ni) is the fraction of 

OIII ions, ni is the total ion density, Z is the average ionic charge state where   
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3/1
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The quantity in the bracket is always less than unity for positive gain. So for our calculation 

an arbitrary value of .03 has been chosen for this quantity. 

 

RESULTS AND DISCUSSION 

In Fig. 1.5 (a, b, c) the time dependence of the relative population inversion or the fraction of 

atoms undergoing inversion are shown for three different ratios of  g1/g2 and the initial 

populations of the ground levels. 
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Fig. 1.5: Time dependence (a), (b) & (c) of relative population inversion for different ratios  
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              Fig. 1.6: Gain co-efficient for different electron temperature (eV). 

 

These curves indicate how the ratio controls the time evaluation of the population inversion. For 

the ratio =1 the relative population inversion always assumes negative value. Significant relative 

population inversion appears only for values of the ratio greater than unity [in Fig.1.5(c)]. The 

parameter also assumes significance in the time evaluation of the relative population inversion. 

We have seen Fig. 1.5(c) that for =1, that is for high pumping rate (A21 = Wp), β = 0 and τ = 0.8 
(arbitrary value) the fraction of inversion is maximum, indicating gain. Fig.1.6 indicates the 

variation of gain for different ion temperatures. It is worth while to note that the analysis given 

here is applicable to OIII ions but it is applicable in general to three level ground state lasers. 

We have indicated the possible use of the ionization formula since x-ray laser usually involves 

ionized state, Saha's equation should open up a new avenue for understanding the process of 

short wave length lasing. 
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