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ABSTRACT 

A model is developed which is capable of describing the evolution of gain 

resulting from both rapid radiative and expansion cooling of a recombining, 

freely expanding plasma. It is demonstrated for the particular case of a 

carbon/selenium plasma that the cooling rate which leads to optimal gain can 

be achieved by adjusting the admixture of an efficiently radiating material 

(selenium) in the gain medium (carbon). Comparison is made to a recent 

observation of gain in a recent NRL/Rochester experiment with carbon/selenium 

plasma for the n = 3 •* 2 transition in C VI occurring at 182 A. The predicted 

maximum gain is ~ 10 cm , as compared to observation of 2-3 cm . 
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1. INTRODUCTION 

Population inversion and significant gain at wavelengths below 200 A have 

been achieved in laser-produceu recombining plasmas.1 These observations are 

in line with theoretical calculations, which predict optimal gain conditions 

when: 

a.) The electron temperature decreases rapidly enough so that successive 

ionization states of the active ion are far from equilibrium; 

b.) The density is high enough so that th„ee-body recombination, which 

occurs principally into upper qua.itum levels, is the dominant 

recombination mechanism; 

c.} The density is not too high, however, lest collisions quench the 

inversion; and 

d.) Optical trapping is not important. 

These conditions have been achieved experimentally in magnetically 

confined carbon plasma created and heated by a COj laser. '^ (The magnetic 

field not only maintains the desired high density, but has the additional 

advantage that the confined plasma has good uniformity along the field, 

thereby providing a long gain path.) Inversions between principal quantum 

numbers n = 3 and n = 2 (182 A) and between n = 4 and n- = 2 (135 A > of the 

hydrogen-like carbon ion were observed after the laser pulse. in these 

experiments, the required rapid cooling is principally due to line radiation 

from the carbon. If, however, additional cooling is required, it has been 

shown both experimentally3 and theoretically that tne inclusion of a somewhat 

higher atomic number material, such as aluminum, in the target plasma 

composition provides an effective increase in the cooling rate. 

If, however, such a plasma is allowed to freely expand in the absence of 

a confining field, then the radiative cooling rate decreases with the 
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density. Although this reduced efficiency of radiation is offset to some 

extent by cooling due to expansion, one expects that the inclusion in the 

plasma of relatively more efficient radiators, for instance materials with yet 

hiqher atomic number, is required in order to achieve gain conditions. 

Evidence for the importance of radiative cooling-in creating conditions 

foe gain in a freely expanding plasma is contained in the results of a recent 

NRL/Rochester experiment. In these experiments, a thin foil target of 

selenium and forravar <C11H18°5^ w a s ill u mi n a , ; e |3 with 0.35 micron radiation 

from the powerful OMEGA laser, A line focus of up to 13.6 mm length was 

used. The 182 A line of C VI was observed to be enhanced axially. Because of 

its higher atomic number, selenium provides the doirinant radiative cooling. 

Motivated by these physical considerations and experimental results, we 

have developed a computational model which Enables us to investigate the 

combined effects of both adiabatic cooling and radiative cooling by admixtures 

in order to find conditions for gain in recombining hydrogen-like carbon. A 

significantly greater level of detail is required to accurately compute gain 

than to compute total radiated power. We therefore describe the evolution of 

the carbon ions with a set of rate equations which not only describe 

transitions between ionization stages, but also, for hydrogen-like carbon, 

between the upper levels as well. On the other hand, in computing radiative 

losses from a high atomic number admixture, we employ a version of the less-

detailed hydrogenic average ion description, ' 7 modified to take account of 

the nonequilibrium collisional-radiative conditions of interest. The effects 

of hydrodynamic expansion are included in our otherwise homogeneous, 

cylindrical model by assuming a radial velocity profile of the form v(r,t) = 

{r/R<r.)} dH(t)/dt and employing energy and momentum conservation to determine 

R(t). 
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The model is described in detail in Section 2. Applications are made in 

Section 3. First, radiative cooling of a carbon/aluminum plasma at constant 
Q 

volume is calculated and compared with more detailed calculations. This 

comparison demonstrates the accuracy of the average ion model for radiative 

cooling calculations. Next, application is made to carbon/selenium plasma, 

including expansion. The dependence of the magnitude and time evolution of 

population inversion on radiative and expansion cooling rates is shown. 

Optimal conditions for gain are obtained by varying the fractional composition 

of carbon and selenium and the initial plasma size. Conclusions are drawn in 

Section 4. 

2. COMPUTATIONAL MODEL 

Our interest is in computing the evolution of a carbon/selenium plasma 

during the fast recombination phase. We idealize the NRL/Rochester 

experimental geometry by assuming that the plasma has already expanded by an 

amount comparable to the width of the laser focal line (about 100 microns) and 

has taken on a cylindrical shape. We also assume that complete mixing of 

carbon and selenium has occurred during this initial expansion phase. Our 

calculations model the subsequent evolution of this homogeneous, cylindrical 

plasma. 

A. Carbon 

The co l l i s iona l - rad ia t ive model i s used to compute the evolution of the 

ground s ta te densi t ies N^(t) of each ionizat ion s tage . The governing ra te 

equations are 
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(1) 

-for j =- 0,1",.... ,.6̂  Here, S^(Te) and a
c ( T

e , N e ) are the rate coefficients for 

collisions! ionization and for collisional-radiative recombination, 

respectively. Only coliisional ionization from the ground state is included 

for calculational simplicity. For C VI ions, this approximation is quite 

accurate throughout the temperature range of interest. When the temperature 

is greater than ™ 200 eV, the density is also high (Ne > 5 x icru cm ), and 

all the excited states are in local thermodynamic equilibrium (LTE) with the 

free electrons and the fully stripped carbon ions. Under these conditions, 

ionization from the excited states is taken into account by the collisional-

radiative model.'0' At lower temperatures, the recoinbination rate dominates 

the ionization rate even when the contribution from the excited states is 
1 2 included. The rate coefficient for collLSional-radiative recombination 

includes both three-body recombination and photorecombination, and takes into 

account the contributions to recombination due to cascade through highly 

excited states. 

B. Average Ion Model 

The evolution of the radiator ions is calculated by employing a screened 

hydrogenic average ion model. ' In this model, as in the Fermi model of the 

atom^ the electrons &re treated as a fluid. The model replaces the set of 

ions vrith discrete charge states i by a single "average ion" with occupation 

numbers P equal to the average of the P?; for each charge state i over all 
r 

charge states: 

1 c c e 
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n *? l rt 

Here, f. i s the fraction of the ion with charge i . Ihe energy of the ft 

she l l , K ,̂ is written as 

E = B° - Ry ~ , (2) n n ^ n 

where Ry = e 2 / 2 a 0 with a Q = tf2/i>l ®2- The f i r s t term, Eg, is the e l ec t ro s t a t i c 

potent ia l ar is ing from electrons outside shel l n, while the second term i s the 

potent ia l dua to the nucLsar charge 3 as screened by electrons with pr incipal 

quantum number n ' < n. The interact ion of electrons within she l l n is 

accounted for by assigning half of them to outer shel ls and half to inn«r 

s h e l l s . These effects are included through the introduction of screening 

constants, a(n, m), which describe the screening of the n she l l by the 

m . Specifically, 

2 e V 
E n = 4 f~ 0(n^n, P n + 2 -~ aim'a) • < 3 ) 

n ra>n ra 

and 

Z„ = Z - 5 t a<n,mJ P - -z o(n,n) P , (4) n **̂  m 2 n m<n 

where r n = aQn / 2

n is the radius of shel l n. The average ionization s t a t e 2 
is then 

5 = 2 -T) P n . (5> 
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7 
We employ More's screening constants, which give a more accurate value for 

the ionization potential , especially for Z << Z, than do the original values 

due to Mayer.1" 

The shell structure of the average ion is described by three 

classifications: Local Thermodynamic Equilibrium (LTE) shells, inner shells, 

and colligional-radiative shells. For those electrons in shells with large 

quantum number, collisional processes dominate radiative processes. 

Consequently, these electrons are in local thermodynamic equilibrium with free 

electrons. These LTE shells are populated according to the Fermi-Dirac 

distribution, 

2 
E 3» , ,6., 

e 2ltfT Te 

which can be approximated by the Safra-Boltzmann distribution, 

2 3 / 2 | B I 

n e1- mT ' K T ' 
e e 

because the levels are non.daqen.er ate, i.e., ? n << 1. Equation (6) is 

applicable for n < n < n where the principal quantum number n
L T E is 

chosen so as to give a smooth transition to the collisional-radiative shells, 

and n x is the total number of shells kept in the model. We find values for 
nLTE a n d "max °f about 10 and 15, respectively, to be adequate for our 

calculations. 

The inner shells are those nj filled shells for which the excitation rate 

is negligibly small. For any inner shell, the population is given by 

http://non.daqen.er
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dP , 
-r-5- = 0 and P - 2n"; n < n T <7) 
d t n - I 

The ( n r + 1) s h e l l i s t he e f f e c t i v e ground s t a t e . 

The p o p u l a t i o n s of t h e c o l l i s i o n a l - r a d i a t i v e s h e l l s a r e d e s c r i b e d by the 

s e t of r a t e e q u a t i o n s , 

2- . V f(N S. + A. ) P. 0 - N S .P 0. } 
d t j=nVl D " D 3 e nj n V 

n-1 
+ V {N S, P.Q - (N S . + A . ) P Q.} 

r t ] e ] " ] " e n ] n] n ] ' 

- H (S P - N B > , (8) 
e n n e n 

fo r n --• nz + 1, n T + 2, nLTE ~ 1 " I n 'Bc*-' ' 8 ^ ' S i i ' T e ' a n d A j i ^ * * ' 

a r e t he r a t e c o e f f i c i e n t s for c o l l i s i o n a l e x c i t a t i o n and for r a d i a t i v e 

decay . S n and P n ( T e ) a r e t he r a t e c o e f f i c i e n t s fo r c o l l i s i o n a l i o n i z a t i o n and 

for d i r e c t t h r ee -body recombina t ion t o the s h e l l n, r e s p e c t i v e l y . Hydrogenic 

o s c i l l a t o r s t r e n g t h s modified as given i n Bqs. (A21 ) and (A22) of Ref. 6 a r e 

used i n t h e s e r a t e c o e f f i c i e n t s . Q n = 1 - P n / 2 n 2 i s the vacancy f a c t o r for 

t h e n s h e l l which t akes i n t o account the a v a i l a b i l i t y of the f i n a l s t a t e in 

a t r a n s i t i o n . In Eq. ( 8 ) , the c o n t r i b u t i o n s from d i e l e c t r o n i c r ecombina t ion 

and from photorecontb ina t ion a r e n e g l e c t e d because , for h igh e l e c t r o n d e n s i t y 

plasma, the ne t t h r ee -body recombina t ion t o h i g h l y e x c i t e d l e v e l s dominates 

both of t h e s e e f f e c t s . 

C. Hydrodynamics 

Cons i s t en t with our assumption of a uniform c y l i n d r i c a l p lasma, we assume 

a r a d i a l ve loc i t y p r o f i l e of the form 



v(r,t) =_£^u(t> , (9) 

with u(t) = dR(t)/dt the speed of the plasma boundary R(t). Neglecting atomic 

processes for the moment (we include them in a full energy balance in 

Section 2.D), the transformation of internal energy to directed energy of 

expansion is described by the energy conservation equation. 

•^--aHi* 2) • 
Here, 

N e T 1' = - ^ T (11) V e 

is the pressure of the total number N e T of electrons confined to the volume V 

= 7rR2L of the cylindrical plasma of fixed axial length T,. A small 

contribution to the pressure from ion thermal motion is neglected in 

Eq. (11). The "effective mass" H is related to the total ion mass M T by 

Jd x v 
M = M m r = •=•»„ . (12) T 2 , 2 T u V 

Combining Eqs, (9) through (12), we obtain 

j 2N m T 

for the acceleration of the boundary. 

The rate of change of electron thermal energy (cooling) due to expansion 

is given by 
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|.H » _ -i(ii« 2) . (14) 
2 e,T dt dt v2 J 

With the neglect of radiation, the left hand sides of Bqs. (10) aud (14; may 

ba equated and the plasma radius and electron temperature are seen to satisfy 

the adiabatie relation. 

T R 4 / 3 = constant. (15) 

D. Energy Balance 

We can assemble the contributions to die evolution of the electron 

thermal energy 0 e(t): 

d t 2 d t v e ,T e ' 

dU dU dtl , 

- f a r ) *<ar> • fer) • S c exp e 

The f i r s t two terms a r e t h e c o n t r i b u t i o n s from a tomic p r o c e s s e s i n the 

se lenium ions and i n the carbon i o n s . The l a s t term d e s c r i b e s c o o l i n g due t o 

expansion as given by Bq. ( 1 4 ) . The thermal r e l a x a t i o n between e l e c t r o n s a*jd 

ions i s n e g l e c t e d because the ion thermal energy i s much s m a l l e r than the 

e l e c t r o n thermal ene rgy . 

For se len ium, energy exchange with e l e c t r o n s through c o l l i s i o r a l 

e x c i t a t i o n and d e - e x c i t a t i o n , c o l l i s i a n a l i o n i z a t i o n , and t h r e e - b o d y 

recombination a r e i nc luded , j . e . , 

n,,-_—1 n dU LTE max 
(__!) =M. „ H m V V | | E . | ( S . P , 0 - S . p g . l 
M t ; i ,Se e ,T ^ • **'., ' j n ' l jn j *n nj o 1 ^ ' n=r. +1 j=n+1 



11 

|E | (S P - H S )} n' n n e n 

i,Se e,T Z nn 

Here, N. S e is the selenium ion density, E. = E^ - E.i are the excitation 

energies, and (̂ z'nn a r e t h e c a t e coefficients which yield the radiative 

cooling power due to an = 0 transitions. These 6n = C transitions provide an 

important cooling mechanism when the temperature is much lower than the energy 

of the resonance transition. Their contribution is calculated by adapting the 

results of Ref. 6, given for a plasma :\n coronal equilibrium,. The transition 

energies, E , oscillator strengths, £ „ , and the Graunt factors, g n n, for in 

= 0 transitions of Ref. 6 enter the modified expression, 

A 
(L ) = S E — — — - , (18) 
2 nn. nn E /T 

m A + H S e n " e 

nn e nn 
where S and fl^m a re t he r a t e c o e f f i c i e n t s for c o l l i s i o n a l e x c i t a t i o n and for 

r a d i a t i v e decay, r e s p e c t i v e l y . 

For carbotir only the dominant c o n t r i b u t i o n of c o o l i n g by resonance l i n e 

r a d i a t i o n i s inc luded because the carbon c o n t r i b u t i o n t o the power b a l an ce i s 

s m a l l . S p e c i f i c a l l y , 

- ^ - *- 6 ( - i ) = £ N 6 N S 3 AE3 

v d t ' r^n i e r e s , e x « c j - 0 * " " - ' - " r 6 S H S 3 „ 
e r e s , d e 

(19) 

where ex arm de mean, e x c i t a t i o n and d e e x c i t a t i o n , r e s p e c t i v e l y . 

By s o l v i n g Eqs. { ] ) , {2), C 5 W 3 ) , 0 3 ) - O 6 ) , and ( 1 9 ) , t he t ime 

E v o l u t i o n s of plasma parameter ' ! T e ( t ) , N e ( t ) , (Ĵ j ( t ) ( j=0, 1, . • . , 6) fo r 

ca rbon , and ?„(*> fo r se lenium are o b t a i n e d . 
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E. Gain Calculations 
a 

We apply the re la t ion , J 

* . . = ( i ^ i ) / 2 1 - J i A . . ( , , . ! ! , , ] , (20, 

for the gain par unit length, k.., for radiation interacting with a transition 

between levels i and j. Here, Nj are the population densities and ĝ  the 

statistical weights £or the respective levels. A— is the spontaneous 

transition r̂ ite, \±^ is the wavelength of the transition (1.82 10~ 6 cm for the 

3 * 2 transition in C VI), and AA. is the Doppler-broadaned linewidth which is 

obtained by assuming 1^ » T e for T e < 50 ev. 

The excited state populations N. of C VI are calculated, given N„, N?, 
J e ' 

"7 
cl1, T e , and T^, by assuming that the excited levels have reached quasi-steady 
s t a t e - This assumption i s valid because the relaxat ion of the excited s t a t e s 

1 5 * xs fas t and the population densi t ies are small compared to the ground s t a t e 

population dens i t i e s . ; r . 

The gain re la t ion . Eg. (20), i s valid for the case in which DoppLer 

broadening dominantly determines the width a t l ine center . An evaluation or 

Star t broadening 1 5 due to electron impact and ion quas i s t a t i c broadening 

indicates that the former i s larger a t the l ine center . For the case of 

maximum gain presented below, impact broadening was smaller than Doppler 

broadening by at l eas t a factor of two. We have therefore assumed, far 

s implici ty, a Doppler lineshape throughout in the gain computations. 

Self absorption, most importantly for the C VI La l i ne , can ser iously 

affect the gain. This is due to the decrease of the "effective" decay ra te 
5 

out of level 2 and the corresponding increase of S 2 with increasing opt ica l 
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depth T. We account for this by writing A21 eff • A51 "<T)< where P(T) < 1 is 

the probability of photon excape. An upper bound for the C VI ground state 

population H^ for which the L a line remains optically thin, t < 1, and, 

therefore, P{T) - 1, can be estimated from the expression, 

T D ^ ~ 2 ' ( 2 1 ) 

v 3 ^ 

valid for a Doppler lineshape. Here, the wavelength X-, - 3.4 x 10 cm, the 

osc i l l a to r strength f, 2 = 0.42, and al? quant i t i es are in cgs u n i t s . Taking 

T. = 4 x 10~ 1 1 ergs (25 eV) and the plasma radius R = 1.5 x 10" 2 cm, we obtain 

Ĥ  < 5.0 x 101 cm" . (22) 

This is a severe l imit , and i s much smaller than the density a t which gain has 

been observed in the NRL/Rochester experiment. One possible explanation is 

tha t the Doppler sh i f t due to the rapid radial expansion leads to a reduction 

of the effective opt ical depth. As shown in the Appendix, th is reduction i s 

accounted for by making the replacement 

2T. V2 

T + 1 » 0.6 — - T . (23) 
D u D 

With a typical expansion velocity, u, of 2 x 10 cm sec , the upper bound 

becomes much less restrictive, so that 

N1 <. 1 ° 1 8 c m" 3 • ( 2 4 ) 
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Because of the l a rge a s p e c t r a t i o L/R >> 1, the a x i a l expansion, v e l o c i t y 

i s n e g l i g i b l e for t imes t * L /C g , where C i s the ion a c o u s t i c v e l o c i t y and 

the l i ^ewid th a p p r o p r i a t e foe t he gain c a l c u l a t i o n , Bq. (201 , i s t h a t due to 

thermal Doppler broadening wi th l o c ? l tempera ture T^. 

3 . RESULTS 

In order to check the accuracy of the radiative cooling rate obtained by 

using the average ion model, we compared results from it with results from a 

more detailed colliaional-radiative model which contains element specific 

rate coefficients and energy levels. The comparison was made for a 

carbon/aluminum:plasma at fixed volume. Sample results for the evolution of 

the electron temperature and ror the gain, ̂ 32* of the C VT H a line are shown 

in Fig, 1. In this caJsja, the carbon and aluminum densities are 2 x 10 1 8 cm - 3 

and 6 x 10 1 7 cm , respectively. Initially, the carbon is taken fully 

stripped and the aluminum helium-like. The temperature evolution is quite 

comparable for the two models, with the average ion model yielding a somewhat 

flower temperature decay and, therefore, an upper bound for T.<t). The gains, 

X 3 2, obtained from the two models show close time behavior and magnitude. 

For the carbon/selenium plasma, a range of plasma compositions and 

initial radii near the values estimated for the NRL/Rochester experiment were 

investigated in order to examine the variation of gain evolution. 

When the radiative cooling rate is relatively small, population inversion 

is observed, but the gain is small because the plasma has already greatly 

expanded and the density is low at the time of inversion. The change in 

electron density due to recombination of carbon and selenium is negligible 

compared to that due to expansion. Such a case is shown in Fig. 2(a), where 
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the total number of ions correspond to solid target thicknesses of carbon and 
selenium of 500 A and 100 A, respectively. The variation of electron 
temperature with plasma radius is seen to follow closely the adiabatic 
relation, Eq. (15), with the result that 

log[T (t)/T (o)] J e e 2_ 
log[N <t)/N (o)] = 3 " 

(Note that the ratio of the vertical scales for T and N in Fig. 2(a) is 
2:3.) in order to obtain high gain when expansion cooling dominates, the 
initial plasma radius must be much smaller than that considered here. Such 

1 8 would be the case in a thin carbon fiber experiment. 
If the selenium fraction is too large, radiative cooling is too fast, 

with the result that the optimal temperature range of 10-40 eV is reached when 
the electron density is too high. Such a case is shown in Fig, 2(b), where 
the initial selenium thickness has been raised to 2500 A. The gain is quite 
small because the population inversion is quenched due to rapid collisional 
mixing of levels 2 and 3, resulting in near thermal equilibrium between them. 

An optimal configuration, which was found by varying the target 
thicknesses, is shown in Fig. 3. The equivalent solid thicknesses of carbon 
and selenium are 450 A and 1000 A, respectively. Initial values for the 
plasma radius, electron temperature, and electron density are 5 x 10~ 3 cm, 
500 eV, an* 1.5 * to 2' cm - 3, respectively. The population densities of the 
initial ionization states ar? determined from steady state ionization balance, 
which yields almost entirely fully stripped carbon and neon-like selenium. 
The peak gain of 10 cm"1 occurs for T e s 25 eV and N e = 5 x 1 0 1 9 cm"". The 
rapid rise and relatively slow decay of the gain is characteristic of ^n 

expanding plasma and is attributable to the decrease of the absolute 
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population densities with time. The gain exceeds 1 cm for about 1 nsec. 

The radiation and expansion make approximately equal contributions to the 

temperature drop in this case. The time evolutions of the carbon population 

densities are shown in Fig. 3Cbl. The population densities of C VI, N,, and 

of C VII, N^, are nearly equal at the time of peak gain. 

Self absorption of the C VI L a line limits the maximum achievable gain. 

Increasing the amount of carbon beyond the optimum of Fig, 3 results in 

appreciable optical trapping, with a tisultant decrease in gain as shown in 

Fig. 4. For target thicknessas of 600 A and 1000 A for carbon and selenium, 

shown in Fig. 4(a), self absorption reduces the gain by a factor of -•.:o 

relative to the optically thin result, to a value of 6 cm - 1. Figure 4fb) 

shows the effect of further increasing the carbon thickness to 1000 A. The 

gain is reduced by a factor of six relative to the result obtained by 

neglecting trapping. 

Peak gains calculated for several target compositions and for initial 

radii of 5 x 10 cm and 6.5 x 10 - 3 cm are presented in Table I. The roles of 

carbon as a lasing medium and selenium as a cooling medium are clearly seen. 

For target thicknesses of 400 A for carbon and 750 A for selenium, similar to 

target conditions in the NRL/Bochester experiment, choosing an initial radius 

of 6.5 x 10" 3 cm gives a gain comprable to the observed value of 2-3 cm - 1. 

For this initial radius, the largest gain, 9 em , is obtained for target 

thicknesses of 800 A for carbon and 1000 A selenium. 

4. CONCLUSION 

We have developed a model which allows a calculation of the evolution of 

gain in a freely expanding plasma cooled both by radiation from high atomic 

number components and by expansion. A comparison of the relatively simple 
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average ion model used to calculate radiative cooling with a more detailed 

code has been made for the case of carbon/aluminum plasma, which shows the 

accuracy of the former for this purpose. Since the average ion model allows 

easy replacement of radiator ion species, it is a powerful tool for the design 

of the target used in a recombination X-ray laser. 

Application of the model to a freely expanding carbon/selenium plasma 

yields optimized gains approaching 10 cm . Higher gains are unachievable due 

to optical trapping of the Lft line of C VI, and due to collisional mixing of 

levels 2 and 3 of C VI. The former mainly restricts the amount of the lasing 

medium (carbon) and the latter the amount of the cooling medium (selenium). 

With a choice of an efficient cooling element (in the sense of radiative 

cooling power per electron produced by the cooling medium), we may create a 

more favorable condition for a high gain, i.e., N^ below the optical trapping 

limit and N^/N^ » 1 when T e (» T ^ falls below 40 eV. 
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Table I 

Peak gains in cm - 1 obtained from different target thicknesses of carbon and 

selenium and initial radii. The value inside the parentheses is the gain when 

the optical trapping is neglected. 

C/Se (A> R = 50 (pm) R = 65 (um) 

400/750 6.9 2.8 

300/1000 7.0 3.4 

450/1000 10.3 5.2 

600/1000 6,3 (13.3) 6.9 

800/1000 3.9 (16.3) 9.3 

1000/1000 3.1 (18.4) 4. ,3 (11.9) 

500/1500 4.5 (10.1) 8. ,0 (9.0) 

1000/1500 2.6 (11.4) 2. ,4 (15.2) 

500/2000 2.8 (4.0) 4. 1 (8.4) 
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Figure Captions 

Fig. 1 Comparison of the average ion code with a detai led code for C/Al 

plasma (n t c = 2.0 x i o 1 8 cm"3 and n i A 1 = 6.0 x 1 0 1 7 cm" 3 ) . The 

former agrees well in the Te, Me (not shown), and gain prof i les with 

the l a t t e r which uses specif ic information of Al. 

Fig. 2 Two extreme cooling cases: (a) too slow cooling (C/Se = 500/100 A) 

and (b) too fast cooling tC/Se = 500/2500 A). in case (a), the 

plasma has already well expanded a t the time of population inversion, 

while in case (b), population dens i t ies between levels 2 and 3 of 

C VT are almost thermalized because Ne i s too high a t Te = 10 ~ 

40 eV. The arrow on the time scale shows the time of the largest 

gain, K321 0,2 cm" in (a) and 0.4 cm in (b). 

Fig. 3 Optimized gain case (C/Se = 450/1000 A); (a) prof i les of Te, Ne, and 

K 3 2 , and (b) profi les of n] (j = 6,5,4) and Nj^~Vgk(k = 2 ,3) . When 

, the cooling ra te i s optimized and opt ica l trapping i s not important, 

the gain of the C VI 182 A line reaches around 10 cm from the 

i n i t i a l l y fully stripped carbon and neon-like selenium. 

Fig. 4 Effect of opt ical trapping: (a) C/Se = 600/1000 A and (b) C/Se = 

1000/1000 A. The increase of the carbon amount from Fig. 3 cannot 

generate a higher gain because of the self-absorption of the C VI L 

l i n e . 
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Appendix 

The optical depth derived by Holstein1 gives the value for the 

stationary plasma where the frequency of emitted radiation is constant in 

space. For the case of expanding plasma, the emitted radiation seen by an ion 

at a different position is Doppler-shifted by an amount which is position-

dependent. 

The absorption coefficient at frequency v, k(\J), of Doppler-broadened 

line is given by 

Mv) = * e*P [- K ^ ) 2 i^-)2} , W) V "" V V 
o o 

where v is the absorption frequency at the line center of an absorbing ion. 
V 

E 

i / 2 e 2 X f N 
m c v o 

2T. V2 
and v = f ) 

The r a d i a t i o n e m i t t e d from the c e r t t r a l r eg ion of plasma (v(o) = 0) i s seen by 

an ion a t r to be D o p p l e r - s h i f t e d as 

v ( r ) i v * V = v (1 - I i£ i ) 
c 

«0"^f) • c R' 

where v[r) » (r/R)u is the expanding velocity at r and u = v(R). So 
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v ' - u v - v -ox ô  o 
v - v o o 

where a = (u/c) (v/R) is used. 

The change of radiation intensity emicted at the center of plasma is 

given by the equation, 

d I v 
F = - k ( " V ( A 2 > 

By i n t e g r a t i n g B j . (A2), we o b t a i n 

V r > - ,r , .» " v „ " a r 

e x P [ - k j dr e x P { - ( 2 2_) *J . (A3) 
I <o> 

V O O O 

There fo re , the p r o b a b i l i t y of t r a v e r s i n g a d i s t a n c e , r , i n c l u d i n g a l l the 

p r o f i l e of Doppler-broadened emiss ion spectrum a t the c e n t e r of plasma, i s 

Zv 
r ( r > = / p D ( y » T~Mdv 

where the Doppler-broadened l i n e shape, p Q , i s given by 

VV> =^-^rex P (-(^A|-) } . (A4) 
w* o o o o 

Then 

i o r v 2 
T{r) = - T T - / d x e x P f~x > exp[-lc / dr exp {-(x - (1 + — x) — § ) }] 
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• - n ~ / dx exp ( -x ) exp [-k e x p ( - x ) 

i. f dr e x p f + 2 x (1 + J * x) H_ | - ( i + ^ x) £ - | ) 2 } ] r (AS) 
o o o 

where x = ! ( v - V ) / v f ( c /v ) and Cac/V v ) = Cv/v ) t u /v ) ( 1 / K ) = (1 + r. v / c ) l o o ' o o o o o o 

x ( u / v 0 ) (1 /3 ) a r e used . 

For the estimation of the last integral which contains the effect of the 

Doppler shift, consider the radiation emitted near the line center with the 

effective absorption radius, r, such that 

SU §. _ *iEl » x , v R v o o 

1 + — X • 1 , 
c 

and v(r) = v Q. 

t hen B j . (A5) becomes 

to ]-
T<r) = - — J dx exp(-x > exp[-kQ exp(-x ) / dr exp{-(— L) \] 

1 " •> k v R 2 1 
= -vi~; dx exp(-s) exp[- -2-°-e" x / dy exp<-y)] 
i/2 — u o 

1 °° 2 k o V o R 2 
- - n ~ / dx exp( -x ) e x p [ - 0,6 e x p t - x )] . <A6) 

IT ' 2 -°> u 

In comparison wi th Bq. (2 .19) of Ref. 17, the Doppler s h i f t due to r a d i a l 

expansion modifies t he o p t i c a l d e p t h , T Q , of Doppler-broadened r a d i a t i o n a s 

v 
T = k R + T == 0.6 — T . (A?) 

t> o U D 
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