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Abstract 

Recent experiments on soft x-ray amplification in lithium-like ions in a C 0 2 laser-

produced recomhiniTig plasma confined in a magnetic field are presented. The max

imum gain-length products observed are GL a; 3-4 for the 154 A, 4f-3d transition 

in Al XI and GL ~ 1-2 for the 129 A, 4f-3d transition in Si XII, respectively. A 

one-dimensional hydrodynamic code with a collisional-radiative atomic model WKS 

used to model the plasma and the theoretical predictions of gain agree well with the 

observations. Descriptions of both hydrodynamic and atomic physics code are given. 
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I. Introduction 

Since the demonstration of high amplification of soft x-rays in laser-produced 

plasmas. 1 2 different approaches to improve x-ray laser characteristics to shorter wave

lengths, higher power, better coherence, narrower divergence, and better efficiency are 

being pursued at several laboratories. 3"" In terms of improving the power, coherence, 

and divergence, we have developed an experimental system with which a series of ex

periments on soft x-ray laser cavifies will be performed. An x-ray laser operating 

wavelength between K-edge of carbon at 44 A and that of oxygen at 25 A would be 

optimal in terms of penetration, contrast, and resolution for microscopy of biological 

specimens. At Princeton we are working to make a shorter wavelength soft x-ray 

laser using two approaches. One approach is to produce a population inversion in 

Kr-Iike or Ar-like ions through selective excitation by multiphoton transitions 1 2 or 

inner-shell ionizations. The inner-shell ionization scheme was proposed initially by 

Duguay and Rentzepis, 1 3 modified later by McGuire,1'' and recently demonstrated 

experimentally at 1089 A. 8 , 9 In our approach, the plasma of the desired ionization 

stage will be produced by a C 0 2 or Nd-glass laser and then, via multiphoton tran

sitions or inner-shell ionizations, will be excited by a powerful picosecond laser. The 

instrumentation for this approach has been developed and a series of experiments 

is planned in the near future. The subject of this paper is an approach based on a 

recombination scheme using magnetically confined (< 100 kG) lithium-like ions pro

duced by a ~ 500 J, 50-70 ns C 0 2 laser. This scheme has been successfully used 

to make a soft x-ray laser in hydrogen-like C VI with the following characteristics: 
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182 A wavelength. 500 amplification. 1-3 m.J pulse energy. 10-30 us pulse duration, 

and 5 mrad beam divergence.6 

An extensive series of experiments for developing a soft x-ray laser using lithium-

like ions has been performed by Jaegle et al. a In these experiments a Nd laser produres 

a freely expanding plasma, generating a population inversion between 5f and 3d levels 

in Li-like Al XI, and a gain-length product of 2-2.5 between those levels has been re

ported. More recently, Jaegle and his group in experiments in collaboration with the 

Rutherford Appleton Laboratory measured gain also for 4f-3d transition in Li-like Al 

XI, using a carbon fiber coated with a thin layer of Al. 1 5 At Princeton early inves

tigations of lithium-like spectra have showed also evidence of population inversions 

between the 3d and 4f levels in O VI and Ne VI I I 1 6 , 1 7 with an estimated gain of 1.8 

c m - 1 for the case of O VI. 

In the recombination scheme, a powerful laser is focused onto a solid target, creat

ing large population of ions in an ionization stage, above the one in which a population 

inversion between excited levels is desired, i.e., He-like ions for a population inversion 

in Li-like ions. Then, rapid cooling after the laser pulse by radiation ( impurities are 

added to increase the radiative cooling ) and the maintenance of high electron density 

of n c ~- 5 x 10 1 8 cm" 3 by the magnetic field make favorable conditions for a popula

tion inversion between two low-lying excited levels such as 4f and 3d levels in Li-like 

ions. At a relatively low electron temperature and high electron density, three-body 

recombination followed by cascading processes dominates collisional ionization and 

excitation processes, populating the upper level (4f) while the lower level (3d) decays 
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rapidly by its strong radiative transition. In this way. a population inversion between 

two excited levels is created. 

An important feature in Li-like ions is the fast radiative transition of the 3d level 

to 2p due to the large overlap of the radial wavefunctions of those levels, so that the 3d 

level is rapidly depopulated during the recombination phase, permitting a population 

inversion to be built up. Another merit of Li-like ions is a lower ionization potential 

than H-like ions with a comparable lasing wavelength. For example, Si XII has an 

ionization potential of 523 eV for a 4f-3d transition at 129 A. compared to H-like N 

VII has an ionization potential of 667 eV for a 3-2 transition at 134 A. However, for a 

given plasma electron density, such as may be limited to approximately 1 x 10 1 9 c m - 3 , 

which is the critical density for the CO2 laser, the ion density of Si XII is lower than 

that of N VII. The trade-off between these and other factors is a subject of theoretical 

and experimental investigations. 

In section II we discuss the main features of the one-dimensional Lagrangian 

hydrodynamic code and the atomic physics code applied to modeling of time devel

opment of the gain in the recombining Li-like plasma. In section III the experimental 

set-up and results are presented and compared with theoretical calculations. 

II. Theoretical model 

A. Hydro dynamic model 

In this section we discuss the basic features of the one-dimensional hydrodynamic 

model 1 8 which was developed to provide insight into the behavior of the magnetically 
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confined, laser-produced carbon plasma used in Lhe 182 A soft x-ray laser. One of 

the first hydrodynamic computer codes was developed in XR.L and used to study the 

laser-produced p l a s m a s . 1 9 A more detailed description of this model will be published 

elsewhere. The hydrodynamic code with atomic data on the experimental species 

( in our case Al or Si ) and the atomic physics code ( discussed below ) for Li-like 

ions enabled us to simulate experiments with Li-like ions. 

T h e basic equat ions to be solved for a cylindrical plasma are presented below: 

The continuity equation is given by: 

dm 1 d 1 d dn, 
-— «-(rn ,w) --- &t ~ - - - (Dr- -—-)- (1) 
Ot r or r or or 

where n, is a populat ion of the ground s ta te of ihe i-th ionization stage, v the mean 

fluid velocity, and Sj is given by 

Si = -ntn-iRi - n,rc,S, + n , r a i + iR ,_ i ~ nrn, | i , _ i , 

where 5; is t he collisional ionization ra te from the ground s ta te of the i-th ioniza

tion s t a g e , 2 0 and Rj represents the collisional dielectronic recombination coefficient 

of S u m m e r s . 2 1 2 2 Summers has calculated this coefficient, taking into account recom

binations to and ionizations from excited and ground states . Recombination to and 

ionization from neutrals are neglected because we are interested in a high ionization 

stage, e.g., A l * 1 0 . The second te rm in the right-hand side of Eq.( l ) takes into ac

count t h e ion-ion diffusion process. The t ranspor t of He-like Al XII from the central 

laser-heated region to t he off-axis, cold region where they recombine into Li-like ions 

is crucial to the generation of high gain. Figure 1 shows the variation of the max

imum gain for the 4f-3d transition in Li-like Al XI and the radial position where 



ihe maximum gain occurs with different values of the diffusion coefficient. This was 

generated with the laser input energy kept constant. D = r> x 1C4 cm 2/sec was chosen 

throughout calculations because it produces the highest gain at the proper position 

observed experimentally.2 This value is several orders of magnitude higher than the 

classical diffusion coefficient at 7"; ~ 100 eV and ne ~ 1 x 10 1 8 cm" 3 . To understand 

this discrepancy requires an investigation of diffusion processes in the laser-produced, 

dense plasma, which is beyond the scope of the present paper. 

The equation of motion is : 

"«t •.£)->•*••>•.: •« = -£& w 

where M is the ion mass, n total ion density, n — J2inii k 'he Boltzmann constant, Tc 

and Ti electron and ion temperature, respectively, and B the magnetic field strength. 

Q denotes the artificial viscosity term to handle the shock wave due to the strong 

expansion. 2 3 

dv 2 dv 
« = **"%> i f ^ < 0 ' 

Or 

where A is a constant, chosen in such a way that no numerical instabilities take place 

due to the propagation of a shock wave. 

Laser radiation is absorbed by electrons and electrons exchange their energy with 

ions at the classical equipartition rate. It is assumed that the shock wave heats ions 

only and the electrons behave adiabatically. Then, the electron temperature is given 
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by: 

ST. BTe •_> \ h 2 I 1 f> # / V 
C7f (7r .J r Or 3 n, r Or Or 

- ' f j 7'h 7", - 2 t t 2 

where K,. is the elect run thermal conductivity divided by the [jollzmann constant k. 

and terms in the r ight-hand side represent work done on expansion, thermal conduc

tion losses, ohmic heating due to t he induced current, energy transfer to ions, laser 

energy input , successively, and the last t e rm is energy losses by atomic processes: 

'atom 'rod "*" *ionization ~~ "recombination ~*~ 'impurity* 

where PTad denotes t he total energy loss by resonant radiations following collisional 

exci tat ions, P^i-ation the total energy loss by ionization processes, fUcom&inoeicm the 

to ta l energy recovery by recombination processes, and PtrnpUriiy the total energy loss 

by an impurity ( iron in our calculation ). The ohmic heating term is defined by 

the plasma resistivity n as tj = [C2T) /(4Tr)2](dB/dr)2. c is the speed of light. r e , in 

Eq.(3) is the energy equilibration t ime between electrons and ions and t^ is the power 

per uni t volume absorbed by electrons from the laser. Impurities are assumed to be 

distr ibuted uniformly. Da ta for t he electron cooling ra te of iron in a dense, transient 

p lasma a re not available. As a first approximation we have used the radiation cooling 

rates of Post et a l . 2 4 for a s teady-s ta te , coronal plasma. At high electron densities, 

the radiation cooling coefficient per electron per ion is reduced due to the decrease 

of energy loss through - i n = 0 transit ions as a result of the increase of collisional 

de-excitation r a t e s . 2 5 Figure 2 shows the reduction factor of the radiation cooling 

coefficient per electron per ion, 1 ->- neS^/Aim. versus the electron tempera ture for 



An 0 transitions in iron at given electron densities. Sj^ and . l ( m a"* oillisional 

de-excitation and radiative transition rates, weight-averaged over the possible allowed 

An 0 t ransi t ions . Expressions by Post et a ] . 2 4 in an average-ion mode! were used 

for St'^ and A!rn. At the condition of Te = 5 eV and ne "r -1 x 10 ! 8 cm 3 . the radiation 

('iM)ling r a t e of Post et al. would be reduced by about one order of magnitude. More 

complete calculation of the cooling rate by iron in the high electron densities above 

the coronal limit is planned using an average-ion model. Results with the present 

code, however, are in a reasonable agreement with experimental data , as is discussed 

in section III. 

The ion t empera tu re is governed by: 

at or i n r or 
2 1 1 d , dT,. Te - T, 
Juror or req 

The first term in the r ight-hand side includes the heating by the shock wave, K, is 

t he ion thermal conductivi ty divided by the Bohzmann constant k. Expressions by 

Brag insk i i 2 6 are used for nc and «t,-. 

Finally, the equation for magnetic field is given by: 

dB dB B 8 , , 1 d , c2 dB v 

e T T r f t T = -Vdr{rV)'rdr{Anrlr-dr')- ( 5 ) 

A Lagrangian scheme has been adopted to solve Eqs.( l ) -(5) . The difference equa

tions are written in such a way tha t Eqs. (1), (3), (4), and (5) are treated implicitly 

and Eq.(2) expl ic i t ly . 2 3 The spatial grid s t ructure has 30 grid-points and the final 

grid-point was taken to be at 5 mm with the grid size increasing exponentially from 



a minimum size of 20 /tin at ' h e center. In lhis way. we can preserve as much detail 

as possible near the central region which we are interested in and use the computer 

C P U t ime more efficiently. 

T h e plasma outer radius. Ro ( 5 mm in calculation ) is much larger than the 

central region ( which is typically within l.o mm radius ). The boundary conditions 

are 

Teii — To. B — B0, v — t'o as r — Ro. 

and at the origin 

dTct 8B dt> 
~ - 0 , - 5 - - 0, TT- - 0 « r - 0. 

Or Or Or 

T h e initial electron t empe ra tu r e profile is set to be Gaussian with T c > m O T — 20 

eV and T e m i „ — 3 eY. Then profiles of total ion density, magnetic field, steady-state 

ionization balance, and electron density are determined by using the jural pressure 

balance. P a r i n g the t ime development from t h e plasma described above, the hydro-

dynamic code calculates, at each t ime step, various hydrodynamic parameters, from 

which electron tempera ture , electron density and ground s ta te populativJn of Li-like 

and He-like ions are input to a postprocessor atomic physics code to calculate popu

lations of excited levels and genera te line intensities and gains of various transitions 

in Li-like Al XI. 

B. Excited states in the Li-like ion 

The level s t ruc ture considered and relevan* transit ions in the atomic physics code 

are shown in Fig. 3. Seventy-seven levels up to the principal quan tum number equal 
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to 12 were included. A population inversion between the 4f and 3d levels is expected 

for the plasma conditions, in which the electron temperature and density are T,. ~ 

10 eV and n r ~ 5 x 10 1 8 cm" 3 . In this region, levels above n = 5 ( n is the principal 

quantum number ) are in local thermal equilibrium with the ground state of He-

like ions 2 ' and their populations are calculated from the Saha-Boltzmann equation. 

Populations of excited levels from n=2 to n=5 are calculated using the following 

collisionai-radiative model. 

We solve the following coupled rate equations: 

-~nqi = nc J2 (n<pnSmt - nqtSlm) 

i-i 

+ » « ! (>v,sii - nqts!i) 

m=l 

m=l m=/-rl 

- n^nqtSql + n , + 1 n c (Q, i -r nc0qi), (6) 

where nqi denotes the population of an excited level I in the ionization stage q, n ? + t the 

population of the ground state of the ionization stage q+1, S{m and Sf^ the collisional 

excitation and de-excitation rate between level / and m, respectively, aqi and 0qi the 

radiative and three-body recombination rates, respectively, ft™* the highest level 

considered ( see Fig. 3 ), Aim the spontaneous emission rate between level / and m, 

and Sqi the collisional ionization rate from level I. 

As discussed by Bates et al . , 2 8 relaxation of the excited levels is very much more 

rapid than that of the ground level at the densities presently considered. Thus the 

left-hand side of Eq.(6) can be set to zero and the calculation of populations of excited 
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levels for given populations of ground states of adjacent ionization stages becomes an 

inversion of a matrix whose elements are composed of various rates between the levels: 

n„ -- - E - C ~ \ (") 

where 

Cim = \ - ( n . E f e ? ; , S'Ji + Y!k\\{n.SU + .4,,) - n,Sql) m = I 

ntS!„, m < / 

Ei = nenq+1(aqt -t- ne(3q!) + ncnqiSu 

and 2 < l,m < n . m o l , where nmax is the last level in the collisional-radiative model 

( see Fig. 3 ). 

The atomic data on various atomic processes used in the solution of the coupled 

rate equation for populations of excited levels come from a variety of sources. Energy 

levels and radiative transition rates were taken from the work of Lingard and Niel-

son. 2 9 For collisional excitation 2s-nf ( n= 4, 5, and 6 ), works by Petrini were used 3 0 

and for 2p-ns, 2p-np, and 2p-nd ( n>2 ), rates of Bely and Petrini were taken. 3 1 

The remaining electron collisional excitation rates were estimated from the interpo

lation formulas by Mewe. 3 2 An expression for collisional ionization rates from excited 

states by Post et al . 2 4 was adopted and the three-body recombination to excited levels 

and collisional de-excitation rates were estimated by the principle of detailed balance. 

Only ionization from an excited level to the ground state in the next higher ionization 
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stage was considered. The radiative recombination rates of Burgess for hydrogen-like 

ions was used. 3 3 Dielectronic recombination processes were not included in our calcu

lation because these processes are expected to be negligible compared to three-body 

recombination processes under the conditions we are interested in. 

The plasma is assumed to be optically thin. The 3d-2p transition is the most 

absorbable because its gA value ( g is the statistical weight and A the spontaneous 

emission rate ) is large and the populations of 2p levels is much greater than those 

of the excited levels. However, even for the 3d-2p transition of Li-like ions in the 

transverse spectra, the plasma in our experiment is observed to be optically thin in 

the transverse direction ( as discussed in section III ). 

With populations of excited states calculated as described above, gains at the line 

center for 4f-3d, 4d-3p, and 4p-3s transitions and line intensities of various transitions 

shown in Fig. 3 are calculated. The gain per unit length G for a transition between 

levels I and m is given by 

Cr(A,m) = r-r giAim[ (cm ) (8) 
37rc AA gt gm 

ivhere A ( m is the wavelength of the I - m transition and AA is the line width. For the 

condition of maximum gain presented below, Stark broadening due to the electron 

impact was smaller than the Doppler broadening by a factor of 2. We have therefore 

assumed for simplicity that the Doppler-broadening is dominant and T, ~ T e for 

Tt < 50 eV throughout the gain calculation. 

After the calculation of gains and line intensities as a function of space and time, 

the axial and transverse spectra for comparisons with experimental data were gen-
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erated by integrating the intensity "if each line over the spatial region viewed by the 

axial and transverse spectrometer, respectively and then over time. The amplification 

by stimulated emission, ( e C L - l)/GL. in the axial spectrum was taken into account. 

L is the plasma length which was taken to be 1 cm. as observed in the previous 

experiment. 3 4 

III. Experimental results and their comparison with calcu

lation 

The experimental set-up is shown in Fig. 4. A CO2 laser(-~ 500J) is focused onto 

an aluminum or silicon target and creates a highly ionized plasma column confined in 

a strong axial magnetic field. The maximum laser power density on targel is 2 x 10 1 3 

W/cm 2 . A composite blade made from a sandwich of aluminum and stainless steel 

(or silicon and titanium for silicon targets) is attached perpendicularly to the target 

surface (see Fig. 5). We believe that the blade helps to create a more uniform plasma 

in the axial direction and provides additional cooling by additional radiation losses 

from the stainless steel or titanium. The plasma is viewed in both axial and transverse 

directions by multichannel soft x-ray spectrometers. 3 0 which produce time-integrated 

spectra. 

Theoretical radial profiles of the electron temperature, the electron density, and 

the gain at the time when the gain reaches its maximum in Li-like Al XI are shown 

in Fig. 6a. The FWHM ( full width at half maximum ) of laser pulse was 50 ns, and 

iron was included as an impurity to provide additional cooling. The center of the 
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plasma is heated directly by laser and a shuck wave is generated which transports 

ions away from the central hot region, producing favorable conditions for the gain at 

1-1.5 mm off-axis. Figure 6b shows the theoretical time history of the gain for the 

4f-3d transitions at a radial position 1.2 mm off-axis. The gain peaks at 87 ns from 

the beginning of the laser pulse and has a duration of about 20 ns in this particular 

run. The double pulse structure is explained as follows. During the laser pulse He-like 

ions created in the central hot region diffuse into the region which is 1.2 mm away 

from the center and still cold. Here they recombine into Li-like ions and produce the 

first population inversion. As the laser continues to heat plasma, this off-axis region 

is heated and gain disappears. High gain, however, occurs again at about 90 ns from 

the beginning of the CO? laser pulse as the temperature and density conditions are 

more appropriate. 

Figure 7 shows experimental transverse spectra along with theoretically calculated 

transverse spectra for comparison. In the spectral region of 140 - 170 A, line ratios 

between 141.6, 150.3, and 154.7 A in the experimental spectra(Fig. 7c) are in a good 

agreement with those predicted theoreUcal!y(Fig. 7d}. Note that in Fig. 7c the line 

intensity ratio of the third order of the 52.3 and 52.45 A lines, which make up the 

3d-2p transition doublet, is 2:1. Considering the fact that the ratio of gA values of 

this doublet is 2:1 and this transition is the most absorbable, this observation indi

cates that the plasma is optically thin in the transverse direction for the transitions 

shown in Fig. 3. This is important as it permits the Al XI 52.4 A line to depopulate 

efficiently the 3d level and generate a population inversion. Also, in the wavelength 

region of 30 - 60 A(Fig. 7a and 7b), a reasonable agreement between experimen-
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tal and theoretical sper t ra is observed except for the 39.2 A line, 4f-2p transition. 

This discrepancy may be due to a change of sensitivity of the detector in the short 

wavelength region. 

The axial emission is imaged by a grazing-incidence mirror onto the entrance slit of 

a mult ichannel soft x-ray spectrometer as shown in Fig. 4. The mirror is constructed 

by bending a glass strip and so, consequently, the optical quality of t he system is 

not ideal. However, a transverse scan of t he axial spectrometer enables us to view 

different ~ 200 fim wide plasma regions. Hence, by changing the transverse position 

of t he axial spectrometer , we are able to adjust the spectrometer to view the region 

with high gain {we refer to this region as the gain region) or the region with little or 

no gain (we refer to this region as the non-gain region). On the spectrum recorded 

from the gain region, we expect t o see the amplification of the potent ial lasing line by 

s t imulated emission. This effect was clearlv shown in t he work on H-like CVI where 

extensive observations of absolute intensity and measurements of absolute divergence 

were the pr imary evidence for lasing. 6 

Figures 8a and 8c show the spectra recorded by the axial spectrometer at the two 

different t ransverse positions of t he spectrometer . At one position the intensity of the 

Al XI 154 A is significantly increased whereas intensities of other transit ions remain 

almost constant . T h e ra t io of t he line intensity of the Al XI 154 A (4f-3d) to that 

of t he Al XI 141 A (4p-3s) is th ree t imes higher in the gain-region spectrum (Fig. 

8a) than in t he non-gain-region spec t rum (Fig. 8c). Gain-region and non-gain-region 

spect ra including the effect of s t imulated emission were generated theoretically by 
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(.hanging the spatial region over which the intensity of each line was integrated. The 

computer code models a 1 cm long, cylindrically symmetric plasma, and predicts an 

annulus gain region approximately 100 fim wide (see Fig. 6). In the experiment 

the axial spectrometer views a rectangular plasma region -- 200 fim wide. For the 

calculated gain-region spectrum, a 200 /im x 2 mni region of the computer-generated 

plasma was chosen to include the high gain region and the intensity of each line was 

integrated spatially over that region and then over time. For the non-gain-region 

spectrum, the integration region did not include the gain region. As observed in the 

experimental spectra, the ratio of the 154 A to 141 A line intensity is about three 

times larger in the calculated gain-region spectrum (Fig. 8b) than in the calculated 

no; ^E.in-region spectrum (Fig. 8d) for the model plasma which has a gain-length 

product of GL = 3.7. The difference of a factor of 1.7 in the ratio of line intensity 

of 154 A to 141 A between experimental and theoretical spectra could be due to the 

variation of spectrometer detector sensitivity with wavelength, which has, of course, 

no effect on present results for relative values of line intensities for the gain and the 

non-gain region. 

Comparison of the axial spectrum in the spectral region of 30 - 60 A between 

experiment and calculation is shown in Fig. 9. The experimental spectra, Figs. 9a 

and 9b, corresponds to the non-gain region and the gain region spectra, respectively. 

Theoretical spectra were produced by integrating each line over the non-gain region 

(Fig. 9c) and the gain region (Fig. 9d), as in Fig. 8. Estimation from Eq. (8) shows 

that at conditions of Tc ~ 5.0 and nc ~ 3 x 10 1 S cm" 3 the optical depth of the 52.3 

A resonance line is about 300 /Jtn, which is quite small compared to the axial length 
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of the plasma, 1 cm. Because of the strung self-absorption of the 52.3 A resonance 

line in the axial direction, comparisons involving the 52.3 A line are of limited value 

since the present code does not account for opacity. There is, however, one interesting 

observation that the ratio of intensities of the -48.3 A line (3p-2s transition) to 54.4 A 

line (3s-2p transition) changes from 6.5 in the non-gain region (Fig. 9c) to 2.5 in 

the gain region (Fig. 9d). This trend can also be seen in experimental spectra (Figs. 

9a and 9b). The ratio of the 48.3 A line to the 54.4 A line in Fig. 9a is 6.0 and 

that in Fig. 9b is 4.2. This indicates that the population of the 3p level relative 

to that of the 3s level in the gain region is lower than it is in the non-gain region. 

We believe that the reason is that the temperature of the gain region is ~ 5 eV as 

seen in Fig. 6a and at such temperatures the de-excitation process between 3p and 

3s becomes dominant over the excitation process, resulting in an decrease in the 3p 

level population. Another observation is that, in general, line intensities in Figs. 9b 

and 9d (the gain-region) is about a third of those in Figs. 9a and 9c (the non-gain-

region). This is consistent with an off-axis gain region where the ion densities of He-

and Li-like ions are lower than those near on-axis. 

A convenient way of showing the amplification of the 4f-3d transition is to mea

sure the line intensity of this transition relative to that of the 4p-3s transition. This 

comparison, being based on lines in the same ion from upper levels with the same 

principal quantum number, is independent of uncertainties in the exact spatial dis

tribution of different kinds of ions viewed by the spectrometer. The experimentally 

observed change in the ratio of the 154 A to 141 A line intensities with respect to the 

transverse position of the axial spectrometer is shown in Fig. 10a, along with com-
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putational results. The computations were performed for two plasma conditions with 

peak gain-length products GL=3.7 and 1.6, respectively. These two conditions were 

obtained by changing the amount of impurity, iron in our case, while maintaining a 

constant laser input energy. The additional cooling due to an effective iron concen

tration of 7 % at n e ~ 4 x 10 1 8cm~ 3 was modeled by using the coronal da ta 2 4 with the 

iron concentration set to 0.7 %(see section IIA). This resulted in a peak gain-length 

product of GL = 3.7, With an effective iron concentration of 5 % (i.e., 0.5 % used 

in the code) the gain-length product was GL = 1.6. Experimentally impurities are 

provided by the interaction of plasma with the composite blade ->f aluminum and 

stainless steel. It can be seen that there is a good agreement between the shape of 

the curves for GL=3.7 and the experimental data. 

Similar experiments have been performed with Si XII. In this case the 4f-3d gain 

transition is at 129 A and the neighboring 4d-3p and 4p-3s transitions at 126 A and 

119 A,respectively. The target configuration was similar to Fig. 5 but with a silicon 

disc and a silicon/titanium composite blade. Since the Si XII ionization potential 

(523 eV) is higher than that of Al XI(442 eV) and the gain wavelength is shorter, it 

is expected to be more difficult to generate gain m Si XII than in Al XI. Preliminary 

results are shown in Fig. 10b where the relative intensity of the 129 A line compared 

to the 126 A and 119 A lines is shown. The peak in the intensity ratios is a clear 

indication of gain-length product, GL, of order 1-2 and we expect that with further 

optimization of experimental conditions higher values of gain will be obtained. 
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IV. Summary and future plan 

We have demonstrated the amplification of 154 A radiation in Al XI and 129 A 

radiation in Si XII for transitions between the 4f and 3d level in a C 0 2 laser-produced 

recombining plasma confined in a strong axial magnetic field. The maximum gain-

length products observed are GL - 3-4 for 154 A in Al XI and GL -~ 1-2 for 129 A 

in Si XII. 

A one-dimensional hydrodynamic code with a postprocessor atomic physics code 

was used to simulate the experiment. It is shown that the th«oretical spectra arj in 

good agreement with experimental data, even though there are several assumptions 

in the simulation that simplifies the real situation: a cylindrically symmetric plasma, 

uniform distribution of impurities, and approximation to the energy loss rate of the 

impurity in a transient, high electron density plasma by scaling steady-state coronal 

cooling data. 

In terms of increasing the power level of the present soft x-ray laser, a large in

crease in brightness is potentially possible if a cavity formed by two soft x-ray mirrors 

is applied to a high gain medium. Soft x-ray mirrors with reflectivities in excess of 

40 % at 182 A have recently become available and a cavity formed by two such mir

rors combined with a gain medium of gain-length product GL > 3 should oscillate, 

provided the gain duration is sufficient for several round trips of light between the 

mirrors (> 10 nanoseconds). A 120% increase in stimulated emission was observed 

in early experiments using one mirror of 12% reflectivity in a double pass configura

t ion 2 ' 3 8 but mirror alignment posed severe difficulties. A new experimental set-up to 
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overcome these problems has been constructed and cavity experiments are planned 

for the near future. 
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Figures 

FIG. 1. The maximum gain and its posilion versus the diffusion coefficient with laser 

input energy and amount of impurity ( iron ) kepi the same. 

• : the maximum gain of the If-Ud transition in Li-like Al XI 

= : the radial position where the maximum gain occurs 

Lines are drawn between points as a visual aid. 

FIG. 2. The variation of the reduction factor. 1 — n e S | " / . 4 | m . of the radiative cooling 

rale per ion per electron with respect to the electron t empera tu re at given electron 

densities. In low electron densities ( solid dot points ), the factor becomes close to 

unity but in high electron densities ( open circles ) and low electron tempera ture 

An = 0 collisional de-excitation rates dominate An = 0 radiative transit ion rates . 

resulting in the reduction in the cooling rate. This calculation was done for iron 

using the average-ion model used by Fi>st et a l . w Lines are drawn as a visual aid. 

FIG. 3. Grotrian diagram of Li-like Al. 

FIG. A. Experimental set-up. 

FIG. 5. An aluminum disc target geometry with a 0.8 x 2 mm vertical slot and an 

aluminum,'stainless steel composite blade at tached perpendicular to the target 

surface. 

FIG. 6. (a)Calculated radial profiles of electron density, electron tempera ture , and 

gain for the 4f-3d transition(1.54 A) a t the t ime of maximum gain in Li-like Al XI. 
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(b)Tbe time history of the gain for the 4f-3d transition in Li-like Al XI at a radial 

position 1.2 mm off-axis. 

FIG. 7. (a) and (c) are plasma emissions recorded by the transverse spectrometer in 

the spectral range of 30 - 60 A and 140 - 170 A, respectively; (b) and (d) are 

calculated transverse emission spectra in those spectral ranges. The line widths 

in the theoretical spectra do not have any physical meaning. 

FIG. 8. Axial spectra in the spectral region of 140 - 170 A: (a) and (c) were recorded 

by the axial spectrometer for the gain and the non-gain region, respectively; (b) 

and (d) are calculated time-integrated axial spectra over the gain region and the 

non-gain region, respectively. 

FIG. 9. Axial spectra in the spectral region of 30 - 60 A: (a) and (b) were recorded 

by the axial spectrometer for the non-gain and gain region, respectively, (c) and 

(d) are calculated time-integrated axial spectra over the non-gain region and the 

gain region, respectively. 

FIG. 10. (a) Observed and predicted line intensity ratio versus horizontal position 

of the axial spectrometer showing the rise in relative intensity of the Al XI 4f-3d 

transition at 154.7 A in the region of the plasma with gain. 

•: experimental data, 

o: modeling with peak gain-length product, GL = 1.6, 

+: modeling with peak gain-length product, GL = 3.7 
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(b)The line ratios of SiXII 129 A to 119 A and SiXII 129 A to 126 A are shown 

as a function of the transverse position of the axial spectrometer. 
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