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ARGON PUFF GAS SOFT X-RAY LASER

I. 1Introduction

The successful demonstration of soft x-ray lasers!™ using as the
lasing medium the plasma generated from high power laser-target interaction
has provided consicderable impetus to a number of alternative techniques for
producing an x-ray laser. One such scenario involves the application of
pulse pcwer drivers to implode gas puff plasmas. Of the many variations in
the ctarget design there are three basic concepts currently under
investigacion, They are: (1) a single cylindrical arnular gas puff, (2) a
single cylindrical annular gas puff imploding on a central core plasma, and
(2) similar o (1) and (2) except that the lmploded piasmas are not the
lasing medium but a source of intense x-ray emission for photopumping a
target matarlal, Scenarios (2) and (3) are discussed by the authors
and by T. Hussey elsewhere.s'T Since the single gas puff plasma
is central To all chree scenarios, = is essential that we
understand fully its radiative groperties and dehavior, Therefore, the
focus of this investization will bYe confined to the dynamics of 3 single
gas ouff opolasma. The iatent nere (s t¢ concentrate on she ra2diation
Kirecvics while characterizing the implcesion dynamies of the gas puff plasma
oy means cf the simplest gplausitle descripticn, i.e., 2 dynamic 2inch
model. QObviously, such a model ignores much of the observed pathologiesl
tenavior of <cthese ;lasmas, but it does pzrovide a starting point for

cetermining whether Lt i3 2zt all Cfeasible o grocduce temperature and

Manuseript approved January 15, 1988.
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‘4 density conditions favorable to x-ray lasing. The influence of the 0%
N development and growth of plasma insctabilities and their impact on the :
uniformicty and homogeneity of the evolving plasma is a critical issue and ‘:.
: is currently under investigation, Preliminary resultS based on 2-D .‘z'l
] 8 -
“ Magneto-Radlation-Hydrodymamic simulations and experiments, employing N
LY [y )
N plasma erosion switches, suggest a significant reduction in the role of E"’,'.:
3 o
3 instabilities and provides encouragement for further pursuit of this (o
N design.
Thne ctreatment cresented here 13 based on a simple mcdel, hereafter
' referred t0 as SIMPLIODE, with emphasis or the atomic kinetics and radiation
'.: dynamics self-consistently coupled to a dynamic pinch model in order to
obtain information on the plasma environment as it evolves under the
- influernce c¢f the current discharge. This provides us with a self- -"'
consistent picture of cemperature, density, size, and level population ;E:j::
during the plasma's evolution., The influence of radiation transgort on the :‘t
. ievel inversion and gain calculations is taken into account using Sobolev's :"f.«
:ner.hcd.g’m In either a stationary medium or one moving without veloecity -
Zradients, the firnal emission of optically thick Line photons or continuum
from 3h medium generally ocecurs from unit optical cdepth from the
soundary. Phetons originating deep in the interior ¢f the medium undergo
successive scatierings con ctheir flight to the surface bhefore escaping. In
tals instance the 2mitted raclation reflects nonlocal <onditicns. Cn tae -
cther izand, L& =zhe aqecdiuim has a velocity gradient chen radiation .
originating desp in the intericr of the rclasma 2an escape the medium :
5 A S
t cirectly 32ecausa of the Doppler effect and this radiscion reflacts the .
1ocal interior conditions rather <han conditions a3t other peints in the
nedium and, in particular, the tcuncary. This :3 the essence o Sotoliav's -
acgroximation. A mere thorough Ziscussion of the =2ff20t of radiation
Lransgors on the zain of the Lasing transisions can te found in reference
: 2
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7. Also, since the experiments on the GAMBLE II facility at NRL are bdein
done with an argon gas puff plasma, the theory and analysis presented here
is for argon.

So far the discussion has bteen general focusing on the plasma and its
properties, However, in particular, we will invesrigate the feasibility of
¢reating a population inversion in the 3p levels of neonlike argon due to

6

electron impact collisional excitation from cthe 2p° ground state and

estimate the gain coefficients in the n=3, An=0 lasing ctransizicrs.

II. Physical Mccel

The siaplest description ¢f an imploding ZI-pinch plasma is grobably
the Zennett Pinch equilibrium model. This model is based on an equilibdrium
balance Detween the fluid and magnetic pressures {n ccmbinstion with an

equilibrium balance between the scurces and sinks of energy. The classical

w

ennet pineh I{znores radiation and hence I(3nores excitaticn/ionization
energy (chemical potential) and energy 1ost <ty radiation (radiation
cooling). An obvicus extension to the Bennett zinch 2quilibrium model is
the irneclusicn of the flow parameters describting the temporal aevolution of
the plasma. That {3, maintain the simple philosopghy of the 3ennett pinch
Sut allow the slasma to radiate and evolve in tine., in eéssence, wnais is
our philosozny - 2 radiating dynamic Zennett gsinch; SIMPLEDE. Also, like

Shrearer, w0 included a radiation c¢ocling =zterm in the form of

in our model inecludes centributicns frem free—-free, free-btound, and boundc-
cound <Iransizions and is determined from a non-iTZ collisional-radiztive

aodel of the lavel dynamics.12
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The SIMPLODE model describes the radial implesion of a cylindrical
annular gas puff plasma of uniform Zensity carrying a uniform current in 3
the axial direction. Only radial moticn is considered, i.e., there s no
axial structure and the plasma is always uniform in this direction., The

racdial motion s determined from the force equation, vis.

where r 1s the radial distance geasured from the symmetry zxis, P i{s the

fluid pressure, A is the area cover which the force is exerted, i.e.,

27r%, and IZ/Zvrzc2 {3 the magnetic pressure, i.e., 32/83. The thermal

energy, sth'3/2 (1+Z)nikT + Zup, varies in time as

ey p ¥ a1l

—_— . -5 ¢
Tt T i ! ) (2)

where Zup is the sum of jonization energies zand is locsely ref2rred tC as

. - 2 2 . NS
chemical potential. A*urr = ﬂ(ﬁB'R‘) where RB(RA) represents %the outer Rt
.

. . ) : . 2
(inrer) radius of tnhe znnular plasma, V= 21ire, N=(a/m.)/Tr~l Where 2 is

tne plasma mass, @, s the atomic mass, 7 = m/mi. and the thermal pressure

i
is N(1+Z)kT, Finally, i is the length of plasma, 2 is the charge state, 2

the c¢lassical resistivisy, and ? is tnhe power rzdiatad per unit

o

volume V. The remaining sysmpools nave thelr usual meaning.

on the RHS of Zq.

the second expressisn 13 the (2ula zeating scource %ara, and the third tern

2 -, - s 3 & S - AR
i3 tne power radlated, [.2.,, radiative zeonling.

-~ “ e . D s : <. D - . e s
ine Qollisionzl-radiative meodel describing tne .evel Jdynamics 2ontains
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repgresented by Voigt funections and include natural and Doppler

broadening. The transport of radiation employs the Sobolev escape model.
The "x-ray" lasing scheme considered here takes advantage of the large

monopole excitation rate from the ground state to the excited 3p state of

the neonlike ionization stage. Although we are focusing on a collisicnal

[y
'l
®

excitation scheme, all other scenarios, such as recombination lasers, can

\
.!

be investigated with this model. However, by controlling the implosion we
hoepe to avoeid burning tharough the neonlike stage and instead create
conditions for producing a table abundance of neonlike argon. A
simplified esnerzy level diagram for neonlike argon is shown in Fig, 1. A
populaticn inversion can occur in the 3d and/or 3p lievels leading to gain

and lasing in the 3¢-3p and 3p-3s transitions. tnis {3 indicated

specilically for the 3p-3s transition with the label L(43431),

III. Results and Discussion

Preliminary estimates for the neonlixe fractional sbundance and gain
soefficient in a stationary snvironmen’ were obtained rog the collisicnal-

radiative medel for prescribed vaiues of temgerature, density, velocity,

and 3iza, nese astimates grovide a measure 2 the sarzmeter spacge cver

which gain can te expected 23 well as Jroviding sguidance for the 3SIMPLCCE

simulzations, Tig. 2 the neonlike zZround state Jractional ztundance is

sresanted 33 2 function of tamperature for severzl ion dansities In the
assence of cpacity effects, i.e., %tne ocpticail; thin case, For

temperztures from atout 30 to TO 2oV, for densities typical of impleding zas

e 1 3 i o . o v - ] §
2ufS plasmas, 2z sigznificant zmount of necnlike argon orevails. The zain

[ ]




.z z -
- -0 P /2 1 -1
a =10 fosc AAY(M/T) (N 5" 32 Nt) cm . (2)

where is the abscrption oscillator strength of the line, i1 is the

rosc.
wavelength in angstroms, M is the atomic mass of the radiating ien, T is
tne temperature of the plasma in eV, N, (N.) is the upper (lower) level
popalation, anc¢ g; is the statistical weight of level {. The gain
coeffiziant for a Dopplar broadened line is directly proportional to the
wavelength of the lasing line and the difference Doetween the upper and
lower level pepulation densities, and inversely propertional o0 the square
root of tne temperature. For an optically thin plasma, gain coeflicients
greater than unity exist for all three densities over & broad temperture
n a peax gain ceoefficient of about 30 cm‘f at 30 eV for an ion
density of 1.5x?07 cm'3. For a fixed density and increasing tamperature
the numter of necnlike ions decrsases due to increased Iionizaticn causing
buratnrough; for decreasing temperature the plasma becomes oo oold to
support %the axistence of neenlice ions, and the collisiornal excitation
rates 2f the 2o neonlixke Levels 2rep 4drastically., Simllarly, for a fixed
empersture and increasing density the [ractional abundance ol neonllixe

ions decreases dJdue to i increase in the {onizaticn rate 2ausing

. et
.
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differences are greatest for the higher densities due to the combined

>
by

effects of collisions and the radiation field.

PR
oy
7

L4
5.9 %

The combined effects of velocity and opacity can tut be understood by

I" .'
ALY
l‘.

first considering them separately and then as a compesite. In Fig. 6 the

E

results of several calculations are presented for varied conditions while

/7

R

maintaining the total ion density fixed at 5x1017cm'3. The optically thin
result is included for reference and comparison purposes. The influence of
opacity on the zroduction of neconlike ions is shown on the v=0, diameter =
3.9mm curve. In comparisen with the optically thin case, (¢t is seen that
an increase in plasma size manifests itsell with an increase in cpacity
which maintains the radiation field in the plasma thereby making it easier

to zch

e
1]
<
1]
W

3iven dJdegree of lionization, in this instance the neonlike
stage, at a lower =2alectron temperature tran the optically thin case.
nerefore, for a fixed elsctron temperature opacity effects will enhance

the plasmas' Jdegree of ionization above that achisved in a purely

collisional optically thin plasma. Hence, the ragid decrease in neonlike

TR

ions when the zlasma is opague. With increasing temperature collisional
icnizaticn Wwill reduce the number of neonlike icns in Yoth cases. The

-

infliuence of velocity on the neonlike ilon fraczticn can e uncerstoced in the

S

Tollowing way. In piasmas wrnere the directad meticnal valocity exceeds the
thermal velcclty the 2zcape probatility is enhanced. In essence, Wnen tae

line quanta impings con 2 regicon of plzsma where tihe local velocity has

-~ N - - o . . o p L - - o &, 3
snilted tTn2 z2ggarent Jreguengy 20 the ling 3wWiay Ircm Lhng .lne ¢cen

[aad 4 N &Y & - - - S - - J &

‘aerelzsre, the affactis 57 velocity ten vo reduce the eflactive opacity,
] » b oo - ki - '-"'.
- - - - - - - .
associated with =2 staticrary plasma, making the plasma effectively thin. I
-'.-'.
- oc P N

- . M . - - - - - .

Zven thcugh the velocity tends o mitigate the efl2cts ol oracity, it does IO
= et

not entirely remove cgacity In the rezimes gonsilered, TUl the neoniixe

& 3 S H -a : i< : o~ (SR NP B O i WY e .
Sragticon ZZces ingrease in tne Zirectlion o0 a2 optically thin result. .
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Firally, to explore the effects of mixing elements we have included the
results of calculations where 10'% neon ions per cm3 are mixed with 5x10'7
argon ions jper cm3. These results are shown also in Fig. 6 with the
consequence of further reducing the numbter of neonlike argon ions due to
increased ccllisional effects induced by the higher densiuy.

The gain calculations for the conditions depicted in Fig. © are shown
in Fig. 7. ©Note the inclusion of an additional gain curve for a velocity
of 1x107cm/sec and a diameter of d=0.9mm. For the conditions deseribed in
, Sain 2oefficients can be achieved in excess of unity in the 3p-3s
lasing <ransizion at 434334 for peak implosion velccities in excess of
1x107cm/sec. It is clear frcm these single plasma calzulations that for
prescribed values of temperature, density, velocity an size, that are
recresentative of gas puff impleosions, it should he possible to create a
Sopulation inversion and achieve gain coefficients in excess of unity.

We @Will now investigate whether these conclusions will prevall in a
dyramic environment suenl as that generated by the SIMPLICE maccel, For
illustractive furzcses, We pgresent the results of calculations for a

-

reference ca2se of z 4 om long, 35 ugm/cem argen 2as puf glasma distriltutea

unifsrmiy  Setween cthe outer 2nd inrer radius of '.355 and 0.%5 ecn,
resgectively. The driving current waveforn typical of the GAMBLE Iz

g2neraisr, Wit the Plasma Ircsion Opening 3witcen, 13 shown in Fig. S,

2=2ak current cf 5.75x105 amps s attained in 3tout

3

(8 1)

J nsec, decaying o

(81}

atout 45x'37 amzs in another TC n3ec and then falling precipitously zo zerd
in 100 nsec. The temporal bYenavior of cthe radiis is shown in iz, 3. The
irner racius coliapses and stagnates on axis wWhila <cthe outer radius
gontinuas inward until cthe back zressure is suffizient o impece the
forward acticn and 2ounces osutward., The final pinen racdius i3 ascut 1/10

tne initial racius ard {3 in gced agreement W~ith the zulx of exgerimen:tal

- Pyl oy TEITFLTRESTTVUR ™ W 7.0
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data accumulated over the years from a variety of generators and plasma
loads, The variation of velocity as a function of time, shown in Fig. 10,
reaches a peak value of 1.1x107 cm/sec in about 16C nsec which is well
afcer peak current, This behavior 1s characteristic of the GAMELE IZ
generator and is especially ctrue of driving currents with sharp
risetimes, The i{mplosion phencmenology suggests that the plasma neats up
and percolates for a time and then eventually coasts i{nward., The temporal
variacions of temperature and density are shown in Figs. 11 and 12,
respectively. The ion density rpeaks at the pinch and reaches a value of
3x1018 ions/cm3 while the peak temperature occurs some 15 nsec earlier and
reaches a value of about 135 ev. The total radiative yield which
essentially comes frcom cthe L-shell, is roughly 1 kilojoule and exhibits a
sulse duration of about 25 nsec¢c as shown in Fig., 13. This result is in
reasonably good agreement witn the experimental observations from GAMBLZ

?78

e ®

A sampl2 of the gain coefficient for the 434 3 line is shown 2s a
function of time in Fig. 14 for the illustrative case represented in Figs.
3-12. The gain ccefficient was greater than unity for a long time reaching
a ceax value of atout 4 en”! late in the implosion., The values ottrained

for the gain coefficzcient are orobadbly reasonadle around reak comrressicn

3

sut become leoss relizbls afger the tounce Gtecause of the lack of an
adequacte chysics Zescriziicn of cthis late stage. Hcwever, it is
anecurzging that oconcizicns grevwall for sroducing measurabls zzins over a
4 cm lengrtia of plasma 3ssuding, ¢if course, stabilizy of the ceclumn., Werk
i3 currently in pregress using mcre scghisticzted medels TO 2ssess the
validicy of cur findings nere,

b hd ? a : hl i .. BN N <+ - - 5 K
Finally, =2 serlas of siaulaticns were zarlirmed e Zeteraine thne
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temperature, at maxiaum gzain, are snown as a functicn of M/% in Figs. 15
and '35, respectively. The gain coefficient as a function of M/L is shown
in Fig. 17. For Ar=0,60, the gain coefficient peaks at M/2=60ugm/em and

has a value of about 4 cm™l.

IV. Summary

It nas bYeen theoretically demonstrated that it is possible to create
conditions favorable to population {nversion and gain coefficients In
excess of unity for a varisty of conditions by iapleding a cylindrical
annular argon sas puff plasma. Gain coefficlents of 4 cm"1 have Zeen

calculated fer the 3p-3s lasing transition in neonlixke argon at U434 A,
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Fig. 2 Neonlike ion fraction as 3 function of temperazture, Plasma

assumed optically thin.
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