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If 2 low-Z plasma is subjected to ionizing radiation, stationary inversions on hydrogenic ion
level populations occur. The plasma conditions and pumping requirements tc achieve gain on
the Eyman-« and Balmer-« lines are investigated by means of a collisional-radiative model.
The calculations are carried out for two cases: first, for the case in which the electron
temperature is determined solely by radiative cooling, and second, for the case in which
additional electron cooling is provided. In the first case, measurabie gain on the Balmer-a line
is found, although the Lyman-« transition remains uninverted. In the second case, the Balmer-
a gain is dramatically enhanced, and sizable Lyman-o gain is predicted.

L. INTRODUCTION

The challenge to develop new lasers at ever shorter
wavelengths has led to several proposals and experiments at
soft x-ray wavelengths, most of which have involved the gen-
eration of highly ionized species in a laser plasma. Notabie
successes have been achieved with the electron collisicnal
pumping of Ne-like'? or Ni-like' ions, with gain on 3s5-3p or
4p-4d transitions, respectively, and with recombination
pumping of hiydrogenic ions, which led to the cbservation of
gain on the Balmer-a transition.*®

Various schemes to optically pump an x-ray laser have
been proposed, most ¢f which have involved maiched-line
pumping.®>” However, none of these have as of yet been suc-
cessfully demonstrated. In this article, we present a study of
an optical pumping scheme which has only occasionally ap-
peared in the literature,®'® namely, pumping with ionizing
radiation.

This excitation mechanism may be thought of as the x-
ray analog of flashlamp pumping of, for example, a ruby or
Meodymium laser where the pumping radiation (of relative-
ly broad spectral composition) excites a continuum of levels,
from which relaxation into the upper laser level occurs.
Boiko er al.’ noted using relatively simple analytic estimates
that inversions between hydrogenic levels n =4 and n =3
should cccur if ionizing radiation is applied to a low-Z plas-
ma. We show in this article that it is also possible to achieve
inversions between 7 = 3 and n = 2 {Balmer-a), and even
between n = 2 and n = 1 (Lyman-a).

Such a scheme could be implemented by using the x-ray
emission from & relatively high-Z laser plasma to pump a
low-Z target plasma. Various configurations are conceptual-
ly possible: The two plasmas could be in contact with one
another, which maximizes the geometric coupling but
makes difficult the separate control of the density and tem-
perature of the two plasmas. Alternatively, the two plasmas
could be physically separate, with the x-ray emission from
the pump plasma coupled to the target plasma with focusing
x-ray multilayer mirrors. The target plasma could be created
with a prepulse from the laser, allowing it to expand to the
desired density and temperature before the x-ray pumping
pulse arrives, or could be created directly by the x-ray pulse,
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since an intense x-ray pulse can fully sirip alow-Z atomina
few hundred picoseconds or less. This second possibility is
attractive for situations in which a high density is desired,
since there is no limitation due to the laser critical density, as
there is in a laser-created plasma.

This pumping scheme may have certain advantages in
comparison to recombination pumping of hydrogenic ions.
In the recombination scheme, very short laser pulses are re-
quired, and the conditions needed to achieve adequate hy-
drodynamic cooling can be quite severe, particularly as Z is
increased. For example, Pert has calculated that optimum
gain conditions for a recombining aluminum plasma reguire
an initial density greater than solid density.'' The present
scheme is not subject to these constraints, and in addition
has the possibility of achieving Lyman-o inversions, as well
as Balmer-a inversions. On the other hand, an intense source
of x rays is required, which can decrease the overall effi-
ciency of the scheme, since losses are associated with the
conversion of laser light to x rays and with the coupling of
the x rays to the target.

In this work, we use a detailed collisional-radiative
mode! to investigate the plasma conditions and pump inien-
sities needed to obtain inversion on the Balmer-o (3-2) and
Lyman-a (2-1) transitions, and the magnitude of the at-
tainable gain coefficients. To concentrate on the underlying
physics, we consider only the simplest possible case: a
steady-state uniform plasma subjected to ionizing radiation.
That this idealized situation is relevant to an actual experi-
ment follows from consideration of the time scales involved:
the relaxation times of the excited level popuiations

=10~ ' 5) are aiways much shorter than the time scale for
hydrodynamic expansion ( =~ 1077 s}, and thus the excited
state populations evolve in a quasistatic manner. Further-
more, the ground state also evolves guasistatically for suffi-
ciently sirong pumping, since its relaxation time is deter-
mined primarily by the photoionization rate.

Transient effects do come into play when the plasma
temperature is considered. At steady state, the temperature
is determined by the balance between the power absorbed
from the pump and that radiated away into full solid angle.
However, during the short duration of the pump pulse, this
“power balance” temperature may not be attained. Further-

© 1988 American Institute of Physics 1005

Bownoaded-$5dar 2086:t0-185245:240.8-Redistribution-subject t0-AlP license-ate0pyight-500-hiedl 2020000 2R /GO PYEIG RIS D oo



more, additional cooling due to hydrodynamic expansion or
conduction may result in a temperature lower than that cal-
culated for radiative cooling alone (see Appendix). Conse-
guently, we consider both the case in which the temperature
is given by power balance {i.e., radiative cooling alone) and
that in which the temperature is below the power balance
value.

We confine our atiention to the case of monochromatic
pump radiation with a photon energy greater than the ioni-
zation potentia} (4v, > 13.6Z7 ¢V }. The opposite extreme
of blackbody radiation has been shown previously to be less
favorable for producing inversions.'® Furthermore, the spec-
trum of a laser plasma is far from blackbody, and usually
consists of strong line emission. The assumption of monoch-
romaticity could be easily relaxed without changing any es-
sential physics by integrating over the pump radiafion spec-
trum (as long as bound-bound transitions are not pumped).

1. THEORY
A. Pumping rates

The ionizing radiation removes electrons from the var-
ious hydrogenic levels into the continuum. The ionization
rate from level # may be written as

B
~{d ) —PB, (1)
dt pump

where B, is the population density in level # (assuming the
(4, /) sublevels are populated statistically). The ionization
rate per ion £, is given by

P o=o,n,, (2)
where o, is the cross section for photoionization from level
n, and n,;, is the photon flux per cm? per second. The pho-
toionization cross-section ¢, can be expressed by the
Kramers formula as’?

o, = L98X10™MZ*G, /[ (hv,)’R°] cm’, 3
where &, is the bound-free Gaunt factor of level n and hv,, is
the energy of the pump photons in eV. From Egs. (2) and
(3), the photoionization rate for level n is refated to that for
the ground level by

Pn = (Pl/ns)(an/Gu‘)' {4)

Equation (1) is not valid at very high pump rates, as the
stimnlated emission from the continuum leads to a satura-
tion which must be taken into account. The complete expres-
sion including stimulated emission is"

dB #
_( ") :P,,[Bn—Bfexp<* VPH, (3}
dt / pucap kT,

where 8 * is the LTE value of the number density of tons in
tevel n, given by

B¥ = 1.66X 10~ 2%, N, N (kT,) 2
Xexp(E,/kT.) cm™3, (6)

Here g, is the level degeneracy (2#%), N, is the electron
density (cm ™), N, is the density of bare nuclei {(cm~?),
kT, is the electron temperature (eV), and E, is the ioniza-
tion potential of level n, equal to 13.6Z*/n” eV.
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The pumping rates, e.g., £, may be easily expressed in
terms of the radiation intensity. From Eqgs. (2} and (3) and
using {, = hv, n,, one has for the intensity

I, =82X107°P,(hv,}*Z G ;' W/em’, (7

where Av, isin eV. It should be noted that the pump intensi-
ty needed o produce a given pumping rate P, is proportional
to Z° since the reqguired energy of the pumping photons
{ > 13.6Z%) scales as Z°.

8. Power balance

If the plasma is treated as an isolated system and hydro-
dynamic cooling is neglected, then in steady state the power
absorbed from the pump must egual the power radiated into
the full solid angle. This condition determines the steady-
state temperature reached by the plasma.

Assuming the only ions present in the plasma to be bare
nuclei with charge Z and hydrogenic ions with charge
£ — 1, the pump power absorbed by the bound-free transi-
tions is given by

!
Abfzhvpzp,,[gn -BfeXp(- k;f )} (8)

The power absorbed in free-free transitions can be derived
from the free-free absorpiion coefficient of Spitzer'*:

ZZN,N,
K, = 3.69x 10® lalaid] {1 - exp( - :; )]Gf cml
%

T %A

Here &, is the total ion density, T, is the eleciron tempera-
ture in K, G is the free-free Gaunt factor, and 2% is the
average value of the square of the ion charge, which, if most
of the ions are fully stripped, is nearly equal to Z2 The expo-
nential in Eq. (9) accounts for stimulated emission from the
electron gas with a Maxwellian velocity distribution. The
absorbed power is given by 45 = n,, hv,x,, which together
with Egs. (2}, (3), and (9) results in the expression

A ZN NN,
Ay =12X 10—'23&( 'z ) (i) Lt
YANAVAVINI S )
X [1—exp( —hv,/kT,)1Gy €V/em?s,
where kT, isin eV.

The power radiated by the plasma consists of three con-
tributions: bound-bound, free-bound, and free-free radi-
ation. For bound-bound radiation, the emitted power is ob-
tained by summing over all spontanecus decay channels

Pbb = E Z BnAnn' (En “'En’ )’
n wan
where A, is the Einstein 4 coefficient for the transition
n-n (n>n').
The power radiated in free-bound transitions can be ob-
tained by summing over all final levels as

(10}

(11)

P, =N,N, Zj; Avo, (vin, (vYv du, (12)

where 5, (v) is the normalized velocity distribution of the
electrons, and hv = m v*/2 + E,. The quantity o, {v) isthe

cross section for radiative recombination®?
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¢ 2
B G (13)
hvim v*/2) n’
with all units in cgs. Here G, is the free-bound Gaunt factor.
Assuming a Maxwellian velocity distribution for the elec-
trons, the integration in Eq. (12) can be carried out and one
obtains

o, (v) = 211X 10~ 2

NN, G,
P, =261X10717Z4 - 5 2

JET, = n’
The free-free emission is given by'?
Py =956Xx10"" 22 (N,N,/JkT,) G, eV/cm?®s. (15)
The power balance condition then reads
Since each of these quantities is a function of tempera-
ture, either explicitly or implicitly through the level popula-

tions, the power balance temperature T, may be deter-
mined as that temperature which satisfies Eq. (16).

eV/cm? s, (14)

€. Fine-struciure effects

The fine-structure splifting of the hydrogenic energy
levels has two consequences which need to be considered.
First, the splitting can be large enough that the electron-
collisional transition rates between the various (/, j) sublev-
els with the same #z are insufficient to maintain statistical
equiitbriuim and thus their relative populations are no longer
proportional to their degeneracies. In such cases, separate
rate equations must be solved for each sublevel, rather than
just for each energy level. Furthermore, the fine-siructure
splitting of the energy levels splits each spectral line into
several components, which must be taken into account in
computing the gain coeflicient. The Lyman-a line is split
into twe and the Balmer-a line into seven fine-structure
components. Under high-density, high-temperature condi-
tions, however, only the structure relevant to level n = 2 is
resolved, resulting in an apparent doublet for both lines (al-
though for very low Z, line broadening obscures the doublet
structure ).

Fortunately, it is only necessary to write separate rate
equations for the sublevels of the first few energy levels, as
the fine-structure splitting decreases with 7 as n ~°. Samp-
son'* has given a criterion for statistical equilibration among
sublevels which indicates that for the range of electron densi-
ties and temperatures of interest here, equilibration may be
assumed for n>4.

£. Line broadening

Since the gain depends sensitively on the linewidth, it is
necessary to estimate the various broadening mechanisms
with reasonable accuracy. Both Doppler and Stark broaden-
ing contribute to the width. If the ion temperature is taken to
be equal to the clectron temperature, then the thermal
Doppler broadening is given by

Avy, /v = 543X 1073(kT,/Z)/?,
assuming the ion atomic weight W =122,

The dominant Stark broadening contribution is the qua-
sistatic ion broadening (Holtsmark broadening), the

(N
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linewidth of which may be estimated as'>®

Avgy =2{n* —n'H)N¥? L (18)
This mechanism is only effective, however, for line compo-
nents which exhibit a linear Stark shift. The Bakmer-a and
Lyman-« lines both contain unshifted components (2/3 of
the total line strength for Lyman-e, and 1/3 of the line
strength of the dominant 3D;,, — 2P,,, component of the
Balmer-a line), which are unaffected by Holtsmark broad-
ening, and are broadened only by Doppler and dynamic
Stark broadening.

Both the electrons and the ions contribute to the dynam-
ic Stark broadening. The electron broadening may be esti-
mated using the formula given by Sobelman ez ¢/.,*> which
may be written in mixed units as

Av, = 6.8 X 108N, (kT,) 1/

X kT, /JN,T) +2490]F s, (19)
where § = 27/7? for Balmer-a, and 17/(22"%) for Lyman-a.

There is, at present, no simple way to compute the
broadening due to ion dynamic effects short of numerical
simulation. However, Stamm et @/.'” have shown that the
primary effect of ion dynamics is to cut off the dipole correla-
tion function for times long compared {o the inverse ion plas-
ma frequency @,; ', Consequently, we have adopted the sim-
ple expedient of adding a contribution to the electron
broadening egual fo the ion plasma freguency to allow ap-
proximately for additional broadening due to ion dynamics.
Thus, the full-width broadening due to ion dynamical effects
may be estimated as

Av, =297[ZN; s L {20)
The central component width computed in this manner
(Av, + Av,) agrees well with the width given by QOza,
Greene, and Kelleher'® for the Balmer-a line of C*t at 7,
= 20 eV {a typical temperature for x-ray laser experiments
with hydrogenic carbon}.

Putting typical parameter values into Egs. (17)-(20),
one finds that the Holtsmark broadening is generally far
larger than the other widths, which leads to the conclusion
that the Holtsmark-broadened components make little con-
tribution to the gain. For example, if we take N, = 5 10%°
em™3, T, =100 eV, and Z=9, then Av, = 6x 107 s,
Avg = 1.4X10" 571 Ay, =7.6X10"7 s74 and Av,

= 6.6 102 s . The Doppler, electron impact, and ion dy-
namic widths are seen to be all of the same order of magni-
tude, and thus one may not, in general, assume that Doppler
broadening is dominant in hydrogenic ions for conditions
typical of x-ray laser experiments,

Taking all broadening mechanisms intc account, the
line shape can be approximately described as the sum of two
profiles: a central “unshifted” component, broadened only
by Doppler and dynamic Stark broadening, superimposed
on a much broader profile, resuiting from the Holtsmark-
broadened components. The fractional area under the cen-
tral component is 2/3 for Lyman-c, and 1/3 for Balmer-a
3Dy, — 2P,
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{il. NUMERICAL MODEL

A coilisional-radiative code including the photoioniza-
tion terms discussed above was used to calculate the steady-
state populations of the various kydrogenic levels. The code
allows for the presence of three jonization stages: bare nu-
clet, hydrogenic ions, and heliumlike ions, and considers the
effects of the fine-structure splitting of the hydrogenic ion
ievels. The system of rate equations for the populations of
each level for the hydrogenic and heliumlike ions is soived in
the steady-state limit, accounting for all relevant collisional
and radiative processes; namely (a) electron-collisional ex-
citation, de-excitation, and ionization, (b} radiative decay,
(c) radiative, three-body, and dielectronic recombination,
and (d) photoionization due to the pump radiation, aliow-
ing also for stimulated recombination [Ea. (5)]. The plas-
ma 1s assumed to be optically thin for all transitions.

The temperature may be either specified, or, for the
power balance case, computed by solving the system of rate
equations iteratively until the temperature is found which
satisfies Eq. (16).

It should be noted that the expressions given to compute
the pumping rates and power balance were written assuming
the only ions present in the piasma are the hydrogenic and
the completely stripped ions, and that the hydrogenic levels
could be characterized by n alone. In the calculations, how-
ever, more complete versions of these expressions are em-
ployed, accounting where necessary for the (/, j) sublevels of
the hydrogenic ions and for the presence of heliumlike ions.

The hydrogenic ion energy levels through n = 7 are in-
cluded in the model, with higher levels being lumped into the
continuum.'” The sublevels are considered individually for
n<3, while for 4<n<7 they are assumed to be populated
statisticaily, so that only rate equations for the level popula-
tions as a whole need be solved.

The heliumiike ions are handled in an approximate
manner, since in the present work they are of interest only as
a sink term for the hydrogenic population. The He-like ions
are treated in the high-Z (hydrogenic) limit, with an effec-
tive £ accounting for shielding. Levels up to n = 7 are con-
sidered, with the (/, j) splitting neglected. Doubly excited
states are likewise neglected.

The coliisional and radiative rate coefficients are taken
from the literature, and are derived assuming a Maxwellian
electron velocity distribution. The collisicnal excitation co-
efficients of Golden er l.*° and Clark ef al*' are used for
transitions (#lf)— (#'’j "}, where n,n'<5, and #<n'. The
{ /") dependence of the coeflicients occurs only through
an angular momentum coupling factor, given by ™
I i 2}2
FAREY A

QK(§91?’)=(2f+1)(2j’+1)€ (21)
Here & is the multipole order for the transition, which is
taken to be the lowest valne for which O, is nonzero, i.e.,
« = |/ — I'|. Where necessary, the coefficients are summed
over ([, j '} and/or averaged over (/, j}. When summed over
;' @, reduces to 1.0, and when averaged over j, {, reduces
to the relative statistical weight of the final state
(2’ + 1)/{2(2]’ 4+ 13}, For transitions (n)—(n'} and
transitions {(nff) — (") (#' =6,7), the coefficients for
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(n) - (n') of Jacobs" are used, neglecting the / dependence
in the case of (nfjy ~ (n") for n' = 6,7. The coefficients for
coliisional de-excitation are compuied from detailed bal-
ance.

The collisional ionization coefficients are taken from Ja-
cobs.’ The / dependence is included for n = 2, but the /-
averaged value (the only one given in Ref, 19) is used for
n=23.

The coefficients for intralevel (n=rn'} transitions
among sublevels for # = 2,3 are taken from Shevelko er >
(It should be noted that the expression for A% in Ref 22
contains a misprint, which is corrected by Tallents.?®) Due
tc the small transition energies for the intralevel transitions,
the ions as well as the electrons are effective in causing tran-
sitions. The transition rate is thus calculated including the
effects of both icn and electron collisions.

Tabulated Einstein coefficients are used for the radia-
tive decay rates.’** Qnly optically allowed, interleve! transi-
tions are included. The ( /, /') dependence is handled in the
same manner as for the collisional coefficients, namely by
multiplying the {(n'{ '} — (n/} Einstein coeflicients by the an-
gular factor @, (!} ",§j) with« = 1, where necessary summed
over () and/or averaged over (/).

The radiative recombination coefficient for the hydro-
genic ions is computed using the expression®

372
A, =51X1074Z (%) exp(—’i—)El(g)an cm’/s,
n n? "
(22)
where 8= 13.6Z%/kT, and E,(x) is the exponential inte-
gral function

E(x)= J‘m (e;x) dax.

Three-body recombination is calculated from detailed
balance, as the inverse to collisional ionization. Dielectronic
recombination from the hydrogenic to the hehumlike ions is
calculated using the expression given by Scbelman er g/.,'*
which is an empirical fit to the resuits of detailed calcula-
tions. This expression is valid in the low-density limit, and
overestimates somewhat the dielectronic recombination co-
efficient at high densities, since it does not allow for the re-
ionization due to electron collisions of the highly excited
intermediate state. However, it is sufficient for the present
purposes, as the numerical results show that for the condi-
tions of interest dielecironic recombination has little effect
on the resuits.

All Gaunt factors [ie., G, in Eq. (3) and Eq. (22}, Gy
in Eq. (9), and Gy, in Eq. (13)] are set to 1.0 in the calcula-
tions. This is a reasonable approximation, since the Gaunt
factors do not usuaily differ greatly from 1.0.

For the gain calculations, the line profile is assumed to
consist of two superimposed components, as discussed
above, the first of which has a homogeneous width given by
Av, = Av, + Av,, and the second of which has a homogen-
eous width Av, = Av, + Av, + Av,;. Both profiles are as-
sumed to be Voigt, with Doppler width Av,. The relative
area ratio of the two compounents is 2:1 for Lyman-a,and 1:2
for Balmer-a 3D, ,, — 2P, ,,. The gain coeflicient is caicuolat-
ed from the expression

(23)
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G= (A4 /8m)P(OY[N, — (g,/8IN,], (24)

where P(0) is the value of the normalized composite profile
at line center.

V. RESULTS

In this section, results for typical plasma characteristics,
inversions, and gain coefficients are presented. Most of the
Balmer-a gain results are given for a fivorine plasma, and
most of the Lyman-o results for either a lithium or beryllium
plasma. These results may be scaled to other elements using
the well-known Z-scaling laws for hydrogenic ions®’ (al-
though the scaling is only valid if the He-like population is
negligible and all sublevels are populated statistically ). For
example, the gain coefficient varies with Z as

G« ZPXf(.,8,, PLH), (25)

where %, =N,/Z’, 6, =T,/Z", P, =P, /2 and
H = hv/Z* Theexponent pis between 6 and 7.5, depending
on the dominant broadening mechanism.

It may be shown that the power balance temperature
exhibits a similar Z scaling. All of the terms in Eq. (16} have
the same Z dependence, when expressed in terms of the re-

duced parameters %,, 8., P,, and H, and thus the power
balance temperature scales according to

T = Z2X[f (., PL,H). (26)

The results shown were in all cases calculated for 2 pho-
ton energy of 1522 eV (i.e., approximately 109% higher than
the ionization energy ). This value was chosen somewhat ar-
bitrarily. Ideally, the photon energy should be as close as
possible to the ionization limit, both to maximize the cou-
pling efficiency and to minimize the electron temperature
(since the energy v — 13.62% €V is given up to the electrons
in each ionization event). Some possible pump/lasant
schemes could be expected to have a mean pump energy
between 13.6Z% and 1527 eV. For example, if H-like fluorine

'
» O
O
5
-2
<10
B
z
21073 1
‘[6 f 1 A
1@18 1919 1020 1021 1022
Ne (Cm-a)

FIG. 1. Ton fractions for the bare nuclei &, , H-like ions ¥, and He-like
ions Ny, without irradiation {dashed lines) and with irradiation (solid
lines). Z=9, T, = 150 eV, [, = S 10" W/em?, and Ay, = 1215¢V.
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were pumped with 2—1 radiation from He-like Na, then
kv = 1126.9, or 13.912% V. Such schemes would then have
somewhat better gains for a given intensity than the results
given here. Conversely, if the mean pump energy were signif-
icantly larger than 152° ¢V, then the results would be worse
than those presented here.

In presenting the results, the electron density is taken to
be a free parameter. In an actual situation, density gradients
will exist in the plasma, in which case the inversion will be
determined by the local value of the electron density. Also,
the maximum achievable electron density will be determined
by the critical density for the radiation used to create the
plasma. For laser radiation at 0.65 um, the critical density is
2.6 X 10*" cm 7, If the plasma is created directly by x-ray
radiation, however, then all densities up to sclid density are
possible, since the critical density for x rays is above solid
density.

A. Plasma characteristics

Some typical characteristics of the steady-state plasmas
produced by ionizing radiation are shown in Figs. 1-3. In
Fig. 1, the fractional ion populations of the bare nuclei, H-
like ions, and He-fike ions are shown for a fluorine plasma
versus electron density with and without ionizing radiation.
The temperature is held at 1530 ¢V, and the pump intensity is
5% 10" W/em?.

Without radiation, the plasma is dominated by the He-
like ions. (The large He-like fraction indicates that lower
ionization stages would also be present, if these had been
inciuded in the calculations. ) In the presence of the ionizing
radiation, however, the plasma is nearly fully stripped, with
only a negligible He-like fraction for electron densities less
than 10%' cm ™. These results illustrate the point that the
piasma may have a significantly higher ionization state in the
presence of ionizing radiation than would normally be ex-

1020 T 1
. 20080ev¥
10000
08t 5000
1500
———— SO0

3 N 300 y

-4

Wic

}1014 [, \ \\.—//
L i y

i mg/
gl i 50

3O18 10?3 1020 1021
Me (Cm_3)

1022

FIG. 2. Contours of power balance temperature (eV). f, is the pump inten-
sity, and &V, the electron density. Z=9, Av, = 1215eV.

D. G. Goodwin and E. E. Fill 1008

e DOMIR 02001 5.480-2006.16.131-215:240.8-Redisiribution subjectto AR icense an.copyright -see-bitp:iap-2ip Qg fanko pyrght jsp -



i "
" ! — " Top < 506V
(OL A [ ES S | ES
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FIG. 3. Contours of Lyman-a line-center absorption coefficient {cm ")
under power balance conditions. Z =9, Av, = 1215 V. (Results where

T, <506V not shown.)

pected for a given temperature, since the ionization balance
is maintained by the external pump radiation, rather than by
electron collisions.

In Fig. 2, a contour plot of the power balance tempera-
ture 77, is shown for 2 fluorine plasma versus electron den-
sity and pump intensity. For moderate intensities (say, less
than 10" W/cm?), the temperature reached is in the neigh-
borhood of 0.5-2.5X 2% eV. At very high intensities, the
power balance temperature is independent of electron den-
sity. This results since the plasma is fully stripped, and the
the only terms in Eq. (16) are 4, and Py, which both have
the same dependenceon ¥V, and N,.

A critical assumption in these calculations is that the
plasma is optically thin. It is well known that optical trap-
ping on the Lyman-o line can easily destroy Balmer-« inver-
sions in hydrogenic ions. The effects of optical trapping may
be accounted for in calculations by introducing escape pro-
babilities, by which the Finstein coefficients are multiplied.
For the escape probability for Lyman-« to be greater than
=0.9, the optical depth at line center for Lyman-a should be
kept less than one.*®

In Fig. 3, the values of the line-center absorption coeffi-
cient «;, of the Lyman-« line are shown, in units of cm .
These results indicate the maximum tolerable lateral dimen-
sion of the plasma for which optically thin results may be
expected to apply. For example, on the contour where «;,

= 10° cm !, the transverse plasma dimension must be held

to less than 10 um for an optical depth less than one. It
should be noted, however, that this does not take into ac-
count the bulk Doppler shifts due to strong velocity gradi-
ents within the plasma, which may relax the strict require-
ments on plasma size to some extent.
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FIG. 4. Effect of pump radiation on level populations. The quantity B /g is
the population density divided by the degeneracy. Z=19, N, = 5x 10%
cem % T, = 162eV.

B. Inversions

The pumping effect of the ionizing radiation is illustrat-
ed in Figs. 4 and 5. In Fig. 4, the sublevel populations for
»n =2 and n = 3 are shown (divided by their respective de-
generacies) as a function of pump intensity for hydrogenic
fluorine. The plasma temperature is beld fixed at the value
162 eV ( =22Z% eV) and the electron density is 5x 1¢%
cm ~*. For n = 2, all three sublevels are shown (25, ,, 2P, ,,
and 2P, ,, ), while for n = 3 the sublevels are in statistical
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FIG. 5. Effect of pump radiation on level populations. Z = 3, ¥, = 5 10%
e T, =9eV.
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FIG. 6. Balmer-a gain vs electron density with the electron temperature as
parameter. Z = 9, pump intensity 5X 10" W/cm®. The temperatures are
0.25, 0.5, 1.0, and 2.0x 2% For the power balance case, the temperature
varies along the curve within the range 227 eV — 3Z2% eV,

equilibrium at this electron density, and thus have equal val-
ues of 8 /g.

Atlow intensities, the ionizing radiation has little effect,
and the populations deviate only slightly from the values
that they would have for [, =0. At approximately 10"
W/cm?, the populations of all levels begin to increase, as the
He-like ions are stripped to hydrogenic ions. At an intensity
of 10" W/cm?, the 3D,,, — 2P,,, transition first becomes
inverted. At much higher intensities { > 107 W/cm?), the
populations decrease, as direct photoionization out of the
n =2 and n = 3 states becomes strong.

The lack of statistical equilibrium among the # = 2 sub-
states has an appreciable effect on the calculated inversion
density, even for this relatively large electron density. For
example, at {, = 10" W/cny’, the inversion is twice as large
for transitions ending on 2P, ,, as it is for those ending on
25,

In Fig. 5, the level populations for n = 1 and n = 2 for
hydrogenic lithium (Z = 3) are shown, again at an electron
density of X 10?° cm ™ °, for a pump photon energy of 135
eV. The eleciron temperature is held at 9 eV (2-3 times
smaller than the power balance temperatere ). The threshold
for positive inversion occurs at 5X 10" W/cm?, beyond
which large fractional inversions may be obtained.

C. Gain

The Balmer-a 35, ,, - 2P, ,, gain coefficient for Z =9
is shown in Fig. 6 as a function of electron density for a pump
intensity of 5 X 10" W/cm”. The solid curve shows the gain
obtained when the plasma temperature is determined by the
power balance condition. The maximum gain for this case is
approximately 0.4 cm ~ . The dashed curves show the gain
coefficient obtained if the plasma temperature is reduced by
means of additional cooling to values below that given by the
power balance condition. These curves show that decreasing
the electron temperature results in a dramatic increase in the
gain coefficient. At too low an electron temperature, how-
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ever, the pump is no longer strong enough to keep the plasma
primarily in the hydrogenic ionization stage, and the gain
again decreases.

The magnitude of the additional cocling obtainable due
to hydrodynamic expansion and/or conduction is estimated
to be sufficient to hold 7, to a value of Z° eV, which is less
than half the power balance value (see Appendix). The pri-
mary requirement is to keep the transverse linear plasma
dimension small—for the conditions assumed in the Appen-
dix, less than approximately 50-70 gm. Since this constraint
can be easily met, temperatures on the order of Z° eV appear
to be realistic values, and thus substantially higher gain than
that predicted at the power balance temperature should be
possible.

Figures 7 and 8 give an overview of the parameter re-
gions where gain occurs on the Balmer-¢ transition. Con-
tours of equal Balmer-a gain are shown for a fluorine plas-
ma, where the abscissa and ordinate are the electron density
and pump intensity, respectively. The gain coefficients
shown in Fig. 7 were computed assuming the temperature to
be given by the power balance condition. In Fig. 8, the corre-
sponding contour plot is shown for the case where the elec-
tron temperature is held at 81 eV.

In the regions below the dashed lines, more than 109 of
the ions are in the He-like icnization stage. In these regions,
the pumping radiation is not strong enough to hold the plas-
ma in the hydrogenic ionization stage. [t should be noted
that the calculated resuits are only approximate where the
He-like concentration is large, since lower ionization stages
are not included.

The shapes of the contours in Figs. 7 and 8 may be easily
understood physically. Increasing the pump power at fixed
electron density, a threshold is first encountered, at which
point the inversion first becomes positive. Raising the pump
power beyond the threshold increases the gain strongly, as
the total hydrogenic population increases, due to increased

E
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FIG. 7. Contours of equal Balmer-a gain under power balance conditions.
Z=29, hv, = 1215 eV. (Results where T, <50 eV not shown.)
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FIG. 8. Contours of equal Balmer-¢ gain with electron temperature fixed at
81 eV. Z=39, kv, = 1215 V. (Note that additional cooling is needed to

achieve this temperature.)

ionization of the He-like ions. Once the He-like population
has become negligible, the gain flattens out, and then de-
creases at very high pump rates, as the hydrogenic ions are
stripped to bare nuclei. At still higher intensities (not shown
in Fig. 8), the gain becomes negative again. This can be un-
derstood by recalling that at high pumiping rates, the popula-
tions of the levels approach their saturation values and the
level populations are not inverted [Eq. (5)].

Keeping the pump power constant at a value in the
range 10! — 10" W/cm?, the gain increases approximately
quadratically with electron density, until & high electron
density limit is reached ( = 10**Z" cm ~ %), at which point the
inversion is strongly quenched, as the collision-induced tran-
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FIG. 9. Gain at optimum density vs pump intensily for various Z (£ = 6 to
13). Electron temperature = Z° eV, Av, = 152% eV. (Note that additional
cooling is needed to achieve this temperature. )
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sition rates begin to dominate over radiative decay, and the
populations tend toward their Saha values. (However, at
extremely high pump rates, this limit does not apply, since
the lower level is depopuiated directly by photoionization,
rather than by radiative decay.)

The dependence of the peak gain on nuclear charge Z is
shown in Fig. 9, in which the gain coefficient at optimum
electron density (where the gain is maximized; see Fig. 6) is
shown versus pump power for Z = 6 to Z = 13. The tem-
perature is taken to be Z° V. It is seen that the gain increases
considerably with Z, but at the expense of a large rise in the
threshold pump intensity. Using carrent high-power lasers,
an x-ray pump intensity of order 10'* W/cm? should be read-
ily attainable in a line focus geometry (assuming a ! cm
length, a 20% conversion efficiency into x rays, and a source
plasma/target plasma separation of =200 um). For this
pump power level, £ = 8 and £ = 9 (with Balmer-o wave-
lengths of 103 and 81 A, respectively) appear to offer the
most promise.

Unlike the case for Balmer-a, the Lyman-a transition
does not invert if the plasma temperature is given by the
power balance condition. Thus, additional cooling beyond
radiative cooling alone is necessary for Lyman-a gain. How-
ever, if this can be achieved then large gain coefficients may
be obtained, as seen in Fig. 10, in which contours of equal
gain for the Lyman-o transition are shown for Z = 4 and
kT, = 16¢V. The energy of the pump photonsis 240 eV, and
the wavelength of the laser is 75.9 A. For the Lyman-a tran-
sition, there is no optimal electron density for the range
shown here, as the gain continues to increase with increasing
electron density.

Due to the high gain coefficients of the Lyman-« laser, a
shorter line focus maybe used to obtain an acceptabie gain-
tength product, with the double advantage that a higher x-
ray pump intensity can be generated with a given pump laser

1020 —_— - . —

10'53

< 1018

Wicm

- 1@?19
e

101

‘90 | I
Do o o

Ne {crm )

1621 1022

FI1G. 10. Contours of equal Lyman-a gain. Electron temperature 16 eV,
Z =4, hv, = 240 eV. (Note that additional cooling is needed to achieve
this temperature.)

D. G. Goodwin and £. E. Filf 1012



e Dowaleaded- 1 Jan-2006-t6-133:235:240. 8 Radist

and beam refraction from electron density gradients is less
problematic.

The Lyman-« gain coefficient is shown in Fig. 11 for £
values from 3 to 6 plotted against pump power at an electron
density of 53X 10% cm *. The plasma temperature is Z% V.
These results show that the primary difficulty in achieving
Lyman-o gain is in supplying enough pump power to over-
come the high threshold values. By using a short line focus,
however, the threshold values for Z « § should be attainable.

V. CONCLUSIONS AND QUTLOOK

By means of numerical modeling, the conditions under
which soft x-ray gain occurs in a hydrogenic plasma subject-
ed to ionizing electromagnetic radiation have been investi-
gated. 1t is found that powers available from current high
power lasers are sufficient to produce gain on hydrogenic
Balmer-a lines for £ < 10, and on Lyman-a lines for Z < 5.
In the case of the Balmer-a line, small but measurable gain is
predicted under conditions where the plasma temperature is
determined solely by the radiative cooling of the plasma it-
seif. If additional cooling is provided, the gain can be in-
creased substantially. For the Lyman-a ling, additional cool-
ing of the electron gas is required to see any gain, but the gain
coefficients become very large.
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APPENDIX

There are several ways to obtain a reduction of the elec-
tron temperature as required for higher gain, cooling by hy-
drodynamic expansion and heat conduction to a nearby cold
surface being the most promising ones. We note that radia-
tive cooling by seeding the plasma with a high-Z material®
will most likely not work in this case since the high-Z ions
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FiG. 11. Lyman-a gain vs pump intensity for Z = 3 to Z = 6. Electron
temperature = Z° ¢V, electron density = 53X 10% ecm >, kv, = 1527 V.
{Note that additional cooling is needed to achieve this temperature. )
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would also strongly absorb the pump radiation and the net
effect may be zero.

We estimate the cooling effect to be expected from hy-
drodynamic expansion and heat conduction. Let the plasma
cloud be a cylinder with radius ». The energy equation is*°

2 dkT

%(Ne—%Ni)ﬁ S~ ~2mrr 4 PAW, (A1)

where the dot means differentiation with respect to time, Pis
the plasma pressure, and AW is the difference between the
absorbed and emitted powers per cnt’ (i.e, AW = 4 o+ Ay
— Py, — Py — Py ). The quantity AWis strongly tempera-
ture dependent and becomes zero at the power balance tem-
perature 7, . By inserting for the pressure

= (N, + N)T, (A2)
one obtains
dkT= _ 4kT¥ ZAW . (A3)
dt 37 3N, + N

For expansion cooling to balance the heating by the pump
radiation, we require that
4ikTr AW
3y 3N, + N
With Z =9, kT = 81 eV, a pump intensity of 5x 10"
W/em® and &V, = 3 X 16°° cm ~? (the density for maximum
gain from Fig. 6}, the computer code gives

(A4)

AW = 76107 W/cm3 (A3)
Therefore from Eq. (A4)
r/i=1.1x10"% s (AS)

If we estimate the expansion velocity as equal to the ion
thermal velocity at this temperature (3.3 X 10° cm/s) then
# = 36 pm, which is a physically realistic value. As long as
the cylinder radius is kept at or below this value, hydrody-
namic cooling i3 sufficient tc offset radiative heating and
hold the plasma temperature to 81 eV or less.

To estimate the cooling by heat conduction, we neglect
hydrodynamics and assunie that only a small portion of the
plasma is illuminated by the pump radiation, whereas the
outer part is in contact with a cold material. We consider a
cylindrical geometry, in which a small cylinder of radius »; is
pumped, surrounded by a concentric cold cylinder of radius
R. The heat flux is

ar

= — K —, AT
e o (A7)
with the thermal conductivity given by'?
. T5/25 .
= 467X 1072 LcaiK~'em~ts™l, (A8

n

In this equation In A is the Coulomb logarithm and & ac-
counts for the non-Lorentzian nature of the gas. Taking
InA=35Z=9, and 5, = G.7 vields

K=, T2, (A9)
with

Ko=3X10"BIK"2em g1, (A10)
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If the situation is stationary, the total heat flowing
oatward per second is constant at every radius, and thus

2urQ(r) = wri AW = const. (AID
From Egs. (A7), (A8), and (All) with the boundary con-
dition T(R) = 0, one obtains for the temperature

T = Tolln(+/R)/In(r,/R)1*7, (A12)

where T, is the temperature at » = r,. The power transport-
ed by heat conduction becomes

daric, T 72
7In(R /ry)

Taking R /r, = 10 and again &7, = 81 eV, the power con-
ducted to the outer cylinder per cm of axial length is

T AW = W/cm. (Al13)

P=rrfAW = =19x10°® W/cm. {A14)

With AW = 7.6 X 18" W/cm’ at 81 eV, one concludes that
an irradiated inner cylinder with a maximum radius of 7,
= 28 pm can be cooled to 81 eV by heat conduction.
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