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ABSTRACT 
We describe the physics and design of VUV and soft X-ray lasers 

pumped by ICF class high intensity infrared laser drivers (for 
example, the SHIVA laser facility at LLNL). Laser design and physics 
issues are discussed in the case of a photoionization pumping scheme 
involving Ne II and line pumping schemes involving H-like and He-like 
neon. 

The Ne II laser scheme is novel and is pumped by preferential 
photoionization of 2s electrons from Ne I, resulting in a 2s-2p 
inversion at Z7 eV in Ne II. The target design implementing the 
scheme is based on thin film flashlamp and filter systems which 
emit strong X-radiation near 500 eV when irradiated with short 
pulse (90 psec) 1.06p radiation at 10' 4 W/cm z. The design simulations 
include thin film irradiation calculations (carried out on the 
LLNL laser fusion code) and two dimensional time-dependent population 
kinetics studies. Gains in excess of 50 cm"^ are calculated. 

The line pumping schemes involve higher energy transitions 
(55 eV, 151 eV and 189 eV), and are pumped by resonant L-H lines 
of medium Z (Z near 28) elements. A detailed kinetics model is 
developed using atomic physics data available in the literature, 
and from Hartree Fock and distorted wave models. A novel approach 
to laser target design is presented, based on the production of 
very large velocity gradients which result when the strong suprathermal 
electron momentum density is coupled into the ion fluid momentum 
density via ionization gradients set up when shadows are present. 
The velocity gradients relieve radiation trapping problems and 
allow greater penetration of resonant pump radiation. Conditions 
under which gain of 50 cm"l can be achieved are discussed. 
THESIS SUPERVISOR: termann A. Haus 
TITLE: ulihu Thomson Professor of Electrical 

Engineering 
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I. Introduction 
The advent of the laser in the early '960's presented a cornu

copia of possibilities for technological developments in many areas, 
few of which were anticipated by its developers. Speculations of 
possibilities for applications of VUV and X-ray lasers are at pres
ent limited to the blurred and dull foresight of researchers in the 
field, the vivid imaginations of the technological dreamers and the 
wondrous and exciting universes of science fiction writers. At the 
time of writing of this section, the author is unaware of any X-ray 
lasers which have demonstrated the capability of vaporizing intrud
ing spacecraft as in Niven (1970), taking holographic movies of 
macromolecules as they squirm in their in vivo environments as des-
cribed by Chapline and Wood (1975) or even to diagnose a 10 elec
tron/cm plasma in a compressed inertial confinement pellet as men
tioned in the review of Waynant and Elton (1976). In the present 
research most of the effort has been channelled into the less excit
ing and perhaps mundane pursuit of a laser design, or more precisely, 
mundane construction of numerical tools with which a short wavelength 
laser can be designed. Originally, we had hoped to operate a 
laboratory EUV laser pumped by ARGUS or SH5VA (in the early days 
it was CYCLOPS), but such has not come to pass. 

But 1 digress. The general approach to short wavelength laser 
design which was taken deserves some comment. At the Lawrence Liver-
more National Laboratory where the bulk of the work was done there is 
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an energetic laser fusion effort, replete with the worlds' most 
powerful laser, superb target fabrication facilities, and excellent 
target design and diagnostics groups. As experiments are costly 
both in terms uf money as well as time and effort, most experiinents 
are carefully planned and calculated in detail before being carried 
out. The X-ray laser effort was to be carried out in much the same 
way. The target design would be well thought out and calculated in 
detail before the experiment. The problem initially was that there 
were no general purpose X-ray laser design codes available on which 
to carry out the calculations in preparation for an experiment. One 
goal of the present effort was to fill in the gap, namely to develop 
a general purpose X-ray laser design code patterned in some respects 
after the laser fusion design cede LASNEX. A discussion of the laser 
fusion effort, the lasers and LASNEX are given in tht annual reports 
of the laser program which are referenced at the end of the chapter. 

There are many approaches to the problem of X-ray laser design, 
that is, there are several pumping mechanisms by which a population 
inversion in the VUV and soft X-ray spectral regions could be pumped. 
In principle, laser designs derived from most of these schemes could 
be evaluated numerically with the design code and to date about a 
dozen schemes have been examined. A discussion of approac.ies suggest
ed in the literature is given in the following section. As to which 
approach is best, cheapest, simplest, most efficient, or can get i > 
the highest transition energies are questions which can probably not 
be answered yet as the field is still in its infancy, or at best its 
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early childhood. In any case, we shall not attempt categorical eval
uation hen although a certain prejudice for photo-pumpino schemes 
may become apparent. 

In summary, X-ray lasers would be exciting if they could be made. 
What we would do with them if they were available is a question which 
we shall not address. What is of concern her» are questions more of 
how to design them. 
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A. Background 
The field of short wavelength lasers has been reviewed frequent

ly (see the refe-ences at the end of the chapter). The review of 
Waynant and Elton (1976) is one of the more extensive although by now 
it may be somewhat dated. The NRL group was preparing another more 
recent review (D. Nagel - Private communication (1979)), however, 
a copy has not yet become enscounced in our archives. Ti this section 
we shall briefly discuss some of the approaches which are currently 
being pursued. 

Electron collisional pumping stirred considerable interest when 
the Lebedev group reported experimental results involving a 3s-3p 

o 
transition in neon-like calcium near 600 A (Illyuknin et al (1979)). 
In this experiment a laser pulse of width 2.5-5.0 nsec and intensity 

10 2 2.0-7.5x10 W/cm was focussed onto a calcium strip whose width was 
0.03 to 0.125 mm and whose length was 10-40 mm. A resonator was con
structed using lossy mirrors, one a gold coated mirror, the other a 
ruthenium coated mirror with reflectivities 0.13 and 0.25 at the las-
ing wavelength. Vinogradov et al (1977) and Vinogradov et al (1978) 
(see the review section) reports a theoretical analysis. The strong 

2 6 7 monopole excitation from the neon-like 2s p S ground state popu-
2 5 1 lates the 2s p 3p S state which is inverted relative to the 

2 5 1 -1 
2s p 3s P, state. Gains of order 30 cm are calculated on this 

p C 1 PR 1 

transition using a model which includes 2s p S - 2s p 3s P-, trap
ping. Other lines of the 3s-3p manifold achieve gain although the 
detailed results do not appear. Vainshtein et al (1978) give energy 
levels for the neon-like excited states for many low Z atoms. 
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This approach has also been examined in other isoelectronic 
sequences and for plasmas other than the laser produced variety. 
Gain in the carbon-like sequence has been examined by Elton (1974), 
Palumbo and Elton (1977) and Whitney et al (1977). Electron colli-
sional pumping of the 3-2 transitions in the helium-like sequence is 
dicussed by Palumbo and Elton (1977) and Bristow et al (1972). Jha 
was concerned with the 4s-3p transition in neon-like ions. Although 
the Lebedev work involved a laser plasma, the electron collisionally 
pumped schemes may be suitable for Z-pinch plasmas as discussed by 
Whitney and Davis (1975). Some Z-pinch references are found at the 
end of the chapter. Our group has examined the 3s-3p transitions in 
neon-like Krypton as occurs in Z-pinch discharges with the result 
that the gain at 83 eV may reach gains of several cm' . Some of the 
major uncertainties in the estimates lie in the assumptions made 
about the electron and ion temperatures, densities and plasma radius. 
This work is still in progress and will be documented in the near 
future. The 3s-3p approach appears promising at present and it is 
likely that the future holds promise for interesting experiments 
along these lines. The extension of the scheme to 4-4 transitions 
may be straightforward although at present the atomic physics are 
not as well known for the sequences near the nickel isoelectronic 
sequence. The use of suprathermal electrons to pump a 3s-3p transi
tion in a laser plasma may be a fruitful approach, although no work 
has yet been reported on it. The advantage lies in that the supra-
thermal electron distribution can be better matched to 2p-3p excitation 
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(under transient stripping conditions) than thermal electrons at the 
temperature where the ionization stage is dominant. 

Another approach involves the removal of inner shell electrons 
through electron collisional ionization (Lax and Guenther (1972)). In 
this case it is suggested that K-shell electrons can be preferentially 
ionized from beryllium or carbon leading to a self terminating (on 
a few femtosecond timescale) 1s-2p transition laser. The approach 
of using electron collisional ionization as a pumping mechanism is 
interesting and has not been greatly explored. The application to 
the K shell self terminating laser problem is not yet within reach 
of technology. 

Recombination as a pumping mechanism was proposed by Gudzenko 
and Shelepin (1964) who considered inversions in hydrogen. Other 
work along these lines is referenced in the bibliography. Although 
transitions in hydrogen are not X-rav transitions, this effort was 
the precursor of approaches presently being examined involving multi
ply ionized systems. The problem in hydrogen is still under consid
eration (Furukane and Yakota (1979)). 

Recombination in hydrogenic ions has been a very active urea 

since early on. Gudzenko et al (1970) examines the 3-2 transition 
of hydrogenic helium and gives references to earlier work. Bohn (1974) 
reports a steady state analysis of 2-3 inversions in hydrogenic ions 
1SZ58, and Pert and Ransden (1974) examine the same transition for 
low Z ions in an expanding laser plasma. 
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Experimental results were reported by Irons and Peacock (1974) 
in the case of hydrogenic carbon. Hydrogenic carbon has been a major 
focus of effort over the years and almost constitutes an area of 
study in itself (we have reserved a section in the references for 
this problem). Ths result given in the above mentioned paper is that 
the gain on the 3-2 transition in C Via few mm from an irradiated 

-5 -1 polyethylene target was 2x10 cm . A numerical study by Pert 
(1976) (following an extensive earlier work) indicated that gain of 
about 10 cm" should be attainable in an expanding cylindrical plas
ma. Dewhurst et al (1976) reported spectrograph!c observation of 
hydrogenic carbon spectra taken from a laser heated thin (5.3^ car-
bon fiber from which a gain-length product of order 10 was inferred 
through comparison with a numerical model. Tallents (1977) reports 
extensive calculations of inversions for hydrogenic carbon assuming 
exponential plasma cooling rates. This work was criticized by Jones 
and All (1978) on several ground (Jones and Ali (1975) and (1977) 
had previously analyzed the hydrogenic recombination scheme for low 
Z) and Tallents (1978) responded. 

More experimental results were reported by Key et al (1979) who 
irradiated a carbon slab and monitored spectrographically the expand
ing plume. From line ratio data a gain of 0.2 cm was inferred on 
the 3-2 line of the hydrogenic ion. Pert (1979) reported further 
numerical examination of the expanding carbon fiber problem, optimiz
ing fiber radius ar,j laser prepulse energy and reporting scaling laws. 

Gain of several cm" were calculated. Jacoby et al (1980) have 
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reported direct observation of a gain length product in the range 1-5 
for 2 mm long thin carbon fibers on the 3-2 transition. In this ex
periment carbon fibers of diame'ars 2-5u were irradiated with pulses 
of energies 5-8 J. Spectroscopic observations were made from axial 
and transverse positions relative to the jarbon fiber. Gain length 
products were estimated from the different spectrograph!c images. 
The group reports that 10 gain lengths may be achieved straightforwardly 
by scaling up the experiment to a 1 cm long fiber and 40J of cylin-
drically focused laser energy, with which a direct demonstration of 
laser action will be obtained. 

Other work on recombination in hydrogenic plasmas is given in 
the references. Most of the work reported is theoretical - the ex
perimental results of the British groups will constitute some of the 
more exciting results in this part of the field if they can be reproduced. 

The extension of recombination to other sequences is straight
forward. Theoretical results for helium are given by Gudzenko et 
al (1974). The recombination in helium-like aluminum has been studied 
both theoretically and experimentally by Bhagavatula and Yaakobi 
(1977). Theoretical calculations were performed using a one dimension
al hydrodynamics code coupled with a kinetics package. The experiment 
is qualitatively different from the British experiment in that a near
by Mg plate was included to help increase the cooling rate. The 

presence of a population inversion was inferred from the ratios of 
2 1 

the Is -lsnp lines (n=2,3,4,5) and a qain of 10 cm was computed for 
the 3 3D-4 3F array. 
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Inversions in lithium-like ions have also received attention. 
Kononov and Koshelev (1975) examine 4-3 transitions in lithium-like 
aluminum and calculate gains of 0.1-1.0 cm". Lacour et al (1975) 
proposed a scheme involving metastable lithium-like ions. Kononov 
et al (1976) inferred population inversions of the 3-4 and 3-5 
transitions in Al XI from spectrograph!c observations and deduce 
gains of 0.05 - 0.2 cm" . Gaponov et al (1978) quote a •» theoret
ical result of 25 cm" on a 3s-2p transition in lithium-like neon 
in a rapidly cooling plasma. Theoretical studies of other systems 
have been carried out by Cacciatore and Capitelli (1980) (and ref
erences therein) although this work involves lower energy transitions. 

Photoionization was suggested as a pumping mechanism for short 
wavelength lasers by Duguay and Rentzepis (1967)- Two examples 
were given, including a low energy (33 eV) scheme involving 2p ioniza
tion from Na I leading to a 3s-2p inversion in Na II, and a high energy 
(8 keV) scheme involving Is photoionization fromCu I leading to a 
2p-ls inversion in Cu II. The Na scheme was analysed by Jones and Ali 
(1974) and again by Ouguay (1976). A ga^n of 0.45 cm" is estimated 
under conditions where 2% of the initial Na atoms undergo 2p photo
ionization. A modification of the scheme was suggested by McGuire 
(1975) in which the 3s electron is collisionally ionized and the K 
shell electron is photoionized. The resulting Auger decay leads to 
a 2s-2p inversion in the oxygen-"ike ion. The present author extended 
the scheme to obtain a 2s-2p inversion in fluorine-like neon through 
2s ionization ofNe I (Hagelstein (1977) in the review section). This 
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scheme is analysed in the Chapters II and II of this thesis. 

Some experimental work was reported by McGuire and Duguay 
(1977) on the sodium vapor laser although they were unable to measure 
gain. Experimental work .is planned at LLL on the Ne II laser; however, 
results have not yet been obtained. 

The K-shell scheme v> is examined by Stankevich (1970) who point
ed out that the shift in ls-2p transition energy with loss of outer 
shell electrons is less than the linewidth. Arrechi et al (1974) 
estimates threshold conditions for the approach for several elements, 
and Elton (1975) reported a quasi-steady state analysis of many Z. 

In the case of silicon a gain of about 150 cm" is estimated for a 
21 3 

1.75 keV transition at an atom density of 7x10 /cm . 
Time dependent results for sulfur were given in Axelrod (1976) 

with the result that gains in excess of 2000 cm" could be reached, 
however the inversion endured only a few femtoseconds. Hagelstein 
(1976) examined the K-shell ionization approach for low Z and found 
that inversions could be obtained with slower risetimes at low Z, 
in the case of boron a risetime of about half a picosecond is required. 
Multi-stage pumping schemes were suggested in which continued ioniza
tion of K-shell electrons lead to strong 2p-ls inversions in the 
helium-like and hydrogen-like ions of atoms with Z = 5, 7, and 9. 
Hagelstein and Chapline (1976) discuss the multi-stage scheme and the 
use of free radicals as starting material for the laser scheme. 
Axelrod (1977) reports the analysis of a laser design implementing a 
variant of the multi-stage scheme in boron. Inversion densities of 
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order lOX are calculated on the ls-2p transitions of the hydrogenic 
ion with accompanying gains approaching 10 cm" . The scheme was 
found to be power hungry, requiring swept pumping of at least 20 TW 
absorbed infrared laser pumping power. 

Several types of schemes have been proposed where photoexcita-
tion is involved, including schemes using X-ray excitation, schemes 
using optical excitation and schemes employing combinations of the 
two. Vinogradov et al (1975) suggested photoexcitation pumping using 
near resonant line pairs, listing several candidates among which were 
included the sodium-neon pair (Na I 2*P - 1 ]S and Ne IX 4 ]P - l's) 
with AE=0.45 eV and the silicon aluminum pair (Si XII 2 P - 1 S and 
Al XII 3 ^ - ^ S ) with AE=3.9 eV. Gain in excess of 10 3 cm"1 is 
estimated for the 3-2 transitions in helium-like Al XII. Norton 
and Peacock (1975) suggest the use of opacity broadening in optically 
thick lines to make up defects in resonances and consider target de-

2 
sign using the Is - 2p transitions in C VI to pump the Is -ls4p 
transition inC V. The use of satellite lines for pumping was also 
suggested in order to obtain more resonant pairs. 

Bhagavatula (1976) pursued the resonant line approach suggesting 
the use of Is - 2p transitions in hydrogenic and helium-like ions 
of charge Z to pump 2-4 transitions in ions of charge 2Z. Several 
r°sonant pairs of this type were given as well as a static analysis 
of the inversions obtained. Experimental results on this approach 
are reported in Bhagavatula (1978) in the case of carbon and magnesium 
resonances. Targets composed of carbon next to magnesium were irrad
iated with a 200 ps pulse of energy 10J. Spectra were taken from the 
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expanding plasma and magnesium intensity inversions were observed 
from which it was concluded that a population inversion on the 4-3 
transition was obtained. This work was extended in Bhagavatula (1980), 
in which a very complete discussion of many of the issues is given. 

1 ° 
Gains of 5-10 cm at 130 A is estimated. Apruzese et al (1978) ex
amined the 3-2 inversion in helium-like aluminum as pumped by helium
like silicon. In this case a cylindrical plasma composed of an alu
minum core and a silicon exterior as might be obtained in a laser 
plasma or exploding wire discharge was examined. Gain in excess of 

3 -1 10 cm was estimated. 
In the present thesis this approach is applied to laser target 

design involving resonances from L-M transitions in higher Z ions, 
2 for example, oxygen-like Ni pumping the helium-like neon Is -ls3p 

singlet transition. 
Photoexcitation schemes involving optical photoexcitation pump

ing were discussed in Freund (1974), ftehr and Roeder (1974) and 
Gudzenko et al (1974), (1975). Freund considers one and two photon 
processes assuming a 2s-ls inversion in hydrogenic oxygen. The idea 
is that it may be easier to obtain a ls-2s population inversion than 
a ls-2p inversion due to the metastability of the 2s state. One may 
take a long time to collect the metastable ions and then produce gain 
through application of an optical field. Mahr and Roeder (1974) pro-

1 2 1 pose creating a ls2s S-ls S inversion in helium-like ions (Li II 
is the primary example) and optically stimulating the Is2s S-ls2p P 

2 I 1 transition to produce Is S-ls2p P gain. Gudzenko et al (1974),(1975) 
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considers storage in the ls2s3S of metastable helium-like ions (C • 
was given as an example) and the production of qain through optical 

3 1 T ? stimulation of the ls2s S-ls2p P and ls2s S-ls2p P transitions. 
Experimental production of a strong flux of ionized lithium atoms 

was reported by Vekhov et al (1975), who optically pumped the 2s-2p 
1 ? 1 transitions and detected the ls2p P.-ls's S radiation. Kani et al 

(1976) discuss a proposal for implementing the metastables produced 
by photoionization) and calculated optically induced Raman gain. The 
analysis, however, had neglected the effect of autoionizing states 
as discussed in Hyman and Mani (1977). The new analysis predicted 
a gain of 1.2 cm" . 

Another approach to the problem has been discussed by Csonka 
(1976), (1973). In this case optical excitation is used to promote 
an outer shell electron to an excited state, for example a 2s-2p 
transition in Li I. Next, narrow band photoionizing radiation removes 
a Is electron resulting in a ls-2p self-terminating inversion. One 
novel aspect of the scheme is that photoionizing radiation would be 
provided by a synchrotron source. The analysis of the Raman scheme 
under these pumping conditions has not yet been presented, but may 
prove to be interesting. 

McGuire and Duguay (1977) have suggested schemes involving photo
ionization, photoexcitation and metestable storage states. For example, 
photoexcitation of magnesium to the 2s p 3sp P state followed by 2p 

2 5 photoionization leads to 2s p 3sp states, one of which is metastable 
against Auger decay. Gain may occur on the 2s p 3s S-2s p 53sp 2 P 
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transitions, and optical pumping can help dump the lower laser state. 
Harris (1980) has proposed a scheme involving a ls-2p transition 

2 in neutral lithium. Electron collisional excitation of the Is 2s 
4 ° state populates the ls2sp P metastable state, and optical stimula-

2 2 
tion of the 2s-2p spin-flip transition leads to gain on the Is 2p P -
ls2p P transitions if the lower laser state is dumped (Harris 
suggests optical photoionization). Some of the metastable states havp 
been observed in a microwave heated Li plasma (Willison et al (1980)). 
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Ion-atom resonant charge exchange was proposed in Vinogradov and 

Sobel'man (1973) wherein the problem of exchange between neutra l helium 

and hydrogenic ions (neon is given as an example) i s discussed. 

Scul ly et al (1973) consider charge pickup when, f o r example bare 

helium ions pass through hydrogen. In t h i s case the e lec t ron t r ans 

fe r populates the 2p s tate o f He I I r e s u l t i n g in a l s -2p i nv e r s i on . 

An analys is o f t h i s scheme i s given in Lou i se l l e t a l (1975) and a 

gain c o e f f i c i e n t of 0.1 cm" i s est imated. Anderson e t al (1976) 

solve numerical ly the populat ion ra te equations and the photon t r a n s -
o 

port equation for the 584 A radiation for the charge exchange of 
bare helium ions incident on cesium vapor target. A gain of 1.7 cm" 
is estimated. Charge exchange between Xe and hydrogenic helium and 
lithium leading to 3-2 inversions is discussed by McKnight and 
Seely (1977). Gains of 40 cm"1 for helium (1640 A) and 6 cm"1 for 
lithium (729 A) are calculated. 

Charge transfer between neutral carbon and highly stripped car
bon explains the spectra observed by Dixon and Elton (1977). In this 
experiment a carbon slab was irradiated with a 5J, 16 nsec pulse 11 2 (intensity of 2x10 W/cm ) and plasma expansion into a gaseous 
atmosphere was monitored. Charge exchange between neutral carbon 
and C VI and C V ions preferentially populates the n = 4 levels and 
enchanced emission of the 1-4 transitions relative to the 1-3 transi
tions was observed Sizable 5-3 and 4-3 inversions are inferred. 
This work was extended in Dixon et al (1978) where further experi
mental spectral results are compared with numerical estimates of the 
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Is-np transitions of C VI, and charge exchange is shown to be necessary 
in explaining the observed spectra. The use of a channel to guide 
laser produced plasmas in order to create an elongated plasma when 
the laser is focused to a spot is discussed in Reintjes et al (1978). 

Fukuda and Suemitsu (1977) observed 2s-2p transitions of C-, 
N- and 0- impurity ions in a linear Z-pinch and found increased 
emission on some of the lines, possibly indicating the presence of 
charge exchange (from He I) induced poDulation inversions. 

Charge transfer onto protons is beino studied by a group at 
Cornell (Haueisen et al (1978) and Outfa et al (1979)). Tkach 
et al (1980) have reported observation of qain on the ls-2p transition 
of H I. In this experiment protors in a plasma gun pulse penetrate 
a Na cloud at the 2p-ls signal is monitored. An 80" reflectina curved 
mirror reflects the 2p-ls radiation back through the charge exchange 
region, and is also monitored providing a direct measurement of the 
transition gain. A peak gain of 1.4 cm" was reported. 

Other approaches and experiments are discussed in the reviews. 
Proposals for higher energy lasers involvino nuclear transitions 
or exotic physical processes have aooeared in the literature (see 
the jraser section of the references); however, aside from providing 
pointers to this work we shall not consider the field further. 

The use of mirrors in x-ray lasers would greatly decrease the gain 
requirements of many of the schemes discussed. At low energies, non-
negligible reflectivities are observed in some metals (see Hunter et al 
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(1979) for the case of platinum as an example). Near lOOeV the bulk 
reflectivities are dismally small (-1*) for normal incidence 
reflection. One approach to the problem is to US2 soap crystals 
(see Charles (1971), ToDorkov jnd Sulabe (1976) and Henke et al (1978)) 
whose wavelength is matched to the frequency of the laser transition. 
Normal incidence reflection of lead stearate near 100A is about 10". 
Another amroach is to construct artificial multilayered structures 
whii.n behave as lossy dielectric m'rrors in the soft x-ray reointe, as 
in for example, Tinklaoe (1967). SDiller (1972) discusses lossy 
rn'rror design in the UV (see also Spiller f 1973), (1974), (1976)). 
Hjelbich.md Kunz (197fi) report experimental results in the case of 
mu1tila»er Au/C and Cu/C mirrors wnich were designed to maximize 
refsctance at 15° (90° is normal). Reflectivities betwean 5*. 
and 10% were measured for the Au/C mirror between 60° and 15" near 
100 eV Vinogradov and Zel'dov'ch (1977) present theoretical results 
for multilayer .nirrors and find theoretical normal incidence reflec
tivities which are quite high (35% on a Au/C mirror at 100 eV). 
Haelbich et al (1979) present experimental results for ReW/C multi
layer filr-.s and find near 8% reflectivity at 15° near 200A. The^-
earlier results for reflectivities involving the Au/C mirror were 
less than the theoretical results and the cause was apparently 
void regions in the gold layers. ReW films were found to be smoother. 

39 



B. Scope of Present Research 
The short wavelength design effort which is discussed here is part 

of a larger and at o'-o.ent loosely coordinated effort at LLL to develop 
classes of short wavelength lasers. As was discussed in the previous 
section there are many approaches to short wavelength lasers, and 
interest locally is focused on schemes involving three types of sources, 
including high powered IR lasers (Argus, Shiva, and ICF class lasers 
elsewhere), Z-pinch discharges (such as Pithon at Physics International, 
a smaller version in E Division, and discharges elsewhere) and a pulsed 
nuclear source. The area of concern in this thesis includes short 
wavelength lasers pumped by laser fusion driver lasers. 

The modelling effort which the author has been involved in fol
lows on and is in some sense a continuation of some of the computation
al work of J. Weisheit and T. Axelrod. In the theoretical effort 
locally several types of schemes had been considered including rapid 
cooling and photoionization pumped schemes. In the literature, many 
more have been proposed. It is not immediately obvioui which approach 
is best given a pump source, and theoretical efforts had been treating 
them on*: by one. It would be nice to have one code which is general 
which can evaluate classes of schemes and designs, and thr>t was in 
part the goal of the work of the present author. The code in question 
is XRASER which is briefly ..escribed here and whose documentation may 
appear in the near future. Ultimately, many of the features or ideas 
of the code will be implemented in other codes around the laboratory 
(for example, LASNEX); however, for development purposes and in the 
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short term has been profitable to work with a smaller home-brewed 
code. (One can sometimes debug one's own code, but work with some
one else's is much more difficult). 

XRASER began simply as a rate equation code with some crude 
atomic physics re-cij.cs. It became clear that the field of atomic 
physics of ionized systems was expanding very rapidly and that it 
would be nice to include atomic physics results in the iiiciels as they 
became available. The format of the models became free form, namely, 
one could define a model in terms of its enargy levels and rate co
efficients and feed ii to the rate equation solver. The idea was to 
have one file for each model and assemble a library of models with 
contributions fror-i many sources and many individuals. Ultimately 
the models would become sufficently complete that they could be used 
like, and as a supplement to, EOS tables at the laboratory. Not only 
would such a set of models be useful for short wavelength laser de
sign, but for a wide range of plasma applications as well. Such an 
effort is of course not the work of one individual and interest has 
accordingly been narrowly focused to models directly applicable to 
the X-ray la-er problem. 

In order to provide atomic data for the models there are several 
approaches, including calculating it, looking it up in the literature 
or buying it. Calculating it in principle is possible given that one 
has the codes or has access to an atomic physics group and a fair 
sized budget, none of which was easily available. The route taken 
was to collect as much data as possible from the literature and to 
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restrict calculations to only the simplest of models. This approach 
has proven reasonable so far, and at present atomic physics parameters 
are drawn from a data base of several thousand papers. Code develop
ment has included simple atomic structure programs, photoionization 
and collisional cross section programs. In each of these areas mas
sive work has been done elsewhere and continues to be done, and in 
no way can the part time effort of one graduate student approach 
state of the art levels in the different areas, and such was not 
attempted. 

Similarly in the area of radiation transport, the field is very 
active and progresses on a month to month basis. The radiation 
transport in the present effort is not state of the art nor is it 
intended to be, instead it consists of algorithms which were simple, 
intuitively appealing and easy to program and debug. The same 
applies to the hydrodynamics. 

The situation concerning experiments is simply that they are 

very expensive, extremely difficult to arrange and time consuming in 
terms of preparation and planning. At least six years of theoretical 
effort has been devoted locally toward the laser pumped approach and 
to date one related experiment has been attempted. The approach de
cided upon several years ago was to select one scheme with high gain 
and a high likelihood of success when tested experimentally. The 
experimental approach elsewhere has been to work the problem incre
mentally, namely, first producing a plasma, second measuring spectra 
from which the presence of the pumping mechanism can be inferred, 

third measuring directly gain of the order of unity and fourth, 
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building a laser. Such an option does not appear available in the 
present effort locally. The resources currently available have thus 
far been insufficient to successfully complete an experiment to 
measure the spectra produced from "he flashlamp and filter system 
of the 27 eV laser design. In an environment where experiments are 
more precious by far than gold, one1 is forced to rely on theoretical 
results to an extent not usually encountered elsewhere. 

The focus of the research devoted to the laser pumped approach 
recently has been on continued study of the 27 eV laser and on the 
development of a class of line pumped lasers at higher energies. 
The use of an additional optical laser directed axially down the 
length of the laser to assist in the inversion kinetics or to stim
ulate Raman gain would certainly lead to higher gain; however, the 
extra complexity and trouble which such an addition would make to 
an already complex experiment basically precludes it as an option, 
at least on SHIVA or ARGUS. Later on, if X-ray laser studies of 
this type become of interest, then use of an optical laser may be 
experimentally viable. For the present work we have not seriously 
considered designs requiring an optical laser. Similarly, mirrors 
would greatly improve matters; however, at present the expertise 
required to develop and implement a lossy mirror into a real target 
is not available. 

The present design effort is therefore focused on laser targets 
which although not optimal are hopefully simple enough that they 
will require minimal effort on the part of the laser program. The 
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designs presented here do not represent finalized target specifications, 
since improvements in the physics and models which are constantly occur
ring as well as feedback from target fabrication and diagnostics groups 
lead to corresponding design modifications. With this as background we 
are ready to consider the next topic, namely an overview of the present 
document. 
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C. Thesis Overview 
The design of a short wavelength laser pumped by a high intensity 

infrared laser is a complicated and multi-disciplinary venture. In 
many respects the problem is as challenging as that of inertial 
confinement pellet design. In both areas one faces the issues of 
laser plasma interaction and hot electron generation, hydrodynamic 
and shock physics of fluid models, equation of state and non-LTE 
physics, suprathermal electron and x-ray transport, and material 
opacity physics. Although short wave length laser design does not 
involve neutron, gamma or charged particle transport, or burn physics, 
in their place one encounters resonantly trapped line radiation 
transport and laser light amplification problems. In fusion 
simulations two dimensional calculations are required and carried 
out on a routine basis. Similarly in the case of short wavelength 
laser systems two dimensional effects play important roles and a 
three dimensional calculation of the laser radiation transport appears 
to be necessary to predict the signal detected by an observing 
spectrograph. 

One does not find a document in the area of inertial confinement 
target design by a single individual encompassing work in all the 
various disciplines involved as the problem is simply too large. 
Originally the present document had been intended to document the 
design procedure in short wavelength laser design and give a detailed 
account of all the issues involved (such intent originated back 
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when short wavelength laser design was simple). The present document 
was written and rewritten over a three year time span during which 
time the state of thu art has advanced tremendously. The goals of 
the present document are severalfold, including: 

1. Documentation of ideas and calculations relating to 
the target design implementing a photoionization 
scheme involving inversions in Ne II. 

2. Documentation of ideas and calculations relating to 
target designs implementing line-pumping schemes. 

3. Brief exposition of most of the major issues relating 
to laser-pumped target design. 

4. Discussion of the design tools which have been used 
to date. 

5. Proposal towards the commencement of experiments at 
LLL and elsewhere. 

In the photoionization pumping scheme, X-rays near 500 eV 
ft 9 

preferentially remove 2s electrons from Ne I leading to a 2sp S-
2 5 2 2s p P inversion near 27 eV. The photoionization crosj sections 

for the different subshells of neon are shown in Figure 1-1 and the 
scheme is illustrated in Figure 1-2. This scheme is closely related 
to Duguay's photoionization scheme involving sodium (Duguay and 
Rentzepis (1967)), and has the advantages that neon gas is the laser 
medium rather than sodium vapor (leading to a simpler experiment) 
and that the collisional quenching of the inversion is greatly 
reduced due to the smaller collisional rates involved. The end 
result is a scheme which lends itself readily to an implementation 
in a simple target design. In Figure 1-3 is shown a possible SHIVA 
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Figure 1-1. Single electron photoionization cross 
sections for neon. 

These cross sections were determined through photo-
electron spectrometry by Francoise Wuilleumier (1973). 
The uncertainties in the cross sections were given to be 
3%, 7% and 5% for th° Is, Zs, and 2p cross sections, 
respectively. One observes that X-rays in the 300 eV-
800 eV region causes 2s ionization more often than 2p 
photoionization, the effect becoming greater at higher 
photon energies. It is this effect on which the Ne II 
laser scheme discussed in Chapters II and III is based. 
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Figure 1-2. Ne I I photoionization-pumped las ing scheme. 

This las ing scheme is a mod i f i ca t ion o f the pho to ion i za t i on -
pumped las ing scheme of Duguay (1967) which involved the 
removal of a 2p e lec t ron from Na I . In the present case, 
se lec t i ve photo ion izat ion o f a 2s e lec t ron from Ne I leads to 
a t rans ien t pooulat ion invers ion in Ne I I i f the pumping 
occurs on a t imescale shor ter than the r a d i a t i v e decay t ime. 
The X-rays causing 2s photo ion iza t ion to create the invers ion 
also depletes the las ing t r a n s i t i o n s t a t e s , which i s an 
important e f f e c t i f the pumping rates are high enough. As 
a p rac t i ca l matter i t i s d i f f i c u l t to produce s u f f i c i e n t 
X-ray f luxes in a pumping window near 500 eV to cause 
photo ion iza t ion in 10? of the Ne I atoms. 

48 



X-iay laser 
taicpt 

Cluster of 
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Figure 1-3 SHIVA Beam Positioning For Short Wavelength Laser Targets 
The SHIVA laser facility was constructed for inertial confinement 
fusion experiments at the Lawrence Livermore Laboratory in California. 
Twenty arms of high-power Nd glass amplifiers provide multi-terawatt 
laser pulses to fusion pellet targets in order to study implosion and 
burn characteristics. The overall research effort is devoted towards 
the development of "inertial confinement fusion (ICF) technology for 
both military applications, in the near term, and civilian energy 
production, in the long term." (Emmett, Laser Program Ann. Rpt.-1979) 
High-power laser pulses have been used elsewhere (for example, NRL, 
U. of Rochester, Rutherford Labs., Sandia Labs, Hull University and the 
Lebedev Institute) in EUV and X-ray laser studies. In the present 
work we examine EUV and soft X-ray laser schemes which could be tested 
on SHIVA or on systems elsewhere. Shown here (schematically) is a 
possible beam configuration wherein 10 beams are focused one next to 
another along the length of the laser target on both top and bottom. 
No line focus capability is available or is planned. Due to the 
design of the lens mounts the maximum length which can be irradiated 
is 4 mm. 
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beam configuration on a short wavelength laser target. In the case 
of the Ne II laser low pressure neon gas flows through a brass 
channel, sandwiched from above and below by thin films which serve 
as flashlamps and filters upon irradiation. 

In Chapter II we consider some of the atomic processes occurring 
in neon and its ions, including photoionization and photoexcitation 
processes, electron collisional processes and Auger and shake off 
rates. As the inversion mechanism is photoionization one is interested 
in the accuracy of the photoionization cross sections for the 2s and 
2p sublevels, and as may be expected the cross sections are known to 
within a few percent from photoelectron spectrometry experiments. 
The dominant mechanism causing destruction of the inversions is 
collisional ionization of 2p electrons from Ne I. Perusal of the 
theoretical and experimental results available in the literature 
shows that 2p electrons are ionized much more easily than 2s electrons 
and that the relevant cross sections are known accurately from 
electron beam experiments. 

Early calculations suggested that inversions could be obtained 
not only in Ne II but in Ne III and Ne IV if sufficient X-ray pumping 
flux could be made available. For this reason the neon model was 
extended to include atomic models for all of the low-lying 2s and 2p 
states through the lithium-like ion. Indeed, if one could arrange 
for a short (25 psec rather than 90 psec pulse which is currently 
available on SHIVA) and intense pulse and use specially designed 
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targets then inversions should be obtainable in the more highly 
stripped ions. Later on in the discussions of the line pumping 
schemes we will be stripping neon considerably further and some of 
the atomic data is applicable there. 

Chapter III is devoted to target design issues for the Ne II 
laser. The basic problem is how to arrange for a sufficiently intense 
flux of pumping X-rays near 500 eV while filtering out the unwanted 
low energy spectrum. Molybdenum was selected for flashlamp material 
by virtue of its strong M-N line radiation which is emitted when 
heated. LiF was selected as filter material due primarily to its low 
absorption near 500 eV relative to the high absorption near 50 eV. 
The time-, energy-, and angle- dependent spectrum was calculated using 
LASNEX in conjuncLion with a post processor and a conversion efficiency 
of a few percent from the infrared pulse to pumping X-rays is estimated. 
No experimental confirmation of this result is yet available. The 
supruthermal electrons generated near the critical surface are 
assumed to wander into the laser medium and displace the thermal 
electrons, leading to a multi-kilovolt ambient electron temperature. 
Under this assumption (and others) the rate equations describing the 
population kinetics are integrated and the resulting inversion 
densities and gains are discussed. Gains in excess of 50 cm" are 
calculated. 
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Chapter IV is concerned with target design in the - se of line 
pumping schemes. In this case the transition energies can be higher 
(calculations on the photoionization approach in silicon and argon 
suggest that the approach does not easily scale to higher energies; 
the 4-3 transitions in N? IX are near 55 eV and the 3-2 are near 
160 eV,which is considerably higher than the 27 eV of the Ne II scheme); 
however, the design issues are much more complex. Neon was chosen 
as an example and we cr;isider line pumping schemes in helium-like and 
hydrogenic neon (Figure 1-4 illustrates the 55 eV laser scheme). 

One major problem encountered in resonantly-pumped laser schemes 
is finding sufficiently precise resonances. For example, line widths 
are near 0.1 eV and line energies are close to 1000 eV, hence, resonances 

4 should be accurate to within a few parts in 10 . Previously workers 
have examined K-shell/K-shell resonances and Bhagavatula (1976) has 
suggested 1-2 resonances with 2-4 transitions. In the case of Ne IX, 

2 1 the Is -ls4p P transition can be resonantly pumped with the Na X 
2 1 Is -ls2p P line (leading to a K-shell/K-shell resonance); however, 

this is a unique case for low Z elements. In general there are not 
precise resonances available of this type. The use of L-shell lines 
to provide resonances is explored and one finds that many resonances 
are available from classified lines. 

Stripping the neon plaima to the one or two electron sequence 
requires several dozens of picoseconds and we discuss physical 
mechanisms through which this may occur. At the electron density 
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Figure 1-4 Resonantly-pumped Photoexcitation Scheme Involving 
Helium-like Ne-IX 

In this scheme Ne IX is resonantly pumped to populate the N-shell, 
leading to a population inversion as the M-shell states can decay 
rapidly by radiative decay. Under the conditions of present interast, 
electron collisional processes distribute population between the 
N-shell singlet sublevels. Transitions which are calculated to 
attain usefully high gain include the ls3s 's-ls4p 1P, ls3p 1P-
ls4d 'D and ls3d 'D-ls4f 'F transition., occurring between 53 and 55 eV. 
Resonant radiation may be provided by the helium-like Na X Is -ls2p 'P 
resonance line or by lines in other systems which through chance 
occurrence are resonant to within a few parts in 10 . This scheme 
was published by Vinogradov et al (1975) and has received little 
attention since then. Pumping the M-shell rather than the N-shell 
may lead to a substantial ls2p 'P-ls3d 'D inversion at 151 eV, and 
in Chapter IV we examine both schemes. 
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chosen (2 x 10 /cm ) for the Ne IX 4-3 scheme both photo- and 
electron collisional processes are important in the transient 
ionization process. 

The transfer of line radiation in and out of the laser medium 
is an important issue in the 1-4 line pumped schemt-S. The problem 
is in getting the pumping radiation into th? laser medium. In the 
1-3 line pumped schemes the problem is in getting the trapped ls-2p 
radiation out of the laser medium. One solution to this is to set 
up a graded ion velocity flow within the laser medium. This approach 
is used in recombination schemes where significant trapping would 
be lethal to the population inversion, and its use in photexcitation-
pumped schemes has not yet been explored. The use of suprathermal 
electrons in conjunction with shadows to provide the requisite 
tiomentum source for a strongly graded fluid velocity flow is explored. 

We examine the kinetics and explore conditions under which 
gains in excess of 50 cm" can be obtained Such high gains are 
required for SHIVA since irradiation is limited to 4 mm and the 
development and implementation of mirrors given present resources is 
impossible. The requirements on gain translates roughly into a 
requirement on local infrared laser pump intensity; the idea being 
that the harder one drives the laser target the higher the gain can 
be since there will be more photons to resonantly pump an inversion. 
Wtihin limits calculations suggest that this is true. Currently the 
amount of line radiation produced by the candidate pump lines is 
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uncertain, and the constraint on the gain translates into a constraint 
on the output of the pumping line—that is, if theory or experiment 
can demonstrate that in excess of 0.015 photons/mode of resonant 
pumping X-rays can be produced, then it is likely that the designs 
can be made to work on SHIVA. There is another problem which has not 
been examined in much detail, and that has to do with a factor of 
four or five variation in focused beam intensity present in the output of 
lasers at all of the large inertial confinement fusion laser facilities. 
Modulo these issues, it is the general conclusion of this research 
that short wavelength lasers of the variety discussed above and 
within can be made to work in the laboratory. 

In the final chapter we summarize the major results and 
conclusions of the thesis and indicate areas where future efforts might 
profitably be spent. 

The large number of references given reflects the literature 
intensive nature of the research as it has progressed so far. It 
may be possible to give an account of the work with a very minimal 
amount of bibliographic material; in any event the addition of it 
will certainly not hinder a worker in the field who is interested 
in pursuing some area of research. 

This thesis is intended in part to give a general discussion 
of the physics involved in the design of short wavelength laser 
systems, and this implies that parts of the thesis are descriptive 
of work which does not represent a scientific contribi:cion to a 
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field of research made by this author. For example, in Chapter III 
we discuss briefly what happens when intense infrared laser light 
is incident on a thin film flashlamp and filter system, and present 
the results of a calculation. The physics of laser plasma interaction 
is the scientific property of the laser fusion community, and the 
results and physics involved were obtained earlier by theorists and 
experimentalists ir< that field. The description given here is 
intended only to help this work to be accessible to a wider audience, 
some of whom are not familiar with what happens to matter as it is 

14 2 blasted into oblivion at 10 W/cm . The calculations of the shock 
hydrodynamics and other disk properties when irradiated were 
carried out using LASNEX, which is currently supported by G. Zimmerman 
and his group in the laser fusion theory group locally. The 
contribution of the author in this area is in running the code (with 
aid from G. Zimmerman and others) and processing the data found in 
the dump files produced to arrive at the spectral data used elsewhere 
in the kinetics studies. The second chapter discusses some aspects 
of neon atomic physics and a neon kinetics model, and the intent 
here is to give a discussion of some of the physics involved in the 
Ne II laser kinetics as well as to describe what our models look 
like. The contributions made to the field of atomic physics are 
minimal (although there may be some; fur example the problem of the 
Ne II laser is one of the first in which the shake-off cross section 
for two 2s electrons could be of practical interest, and will hopefully 
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prompt further theoretical work); however, readers not familiar with 
the general magnitude and energy dependences of the various cross 
sections involved will hopefully benefit from the discussion given. 

It is of interest here to summarize what some of the major 
contributions of this research are. The primary contribution is the 
development of a general non-LTE and X-ray laser code, XRASER. The 
descriptions of what is in it are brief here, end further documentation 
may appear elsewhere. Most of the kinetics calculations in this 
document were carried out using XRASER, and in the course or the 
research the code has played a key role in analyzing different schemes 
and targets. The development of XRASER is largely the work of the 
present author, with sone technical support kindly provided by 
B. Wilson. The Me II laser scheme represents a contribution to the 
field of short wavelength lasers and was the brainchild of the present 
author. The scheme is related to the one described by Duguay (1967)-, 
however, the implementation of the self-terminating photoionization 
pumping approach in neon rather than sodium gives the scheme much higher 
gain. The line pumping schemes analyzed in Chapter IV are not original 
in the sense that Vinogradov (1975) described the approach earlier; 
however, the systematic exploration cf L-M transitions of L-shell 
ions in the Z=20 to Z=32 range for resonances, though obvious, does 
not appear elsewhere. Many of the resonances suggested in Chapter IV 
have not appeared previously in the X-ray laser literature. 
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The use of a cylindrical laser target where a gas is surrounded 
by a thin film flashlamp and filter system has been described 
previously (see Axelrod (1977)). Here we examine two-dimensional 
targets where shadows allow coupling of the suprathermal momentum 
into the ion momentum via ionization gradients to establish very 
large velocity gradients. This type of target represents a contribution 
to the field of short wavelength laser design, as this approach has 
not been previously described. The idea itself was sparked by 
comments made long ago regarding differences between one-dimensional 
and two-dimensional effects by J. Nuckolls, and aside from such 
inspiration the idea is original. The existence and effects of the 
suprathermal electron driven shock wave which penetrates into the 
laser medium is an idea which does not appear in the X-ray laser 
literature (the author is unaware of literature on it in the laser 
fusion literature, although it must exist as it would play an important 
role in vacuum insulation target designs for laser fusion). The 
penetration of the laser medium by suprathermal electrons is a 
conclusion resulting from this research and does not appear elsewhere. 
The use of suprathermal electrons to pump 3s-3p inversions in Krypton 
follows immediately from trying to implement the scheme in a target 
similar to the Ne II target, and this was an idea suggested by the 
author. Even now the idea does not appear in the literature. Earlier, 
this approach constituted an additional chapter to this already too 
weighty document, and after having been deleted, all that remains is 
a brief paragraph in the conclusions. 
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Many of the contributions made are of a rather technical nature, 
as about five years of effort have been put in towards the development 
of modeling tools and towards the development and analysis of several 
target designs. This work has been carried out almost completely by 
the author. Much progress has been made towards the development of 
a laser-pumped X-ray laser, although upon perusal of Chapter IV, the 
reader will notice that there is yet work remaining, especially with 
regard to the analysis of pump radiation produced by the flashlamp. 
There is much room for contributions by others in this area, and it 
is the hope of this author that further work will lead to the rapid 
development of laser-pumped short wavelength lasers in the near 
future. 
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II. Neon Atomic Processes 
In this chapter we examine some of the physics involved in the 

inversion kinetics of 2s-2p self-terminating laser transitions in 
Ne II and more highly stripped ions. The scheme was discussed 
briefly in Chapter I. The basic idea is to use photoionizing X-rays 
in the vicinity of 500 eV to selectively remove 2s electrons from 
npon and its ions, leading directly to 2s-2p inversions between 
15 eV and 35 eV. In the designs discussed in the next chapter we 
find that it is difficult to pump a usefully large inversion in 
ions other than Ne II; however, this has to c'a with the specifics 
of a Mo/LiF target when irradiated by a relatively long (90 psec) 
1.06u infrared laser pulse. If the pulse were shorter and more 
intense, then there begins to be the possibility of pumping inversions 
in the more highly stripped sequences. Also, if shorter wavelength 
light were used for the irradiation, the suprathermal electron 
contribution to the heating of the inner wall would be reduced, and 
the target would be able to produce more 500 eV X-rays before the 
thermal radiation of the inner wall caused excessive 2p ionization. 
Although the next chapter is devoted largely to the Ne II problem, 
this by no means indicates that the general problem of 2s-2p 
inversions in the more highly stripped sequences is not of interest. 
For this reason we have examined the physics of the L-shell states 
of the first eight ionization stages here. Some of the physical 
processes discussed here are applicable to the analysis given in 
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Chapter IV, wherein we consider neon stripped ultimately to the 
point of being bare of electrons in an examination of resonantly-
pumped short wavelength laser schemes. 

The most important process involved in the inversion scheme 
is photoionization, and the accuracy of the cross sections is of 
interest, especially for neutral neon. Fortunately very accurate 
experimental results are available in Ne I, and we examine the 
problem in section D. The second most important process is 
collisional ionization, and excitation followed by ionization, of 
2p electrons, especially from Ne I. Collisional ionization of 2p 
electrons leads to population of the lower of potential laser 
states, and as the Ne II scheme is self-terminating, no recovery 
is possible after the lower laser state becomes significantly 
populated. The relevant rates involved in the case of Ne I are 
well-known from experimental work and we examine this issue in 
section E. 

The gain of the self-terminating transitions is linearly 
dependent on the oscillator strength, and n section B we discuss 
the issue briefly. In the case of Ne II the experimental and 
theoretical results are in close accord and the oscillator strength 
is accurate to within 43,. In section A we discuss tne 
problem of energy levels for a neon model. Higher order processes 
are considered in the final sections of the chapter. Significant 
among these are the large double photoionization cross sections for 
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radiation below the K edge (for which the double ionization cross 
section is in excess of 15% of the single ionization cross section) 
and the non-statistical branching ratio for Auger processes following 
removal of a K-shell electron, which can be used to pump a 2s-2p 
inversion in the oxygen-like ion. 

One purpose of the chapter is to examine (mostly by example) what 
is involved in tha construction of a kinetics model for the design 
code XRASER. Although it may not be of particular interest to the 
general reader unfamiliar with numerical simulation, there is a community 
locally to whom the present document is in part addressed who will 
be interested in using the rode and developing kinetics models similar 
to the one described here. >r this reason some of the tables used 
here were taken directly from a data file describing the neon model 
under discussion. The model includes configurations of the form 2s mp n 

in LSJ coupling of which there are 78. Over the course of the research 
several dozen models have been constructed for different systems, and 
many exist even for the Ne II kinetics problem. The main intent here 
was to g ve the interested reader some idea of what they looked like. 

Non LTE models of neon have been constructed by other workers, 
and some references are mentioned in Chapter IV. Low density neon 
kinetics is of interest in astrophysics; however, astrophysical 
problems are usually considered on much longer time-scales (the width 
of the pump laser pulse in the present context is 90 psec FWHM). 
Ionization balances which are of interest in astrophysics require careful 
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consideratior of recombination processes for accurate calculation, 
and in the model described in this chapter we shall largely ignore 
the issue since recombination plays such an unimportant role in the 
transient inversion kinetics. Models which are closer in this regard 
to the one discussed here are reported in the short wavelength laser 
literature as listed in the references on photoionization- and 
photoexcitation-pumped laser schemes. 
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A. Energy Levels 

The energy levels of the 2s p states of Ne I through Ne VIII 
have been tabulated by Fawcett (1975). Some errors appear in the work; 

6 1 1 for example, the 2p' D and S states of Ne V are incorrect, and in 
these cases the energy levels of the same states in different elements 
were used to determine the required energy levels through least squares 
interpolation. The energy of the Ne III 2p S_ state was computed 
from the wavelength of the 2sp P, - 2p % transition which was 
recently observed (evidently for the first time) by Beyer et al. (1978). 
The ionization energies were taken from Bashkin and Stoner (1976). The 
energy levels, indices, degeneracies, and names are given in Table II-l. 
Woodyard and Altick (1975) have calculated Ne I energy levels and 
oscillator strengths. Although in this chapter we shall focus on a 
model including only L-shell states, we have in the course of the 
research examined more complex models and those results may be presented 
elsewhere. For present purposes we shall be content with a discussion 
of the model in Table 1-1. 

92 



ENERGY I I /CM I 

!I 9 4 . 7 8 
55-150 

P2-4P5/5 
P2-2D3/2 
P2-2D5/2 
P5-551/5 
P2-2PW5 
PP-5P3/5 

101346.0 
179050.6 
178906.9 
230853 0 
249?r0.8 
550112.5 

L1-L1KE 538.75 
1 PQ-2S1/2 

P1-2PI/2 
P1-2P3/2 

128151.9 
159801.2 

P3-453/2 
P3-5D5/2 
P3-2D3/5 
P3-5P1/5 
P3-5P3/5 

351575.4 
359648.9 
359711.9 
405983.7 
406051.I 

ENOT 
CM 

204.14 
PO-1S0 

P1-3P0 
P1-3P1 
P1-3P2 
P1-1P1 

P2-3P0 
P2-3P1 
P2-3P2 ! 
P2-1D2 ! 
P2-1 SO 

P1-2P1/2 
P1-5P3/5 

P2-4P1/2 
P5-4P3/5 

111255.0 
111710.0 
112703.6 
214951.6 

289332.4 
289843.1 
290725.7 
317715.9 
393136.0 

100261.0 
100705.0 

P5-3P0 I 0. 
P5-3P1 3 418.4 
P2-3P2 5 1 1 10.1 
P2-1D2 5 30291-5 
P5-1 SO 1 63913.6 

P3-5S2 5 8B363.1 
P3-3D3 7 1V5832.6 
P3-3D2 5 175903.3 
P3-3D1 3 175926.9 
P3-3P2 5 208154.9 
P3-3P1 3 208156.fa 
P3-3P0 1 208191.5 
P3-1D2 5 270561.8 
P3-351 3 27936"- 6 
P3-IP1 3 303818.9 

P4- ̂ PO 1 413803-5 
P4-3F 1 3 413460.6 
P4-3P.e 5 412679 - 2 
P4-I 02 5 436549.1 
P4-IS0 1 500476.5 

Table I I - l . Neon energy levels 



P3-2D5/2 6 
u. 

't 1534.6 
P3-2D3/2 ^ 41279.5 
P3-2P1IS 2 624 34.6 
P3-2P3'2 u 6844 1.2 

P4-4P5 ' 0 6 183860.3 
P4-4P3/2 4 184476.9 
P4-4P1/2 a I 84793.0 
P4-2D5'2 6 £54082.u 
P4-203/2 4 254106.1 
P4-2SI/2 £ £9952 I.2 
P4^2P3/2 4 320002.8 
P4-2PI/2 2 320740.9 

P5-2P3'2 4 484902.5 
P5-2PU2 2 485870.9 

66.96 
P4-3P2 
P4-3P1 
P4-3PG 
P4-1D2 
P4-IS0 

S42.5 
920.5 

2584 0.8 
5574B.4 

P5-2P3/2 
P5~£Pl>2 

£04874.8 
205196.7 
589478.6 

Table II-l. Neon energy levels (continued) 



Table II-l. Neon Energy Levels (legend) 
In this table we have reproduced part of an XRASER data file 

which contains the neon model under discussion in the present chapter. 
There are cards describing the isoelectronic sequence (i.e., ENOT 2 
HE-LIKE 1194.78, which describes the 2-electron sequence named HE-LIKE 
with ionization potential 1194.78 eV). Below these cards are ones 
describing the levels involved (i.e., CM 3 2 P1-2P1/2 2. 128151.9, 
which describes the second level in the 3-electron sequence, which in 
this case is 2p! 2P]/2> w i t h statistical weight of 2 and an energy of 
128151.9 cm-1 relative to the ground state). Ihe purpose of this table 
is primarily to give the interested reader an idea of what is involved; 
for example, when the word model is used in this document, often it 
will refer to a data file part of which looks similar to the table 
given here. Over the course of the work we have studied several 
dozen models of different systems, and associated with each is a data 
file of similar construction. 
The notation for a state is 

(ZS+1), 

where S is the total spin, L is the angular momentum (given as a 
letter) and J is the total angular momentum. For examDle, the state 
2 P 1 / ? has S=l/2, L=l and J=l/2. 
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B. Wavelengths and Oscillator Strengths for 2s-2p Transitions 
Perhaps the most important of the 2s-2p transitions for our 

9 C c 

purposes are the Ne II 2s p -2sp transitions. The wavelengths are 
known accurately and have been given by Fawcett (1975) to be at 
460.725A and 462.388A for the ^yi'^MZ a n d Z pi/2" 2 si/2 t r a n s i t i ° n s 

respectively. These wavelengths correspond to energies of 26.911 eV 
and 26.814 eV respectively, and because the transition energies are 
close to 27 eV, the laser resulting from the implementation of the 
scheme under discussion is sometimes referred to as the "27 eV laser." 
The oscillator strengths for the two lines probably have values close 
to one another (we deal with excitation oscillator strengths which are 
proportional to the statistical weight of the upper state--in this 
case the upper state is the same for both lines). In LS coupling the 
equality is precise, and it is spin orbit effects which would cause 
deviations from equality. Cheng et al (1979) gives results in j-j 
coupling for the two lines separately and finds about 1% difference 
between the two oscillator strength. Unfortunately the calculation 
is single configurational relativistic Hartree Fock for this case and 
the absolute values are not in agreement with other results. Westhaus 
and Sinanoglu (1969) quoted values of 0.073 and 0.091 for the length 

9 C 9 C 9 

and velocity forms of the oscillator strength for the 2s p P-2sp S 
transition (which should be the same for the two line in intermediate 
coupling modulo the few percent spin-orbit difference) using many body 
correlation theory. Beck and Nicolaides (1976) have reported a value 
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of 0.062 for a correlated perturbation theory result. Experimentally, 
the vaUe has been quoted to be 0.070 by Curtiss and Smith (1974) 
and 0.076 by Knystautas and Drouin (1974). In the former case the 
accuracy is quoted to be +20$, and in the latter case to be +_11%. 
Irwin et al (1973) have quoted a value of 0.077+0.003 for their beam 
foil results. 

In Table II-2 we give the wavelengths and oscillator strengths 
for 2s-2p transitions in the neon ions. Wavelengths'were taken from 
Fawcett (1975), and where wavelengths were not tabulated, they were 
estimated from the differences in energy levels. Although precise 
values are not crucial for the calculations, they will be helpful 
in sorting out spectra in EUV laser experiments and from other 
experiments. Some of the line positions may be determined more 
accurately from experimental work on the laser. Oscillator strengths 
were taken from the literature, primarily from results of beam foil 
experiments and accurate atomic structure calculations. In the cases 
where an oscillator strength or a decay time was quoted for a set of 
lines, the individual transition oscillator strengths were determined 
from the tables given in Shore and Menzel (1965). The data marked 
"Kludge" was data estimated using the total decay rate of the upper 
state and using multiplet theory to get the individual ratios (see 
Shore and Menzel (1965)). 

After the table was prepared, a compilation of 2s-2p oscillator 
strengths was published in Fawcett (1978). Comparison of the two 
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F-L1KE 
9 1 9 3 0 .070 460.725 P3 /2 -S1 /2 CWP4 
9 8 9 3 0.070 462.388 P I / 2 - S I / 2 CUR74 

O-LIKE 
• 1 8 6 0.132 499.501 3P2-3P2 KEFT77 
• 2 8 7 0.044 489.641 3P1-3P1 KER77 
• 1 8 7 0.044 488.103 3P2-3PI KCR77 
• 3 8 6 0.074 491.050 3PI-3P2 KCR77 
• 3 8 7 0.176 H 9 0 . i l 0 3P0-3PI KER77 
8 2 8 8 0.0S8 HS8.BB8 3PI-3P0 K£«77 

• 4 8 9 0.191 379.308 102-1 PI KER77 

• 5 8 9 0.058 427.840 ISO-lPI KER77 

• 9 8 10 0.186 528 .2 IP1-1S0 SAF75 

N-LIKC 
7 2 7 12 0 . IB8 358.721 Or- 2 -P3/2 KCT77 
7 3 7 13 0 .138 337.831 D 3 / 2 - P I / 2 KER77 
7 3 7 I? 0.C29 358.779 03 /2 -P3 /2 KCR77 

7 «t 7 13 0.070 387.1*1 P1/2-P1/2 KW77 
7 5 7 13 0.018 397.147 P 5 / 2 - P I / 2 K£R77 
7 4 7 12 0 . 0 J * 399.247 P1 /2 -P3 /2 KCR77 
7 9 7 12 0.088 388.218 P3 /2 -P3 /2 K£«77 

7 2 7 IQ 0 .008 499.773 05*2-03*2 9EC76 
7 2 7 9 0.123 4 M . 8 H 0 5 / 2 - 0 9 / 2 8EC7B 
7 3 7 io a. 119 499.986 0 3 / 2 - 0 3 / 2 men 
7 3 7 9 0 0 1 3 469.921 D3/2-D5/2 9CC76 

7 4 7 10 0.037 5 2 1 . T i l P I / 2 - 0 3 / 2 8EC76 
7 5 7 9 0.031 521.820 P3/2-D3/2 8CC76 

7 5 7 10 0.005 521.7M0 P3 /2 -D3/2 BEC78 

7 H 7 11 0.077 421.609 P 1 / 2 - S I / 2 K£fl77 
7 5 7 11 0.077 421.616 P 3 / ? - 5 ! , 2 K£R77 

7 1 7 6 0.035 541.127 S3 /2 -P1 /2 BCC76 
7 1 7 7 0.069 542.073 S3 /2 -P3 /2 KC76 
7 1 7 7 O.IDH 543.891 S3 /2 -P5 /2 KC76 

7 9 7 I H 0 .098 433.237 DQ'2-P3'2 KE*T7 
7 10 7 15 0.081 431.472 0 3 / 2 - P U 2 KCT77 
7 ID 7 14 0 .0 )7 432.836 D3/2-P3/2 KCR77 

7 12 7 14 0.193 606.429 P3 /2 -P3 /2 KECT7 
7 12 7 15 0.037 602.888 P 3 / 2 - P I / 2 KE&77 
7 13 7 IS 0.147 605.695 P I / 2 - P I / 2 KEA77 
7 13 7 14 0.073 609.168 P1 /2 -P3 /2 KER77 

7 I I 7 14 0.497 539.731 S I / 2 - P 3 / 2 SAF76 
7 I I 7 15 0.133 636.955 S I / 2 - P W 2 SAT75 

C-LI tt 
3 6 7 0.0B4 572.336 P2-03 MCI 79 
2 6 8 0.097 569.630 P I -02 HCI79 
I 6 9 0.076 5 *8 .419 PO-D) MC179 
3 6 8 0.011 572.106 P2-02 MCI 79 
2 6 9 0.019 569.759 P I -01 MCI 78 

3 6 10 0.069 492.987 P2-P2 HCI78 
2 6 12 0.031 461.281 PI-PO HCI78 
2 6 11 0.023 461.361 P I - P I MCI 79 
2 6 10 0.038 481.365 P1-P2 HCI7* 
1 6 I I 0.092 480.406 P0-P1 NCI79 
3 6 I I 0.023 482.983 P2-PI MCI 78 

3 6 14 0.106 359.359 P2-SI MCI 7 1 
2 6 14 0.106 358.472 P I - S I MC'78 
1 6 14 0.196 357.955 PO-51 HCI79 

6 4 6 13 0.181 416.198 

6 H 6 15 0.135 365.594 

6 5 6 15 0.245 116.834 

6 7 G 18 0.012 422.214 
6 B 5 17 0.009 420,951 
6 9 6 16 0.020 420.386 
6 8 6 18 0 .003 422.347 
6 S 6 17 0.005 420.993 
6 9 6 18 0.001 422.383 

6 10 6 19 0.013 488.940 
6 I I 6 17 0.004 487.090 
6 I I 6 16 0.006 496.270 
6 10 6 |7 0.004 487.070 
6 12 6 17 0.017 487.170 
6 I I 6 19 0.007 488.940 

6 14 6 16 0.002 743.930 
6 14 6 17 0.009 745.730 
6 14 6 [9 0.008 790.100 

b 13 6 19 0.239 602.460 

6 19 6 19 0.106 753.410 

6 15 6 20 0.049 506.900 

05-02 nCln i 

02-PI HCI78 

D3-P2 
02-P1 
01-PO 
02-P2 
01-PI 
01-P2 

P2-P2 
P l - P l 
PI-PO 
P2-PI 
PO-PI 
P I -P2 

SI-PO 
SI-PI 
S1-P2 

02-02 

PI-02 

PI-SO 

KE872-KLUO0C 
*tt872-w.uaoc 
KEft72-KLU0OE 
KCP72-KIUO0C 
KER72-KI.U0QC 
KC872-W.UO0C 

KER72-KLUD0C 
w n a - K L i n o e 
XER72-KLU0QC 
KCft72-KLU00£ 
KER72-KLUC0C 
KER72-KIUO0E 

K£K72-KLU00t 
KER72-KLUO0C 
KCft72-KlUDK 

IM73-KLU00C 

1M73<n,UD0C 

tmtn 

8-LIKE 
5 1 5 6 0.078 556.995 PI/2-03/2 l*H73 
5 2 5 7 0.069 962.805 P3/2-09/2 IM73 
5 2 5 6 0.013 562.735 P3/2-03/2 IW73 

Table 11-2. Neon oscillator strengths and wavelengths 
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2 5 10 0.19B HDl .939 P3/2-P3/2 KER77 
2 5 9 0.040 403.262 P3 /2 -PI /2 KER77 

1 5 B 0.0H3 4 3 3 . I 7 B P I / 2 - S I / 2 KER77 
2 5 B Q.G43 436.6H9 P3/2-SW2 KES77 

5 5 5 II 0 .095 454.072 P5/2-S3/2 KER77 
5 ** 5 II 0.095 452.745 P3/2-S3/2 KERT? 
5 3 5 II 0.095 451.843 P1/2-S3/2 KER77 

5 7 5 15 0.056 440.404 D5/2-P3/2 KER77 
5 6 5 14 0.0H7 440.SOO 03/8-PI/8 KER77 
5 6 5 15 0-009 440.469 D3/2-P3/2 KCR77 

5 7 5 13 0.007 553.330 05/2-03/8 OAH77 
5 7 5 12 0.099 553.520 05/2-D5/2 0AN77 
5 6 5 13 0.095 553.430 03/2-03/2 DAN77 
5 6 5 12 0.011 553.620 03/2-05/2 OAHTT 

5 10 5 12 0 . 0 5 4 9 1 2 . 9 4 0 P 3 / 2 - D 5 / 2 IHM73 
5 9 3 13 0.065 905.620 PWS-03/2 W 7 3 
5 10 5 13 0.011 912.410 P3/2-03/2 IM73 

5 10 5 14 0.022 541.560 P3/2-PI/2 0*KT7 
5 10 5 IS 0.109 841.200 P3/2-P3/2 DMOI 
5 9 5 14 0.067 636.190 PI/2-P1/2 0AN77 
5 9 5 15 4.043 637.920 PU2-P3/2 0AH77 

5 6 5 15 0.070 570.760 SI/2-P3/2 DW77 
S • 5 1H 0.035 571.000 SI/2-PI/2 0AN77 

1 4 5 0.301 465.221 SO-PI VIC77 

4 4 6 0.109 561.729 P2-P2 VIC77 
3 4 « 0.O6O 556.610 P1-P2 WCTJ 
2 4 7 0 . 1 4 5 9 5 9 . 9 4 7 PO-PI VIC77 

Table II-2. Neon oscil 

4 3 4 7 0,036 551.376 Pl-Pl V1C77 
4 3 4 6 0.048 562.992 Pl-PD VIC77 
4 4 4 7 0.038 564.529 P2-PI VIC77 

4 9 4 9 0.134 973.100 PI-D2 V1C77 

4 5 4 10 0.063 561.210 PI-SO VIC77 

LI-LIKE 
3 1 3 2 0.055 790.324 SI/2-P1/2 A6H76 
3 1 3 3 0.110 770.409 SI/2-P3/2 MH76 

lator strengths and wavelengths (continued) 



Table II-2. Neon Oscillator Strengths and Wavelengths (legend) 
In this table we have reproduced part of the XRASER data file 
containing oscillator strength data. The form of the data is 

ISOl II IS02 12 F A name reference 
where ISOl and II denote the lower level of the transition and IS02 
and 12 denote the upper level, where the levels are defined in 
Table 1-1. F is the excitation oscillator strength and \ is the 
wavelength in Angstroms. Each transition was given a name which is 
related to the L and J values involved, and the last column contains 
the line reference. The references are given by 

ARM76 
BEC76 
CUR74 
DAN77 
IRW73 
KER72 
KER77 
LAU73 
MCI78 
SAF75 
SAF76 
VIC77 

Armstrong et al (1975) 
Beck and Nicolaides (1976) 
Curtiss and Smith (1974) 
Dankwort and Treffetz (1977) 
Irwin et. al (1973) 
Kernahan et al (1972) 
Kernahan et al (1977) 
Laughlin and Dalgarno (1973) 
Hclntyre et al (1978) 
Safranova (1975) 
Safranova (1976) 
Victrova and Safronova (1977) 

Where "Kludge" was used we have used multiplet theory as mentioned in 
the text. 
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tables shows fair agreement in most cases, and in cases where good 
experimental results have been used, the present table will be more 
accurate. Through oversight the Curtiss and Smith (1974) value was 
used in the calculations of Chapter III, rather than the more accurate 
Irwin (1973) result. The major difference in the final answer would 
be an increase in the gain from what is given by a factor of 10%. 
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C. Collisional Excitation for 2s-2p Transitions 

The collisional excitation cross section for dipole allowed 
transitions at energies much greater than threshold is dominated by the 
dipole contribution. In the neon plasma, the electron temperature will 
be determined by the suprathermal component of the electron distribution, 
and the resulting effective temperature will be in excess of 1 keV 
during pumping. Under these conditions, the dipole allowed collisional 
transitions will be dominant and cross sections can be calculated from 
standard classical path theory (see Burgess (1976)). The 
formula used is 

fexp(jrE)(fc:)KiE(fc)K:s(ie) (II-C-1) 

where o(E) is the cross section as a function of energy, a is the Boiir 
radius (5.29 x 10" cm), I H is the ionization potential of hydrogen 
(13.605 eV), AE is the transition energy and f is the oscillator strength 
The parameter 5 is defined by 

o(E) = 8ira; « T) fe 
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z (II-C-2) 

where Z is the charge seen by the incident electron and k. and k f are 
the initial and final electron wavenumbers. The parameter e is 

e = 1 + ' (II-C-3) 

where R is the distance of closest approach, taken to be the smaller 
of the radii of the initial and final states. The functions involved 
include a modified Bessel function 

K i f ix)=y exp (-x cosh (t)) cos (Jt)dt (1I-C-4) 
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and its f i rst derivative 

' • / 
K|'j(x) = I exp (-x cosh(t)) cosh (t) cos l£t)dt (II-C-5) 

7 0 

The "weak coupling" version of the semi-classical model assumes 
that the colliding electron follows a classical hyperbolic path, and 
that the target atom or ion behaves quantum mechanically, responding to 
the dipole term in the multipole expansion of the Coulomb interaction. 
The probability that a transition is made for a given choice of impact 
parameter can be computed to be 

4 ao 2 T ijf f (H-C-6) 

(«e) 2 e * 6 / ^ ( 5 E ) | 2
 + s ! z l | K . ? ( c € ) | 2 J 
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This expression can be integrated analytically over impact parameters 
to give the result in II.C.l where the limits of integration are from 
some smallest impact parameter corresponding to the distance of closest 
approach being equal to the radius of the smaller state, to some largest 
impact parameter beyond which the contributions are either screened 
or are ineffective due to state lifetimes. Under the present 
conditions, the cutoff at large impact parameters is completely 
negligible and we have the cutoff extended to infinite impact parameter. 
In order for the theory to be valid, we must ensure that the probability 
is much less than unity over the range of integration. The largest 
values are obtained at the cutoff radius and for the calculations 
here in all cases it is less than 10%. 

In Table 11-3 is compared the results of the semi-classical 
calculations with quantal calculations. The close coupling method is 
the most accurate method normally used for this type of calculation, 
and one observes that in the example considered that the accuracy is 
comparable to that of the Coulomb-Born approximation. 
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TABLE II-3. COMPARISON OF SEMI-CLASSICAL RESULTS WITH OTHER RESULTS 
FOR Ne VIII 

E(I„) E(eV) Sl(CC) fl(CBIl) n(CBI) n(C.P.) 

1.6 21.77 3.34 3.50 2.92 

3.2 43.54 3.59 3.76 3.31 

8.0 108.85 4.23 4.47 4.02 

14.0 190.48 4.56 4.63 4.90 4.60 

18.0 244.90 4.86 4.93 5.17 4.89 

30.0 408.17 5.6C 5.66 5.72 5.50 

..•(CC) Close coupl ing resu l ts o f Van Wyngaarden and Henry (1976) 

fi(CBII) Uni tar ized Coulomb-Born resu l ts of Bely (1966). 

fi(CBI) Coulomb-Born (ununi tar ized) resu l ts o f Bely (1966) 

n(C.P.) Present c l ass i ca l path resu l t s 



TABLE 11-3 (continued) 

The cross section a is related to the collision strength Q by 
2 

0 = _ ° (Jt)n 
"1 E 

where a is the Bohr radius, g. is the statistical weight of the initial state, I„ is the 
ionization energy of Hydrogen, and E is the incident electron energy. The collision strength 

_ 15 is dimensionless and o has dimensions of length squared. 



2 2 

In Figure 11-1 is shown the cross section for the P,._ - S , , 2 

t ransit ion and the corresponding rate coeff icient obtained by 

averaging tne cross section over a Maxwellian. The expression I I .C. I 

was synmetrized using the procedure described in Burgess (1976) 

for this calculat ion, and below 1.25 E the cross section is assumed 

to vary inversely with energy as the expression I I .C. l whan symmetrized 

gives unreasonable near-threshold results. In Table 11-4 is 

presented an example of the calculation, showing the cross section, 

the symmetrized probabil i ty at the cutoff radius, the rate coeff ic ients, 

and the error in the least squares f i t of the rate coeff ic ient. The 

rate coefficients have been parameterized by 

<ov>- 1 - 5 8 X , ° " 8 p ' g , e " g (1I-C-7) 
0 T e V

3 / 2 

where 

*1 (II-C-8) 
kT 
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Electron energy (eV) Electron temperature (eV) 

Figure 11-1. Cross-section and rate coefficient for the Ne II 
2 2 Pi/5" Si io transition. 

This cross section was computed in the classical path approximation. 
The approximation considers the perturbing electron to follow a 
hyperbolic path around the target ion, and the effect is calculated 
to first order assuming the dipole contribution dominates the 
interaction. Near threshold the formula describing the cross 
section becomes inaccurate due to the inadequacy of the theory 
in removing the energy imparted to the ion from the perturbing 
electron. Inverse energy dependence has been assumed near 
threshold. One observes a weak temperature dependence of the rate 
coefficient from 10 eV to 10 4 eV electron temperature, and that 
the magnitude of the rate coefficient is small (10 - 9 cm3/sec at 
10<'/cm3 yields a rate of 10° sec"' which is slow compared to the 
target irradiation time of 1 0 - 1 0 sec). 
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n.oo S . M M X - I I 
1 0 . 0 0 S . M I H - I I 
- 9 . 0 0 5 . ( S M C - I I 
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7 0 . 0 0 H.tmx I I 

too.oo J . l f l T J I - l l 
120 .00 l . N M C - l f 

'.» » M T 1 K - I I 

no oo e M i K - i i 
£ 0 0 . 0 0 t.snec-n 
2 M . 0 0 £ . « * * - . • 
M O - 0 0 2 . 0 M J C - H 

rn oo i H H - l l 
I » i l l C - l * 

in . oo I 7 9 1 0 C - I I 

no oo i . M M - i l 

ns.oo i . W M C - l l 
•00.OO l . 9 I V t - l l 

<••» 00 1 . - 4 2 I C - I I 
••9. 00 I . W H C - l t 
HTS 00 I . J - I I C - l l 
W M . . W * C * I I 
600 00 l . l U K - l l 
100 00 1 0 M K - I I 
M O . 0 0 I l M C - 1 1 

1000 0 0 t . » » ) K ' l f l 
I W O 00 v i m t i i 

«oo.oc * . H M K - H 
1000 00 J J O S H - I I 
MOO 00 ; oftn>i« 

10000.00 
nooo oo i I ] I K « 
UOOO 00 1 4 I I K - H 
40000 DO 1 9 M K - M 
40000 00 i » T * - « 
10000 0 0 ? I «01 t tO 

100009 0 0 : «•!(-«! 
' C N » H * s i a r u v i C M " j ' H C 

?0 H 1 O M I t - i O 
M H I . F T I X - n 
9 0 0 0 1 7 f l T C - H 
70 00 l . t « M t - O I 

Table I I - 4 . 

This example shows the details of what is involved in the calcu
lation of a rate coefficient for the neon model and for other 
models which have been constructed. The example is concerned 
with the cross section and rate coefficient for the 2s'p5 2 p ^ 2 -
2sp° 2Si/2 transition of Ne II. The parameters required for the 
computation of the classical path cross section are given first, 
including the charge seen by the incident electron (Z=l), the 
transition energy (aE=26.91 eV), the oscillator strength (f=0.07) 
and the cutoff radius (ro=0.161 an.) where ao is a Bohr radius. 
The cross section was evaluated at a set of incident electron 

energies between 35 eV and 100 keV 
men , -wt» and listed is the probability at 
™ " !:££'« cutoff discussed in the text. Since 

the probability at cutoff is much 
less than 0.5, the weak coupling 
approximation may be accurate for 
this cross section. The rate coeffi
cient was calculated by integrating 
the cross section over Maxwellians 
at a set of electron temperatures. 
The data was then least squares fit 
to Eq. (II-C-7) and the result"; 
given in the final line in a form 
which can be used in ? datafile. 
The error in the fit is seen not 
to exceed 5% over the range given. 

Example of rate coefficient calculation and least squares fit. 

1« « 
vn <n 
0110% 
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900 0.1 i M i « - n I .HKt-Of J 011-01 
700 00 l . t l l T t - W i H K - N * PtOl 

lODO 00 I 7 N K - M I . H N t 0» ' 001-0* 
<-O0C 00 l wTM-Pt S HK-01 
1000 00 I JMK-OI 1 MOt-OV a Mc-oi 
VQO 00 l ITMC-OI i 1*0*-OT i . t x - u 



and the func t ion P(g) i s def ined by 

In P«S) = a 0 + a,ln/3 + a2(ln<3)2 + a3(ln<5)3 ( I I - C - 9 ) 

This parameterization is adopted in analogy with the semi-empirical 
approach of Van Regemorter (1962), and has been found to be useful 
in fitting cross sections over several orders of magnitude in 
temperature to within a few percent accuracy. In Table 11-5 are 
given results for all the 2s-2p transitions in the neon ions 
considered. 
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Table I I - 5 . Fit t ing parameters for 2s-2p rate coefficients 
for neon ions. 

In this table the results of classical path calculations for 
2s-2p transitions in the neon ions are presented. The f i r s t 
four columns of the table define the transit ion using the 
level definit ions giv?n in Table I I - l . For example, a trans
i t ion defined by 7 11 7 15 occurs between the eleventh and 
f i f teenth levels of the nitrogen sequence, which means 
2sp4 4P3^2-2p5 2P-|/2 of Ne IV. The rate coefficient is 
parametrized by 

1.58xlQ'8P(B)e' 
e T, eV 

kT 
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Table I I -5 . F i t t ing parameters for 2s-2p rate coefficients 
for neon ions.(Continued) 

where an P(e) = aQ + a^nB + a 2 Une) Z + a 3Une) . 

The coefficients ag, a-), &% a r , d a 3 a r e give" i n columns 5-8 
and the energy difference AE used in the f i t is given in 
column 9. The minimum and maximum temperatures used in 
the f i t s are given in the f inal two columns in eV. The 
data shown here was taken from a dataf i le for neon, and the 
purpose of the table is partly to give an idea of what is 
involved in the models. Collections of f i t t i n g coefficients 
for different transitions are tabulated in the dataf i les, 
there being different sets for different types of transit ions. 
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Table II-5. Fi t t ing parameters for 2s-2p rate coefficients 
for neon ions. (Continued) 
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D. Photoionization 
The photoabsorption cross section of neon is one of the more 

accurately known of all the neutral elements (hydrogen and helium 
taking the first two places). We have used the results quoted by 
Wuilleumier (1973) for single electron ionization cross sections. 
The errors in this data .re small; the 2p cross section is accurate 
to within 5% and the 2s cross section is accurate to within 1%. 

The quantities measured in Wuilleumier (1973) are the "-elative 
values of the 2s and 2p single electron cross sections, and with 
that information and knowledge of the shake-up and shake-off 
fractions one may compute the absolute 2s and 2p single electron 
cross sections given data for the absolute photoabsorption cross 
sections, which were determined elsewhere. More recent values 
for the total photoabsorption cross section of neon has been given 
In Marr and West (1976) and West and Marr (1976), in which the 
absolute error in the values quoted is probably 2% or 3%. With 
knowledge of the. shake-off and shake-up cross sections as well as 
the relative values of the 2s and 2p cross sections, it is possible 
to estimate cross sections which are more accurate than the Wuilleumier 
data. In our case the major errors in the calculations described 
in Chapter III arise from the calculation of the pumping spectrum 
(the error may be a factor of two), and the errors associated with 
the single electron photoionization cross sections of neutral neon are 
small in comparison. We shall be content with the data of Wuilleumier. 
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Extensive theoretical work has been done on neon, and we refer 
the reader to the selection of papers given in the references. In 
the case of neon ions, there is no experimental data available, 
and so for these cross sections we require theoretical results. 
Some elaborate theoretical results have been reported at low energies 
for the first few ions by Pradham (1979). Ideally one would like 
data of similar quality for all the ions at higher energies; however, 
to date such studies have not been published. In the development 
of some atomic physics codes to do elaborate calculations one begins 
with the simplest steps, and here we discuss briefly some simple 
calculations which were performed using a distorted wave model. 
These calculations do not represent "state of the art" results; 
however, we have found similar results to be \ery useful here and 
in the study of many other models. 

In the case of 2p photoionization, the 2p subshell cross 
sections were computed from single configuration bound state 
Hartree Fock wave functions, and from free electron wave functions 
satisfying the Schrodinger equation 

( 1 J ^ + i i i t p . +V(r) -e)F(r) = 0 (II-D-1) 
' dr 2r / 

where the potential used was taken to be 

V(r) = - \ + £ q, J P?(r') 1 dr' (II-D-2) 
i ° r> 
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where P^(r) is a bound Hartree Fock wave function and r is the greater of 
r and r'. Atomic units have been used. The Hartree Fock wave functions 
were generated by a program written by the author using standard numerical 
methods as described in Fischer (1978). The wave functions were computed 
on a logarithmic mesh using the Nouraerov method without the deferred 
difference correction. Most of the numerical error in the determination 
of the wave function comes from the boundary condition at the origin, 
and is typically cf the order of 10" or less. The free wave functions 

were computed from a WKB expansion (Belling (1968)) 

F(r) = n" 1 / Z(r) sinfjfn(r')dr'j (II-D-3) 

where the phase variable n(r) satisfies 

n 2(r) = ( Z E -2V(r) - i l £ U ] 
1 r 2 J ( I I _ D _ 4 ) 

+ n V 2 ( r ) 4 „-l/2(p) 
d/ 

This equation was solved by iteration for large r, and then the inte
gration was carried out for the variable n(r) for 1=0 and -21n(r) for 
if 0. 

As a result of working with these variables on a logarithmic 
mesh, the free electron wave function could be determined accurately on 
the same mesh as the bound state wave functions. As a practical 
matter, this means that the program can compute wave functions accurately 
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for low or high energies and for small or large angular momentum. Such 
properties are useful in distorted wave collisional cross section 
calculations for which the code was developed. Given the free and bound 
state wave functions, the cross section was computed in the length form 
(as opposed to the velocity form or acceleration form which gives 
slightly different results) 

,2 4Tiaa 
o(E) - \ W ^ U*V 3 

t ' = £ i l 

r - 12 (II-D-5) 

J P n i < r > r F E , i - < r H 
J o 1 

where P n J 1(r) and F £ ^(r) are the bound and free wave functions, and 
where a is the fine structure constant and t is the greater of the 
angular momenta of the two wave functions. The radial integral was 
done using a quadrature suitable for sinusoidal functions on a logajith-

_3 mic mesh, and the error in the integration was typically of order 10 
or less. 

The cross sections computed in this approximation for the 2p 
shell of neutral neon were in rough agreement with the experimental' 
results as shown in Figure I1-2, and therefore the cross sections 
computed from this model for the neon ions were adopted (the results 
are shown in Figure II-3). In the case of 2s photoionization, the 
Hartree Fock 2s wave function for Ne I is in error sufficiently to 
cause the photoionization cross section to be overestimated by about 
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Figure 11-2. Comparison of theoretical and experimental 2p 
single electron photoionization cross sections 
for Ne I. 

The experimental values are given by Wuilleumier (1973) and the 
theoretical value was computed in the distorted wave approximation 
from single configuration Hartree Fock wavefunctions. The point 
of the comparison is to get some idea of the accuracy of the 
theoretical predictions using a very simple theory (state of the 
art random phase and many body calculations are much more accurate, 
however, results do not yet appear for the neon ions in the 
literature). The agreement is reasonable in this case whereas in 
the case of 2s electrons the theoretical values are much higher 
(X1.5-X2.0) than the experimental values. The distorted wave 
results for 2p electron cross sections of the neon ions may be 
of comparable accuracy to the results shown above. 
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Figure 11 — 3. 
Photon Energy (eV) 

Theoretical photoionization cross sections (per 
electron) for 2p electrons for neon ions. 

The distorted wave approximation using Hartree Fock bound state 
wave functions was used to compute the 2p cross sections. One 
observes an increase in the cross section per electron as mor° 
electrons are removed. This is similar to the trend noted by 
Missavage et al (1977) in their study of the photoionization of 
the oxygen ions. The distorted wave results for the lithium-like 
system was in excellent agreement with the accurate calculations of 
McDowell and Chang (1969). 
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50%. The cross sections for the neon ions were therefore estimated 
semi-empirically using the results of McDowell and Chang (1969) for 
the Li-like and the experimental result for the neon-like systems, 
as uie distorted wave .ross sections for the ions are probably too 
large. The results are shown in Figure II-4. 

The photoionization cross sections we^e least squares 
fitted to the form 

o(E) = 1 0 " 1 8 n (J-) P ( E M E ) cm 2 (II-D-6) 

where n is a multiplier, luis 13.606 eV, and tE is the ionization 
energy. The function P(x) is defined in II-C-9. 
Results for the L-shell are given in Table II-6. The K-shell cross 
section for Ne 1 was taken from Wuilleumier (1973), and as yet the 
more highly strioped systems do not include K-shell data as the Auger 
branching ratios in LSJ coupling do not appear in the literature. 
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Figure 11-4. 
Photon Energy (eV) 

Single electron 2s photoionization cross sections 
for neon ions. 

The ionization cross section for Ne I is known experimentally from 
the study of Wuilleumier (1973), and the distorted wave results for 
Ne VII are assumed to be accurate. Since a discrepancy exists between 
the Ne I experimental and theoretical results due to correlation 
effects on the 2s electron (Wuilleumier and Krause (1974)), I 
assume that similar effects will occur in Ne II and Ne III. The 
lithium-like system should be less sensitive to correlation, hence 
the lithium-like cross section is taken to be accurate. The 
remaining cross sections were obtained by reducing the distorted 
wave values by empirical factors to get agreement at Ne I. 
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Table I1-6. Fitting coefficients for neon ion L-shell 
single electron photoionization cross sections. 

These coefficients were obtained through least squares fitting 
of the photoionization cross section data described in the 
text. The cross sections are fit to the forr., 

o<E) = 1 C f 1 8 ( l f ^ ) P { E / A E ) cm 2 

P(x) = exp (a 0 + a^nx + a 2(lnx) + a 3(lnx) 3). 

The fitting coefficients, ag, a-], a2» a3 and &E are given 
in the above table and EHIN and EHAX refer to the smallest 
and largest photon energies used in the data which was 
fitted. This fitting procedure is more accurate than the 
form used by Henry (1970), and less general than the 10 
parameter fits of Barfield et al (1972). 
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The next issue requiring attention is the branching ratios in 
intermediate coupling. The problem is the following: given an ion of 
quantum numbers 2s mp nLSJ, and given that a 2s or 2p electron is 
photoionized, wtit fraction of the atoms go into a state L'S'J" of the 
next isoelectronic sequence: In order to do the problem accurately, 
one should use accurate wave functions and include shake-up and shake-
off processes for all transitions. For our purposes, we shall content 
ourselves for the time being with much cruder estimates, namely, we 
shall adopt the branching coefficients 

,LSJ 
JL S O 

0 0 0 

MM 
HSo MLo 
"A 

-SL 
0 0 

(2L+1)(2S+1)(2J+1) 

(II-D-8) 

where the terms of the summation are composed of squares of 3-j symbols 
(see Sobel'man (1972)) and 
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where ,SL 
Vo 

rLSJ 
\,Vo are fractional parentage coefficients and 

the branching coefficients. The fractional parentage coefficients were 
taken from Sobel'man (1972) for ionization of p electrons in the p n 

and s P n configurations, and from Kenzel and Goldberg (1936) for 
the sp configurations. These coefficients range between zero and 
unity and the sum over the initial or final quantum numbers yields unit. 

The accuracy of this approximation can be examined in the case of 
2p ionization from Ne I. For example, we have assumed that Hp 

7 5 2 photoionization leads to Ne II 2s"p P 3, 2 formation twice as ofte> 
2 5 2 as 2s p P, ,o formation, in accordance with the values of the 

statistical weights. Ong and Manson (1980) discuss calculations and 
2 

experimental results; the experimental results place the P3/2 state 
2 

in a favored position relative to the P, / 2 state by about 10SS, while 
relativistic random phase results predict a much smaller value. 
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E. Electron Collisional Excitation and Ionization Processes 
The most important collisional process involved in the inversion 

kinetics of the Ne II laser scl ame is the removal of 2p electrons 
from Ne I, which results in the production of Ne II ions in the 
lower laser state. Such a process is fatal to the population 
inversion as there is no mechanism to remove lower state population 
effectively once it builds up. Typically in the kinetics calculations 
which have so far been done, inversions can be produced readily if 
there is reasonable flux near 500 eV; however, once the electron 
density builds up, an electron collisional avalanche is triggered 
leading to complete destruction of the laser gain. This process 
ultimately limits the maximum gain achievable, and it is for this 
reason that one is interested in finding accurate data relevant to 
the calculation of 2p ionization and excitation processes for Ne I. 

In the model under consideration in this chapter we have not 
included levels in the kinetics model corresponding to states with 
excited M-shell or N-shell electrons. Details with respect to more 
complex models may appear elsewhere. In this case the contribution 
of multi-step processes (such as collisional excitation followed by 
ionization) should be included in the calculation of the total 2p 
removal rate, even though the intermediate levels themselves are 
not included explicitly. For this reason we shall make the assumption 

that all Ne I atoms which are collisionally excited result in Ne II 
2 5 2s p states immediately. This would be true if M-shell or N-shell 
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electrons were ionized very rapidly. In the laser target under 
consideration we expect the suprathermal electrons to play a large 
role in determining the local electron temperature, hence electron 
temperatures in excess of 1 keV may occur. Under these conditions, 
excitation of 2p electrons is less likely to occur by severalfold 
than ionization, and the excitation channel for removal of 2p 
electrons does not play a dominant role. Neglect of the M-shell 
states of Ne I and inclusion of the excitation rate for their 
production into an effective 2p removal rate leads to a model whose 
predictions may be considered to be conservative in terms of the 
Ne II gain which is calculated. Further discussion of these issues 
may appear elsewhere. 

The situation in the more highly stripped ions is less important 
in terms of Ne II inversion kinetics. As a practical matter ionization 
does not occur past the nitrogen-like sequence under conditions at 
all realistic relevant to the target designs so far considered. 
Modeling of electron collisional ionization is straightforward; 
however, excitation rates become increasingly larger compared to 
ionization rates as the ions become more highly stripped. M-shell 
excitation will be followed by radiative decay most of the time at 
low densities in the lithium-like sequence, but the situation is 
not so clear in the first few ionization stages. For the present 
purposes we shall be content with including excitation and ionization 
into a single removal cross section and keep in mind the approximations 
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associated with the model. Such a model will be useful in providing 
conservative estimates of laser gain in the first few ionization 
sequences and in this work we shall ask nothing further of it. 

The electron collisional ionization cross section of Ne I has 
been determined experimentally by Fletcher and Cowling (1973), Luykon 
et al (1972), Schram et al {1965) and Rapp and Englander-Golden (1965). 
The results discussed in this section were taken mostly from these 
works. More recently Nagy et al (1980) have reported a direct 
measurement of single and multiple ionization cross sections for the 
rare gases, and the accuracy of the experimental results is quoted 
to be about 10%. In Figure I1-5 is shown the single electron ionization 
cross sections of the L-shell electron and the corresponding rate 
coefficient. One observes that at an electron temperature of 1 keV, 
2p electrons are ionized more often than 2s electrons by roughly a 
factor of three on a per-electron basis. Since the inversion process 
is dependent upon removing 2s electrons preferentially, one finds 
that collisions always work against the inversion. 

The excitation cross sections for 2p electrons are shown in 
Figure 11-6. The 2p-3s cross section was calculated by Sawada, 
Purcell and Green (1971) in the distorted wave approximation for low 
energy, and the high energy result was taken from the Bethe coefficients 
given by Dayashankar (1979). The 2p-3p cross section has been measured 
by Sharpton et al (1970) at low energies, and the high energy data 
was again from the Bethe cross sections and sketching in a reasonable 
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Figure 11-5. Ne I single electron collisional ionization 
cross sections and rate coefficients. 

The cross sectional data is taken from the experimental works 
of Fletcher and Cowling (1973), Luyken et al (1972), Schram 
et al (1965) and Rapp and Englander-Golden (1965). One 
observes that the cross section for 2p ionization is about 
a factor of three larger per electron than the cross section 
for 2s ionization. In terms of laser kinetics, this means 
that electron collisional processes are destructive to the 
inversion process as removal of a 2p electron from Ne I 
produces a Ne II ion in one of the lower 2s^p5 states. As 
the inversion process is transient, the gain cannot recover 
after the lower laser state has become populated. The rate 
coefficient was computed by integrating the cross section 
over a Maxwellian at a set of electron temperatures. One 
observes that the rate coefficients are a slow function of 
electron temperature between 10' eV and 10* eV, falling 
slowly at the higher temperatures. 
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Figure 11-6. Collisional excitation and ionization per 
electron for cross sections Ne I 2p electrons. 

These cross sections were taken froir. the experimental data 
of Sharpton et al (1970) and from the theoretical data given 
by Sawada et al (1971) and Dayashankar (1979). The cross 
sections described by 2p-3s .nclude the transitions from 
the 2s2p6 ground state to all the multiplets with configuration 
2s2p53s. Similarly the 2D-3P and 2p-3d curves are for trans
itions to the 2s2p53p and 2s2p53d states. The curve denoted 
by 2D-C is the ionization cross section for the process 
2s2p6-2s2p5+e-. All cross sections are per electron and the 
total cross sections for these processes are greater by a 
factor of six due to the six 2p electrons of Ne I. One 
observes that the ionization cross section is greater than 
all excitation cross sections above 30 eV. The different 
(non-dipole) asymptotic form of the £p-3p cross section is 
observed. The rate coefficients were obtained by integrating 
the cross sections over Maxwellians at different electron 
temperatures. 
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low-energy behavior. The cross sections for 2p ionization and 2p 
excitation and ionization are shown in Figure II-7. One observes that 
at high electron energy the additional contribution to the cross 
section is small; however, at low energy the excitation process is 
dominant and results largely in excitation to the 3s states. Under 
laser conditions where the electron distribution is dominated by the 
suprathermal electrons, the difference should be small. 

In Figure 11-8 is shown the cross sections for 2s ionization 
and 2p excitation and ionization. Excitation of the 2s electron 
results in states which are unstable to Auger decay and are hence 
included in the 2p ionization cross section. 

The next task is to estimate cross sections for excitation and 
ionization of all of the other isoelectronic sequences. For purposes 
of the present model, we have adapted the semi-empirical results shown 
in Figure I1-9 for 2p excitation and ionization, and those shown in 
Figure 11-10 for 2s excitation and ionization in all ions except for 
Ne I. The results shown in the two figures were obtained by the 
following procedure; the total excitations and ionization cross 
sections for the neutral case and for the lithium-like case were 
plotted. The lithium-like cross sections were estimated from the 
semi-empirical method of Golden and Samplson (1978) (eq. 21 is incorrect 
and the correct result is found in their earlier work - Sampson and 
Golden (1974) eq. (19)) for excitation and Sampson and Golden (1977) 
for ionization. The resulting single electron cross sections were 
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Figure II-7. Cross sections per electron for electron 
collisional ionization and for excitation 
and ionization. 

The cross section for 2p ionization and all excitations 
was estimated from the experimental data (see text) for 
ionization and for some excitation processes. The excitation 
to the high Rydberg states is included using the Bethe 
coefficients given by Dayashanker (1979). One observes 
that the two cross sections differ by roughly 20% at high 
electron energies. The asumption implied through use of 
the total cross section is that if a Ne I 2s V ground 
state atom is excited to a Ne I 2s2p5ns. level, that 
ionization occurs to the Ne II 2s2p5 states before any other 
process (for example radiative decay) takes place. (The 
notation n£ refers to a highly excited orbital or principal 
quantum number n and angular momentum I.) 
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Figure II-8. Collisional data (per electron) for Zs ionization 
and for 2p ionization excitation and ionization 
of Ne I. 

The computation of the cross sections includes summation of 
ionization and excitation cross sections for the 2p result 
and only ionization data for the 2s result. Excitation of 
2s electrons in Ne I leads to autoionization in most cases 
as the first 2sp 53s excited state lies above the ionization 
limit for 2p electrons. The dominant electron collisional 
process is therefore removal of a 2p electron from Ne I 
producing a Ne II 2s 2p 5 (lower lasing state) ion. From 
the rate coefficient one finds that the electron densities 
at which collisional processes become important are of order 
10l7/cm3 which corresponds to a rate of 109/sec if the rate 
coefficient is 10" 8 cm3/sec. 
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Electron Energy (eV) Electron Temperature (eV) 
Figure II-9. Estimates of the total electror, collisional excitation and ionization data 

for neon ?.p electrons (per electron). 
The cross sections for 2p excitation and ionization for Ne I and Ne VIII were computed from 
data given in the literature. The data for the intermediate ions is semi-empirical. Of 
interest at present are the rate coefficients at high (keV) electron temperatures in which 
case the empirical approach should be adequate. The assumption made in the use of these 
total excitation and ionization cross sections is that excitation is followed by further 
excitation and ionization rather than by deexcitation. In our case the model resulting 
will be conservative in terms of gain predictions. 



Electron Energy U-V) Electron Temperature (eV) 
Figure 111-10. Estimates of the total electron collisijnal excitation and ionization data 

for neon 2s electrons (per electron). 

The variation of the total 2s excitation and ionization cross sections is less than in the 
case of 2p electrons (see the preceding figure). In the case of Ne I we have estimated the 
2s excitation cross sections (2s excitation usually results in Auger decay and is included 
in the 2p ionization process) and have added it to the 2s ionization cross section to yield 
the Ne I curve shown above. In the model we have used the true 2s ionization cross section 
for Ne I and for the neon ions we have used total excitation and ionization cross sectional 
results. 



found to be roughly within a factor of two of each other and one 
might be tempted to guess that the cross sections for the intermediati. 
states must be between the two limits. At high energies, this can 
probably be shown to be the case through relating the Bethe cross 
section to the photoionization cross section and bound-bound oscillator 
strengths, although this computation has not yet been carried through 
by the present author, nor does it seem to appear in the literature. 
The cross sections used here were obtained by picking curves which 
look reasonable between the two limits of neon-like and lithium-like 
cross sections. The results were tabulated and the resulting rate 
coefficients are given in Table II-7. We shall not attempt a justification 
of this procedure here. Subsequent work has been devoted toward 
models with M-shell states and results may appear elsewhere. 
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Table II-7. Fitting coefficients for neon collisional data. 
These coefficients were obtained through least squares fitting 
of the electron collisional rate coefficients describing 
collisional ionization and collisional excitation followed by 
ionizations as described in the text. The rate coefficients 
are fit to the form 

.— _ 1.58xlO"8P(B)e"g cm3/sec 
a T; 3/2 

eV 
&E{eV) 

" TeV 

P{$) = exp (a Q + a^ng + a 2 (lns) Z + a 3(lng) 3). 

The fitting coefficients a n, a,, a„, a, and aE(eV) are given 
in the above table. THIN and TMAX are the lowest and highest 
thermal electron temperatures used in the data which was 
fitted. The form of the fit was taken from Van Regemorter 
(1962) and has been useful in fitting rate coefficients to 
within a few percent accuracy over several orders of magnitude 
electron temperature. The last entry in the above table is for 
single electron ionization (only) of 2s electrons from Ne I. 
All other entries include excitation plus ionization. 
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F. L-Shell Double Photoionization Processes 
When neon is photoionized below the K-edge, one observes that 

double ionization occurs some of the time. Carlson (1967) reported 
the results of charge spectrometry experiments wherein the ratio of 
double photoionization to single photoionization at 500 eV is 
0.136 ± 0.007. When an L-shell electron is removed suddenly, the 
potential seen by the electrons left behind is altered, forcing the 
remaining L-shell electron orbitals to relax to the new potential. 
In some cases this rearrangement leads to excitation (shake-up) and 
in other cases ionization (shake-off) occurs. In neon for L-shell 
ionization the latter process is the dominant one. 

Experiments involving X-ray photoionization have been carried 
out by Carlson (1967), Lightner et al (1971), Samson and Haddad (1974) 
and Schmidt et al (1976) with reasonable agreement between 200 eV and 
300 eV. Carlson (1967) reports a value of 13.7% at 225 eV and 
Schmidt et al gives 13.5% at the same energy. At 280 eV Lightner 
et al (1971) reports 17.1 + 1.7% which is not far off from the 
other data. A recent experiment by Holland et al (1979) gives 
values which are lower (11.5% at 220 eV and 6.3% at 280 eV). The 
discrepancy between the experiments has not yet been accounted for 
and at present there is apparently uncertainties as to precise 
values for the ratios. 

According to shake-off theory, the ratio considered above is nearly 
independent of the mode of ionization of the first electron. Equivalent 
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data concerning the rat io can be obtained from electron ionization 

experiments where the incident electron is energetic (many keV). 

Single electron ionization occurs with small energy transfer, after 

which shake-off may occur. I f the energy loss of the i n i t i a l fast 

electron is known, then the shake-off fraction should be the same for 

a photon of that known energy. The early data of Van der Wiel and 

Wiebes (1971) appears to be in error, and the later results of 

Wight and Van der Wiel (1976) appear to be closer to X-ray experiments. 

Theoretical results have been reported by Chang and Poe (1975) 

and Carter and Kelly (1977), both of which involved many body 

perturbative techniques. The agreement between theory and experiment 

is fa i r (see Figure 11-11). In the present work, we are interested 

in the cross sections for the shake-off process to the low-lying 

oxygen-like neon sublevels. The experimental results y ie ld data on 

the rat io of singly ionized to doubly ionized ions, but say nothing 

about the f inal state of the doubly ionized ions. For the data of 

interest, S. Carter (1979) has kindly provided unpublished material 

containing the individual cross sections for transitions to the 2s p 
5 

and 2sp states of the oxygen-like ion. No similar calculations have been 

reported for the ss processes leading to the 2p state. As was noted 

ear l ier the cross section for single 2s photoiom'zation increases with 

increasing photon energy relative to the 2p; therefore, one might 

expect the ionization of two 2s electrons would be important at high 

energies (for example, near 500 eV where current interest is focused). 
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Figure 11-11 Ratio of Two Electron Ionization Cross Section to 
Single Electron Ionization Cross Section for Low 
Energy Ne I Ionization 

When an L-shell electron is removed from Ne I through photoionization 
or collisional ionization, the bound electrons which remain find 
themselves in a potential different than before ionization. 
Rearrangement occurs and some of the time a second electron is 
ionized. In principle, this process can remove several electrons, 
although the cross sections for the removal of each additional 
electron leads to a cross section smaller by severalfold. In the 
figure above we show results for X-ray ionization experiments, 
electron ionization experiments, and many body theoretical results. 
In the case of electron ionization experiments, high energy electrons 
are used to produce ionization (Van der Wiel and Weibes (1971) used 
10 keV electrons) and results are given in terms of energy transfer. 
Although ionization by photons and ionization by electrons are 
very different processes, the resulting atomic rearrangement is 
nearly the same for both. 
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Carlson and Nestor (1973) have published shake-off fractions for the 
different subshells, and this seems to be the only estimate available 
for the ss shake-off process. His calculation assumed that a vacancy 
occurred in a given subshell, independent of the energy of the ionized 
election, and that single electron Hartree-Fock-Slater wavefunctions 
described the orbitals. The resulting shake-off probabilities are 
much lower than the observed values (factor of 3) and do not appear 
to be reliable. We have estirated the ss contribution by normalizing 
the Carson and Nestor result to a value close to the midrange 
experimental values and filling in the low energy behavior with a 
curve of reasonable characteristics. 

The results of Carter (1979) for the pp and sp processes and 
the above empirical result for the ss contribution were normalized 
to a curve which seemed to be closer to the X-ray experimental 
results (excluding the high energy data of Holland et al (1979) which 
may be suspect). The data of Carter (1979) extends only up to 280 eV, 
and for energies higher we have assumed that the ratios involved 
varied slowly and smoothly at higher energies. The data of Marr 
and West (1976) was used for converting ratios into absolute cross 
sections. The final results are shown in Figure 11-12. 
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Figure 11-12. Empir ical shake-off cross sect ions f o r the 
L-shel l photo ion iza t ion o f Ne I 

Using the r a t i o of the two e lect ron pho to ion iza t ion cross 
sect ion t o s ing le e lec t ron cross sect ion as shown in Figure 
11-11 , -•r\d es t imat ing the ind iv idua l LS cross sect ions from 
theorem i l data as discussed in the t e x t , we have a r r i ved 
at the t> p i r i c a l resu l t s shown above. The data given i s i n 
LS coup l ing , and to est imate the LSJ cross sect ions which are 
requi red by the model we have d iv ided the cross sect ion f o r 
the two 3 P states between the d i f f e r e n t J sublevels s t a t i s 
t i c a l l y . T r i p l e photo ion iza t ion may occur where ene rge t i ca l l y 
a l lowed; however, the cross sections f o r t h i s process are 
much smal ler than f o r double i on i za t i on and we have there fore 
neglected i t . Double photo ion izat ion o f the neon ions i s 
a lso poss i b l e , although data appears to be lack ing completely 
f o r the L-shel l case in the l i t e r a t u r e . 
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G. K-Shell Auger Processes 

The Auger process following K-shell ionization in neon has been 
studied by many authors (see references), although so far no one has 
published data for branching ratios in LSO coupling except for Ne I. 
Experimental results in the case of Ne I are reported by Krause 
et al. (1974) and the rates are given by Howat et al. (1978). The 

2 6 2 1 4 - 1 
total Auger decay rate of the 1s2s p S state is 3.5 x 10 sec , 
and 60S! of the time the decay is to the Ne III 2s 2p 4 ^0 state. 
The 2s 2p 4 ^D state comprises only 26% of all the Ne III states, 
therefore it is populated preferentially by the Auger process. This 
means that inverting Ne III lines with respect to the D state is 
difficult in the presence of K-shell ionizing radiation is difficult. 

2 4 3 Auger decay to the Ne III 2s p P state is forbidden by parity 
selection rules and the observed rate is very small (decay occurs 
about 0.3% of the time). Decay to the Ne III 2sp 5 3 ? state occurs 
about 6% of the time, leading one to note that the 2s p 4 3P-2sp 5 3P 
transition at 25.3 eV can be inverted readily. The use of Auger 
decay to channel population into an upper state of a candidate laser 
transition is well known, and this approach is simply another 
application of the approach. 
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III. Neon Laser Design 
In the first chapter we have described the 27 eV EUV laser 

scheme involving Ne II, m d in Chapter II we have reviewed some of 
the atomic physics involved in the inversion kinetics. In this 
chapter we consider a target design intended to impleitient the self-
terminating photoionization scheme, and study the target operation 
under intense infrared laser irradiation as viewed through the 
porthole allowed by numerical simulation. The basic problem is to 

13 2 14 2\ convert intense (5 x 10 W/cm - 10 W/cm ) 1.06u laser radiation 
into band passed limited X-radiation which is sufficiently bright 
and suitably filtered to effectively ionize 2s electrons selectively 
from neon gas. 

Early on in the research we had considered the use of cylindrical 
short wavelength laser targets; for example, as is shown in Figure IV-1. 
Thin film cylindrical targets have the advantage of being straightforward 
to calculate; however, the actual construction of such a target, though 
not impossible, is sufficiently difficult to provide motivation for 
seriously considering other geometries. Figure IV-1 serves to 
illustrate some of the salient features of the target under consideration, 
which is why we pause to discuss it here. Neon gas flows through the 

17 3 center of the target at low pressure (4 x 10 /cm translates into 12 
torr at room temperature, which would be a reasonable density if the 
target were irradiated with a short 50 psec pulse), surrounded by a 
three-layer flashlamp and filter system. Outside the flashlamp and 
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Figure III-l. Ne II laser target design in cylindrical 
geometry. 

The laser target shown here is a gas tight cylinder with 
Be/LiF/Mo walls and neon gas in the interior. The cylinder 
ends are capped with a thin layer of parylene which were to 
be heated to several eV and hence become transparent to 27 eV 
radiation during the course of laser irradiation. This type 
of design was to be a prototype to be followed by similar 
designs in cylindrical geometry for higher energy soft X-ny 
laser schemes. This target has the advantage of being easier 
to model, however, it has been deemed unbuildable by several 
target fabrication groups. Current laser designs are in 
alternate geometries, nevertheless, the cylindrical target 
drsign is useful for the issues of interest here. 
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_5 filter system is the tenuous sub-10 torr vacuum of the target 
chamber. Irradiation of the flashlamp causes heating and general 
ablation of the flashlamp layer, production of X-rays, and generation 
of suprathermal electrons through resonance absorption of the intense 
laser light at the critical surface. As the X-rays pass through 
the filter material, low energy photons are removed effectively, and 
some filtering occurs above the pumping window near 500 eV. The 
suprathermal electrons wander throughout the target, suffering 
inelastic collisions and direction-changing collisions as they pass 
through the filter layers. Penetration of the hot electrons into the 
laser medium occurs, and we assume that the thermal electrons which 
may be present are displaced by hot electrons through a strong 
electrostatic field which is set up in the interior of the laser 
medium. The resulting electron temperature is roughly equal to the 
hot electron temperature, which at an infrared laser pump intensity 

14 2 of 10 W/cm is several kilovolts. Meanwhile the ion temperature 
remains near its initial value of 300°K, since electron-ion collisional 
coupling is weak and there are no strong mechanisms which can raise 
the ion temperature very much higher. We have examined a novel 
process, termed "proximity" heating, which occurs when atoms close 
to one another are ionized and repel e^ch other (Coulomb repulsion), 
carrying away kinetic energy much in excess of the thermal average 
energy. This effect results in about 30% increase in the ion temperature. 
The ion temperature is of interest because the dominant broadening 
mechanism in determining the small signal laser gain is Doppler broadening. 
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The problem of converting infrared laser radiation to broad band 
X-radiation for the purpose of pumping short wavelength laser systems 
has been of interest since the early days of X-ray laser research 
(Duguay and Rentzepis (1967)). In the case of the Na II laser, 
McGuire and Duguay (1977) have examined experimentally the production 
of and pumping with X-rays. In this case the flashlamp and filter 
system employed was not in such close proximity to the laser medium 
as discussed here. Axelrod (1977) simulated photoionization pumping 
in his analysis of the boron laser, although the intensity in the 
present case is lower by two orders of magnitude. The lithium laser 
examined by the Avco group required photoionizing radiation at lower 
energy (Mani et al (1978)). 

The problem of X-ray production in the multi-keV range in laser 
produced plasmas is of interest to the spectroscopy community, although 
spectroscopic studies usually are not concerned with the absolute 
photon emission from a target, rather the relative intensities are 
noted. Molybdenum has recently been examined by spectroscopists as 
listed in the bibliography, of present interest is a study of "he 
M-shell spectra by Mansfield et al (1979). The band structure of 
the M-N radiation produced by a molybdenum laser plasma has received 
comment by Kononov (1978). Molybdenum is important in the present 
context as it is the current choice for flashlamp material by virtue 
of its M-N radiation near 500 eV. Present interest in molybdenum is 
not directed towards spectroscopic issues as the main concern is the 
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production of strong X-ray fluxes over a relatively broad band of 
energy, namely several hundred electron volts. The model used in 
the LASNEX simulations is not a spectroscopic model (see Lokke and 
Grasberger (1977)), and the resulting calculations are by necessity 
somewhat crude. We have done some work towards the construction of 
a spectroscopic model; however, the amount of work involved is 
considerable. Details may appear elsewhere. Ideally one would 
irradiate the flashlamp and filter system and measure the spectrum 
produced as well as the broad band integrated flux in the 500 eV 
range. Much work has been done towards such an experiment, and one 
shot was performed in 1979; however, the experiment has yet to be 
successfully completed. 

Much of this chapter is devoted to the problem of the generation 
of bandpassed X-radiation. In Section A we consider the selection 
of flashlamp and filter materials, including a discussion of the 
rationale behind the choice of molybdenum and LiF. Section B is 
devoted to the operation of the flashlamp anf filter system while 
under intense infrared laser irradiation. This section includes a 
brief review of some of the issues involved in light absorption and 
discusses the irradiation as seen from numerical simulation studies. 
In Section C we touch on the suprathermal electron problem as it 
relates to the gain medium. In the final section the laser kinetics 
and small signal laser gain are reviewed. 
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In the research conducted so far, the emphasis has been placed 
on the generation of population inversions and the creation of 
usefully large small signal gain. A more complete description would 
involve transport of the short wavelength laser radiation out of the 
laser medium and hopefully towards a suitable EUV or X-ray detector. 
The simulation of the laser transport involves a 3-D calculation, and 
to date a link between the two dimensional XRASER and a 3-D laser 
transport post processer code has yet to be completed. This work 
may be described elsewhere when finished. For purposes of this 
thesis we shall be content with a calculation of the small signal 
gain, and be pleased if the small signal gain is sufficiently high 
to lead to a gain-length product equal to or greater than 20. Under 
the conditions discussed here in fact the gain is calculated to be 
in excess of 50 cm" which satisfies the above criterion. 

Some of the calculations discussed here were carried out before 
the 4 mm length constraint on SHIVA was appreciated. At the time 
this chapter was completed the benchmark target length was 5 mm, and 
so there is a minor problem with consistency. Most of the results 
would be nearly the same for a 4 mm target and so we have not altered 
the chapter. 

One problem which is not addressed directly here has to do with 
beam inhomogeneity. All of the large high power laser systems which 
we have considered for experimental work (ARGUS, SHIVA, OMEGA, and 
the laser at NRL) have large (factor of 4 or 5) variations in beam 
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intensity at the focal plane. The present target design shows some 
sensitivity to pulse intensity variation, and we have considered two 

13 2 14 ? intensities (5 x 10 W/cm and 10 W/cm ) in the present chapter. 
13 2 

If one specified a beam intensity of 7 x 10 W/cm , expecting 
13 2 14 2 

excursions between 3 x 10 W/cm and 1.5 x 10 W/cm , the present 
target designs may function sufficiently well to obtain lasing action. 

14 2 Excursions to 2 x 10 W/cm would prove to make matters difficult 
since overdriving the flashlamp and filler system can cause the back 
wall to heat up prematurely, resulting in 2p ionization and subsequent 
pumping of loss instead of gain. Such issues may be discussed later 
on elsewhere. 
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A. Material Selection 

The flashlamp material must radiate well in the 500 eV spectral 

region. The material selection is l imited to elements with strong 

l ine emission in the desired range as breirc-strahlung and bound-free 

opacities are too small under conditions of interest. The strong 

An=l emission seems to be most appropriate for the problem in which 

case there are K-, L-, M-, and N-shell lines from which to choose. 

Examination of the calculated X-ray emission from elements with 

An=l emission close to 500 eV suggested that the H-shell was the best 

radiator; K-shell lines are too sparse to f i l l in the spectral 

region, L-shell lines occur over too small of a bandwidth, and N-shell 

radiation is spread over too large a bandwidth. Of the M-shell 

radiators with strong emission in the v ic in i ty of 500 eV, molybdenum 

was chosen as i t appeared to be the best known, although the optimum 

radiator probably has a nuclear charge less by two or three. Future 

work might include reexamination of this choice of flashlamp material. 

The question of whether a mixture of materials would radiate more br ight ly , 

or perhaps layering of elements of neighboring nuclear charge to 

optimize the radiative output was considered to be interesting but 

was deferred in view of the target fabrication d i f f i cu l t i es such designs 

would enta i l . 

Having selected a flashlamp material we turn to the problem of the 

bandpassed f i l t e r material. The most important function served by the 

f i l t e r is the absorption of the ruinous low energy radiation--the cross 
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section for 2p ionization is in excess of 10 cm per electron 
near 50 eV while the cross section for 2s ionization is close to 

-20 2 2x10 cm per electron near 500 eV. The lasing scheme cannot 
tolerate low energy radiation passing into t'ne neon gas and there
fore some care must be taken in blocking it out. At the same time 
the filter must be optically thin near 500 eV lest the pumping 
radiation itself be absorbed. Purusal of the cold opacities of 
the elements suggests that lithium or lithium hydride are about 
the best one can do, however, these materials received vetoes from 
the target fabrication group who instead suggested Be or parylene. 
Parylene is unacceptable due to the K-shell absorption of one of 
its major constituents, carbon, and simulations showed beryllium 
to be marginal. An alternate material, LiF, was finally chosen and 
with the selection came the added advantage of fluorine K-shell 
filtering which is effective in blocking radiation which otherwise 
would cause K-shell ionization in neon. K-shell ionization in Ne I 
does not directly affect the Ne II inversion as the Auger process 
yields more highly stripped neon ions. Indirectly the Ne I reservoir 
is drained, thus less population is available for the Ne II inversion. 
The harmful effect of K-shell ionizing radiation is that it precludes 
an inversion on the 32.7 eV line in Ne III as the Auger decay 
preferentially populates the lower level (2s'p 0) of the transition. 
If the laser is pumped with sufficient intensity lasing may occur 
on the higher energy Ne III line if LiF is used as a filter. 
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The flashlamp thickness is only a few hundred Angstroms and 
the LiF thickness is about a micron in the flashlamp and filter 
system. The angle averaged transmission through one micron LiF 
is shown in Figure III-2, and examination of the transmission 
function shows that most of the radiation in the pumping band 
near 500 eV should transport through the filter. The optical 
depths of the various components of the filter are shown in 
Figure III-3, showing that at low energy, the lion's share of 
the absorption is done by the fluorine 2p electrons. 

Neither member has sufficient mechanical strength to support 
•vi X-ray laser in cylindrical geometry, and so it was suggested 
by C. Hendricks to lay down a thin support layer of beryllium 
to add the requisite mechanical strength. The benchmark target 
design was therefore chosen to be three-layered, and such a target 
is considered here although in the course of time several variants 
on this design have been considered. In section E a target is cons 
in which the LiF filter is sandwiched between the parylene layers 
and the molybdenum flashlamp layer is deposited on the outer paryle 
layer. 

The benchmark target dimensions were determined from a series 
of numerical simulations to be reasonable values. The design is 
illustrated in planar geometry in Figure III-4. 
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Figure III-2. Angle averaged transmission of lp LiF 

between 20 eV and 1 keV. 
At one micron thickness the absorption of LiF is considerable 
below 1 keV. The window near 500 eV transmits nearly 40% of 
isotopic radiation passing through the LiF filter. The 
radiation produced by the molybdenum in the 500 eV range is 
due to M-N transitions of the molybdenum M-shell ions (11-28 
electron systems). As much of the radiation is produced by 
optically thin lines, the angular distribution is not isotropic, 
rather the di-ections at large angles from normal are favored. 
The transmission of the filter to this radiation is less than 
shown 1n the figure, although the above figure is useful in 
showing the approximate transmission involved. 
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Figure III-3. Optical depth of constituents for a lu 
LiF filter. 

At low photon energies the filter absorbs very strongly, 
with the main absorption being done by the fluorine. The 
weakly bound 2p electrons of fluorine absorb more at low 
energies than the 2s electrons due to the different characters 
of the absorption cross sections (similar to the difference 
in 2s and 2p cross sections of Ne I on which the laser scheme 
is based). The K-shell absorption of Li is seen to be weaker 
than the fluorine L-shell, due primarily to the numerical 
difference in electrons responsible for thf. absorption 
(2 Is electrons versus 7 2s and 2p electrons). The 2s electron 
of Li pls.ys a very minor role in the filtering. 
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Figure III-4. Benchmark design for flashlamp and filter 
system displayed in planar geometry. 

The benchmark target design consisted of three layers; 
molybdenum was the flashlainp material, LiF served as a 
bandpass filter and the beryllium was included for the mech
anical strength which it would lend the target. The laser 
pulse is incident from the left. An experiment to check 
the X-ray spectra produced on the two sides of the target 
was suggested by A. Szoke. Such an experiment would be 
valuable as the X-rays which pass through the filter and 
backing in a cylindrical or "channel" target woul:! be 
inaccessible to diagnostics. Unfortunately the planar 
target shown above may not be buildable as in the attempts 
at construction by the target fabrication group it was found 
that the beryllium would not stick to the LiF. 
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B. Flashlamp-Filter Operation 

This section is concerned with the operation of the flashlamp-

f i l t e r system while under irradiat ion by 1.06y laser l igh t at 10 

W/cm . The absorption fraction for short (sub 100 psec) pulse 

irradiat ion should be clo^e to the values measured in similar 

experiments--Maaswinkel et al (1979) report normal incidence 

reflection of about 66% from planar copper targets with 30 psec 
14 2 

pulses at 10 W/cm . Shay et al (1978) report absorption fractions 
of 17%-40% on parylene and tungsten glass targets at 200 and 300 

14 2 

psec for 10 W/cm i r radiat ion. Laser l igh t absorption is dependent 

on incident angle, polarization, wavelength, target material, 

surface quality and pulsewidth as discussed in the references in 

the absorption section; however, for the purpose of X-ray laser 

design the figure 30% absorption at the c r i t i ca l surface (where 

most of '; •' reflection occurs) has been adopted. This figure is 

the same as is discussed in Rosen et al (1979) in the discussion of 

2-D ray tracing calculations. 
14 2 

At incident laser intensit ies near 10 W/cm most of the absorbed 

laser energy is imparted to the suprathermal electron d is t r ibut ion. 

The hot electrons are generated by plasma instab i l i t ies iear the 

c r i t i ca l surface and at 10 W/cm the temperature which characterizes 

the distr ibut ion is about 2.8 keV for 1.06 u l igh t (see Gitomer and 

Henderson (1979) or other refer- nces in the sup.athermal section of 

the bibliography). Experiments monitoring K-shell fluorescence in 
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layered targets indicate that about 30% of this energy is deposited 
15 2 in the target (for 10 K/cm pulses of 100 psec do,rtion as described 

by Hares et al (1979)), the remainder being observed as preheat and 
fast ions. Rosen et al (1979) gives similar figures in the case of 
gold disks. The fast ions are produced through acceleration by a 
strong electrostatic field set up by the outward streaming hot electrons. 
After the hot electrons are produced near the critical surface they 
wander throughout whatever spaca is energetically allowed to them. 
Nearly elastic scattering dominates the in+yraction of hot electrons 
with electrons and ions of the dense plasma of the target (hence hot 
electrons do not lose their energy in passing through or being scattered 
by the target). As the hot electrons stray into the coronal region 
they encounter the strong static field, losing kinetic enargy as 
they climb up the potential well. Reaching the turning point they 
rcll back down the well at the same velocity in the shifted frame 
(the outer coronal region expands outward at speeds in excess of 

o 
10 cm/sec and the electrons are Doppler shifted down in energy upon 
reflection). Hence the hot electrons can lose their energy thruugh 

14 2 pushing against the electrostatic field. At 7.5x10 W/cm for a 
70 psec incident pulse or, a glass microsphere, Campbell et al (1977) 
report that 501 rf the absorbed energy appears ?s fast ions. 

There is another issue which deserves some comment here, namely, 
thermal electron transport inhibition. The gold disk analysis in 
Rosen et al (1979) includes a graphic illustration of the failure or 

13 2 classical electron transport in the ablation region at 3x10 W/cm 
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for a 1 nsec pulse; strong flux limiting is required to bring the 
simulated emission profiles into agreement with the experimental 
results. Similar results have been pre/iously reportei as listed 
in the references in the transport inhibition section. HcClellan 
et al (1979) discuss a threshold for the onset of strong thermal 
transport inhibition as a function of target Z, and inspection of 
th° /esults indicate that in the case of molybdenum the threshold 
is near 2x10 W/cm . Suprathermal electron transport into a Mylar 

ic 2 disk seems to be uninhibited at 10 W/cm as discussed by Hares 
et al (1979), indicating some csntroversy on this point. The calcula
tions described here include transport inhibition where the thermal 
flux is limited to 0.02 of the mean electron thermal velocity. 

Ponderaotive force causes additional profile steepening along 
with that produced by transport inhibition, however, as no+ad by 
Rosen et al (1979) it is negligible at 1 0 1 4 W/cm2. This effect 

15 L begins to play a role at 3x10 W/cm and is therefore not of 
interest in the present discussioi,. 

Non-LTE effects are important in the f'lashlamp, in particular 
22 3 at electron densities below about 10 /cm the N-shell can no longer 

be kept in equilibrium against a half-filled M-shell core. It was 
observed in simulation that the degree of ionization can change 
appreciably from one spatial zone to the next where in the fleshlamp 

o 

region a spatial zone starts out as approximately 5A of solid 
matter. Fine zoning was required to obtain reasonable results in 
•nolybdenum, similar to the zoning issues described in Rose _t al 
(1979) in the longer pulse gold disk simulations. 
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We now consider briefly the hydrodynamics of the flashlamp and 
filter system in planar geometry while under irradiation. The 
simulation was carried out using a laser fusion code (see the 
bibliography). The example under consideration is the benchmark 

o 

target (see Figure 111-2) which consists of a 200A Mo flashlamp, a 
lu LiF filter and a 3000$ Be backing. The incident laser pulse is 

] o p 

a 90 psec FWHM gaussian pulse with peak intensity of 5x10 W/cm 
centered at 120 psec. The molybdenum is seen to expand and be 
pushed outward by the expansion of the LiF filter as is illustrated 
in Figure 111-5. A shock wave is observed to drift majestically 
across the filter over the course of the problem, eventually entering 
the beryllium backing toward the close of the sequence. 

In Figure 111-6 is shown the electron temperatures of the spatial 
zones of the Lagrangian mesh of the three materials. The transient 
heating of the molybdenum zones as they travel from the cool dense 
inner region to the outer coronal region is observed to take a few 
dozen picoseconds when the incident laser pulse has reached its 
peak intensity. One might imagine that transient non-LTE effects 
would be important in determining the degree of ionization of the 
molybdenum as it is transported from dense 100 eV regions to under-
dense 1500 eV regions. In the LiF filter a strong thermal temperature 
gradient is sustained over the course of the problem--the outer part 
of the filter serves to thermally insulate the inner part, allowing 
it to remain relatively cool (sub 10 eV) during the irradiation. 
The lithium K shell and fluorine L shell remain more or less intact 
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Density (gm/cm ) 

Position (u) 
Figure II1-5. Density of flashlamp and filter system as a 

function of space at six times. 
The laser pulse is a 50 psec FWHH gaussian pulse of peak 
intensity 5xl0 1 3 W/cm. The peak intensity occurs at 120 ps. 
The laser is incident on the right hand side. The spike at 
the right hand edge of the 10 ps figure is the molybdenum 
flashlamp, which is next to the LiF filter. On the left 
hand edge is the beryllium backing. The flashlamp is pushed 
outward over the duration of irradiatior, and can be recognized 
as the spike at 3M on the 190 ps figure. The expansion of 
the LiF region pushes the beryllium to the left, although 
the division between the regions is less obvious. A shock 
wave is generated at the right hand side of the target and 
can be observed moving slowly to the left over the course 
of the problem. 
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Figure III-6a. Electron temperatures of the molybdenum 
zones as a function of time. 

The laser is incident on 200^ of molybdenum which is the 
flashlamp part of the flashlamp and filter system discussed 
in the text. Below the flashlamp is ly LiF which acts as a 
heat sink for the inner edge of the molybdenum. The molybdenum 
region is finely, zoned with each zone representing on the 
average about 6h of cold molybdenum. As the plasma heats 
up and expands, the Lagrangian mesh follows it such that the 
amount of mass between two mesh points is kept constant 
throughout the problem. The fluid and transport equations 
are integrated on the Lagrangian mesh and the result for the 
molybdenum flashlamp is shown above. One observes that 
different zones heat up from about 10 eV to 1 keV in a few 
dozen picoseconds. The calculation was performed on a 
laser fusion code (Zimmerman (1973)). The initial electron 
temperature under experimental conditions is room temperature 
(0.024 eV); however, in the calculation we have started the 
problem at 0.5 eV for numerical reasons. The difference in 
the hydrodynamics and heating rates due to this approximation 
are small. 
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Figure III-60. Electron temperatures of the beryllium and 
LiF zones as a function of time. 

The LiF filter behind the molybdenum flashlamp is In thick 
and was zoned using 17 mesh points. The part of the filter 
near the flashlamp was finely zoned and the part near the 
backing was finely zoned. The filter is seen to sustain a 
large temperature gradient, with the outer part of the 
filter reaching a peak temperature of about 80 eV. The 
inner edge remains below 10 eV throughout the problem. 
The absorption of the filter is greatly reduced at high 
temperatures due to loss of the fluorine 2p electrons'. 
Making the filter thicker would help to insulate the inner part 
of the filter allowing the filter system to remain operational 
for long pulses (-v, 100 ps) at relatively high (10 1 4 W/cm?) 
intensities. The beryllium remains cool (below 10 eV) for 
the duration of the problem. 

181 



in the cooler regions of the f i l t e r such that low energy f i l t e r i n g 

occurs. The beryllium remains below 10 eV during the problem. 

The zone positions and velocit ies of the molybdenum flashlamp 

as a function of time are shown in the next figure (Figure I I I - 7 ) . 

The dense region of the molybdenum blows outward reaching a 

velocity of somewhat less than 10 cm/sec, while zones in the 

ablation region blow of f much faster. From a hydrodynamics view

point, X-ray laser targets are boring in comparison with the high 

compression and shock physics of laser fusion targets. 

We now turn to a discussion of the radiative properties of 

the flashlamp and f i l t e r system. In terms of the total energy 

balance, about 35-40% of the total energy absorbed is emitted in 

radiation at a l l frequencies. The conversion efficiency is similar 

to the 35% figure given for the gold disk analysis of Rosen et al 

(1979). Host of the energy is calculated to radiate in the direction 

of the ablation, however, about 15% of the total radiated energy 

transports through the LiF f i l t e r and Be backing and would pump .i=on 

gas i f some were present. The calculation time integrated spectra 

in the reverse direction is shown in Figure I I I - 8 and the temporal 

variation is shown in Figure I I1-9. The calculated valuer in the 

radiative energy balance are given in Table I I I - l . 
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Figure II1-7. Positions and velocities of the molybdenum 
zones as a function of time. 

The 35 zone positions and velocities of the molybdenum 
flashlamp in the calculation discussed in the text are 
shown here. One observes that the outermost zone blows 
out to about 50p by 400 psec. The velocity of the outer
most zone reaches 1.8x10° cm/sec although the dense part 
of the flashlamp moves much more slowly (near 10' cm/sec). 
As the laser hits a zone, the zone heats and moves rapidly 
outward into the outer coronal region. The zones of the 
dense region are so close together that they ere not 
resolved on the figure, and the effect of the laser is 
to peel them off one by one. 
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Photon energy (keV) 

Figure I I I - 8 . Calculated time-integrated spectra out the backside 
of the target. 

One observes that the molybdenum M-N radiation near 500 eV is the 
dominant feature in the spectrum. Radiation below 350 eV has been 
f i l t e red effect ively by the L1F/Be f i l t e r system. The effect of 
f i l t e r i n g by the fluorine K-edge is seen in the depression of 
the spectrum near 750 eV. Around 1 keV is emission due to molybdenum 
M-0 and higher shell transit ions. Emission near 2.5 keV is due to 
L-shell transitions where structure is lost due to the gross zoning 
of the photon bins. The structure near 500 eV is an ar t i fac t of the 
spatial zoning and the hydrogenic approximations employed in the 
s imulation. 
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Figure I I I - 9 . Power radiated out the backside of the target. 

The emitterl radiation follows closely the incident laser intensity 
at an overall efficiency of about 1.83! although the peak shown here 
is only about 1.5% of the 5x l0 1 3 W/cm2 peak laser intensity. 
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Table I I I - l RADIATIVE ENERGY BALANCE 

Peak Incident Absorbed Energy Energy c „4.,-„„„ „ * m.-.. „A r-,„ 
Intensity Energy Energy Out (front) Out (back) Fractnons of Absorb Energy 
W/cnf J/cm2 J/cmz J/cm2 J/cm2 % (Front) % (Back) % (To 

5x l0 1 3 4790 1440 459 84 

10 1 4 9570 2870 807 182 

% (Front) % (Back) % (Total) 

34.4 5.8 40.2 

28.8 6.3 34.5 



C. Suprathermal Electrons Within the Gain Medium and Ion Heating 
Resonance absorption of intense laser radiation at the critical 

surface results in the production of hot electrons as discussed 
14 2 briefly in the previous section. At 10 W/cm we have used a 

Maxwellian at 2800 eV to describe the hot electron distribution. 
The hot electrons are attenuated (botli elastic and inelastic scattering 
cut down the fast electron flux) as they transport through the 
flashlamp and filter system. Initially none of the hot electrons make 
it through due to the low intensity and hence low hot electron 
temperature. As the pulse reaches its peak value much attenuation 
still occurs; however, not many hot electrons are required to 
displace the 10 /cm electrons which are created through photopumping 
the laser medium. 

We have calculated the hot electron spectrum in the case of a 
flashlamp and filter system nc ' close proximity to the laser 
medium using LASNEX, and find Uiat at the time of maximum pump 
intensity the hot electron deisity at the backside of the target 

17 3 exceeds 10 /cm. Having transported through the flashlamp and 
filter material we assume that the hot electrons displace the thermal 
electrons completely. Electrons produced by photo- or collisional 
ionization leave the interior of the laser in favor of the hotter 
suprathermal electrons. The question may be raised as to what effect 
this process has on the laser gain, which is the topic of interest 
in what follows. 
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The hot electron temperature !s near 2.8 keV at 10 W/cm , and 
the mean thermal velocity is slightly higher than a tenth light speed, 
or about 35p/psec. Traversal of the laser target takes about 10 psec. 
Thermal electrons travel more slowly; however, the factor is about two 
in speed for the photoejected electrons. Electrons produced collisionally 
may have trouble transporting out unless they are accelerated 
electrostatically. Under these conditions one might envision that 
electron-electron or electron-ion plasma instabilities might develop. 
The former process is not worrisome, as the laser scheme benefits from 
having a high electron temperature; however, electron-ion heating would 
cause problems if it occurred as ion Dopplt- broadening (due to room 
temperature thermal motion) is a dominant broadening mechanism. If 
the ions were to heat up to 1 eV, the gain would decrease by a factor 
of nearly i/50~. We have examined growth rates for electron-ion 
instabilities under conditions which we believe appropriate for the 
laser medium and have found that if the plasma were collisionless, 
the instability growth rate is too small by several orders of 
magnitude to be important. Under conditions which are unlikely 

although physically allowed (assuming electron densities as high as 
17 3 9 

10 /cm and drift velocities of 10 cm/sec) the instabilities would 
probably not be important if the plasma were collisionless. Inclusion 
of ion-ion collisions into the formulation results in considerable 
damping of the plasma waves and the net result is that the laser 
medium is very stable againsi electron-ion instabilities, and the 
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ion temperature of the fluorine-like ions should not stray greatly 
from their initial room temperature value. Hydrodynamic work on the 
ions has U s n calculated and found to be negligible. The only 
mechanism which is likely to be effective is "proximity" heating, 
which may lead to about a 30% increase in ion temperature under the 
conditions of interest as will be described later. 
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D. Laser Kinetics and Gain 

In previous •sections we discussed the tarqet design and simulation. 

Here we use the spectra from these calculations to drive kinetics 

calculations to obtain estimates of the laser gain. The photoionization 

of Ne I at 500 eV is a small effect under the conditions discussed so 

far , and the rates on a per electron basis for a neon atom sandwiched 

between two radiating planes of flashlamp and f i l t e r material of 

in f in i te extent are shown in Figure 111-10 for incident 90 psec 
IT 2 14 2 

Gaussian pulses of 5x10 W/cm and 10 W/cm intensity. The peak 
o _1 o 

ionization rate of 2s electrons is seen to be 3.5x10 sec" and 8x10 
sec per electron at the two pumping intensities. One observes that 
early on in the problem the 2s electrons are ejected preferentially, 
and as time goes on 2p electron photoionization dominates. This 
effect is not due to radiation from the flashlamp leaking in below 
the filter edges; rather, it is caused by thermal emission from the 
inner edge of the flashlamp filter system. In the low intensity casa 
the inner wall heats to about 9 eV and in the high intensity case 
the temperature reaches 16 eV (the temperatures of the Be zones are 
shown in Figure III-ll). The 2p cross section is large at low photon 
energies and responds strongly to 10 eV and 15 eV radiation, while the 
2s cross section is zero below the threshold at 49 eV (see Chapter II). 

The population kinetics are analyzed using a rate equation code 
(XRASER). The atomic physics parameters described in Chapter II were 
used for the calculations discussed here. The overall design 
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Figure 111-10. Photoionization rates per electron at 5x10 W/cm and 10 W/cm. 
The photoionization rates for the 2s electron is dominated by the 500 eV photon contribution 
and hence follows the pumping pulse closely. The 2p electron rate in the lower intensity case 
follows the 2s rate at half the value until 150 ps when the blackbody emission from the inner 
edge of the filter becomes important. The story is similar at the higher intensity except that 
since the filter heats up more the effect is more pronounced. 
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Figure III-ll. Electron temperatures of the Be zones. 
The temperatures of the zones of the Be region on the inner edge of the LiF filter are shown 
here. The edge near the LiF heats first and in the ensuing tens of picoseconds the entire layer 
is shocked to higher temperatures. The rise from 5 eV to 10 eV is the heating of interest at 
5xl0 1 3 W/cm2. At 1 0 1 4 W/cm 2 the shock heats the layer faster bringing it close to 16 sV. 
The initial electron temperature in the experiment is room temperature (0.024 eV); however, 
in the calculation we started the target at 0.5 eV for numerical reasons. 



procedure works as shown in Figure 111-12, namely, the tarqet speci

f icat ion is analyzed using a laser plasma code to determine relevant 

spectral or hydrodynamic quantit ies. This data along with relevant 

atomic physics parameters are fed into the XRASER post processor 

for further simulation. XRASER computes populations, 1,-ansfers 

l ine radiation and continuum radiat ion, estimates plasma parameters, 

and does 2-D hydrodynamics calculations of interest to x-ray laser 

problems. Here only the kinetics routines are being exercized. 

Detailed documentation of the numerical issues involved w i l l appear 

elsewhere and we shall therefore l im i t our discussion to physics issues 

here. 

We consider the results of a kinetics calculation of a laser 

design using the benchmark flashlamp and f i l t e r system as described 

in section B. The target has a rectangular cross section of dimensions 

300 v by 500 u, with a length of 5 mm. The target is irradiated 

uniformly alonq the top and bottom of the laser with no i r radiat ion 

of the sides. Although this type of target is not optimal in many 

respects (for example, in cyl indrical geometry a test atom in the 

center of the laser would see about twice as much pumping radiation 

as in the rectangular geometry) i t is one which appears to be 

buildable. Uniform irradiat ion of the top and bottom of the target 

is not possible on the SHIVA laser system, rather ten circular spots 

of 500 v diameter w i l l be lined up along the length of the laser. 

The pumping strength w i l l vary alonq the length of the laser, and 

therefore the assumption of uniform irradiat ion is an ideal izat ion. 

193 



Target 
specs 

Hydro 
code 

Post 
processor 

2D.3D 
Plot 

processor 

Target 
specs 

Hydro 
code 

Post 
processor 

2D.3D 
Plot 

processor 

Data Files 

D M * f ilft 
proctssor 

Atomic 
physics 
routines 

Atomic 
physics 
routines 

Figure III-12. Schematic of code system used in X-ray laser 
target design. 

This figure is intended to give some idea of the overall design 
system. The idea was to use the existing hydrodynamics and 
laser fusion codes (for example see Zimmerman (1973)) to model 
the flashlamp heating, shock waves, plasma expansion and supra-
thermal electron generation. The atomic physics models in the 
hydro and laser fusion codes is not suitable for X-ray laser 
calculations, therefore the models used in the kinetics 
calculation were constructed using data from 
many references and from calculations where data was 
not available in the literature. One advantage of this approach 
is that as more is learned about the atomic processes in 
different ionic systems the incorporation of the data into the 
kinetics models is trivial. Models can be incorporated from 
many contributors in a convenient fashion. 
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Due to passive aberrations within SHIVA's optical system, the pumping 

pulses are nonuniform in space with factor of f i ve variations in 

intensity occurring over the beam pro f i le . I t is therefore reasonable 

to examine the target operation at two laser pumping intensit ies in 

order to comment on differences in target performance which w i l l 

accompany the spatial ly nonuniform i r radiat ion. The pumping pulse 

is assumed to have a 90 psec width (FWHM) which is far from optimal, 

rather the figure was selected due to the physical l imitat ions of 

SHIVA's pulse generation capability (90 psec is the shortest available 

pulse). 

Under the conditions described above the population kinetics were 
17 ^ 

computed assuming a neon density of 1.5x10 /cm (4.7 t o r r ) . This 

density is somewhat high of the optimum however i t i s useful for the 

purposes of the present discussion. The photon f i e l d was computed in 

a quadrant of the cross sectional rectangle (the problem has four-fold 

symmetry) using ray tracing on the results of the hydrodynamics 

calculations described in section B. The atomic processes of the neon

l i ke , f luor ine- l ike and oxygen-like isoelectronic sequences were 

included in the kinetics. The gain over the laser cross section at 

the time of peak gain (130 ps, where the peak of the laser pumping 

pulse occurs at 135 ps) is shown in Figure 111-13. The electron temper

ature was pinned at 2 keV for the duration of the problem as an 

approximation (albeit crude) of the displacement of the thermal 

electrons by the suprathermal electrons. The variation of the gain as 

a function of this assumed fixed temperature is weak (^ 30%) as w i l l 
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Figure 111-13. Gain on the 460.7 A line at 5xl0 1 3 W/cm 2. 
In this figure and following figures we examine some of the 
kinetics issues as a function of space and time. The target 
considered has a rectangular cross section with dimensions 
300 u by 500 u. The extension of the target in the third 
dimension was taken to be infinite in the calculations, however 
in reality the laser length is about 5 mm. Irradiation occurs 
on the top and bottom of the target, and the pulse used was a 

sity 5xl0 1 3 W/cm 2. The 90 ps Gaussian of peak intensity The flash lamp 
and filter system used was the benchmark target (ZOO & Mo/ 
1 u LiF/0.3 u Be). The peak gain here is 40.4 cm - 1 (this is 
small signal value, assuming lasing does not occui) and one 
observes that the gain is nearly flat over a rectangular 
roughly 200 u by 250 y. 

the 
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be examined later on. One observes a factor of roughly two variation 
of the gain over the cross section with the peak occurring at the laser 
center and minima occurring at the centers of the boundaries near the 
side walls which are not pumped. 

The photoionization rates for ionization of Ne I to the Ne II 
2 2 P-,- and S,.- states are shown in Figure 111-14. The Ne I L shell 
has eight electrons, six 2p and two 2s electrons. In terms of per 
electron rates, pumping into the P,,, state accounts for four of the 

2 2p electrons and pumping into the P, ,~ state accounts for the other 
two. The rates shown in Figure 111-14 are therefore results for four 
2p electrons and two 2s electrons. One observes that 2s electrons 
are being photoejected at more than twice the rate of 2p electrons 
at the time of peak gain, as expected from perusal of the time 
dependent rates of Figure 111-10. The fact that the two rates have 
nearly identical spatial dependences is attributable to the fact that 
nearly all of the radiation involved is high energy (̂  500 eV radiation) 
which is directed radiation by virture of having been filtered. The 
pumping rates due to isotropic radiation have a very different spatial 
dependence, namely they would look like saddles in a 3-d projection 
whereas the present results would look more like mounds. 

The electron density at the center of the target is illustrated 
in Figure 111-15 as a function of time. Of interest primarily is 

15 3 the magnitude of the density (several times 10 /cm at time of peak 
gain) and the temporal variation. The collisional ionization rate 

8 -1 of 2p electrons from Ne I is about 4x10 sec at 130 psec which is 

197 



Figure 111-14. Photofonization rates (sec ) at the time of 
peak gain at 5 x 10 1 3 w/cm2. 

The photoiom'zation rates are for Ne I 2s2p6-Ne I I 2s 2 p 5 2 P 3 / 7 

(top) and Ne I 2szp6-Ne I I 2sp6 2 S 1 / 2 (bottoml under the 
same conditions and at the same time as Figure 111-13. The 
peak rates equate to per electron values of 6.9xl0 7 sec"' per 
2p electron and 1.5x10° sec"1 per 2s electron. One is s t i l l 
ionizing 2s electrons more rapidly than 2p electrons by more than 
a factor of two, and yet after this time the gain begins to 
f a l l . This is due to electron col l is ions which are beginning 
to make their presence fe l t as the dominant electron col l is ional 
process is the removal of a 2p electron from Ne I as discussed 
in Chapter I I . One observes that the peak pumping rates are 
close to half of the in f i n i te sandwich results of Figure 111-10 
(the time is 130 ps). 



Figure 111-15. Electron density as a function o," time at the 
target center. 

The initial neon density is 1.5xl0^/cm^ in this calculation and 
one observes that about 6% of the atoms have been ionized by 145 
ps. The electron collisional avalanche is well underway, dumping 
population into the lower laser states through collisional 
ionization of Ne I. The electron temperature used was 2 keV 
which is roughly the hot electron temperature at 5x10^3 W/cm z, 
where the assumption has been made that suprathermal electrons 
completely displace the thermal electrons. Although the 
electrons will be cooler at early times, the use of an arti
ficially high value for the electron temperature should not 
greatly affect the results as the electron densities are low, 
and as the collisional rate coefficient is a slow function of 
temperature as discussed in Chapter II. 
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comparable to the photopumping rates. In Figure 111-16 are shown 
the fractional populations of the neon-like, fluorine-like and oxygen
like isoelectronic sequences and the fractional populations of the Ne II 
low-lying states. About 6% of the Ne I atoms have been ionized by 
145 psec. The upper laser state Ne II 2 S ] / 2 is seen to contain about 
1% of the total population at the time of peak gain. The fractional 

inversion density is less by about a factor of seven. 
The average energy of the ionizing X-rays which are effective 

in pumping an inversion can be estimated by examining Figure 111-17, 
wherein is shown the average energy of photoejected electrons resulting 
from photoionization of Ne I. Since the ionization potential of 2s 
electrons is near 50 eV, one notes that 2s electrons respond on the 
average to photons of near 600 eV energy at 80 psec and 500 eV near 
140 psec. The average energy of photoejected 2p electrons is very 

nearly the same, which is a statement about the narrow band nature 
of the pumping flux. 

Figure 111-18 shows the small signal gain as a function of 
time in the target center. The peak gain is near 40 cm" as calculated 
here (Due to the low oscillator strength the gain should be corrected 
upwards by 103!--see Chapter II, Section B. This correction applies 
to all gains quoted in this chapter and we shall not mention it 
again). The peak gain is sufficient to permit 20 gain lengths in 
5 mm. 
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Figure HI -16. Fractional populations as a function of time at the target center. 

The fractional populations of the neon-like, f luor ine- l ike and oxygen-like sequences 
are shown at the l e f t . One is reminded that photoionization of the Ne I L-shell by 
500 eV radiation is at best a weak effect as most of the (^ 9435) remains in the Ne I 
ground state by 145 psec. On the r ight hand side is shown the low lying Ne I I state 
fractional populations. The population of the upper laser state is about 1% of the 
total population ( i . e . , 1.5xl015/cm3) at the time of peak gain. 
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Figure 111-17. Average energy of photoejected electrons 
as a function of time at the target center. 

In this figure is shown the average energy (defined by 

J*"s(e)o(e)(e-Ae) de 

/, Ae S(e)o(e) de 
where <e> is the average energy, Ae is the ionization energy, 
S(e) is the photon flux (photons/cm2/sec/eV) and a{t) is the 
cross section) of pliotoejected electrons from Ne I. One notes 
that 2s and 2p electrons are ionized by radiation of nearly 
the same energy, indicating that the filter has remained cool 
relative to what is required for thermal emission to be a small 
effect. At 5xl0 1 3 W/cm2 it is electron collisions which spoil 
the gain rather than thermal radiation from the inner filter edge. 

202 



10 

35 

30 

/ \ 
ES 

I 

(1
/c

m
) 

SO I 

G
ai

n 

15 

10 J 
5 

0 i i . ! - » - • • l a l ) 1 ' —> ' 

-sec 

Figure 111—18. Small signal gain as a function of time 
at the target certer. 

One observes that the ga*n is high for about 35 psec, which is 
more than sufficient time for a pulse to travel the length of 
the laser (light can go 5 mm in 15 psec). The nunber of 
gain lengths at the time of peak gain is about 20 which shouTd 
be sufficient with a margin of safety for one pass amplification 
of noise to .-each saturation values. Strictly ••peaking, this 
laser does not saturate in the normal sense, rather it is 
quenched as stimulated emission dumps the upper state population 
into the self terminating lower laser levels. 
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In the next set of figures we examine the situation at 10 W/cm . 
Photoionization rates are shown in Figure III-19 and in Figure IH-20 
we plot the fractional sequence and level populations in time at the 
target center. In this case the ionization proceeds further, by 
155 psec, about 152 of the Ne I atoms are ionized. Figure 111-21 
displays the small signal gain, which is calculated to exceed 30 cm" . 

13 2 
The kinetics are affected in two ways relative to the 5 x 10 W/cm 
example; on the one hand the stronger ionization causes more electron 
production which brings on the electron collisional avalanche somewhat 
earlier, and on the other hand heating of the inner wall causes 
increased 2p ionization by thermal emission. A plot of photoejected 
electron energy (analogous to Figure 111-17 but for the higher 
intensity c«se) shows significant divergence for the Zz and 2p electrons 
as may be expected from the rates shown in Figure 111-10, although we 
do not include the plot here. 

In the following set of figures we examine the optimization of 
small signal gain as a function of initial neon gas density. At 

13 2 17 3 
5 x 10 W/cm the optimum density occurs at 10 /cm (see Figure 111-22), 
and at 10 W/cm the optimum is higher by 30% (see Figure 111-23). 
At low neon density there is simply not enough neon to produce high 
gain, and at high neon density, coliisional stripping quenches the 
gain early on. The optimum covers a range of about a factor of two 
in initial neon density. These studies are of interest in terms of 
prodding accurate data on tolerances for the gas pressure in the 
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Rate (sec" ) 

Figure UI-19. Photoionization rates (sec ) at 10 W/cm . 

The photoionization rates for 2p ionization (top) of Ne I to 
the -P3/«2 and for 2s ionization (bottom) into the 2 S i / 2 level 
are shown as a function of space at the time of peak gain (as 
in Figure 111-14). The magnitudes of the rates are nearly twice 
that shown for the 5x10' 3 W/cmz case, however, the spatial 
variation is different. The 500 eV radiation is directional 
in that rays travelling normal to the filter see less attenuation 
than rays travelling at wide angles to normal. The thermal 
radiation produced at the inner filter edge is much closer to 
being isotropic, and here accounts for a larger percentage of 
'the pump rate than in the low intensity case shown in Figure 111-14. 
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Figure II1-20. Fractional level populations at the target center at 10 W/cm . 

The stripping of the neon proceeds further by roughly a factor of two from the 
5x10' 3 W/cm^ case (Figure 111-16), and by 150 psec about 10% of the population is 
f luor ine- l ike. Although the magnitude of the f iuor ine- l ike population is several 
percent (^ 5%) at 130 psec, the peak fractional inversion density at that time is 
much less (^ 0.3%). One notes from the figure on the r ight that by 140 psec the 
inversion is gueiched, and examination of Figure 111-10 w i l l indicate the mechanism— 
namely thermal emission from the inner Be wall causes strong 2p ionization at this 
time. 
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Figure II1-21. Small siqnal gain at the tarqet center at 
lt)T» w/cm2. 

The peak gain is about a factor of two larger than the corres
ponding case shown in Figure 111-18 for 5 x l 0 ' 3 W/cm2 intensi ty. 
The duration of the gain in this case is about 20 psec as 
quenching drives i t down near 140 psec. One unfortunate aspect 
of the scheme is thus i l l us t ra ted , namely the potential for 
large negative gain. This could be a real problem experimentally, 
since i f one of the beams irradiat ing the target is early and 
is too intense, i t could pump a region to large negative gain 
and cause no laser emission to be observed. 
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I n i t i a l neon density (1/cm ) 

Figure 111-22. Optimization of the small signal gain as a function of neon 
density at 5 x l 0 1 3 W/cm2. 

In this calculation the t''me histories of the populations at several values of the 
i n i t i a l neon density were computed and the maximum gain occurring during the problem 
was plotted as a function of the i n i t i a l ion density ( l e f t ) . The time histories of 
the gain are shown on the right for the different I n i t i a l densities. One observes 
that the optimal density at 5x l 0 1 3 W/cm' is at lO 'vcm 3 with the peak gain reaching 
nearly 45 cm"'. From the plot on the r ight one notes that at high i n i t i a l densities 
col l isions quench the gain early precluding high values of gain. At low i n i t i a l densities 
the peak gain occurs later on; however, the peak value reached is lower due to the small 
inversion densities achieved. 



Figure 111-23. Optimization of the small siqnal gain as a function of neon density 
at 10 1 4 W/cm2. 

This calculation is similar to that of Figure 111-23 except using the photon data from 
a calculation at 10 1 4 W/cm2. The peak gain reached is 87 cm"' which is obtained at 
neon densities near 1.3X101'/cm3. The time histories show that the peak gains are 
achieved about 10 psec ear l ier than at the lower intensity. From this analysis i t 
appears that a tolerance of about + 30% on the neon gas density in the target is a 
reasonable requirement. 



laser system, which in turn places a constraint on the pressure 
measurement system to be implemented. 

In Figures 111-24 and 111-25 we examine the sensitivity of 
peak laser gain to ambient electron temperature. In the earlier 
calculations we have assumed a fixed value for the electron temperature 
and in these figures we explore the sensitivity of the peak gain 
achieved to the hot electron temperature assumed. The sensitivity 
is about 20% to 30% over the range of parameters examined. The 
minimum gain occurs roughly at the temperature corresponding to the 
peak of the Ne I 2p electron collisional removal rate. As the local 
electron temperature increases, so does the gain. From this, one 
concludes that penetration of the hot electrons into the laser medium 
and displacement of the thermal electrons, if it occurs, is beneficial 
to the laser gain because the gain increases with electron temperatures 
above 400 eV. 

In the next figure {111-26) we present the results of a 
calculation of the Ne II ion temperature due to "proximity" heating; 
that is, heating which occurs when two atoms near one another become 
ionized, and the Coulomb repulsion accelerates them away from one 
another at velocities much higher than thermal velocities. In this 
case the effect is responsible for a 30% increase in ion temperature. 
In the next chapter we consider neon at higher density, pumped 
considerably more vigorously, and find that the ions can reach 1 eV 
through this process alone. The effect is important in both cases 
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Electron temperature (eV) 

Figure 111-24. Sensitivity of gain to electron temperature at 5x10 W/cm 2. 
Time histories of level populations were computed at several values of an electron 
temperature fixed in time. The figure on the left shows the maximum gain achieved 
as a function of the electron temperature. One finds that the variation is weak 
K 30%) and that the lowest yain is obtained at the temperature where the 2p 
collisional ionization cross section is largest. At electron temperatures which 
are higher than 1 keV (which is hopefully the case if the suprathermal electrons 
can displace the thermal electrons effectively) the peak gain achievable rises 
rapidiy. The time histories involved are shown on the right, indicating that 
little time shift is associated with uncertainties in the assumed electron tei 
These calculations were performed at an initial density of 10l7/cm3. temperature. 
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Figure 111-25. Sensit ivity of gain to electron temperature at 10 1 4 W/cm2. 

The results here are similar to those of Figure 111-25 with the photon data from 
a 10 I H W/cnf pulse calculation used rather *han 5x l0 1 3 W/cm2. The basic result is 
the same although the sensi t iv i ty is less (% 20«). Collisional ionization of 2p 
electrons plays a smaller role in the determination of the gain than at the lower 
intensity. These results were computed at 1017/cm3 i n i t i a l neon density. 
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Figure III-26. Monte Carlo calculation of the Ne II ion temperature. 
14 2 Using the spectra from the 10 W/cm target and taking the initial 

neon density to be 1.5 x 10 1' /cm 3 we have computed the ion tempera
ture of the Ne II ions. Five hundred particles were tracked inside 
a sphere with reflecting boundary conditions. The ionization rates 
were computed using XRASER and fed into a Monte Carlo particle 
dynamics code. The initital transients are due to the small number 
of ionized ions involved. As time proceeds and more particles are 
stripped, the calculation becomes smoother and more accurate. One 
finds an increase of about 30% in the ion temperature due to 
"proximity" heating, that is, heating caused by the ionization of a 
particle next to one which already charged (the Coulomb repulsion 
between the particles results in non-thermal ion velocities which 
contribute to a higher ion temperature when thermalized). This 
effect contributes to higher ion temperatures the higher the initial 
neon density and places additional limits on the maximum gain 
achievable in the scheme. 
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because Doppler broadening is important in determination of the small 
signal laser gain. Gain calculations in this chapter were done not 
including the effect, hence the corrected answers will be lower by 
about 15% (this does not include the oscillator strength correction 
which would shift the answers up by 10%—the overall accuracy of all 
of these estimates is limited by the calculation of the pumping spectra 
which may be in error by a factor of two; hence, 5% or 10% errors due 
to other effects are probably not important). 

We conclude the section with an example of a laser design 
intended to show some of what might be possible if some of the 
constraints imposed in the design procedure were relaxed. The 
benchmark design discussed earlier had a basic limitation that the 
suprathermal electrons created at the critical surface deposited 
energy causing heating of the back surface of the beryllium backing. 
Thermal emission from the inner wall caused 2p ionization from Ne I 
and destroyed the 2s-2p inversion in Ne II. Because of this effect 

the target does not behave well when irradiated at high intensities, 
14 2 which includes intensities significantly above 10 W/cm . Use of 

short wavelength radiation for pumping the flashlamp would certainly 
help matters, as the suprathermal electron temperature and flux 
would be reduced. We have not pursued the topic. As shorter 
wavelength laser drivers become available, the topic should be of 
much interest. 
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Another factor limiting the EUV laser gain is the risetime of 
the X-ray pumping radiation, which we have constrained because 90 
psec pulses are the shortest available on SHIVA. Other systems 
are not limited in this manner and so it is of interest to examine 
briefly the ramifications. We assume for this example that LiH is 
available for filter material, and that the flashlamp and filter is 
composed of a 275A of molybdenum and a 2.7u layer of LiH. We shall 
not be concerned with mechanical support in this example. The 
laser dimensions are assumed to be 400VJ x 150p x 4nm, which allows 
a larger fraction of the solid angle to be covered by flashlamp 
and filter material as seen by the laser medium than in the benchmark 
case considered in previous pages. The pumping pulse is assumed to 

have a Gaussian leading edge which rises with a 15 psec risetime to 
14 2 a peak value of 2.5 x 10 W/cm at 37.5 psec, and remains at that 

peak value for 100 psec. The peak photoionization rate for 2s electrons 
g _l 

reaches 4 x 1 0 sec per electron in the limit that the flashlamp 
and filter system are of infinite extent (this compares with the 
value of 8 x 10 sec" per electron from the 10 W/cm benchmark 
case of Figure 111-10). 

In this case the ionization proceeds further, and we have 
calculated the kinetics keeping levels up to and including the 
carbon isoelectronic sequence. In Figure 111-27 we show the fractional 
populations of the isoelectronic sequences, from which it is seen 
that the initial Ne I population is nearly depleted. The initial 
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Figure II1-27 Fractional Isoeiectronic Populations for LiH Target 
The calculation was carried out in much the same way as in the case 
of the benchmark target. LASNEX was used to calculate the flashlamp 
and filter system hydrodynamic and radiative properties. Time-, 
energy- and angle-dependent results were used to compute the spectra 
at the center of the target (400y x 150y cross section), fnd this 
spectra was used in the XRASER kinetics. The calculation included 
the 49 sublevels of the 6- to 10- electron (.-shell systems Th • 
initial neon density is 5 x 10''/cm3 and the electron temperature 
was kept constant at 5 keV. 
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neon density chosen here is 5 x 10 /cm . In Figure 111-28 we show 

the gain resulting on lines in the f luor ine- l i ke , oxygen-like and 

nitrogen-like sequences, computed neglecting proximity heating. The 

increase i i i ion temperature due to proxiiiiity heating w i l l probably 

cause a Jecrease in gain of a factor of between two and three from 

what is shown; however, the basic point of the example remains, 

narcely that much higher gain on the Ne I I l ines are possible in 

principle and that inversions seem l ike ly to occur in the iwt-e 

highly stripped ions i f suf f ic ient X-ray pump intensity can be 

supplied. 

217 



Time (sec) 

? 7 
Figure III-28a Gain on the Ne II si/2" 3/2 L l n e f o r t h e L l H T a r g e t 

One advantage of having a fast risetime of the X-ray pumping flux 
is that the neon density can be higher and the gain is correspondingly 
higher by virtue of a larger numerical inversion density. Although 
we have not included it here, proximity heating will cause significant 
ion heating leading to 1or. temperatures probably in the neighborhood 
of 0.1 eV. In the present case electron-ion coupling causes heating 
which is small compared to room temperature, and therefore the corrected 
peak value may be near 400 cm"'. 
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Time (sec) 

Figure III-28b Gain on the Ne III 2p 6 1S. -2sp 5 1 P 1 Transition at 23.47 eV 
This transition is pumped by the removal of two 2s electrons from 
Ne I, and the dominant route for this is through single electron 
photoionization. In this calculation lasing on the Ne II transitions 
is neglected. Its effect would have been to reduce the upper state 
2p 6 'So population as some of the Ne II 2sp 6 'Si< 2 population would 
have been stimulated to the lower Ne II level. The lower Ne III 
2sp 5 lp-| state decays radiatively to the ^Sn and T D 2 states (Ne III 
2s'p 4) which helps maintain an inversion. Radiation trapping of 
these transitions may be a factor on these transitions at late times 
and we have not included the effect. 
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Figure III-28c Gain on the Ne III 2sp 
32.69 eV 

5 l c rl •2sV \ Transition at 

This transition is pumped by the removal of a 2s and a 2p electron. 
The lower laser state does not radiatively decay further and hence 
this transition is self-terminating. The difference between the 
kinetics of the two interesting Ne III transitions can be viewed 
through comparison of this figure and the previous one. Collisional 
and radiative population of the lower state in the above case cuts 
off the gain earlier and more sharply. This transition is the 
highest energy 2s-2p line of the oxygen-like sequence and eighth 
highest energy line of all neon 2s-2p lines. The highest energy 
neon 2s-2p line is in the nitrogen sequence at 34.65 eV. 
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Time (sec) 

Figure III-28d Gain on the Ne IV 2p' 
20.45 eV 

5 2 4 2 P 3, 2-2sp Pj<2 Transition at 

Although lower in energy, this transition had the highest gain of 
the nitrogen-like lines in the calculation being discussed. The 
gain peaks later than in the case of the oxygen-like lines by about 
a dozen picoseconds, and later than the fluorine-like lines by two 
dozen picoseconds. The gain is calculated to be less than 20 cm"', 
and for this reason the line would be at best weak if the calculation 
at all modeled the experiment. The estimate of gain in the nitrogen
like sequence is likely to be underestimated due to the assumptions 
made about electron collisional stripping, and so the results shown 
above are not too accurate. Countering this is the neglect of 
proximity heating which will lower the gain from the computed 
value by a factor of about two. 
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IV. Resonantly-Pumped Photoexcitation Schemes 
The two previous chapters were concerned with a laser scheme 

involving photoionization as a pumping mechanism. The motivation 
for considering the laser originated from the possibility of 
achieving high gain and hence the development of a solid "proof of 
principle" experiment. One drawback of the approach is that it 
does not readily scale to higher energies. In this chapter we 
pursue an alternate approach in which photoexcitation serves as a 
pumping mechanism. Line radiation produced by a strong transition 
in a hot dense flashlamp plasma is used to resonantly excite an 
appropriate transition in a lasant ion. For example, in the case 

of helium-like ions, one might use resonant L-M transition radiation 
2 1 to pump the Is -ls3p P transition of the helium-like system, pinning 

the ls3p P population to a value consistent with the intensity of 
the incident radiation field. If the electron density is sufficiently 
great then the ls3s S and ls3d D levels will be populated through 
electron collisional deexcitation. If the ion temperature were in 
excess of 50 eV, then proton collisions would be effective; however, 
we shall find that the ion temperature remains quite low, being 
heated only to a few electron volts at most by proximity heating 
and electron-ion collisional coupling. An infrared laser might be 
tuned to the ls3p P-ls3d D transition energy to stimulate the 
transition, as will be discussed at the end of section E. If 
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further the plasma is optically thin enough on the Is -ls2p P 
transition for radiation trapping to be a small effect, then popula
tion inversions are established on the ls2p P-ls3s S and ls2p P-
ls3d D transitions. The scheme is illustrated in Figure IV-1 in the 
case cf helium-like neon. 

This approach can be used for systems other than the one described 
2 1 above. In section D we shall consider Is -ls4p P pumping in helium-like 

Ne IX, leading to 4-3 inversions near 55 eV (see Figure 1-4), in 
section E we examine the scheme described above, and in section F we 
present results concerning ls-3p pumping in hydrogenic Ne X. The 
one- and two-electron systems were selected here for their simplicity, 
and furthermore, the atomic physics involved is relatively well 
known (which is not the case, for example, in nickel-like systems). 

The use of resonant line pairs for pumping short wavelength 
lasers was suggested by Vinogradov et al (1975) who presented a 
rough quasistatic analysis of the inversion kinetics. The silicon-
aluminum resonance was considered as an example. The pump plasma 

22 -3 region was assumed to be near 900eV at an ion density of 5 x 10 cm . 
o The pumping field produced by the silicon Is -ls2p transition was 

described by a modal photon density of 0.4 which is what is estimated 
by balancing the collisional and radiative rates between the n=l and 
n=2 states under the above conditions. The resulting gain in the 
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Collisional de-excitation 
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1s2s 1S 

Photoexcitation 
X= 11.547 A 
AE 1073.7 eV 

Lasing transition 
T = 2.4 ps 
X = 81.9A 
AE = 151 eV 

7 = 0.11 ps 
X = 13.447 A 
AE - 922 eV 

1s 2 1S 
Figure IV-1. Resonant photoexcitation pumping of helium-like 

Ne IX. 
Line radiation at 11.547^ causes pumping of the ls'-ls3p 1p 
transition in helium-like neon. Once excited to the ls3p ̂ P 
state, an ion radiatively decays most of the time back down 
to the ls^ Is ground state, however, transfer to the ls3d 'D 
state can occur through either electron or ion collisions! 
de-excitation (the transition energy is 0.46 eV). Electron 
collisions can transfer the population between the states, 
although due to the high electron temperatures involved this 
process is accompanied by electron excitation of the M-shell 
electrons to the N-shell and higher shells, a process which is 
detrimental to the laser gain. If the ion temperature is high 
enough, ion collisions can cause the required excitation transfer 
without accompanying Rydberg excitation. The ls3d ^D state can 
be inverted with respect to the IsZp 'P state if radiation 
trapping does not inhibit the ls2p 'P decay. Similarly, the 
ls3s 's state can be inverted with respect to the ls2p 'P state, 
although the gain is less,due to the lower transition oscillator 
strength 
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aluminum plasma was estimated to be 2400 c m . In Norton and Peacock 
(1975) the pump field was taken to be 0.19 photons/mode leading to a 
gain near 100 cm" on the iielium-like C V 3 D - 2 l p line. In Apruzese et al 
(1978) the pump flux corresponds to 0.18 photons/mode and gains in excess 

3 -1 of 10 cm are calculated in aluminum. 
As may be expected the small signal gain is roughly linear in the 

strength of the pumping field. Part of the problem in designing a 
short wavelength laser system of this variety is to provide conditions 
in which large pumping fields are obtained. In the present case we 
are concerned with pulping fields which are smaller and perhaps lest 

described in units of 0.01 photons/mode. Some explanation of this 
may be in order, as the pump conditions assumed here are considerably 
different from those assumed in earlier works. In the above mentioned 
works the focus has been on pumping with helium-like resonance lines. 
As is discussed in section A, there are very few K-shell/K-shell 
resonances at low Z, the only precise one being the sodium-neon 
resonance. The silicon-aluminum and carbon-carbon resonances 
described ir. he above mentioned works are not precise and require 
either opacicy broadening or large bulk Doppler shift to cause 
radiation to spill sufficiently far out into the line wings to pump 
effectively. Bhagavatula (1980) has discussed a way to find more 
precise resonances using hydrogenic and helium-like 1-2 and 2-4 lines. 
In the present case we have examined L-shell/K-shell resonances and 
have discovered many precise resonances for which neither opacity 
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broadening or bulk Doppler shift are required to cause effective 
pumping. The conversion of infrared light to an L-shell pump line 
is less efficient than a K-shell pump line. The assumption in the 
current effort is that at present simply the development of the 
lasers is of more interest than the optimization of their efficiency, 
though this may be of interest later. 

In the present case we are interested in L-shell/K-shell resonances. 
Irradiation of a thin film flashlamp with a short pulse (90 psec) of 

14 2\ medium intensity (6 x 10 W/cm ) leads to pump radiation which may 
be near 0.01 photons/mode. Due to the lack of relevant experimental 
results and due to the difficulty in obtaining accurate theoretical 
estimates, we cannot say at present precisely how large the pump 
intensity produced will be. Some of the issues will be briefly 
described in section B. We have used a pump intensity of 0.015 
photons/mode for the calculations presented in the final three 
chapters. This intensity appears to be sufficient for pumping the 
55 eV laser; however, the 151 eV laser requires more like 0.025 
photons/mode (if an intense infrared laser were used to assist in 
the kinetics, the requirement would be slightly below 0.01 photons/ 
mode), and the 189 eV laser needs in excess of 0.03 photons/mode. 
These estimates are for reaching a gain of 50 cm in the optically 
thin limit, where such a large gain would result in 20 small signal 
gain lengths if the laser were 4 mm long (in agreement with the 
constraint imposed by the SHIVA optics). Our general approach to 

239 



the problem is to determine what pump intensity is required, and 
to explore some of the kinetics and target design issues involved 
assuming that 0.015 photons/mode is available. 

There is also the issue of the solid angle subtended by the 
flashlamp and filter system as seen by the laser medium. Norton 
and Peacock (1975) have a small geometrical factor due to the geometry 
selected. Vinogradov et al (1975) and Bhagavatula (1980) have 
pump radiation incident from one side and Apruzese et al (1978) 
are in cylindrical geometry with maximum angular coverage. In the 
present two dimensional geometry the angular factor is about 80% 
maximum (pump radiation comes from about 80% of the "sky" as seen 
by the laser region). 

Another assumption made in the papers discussed above has to 
do with collisions between the M-sublevels of the lasing ion. In 
the above works, the M shell was assumed to be statistically 
populated, and such can occur either through electron or ion collisions. 
Ion collisions are important when the ions are hot (>_ several dozen eV, 
but this will be discussed in section B). If the lasing material is 
initially a gas and if one works in the short pulse regime, the ions 
are heated neither by electron-ion collisions nor by nonisentropic 
shock heating (as can be arranged if the containing walls do not cave 

in on it) and remain cool (~leV). Electron collisions are important 
1 /2 at low electron temperatures (the rate coefficient varies as T" ); 

however, in the present case the suprathermal electrons are assumed to 
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dominate the electron kinetics resulting in a multi-kilovolt electron 
temperature. These conditions impose themselves given the 
basic target design philosophy used here. Such conditions lead to 
strong nonthermal populations of the M-sublevels of highly stripped 
hydrogenic and helium-like ions of Z near 10. These conditions are 
significantly different from situations which have been previously examined. 

In the case of 1-4 pumping schemes, one major limitation on the 
achievable small signal gain is that the pumping radiation is absorbed 
as it penetrates the laser medium. Hence for a given transverse 
dimension there is an upper limit on the lasant ion density (and 
therefore the small signal gain) before the Dump radiation fails to 
reach the interior of the laser region. In the case of 1-3 pumping 
schemes, radiation trapping of the 1-2 transitionlimitsthe maximum 
density and therefore the maximum gain achievable. In either case, the 
limitation would be significantly reduced if a velocity gradient 
could be set up to allow deeper pump penetration or to relieve the 
trapping. In the designs discussed here velocity gradients are 
set up through pressure gradients induced by non-uniform plasma 
stripping. For example, if the stripping of the lasant plasma is 
driven in part through x-ray photo-pumping then different regions 
will strip down faster or slower depending on the local photon field. 
If part of the plasma lies in a shadowed region then the striDping 
is slower and the local electron density is less. Since the dominant 
contribution to the pressure is due to hot electrons, especially if 
they are suprathermal electrons, strong pressure gradients are obtained 
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which can drive velocity gradients which are quite large as measured 
in ion thermal velocity units. This effect has not been described 
previously in the short wavelenrjth laser literature and appears to be 
quite useful in relieving trapping in laser designs of the type 
considered here. 

The 55 eV laser scheme appears to have the least stringent 
requirements. The pump intensity required is near 0.015 photons/ 
mode and the penetration length is about 25y. The velocity gradients 
required to allow near uniform penetration are relatively mild. 
For the 151 eV laser, the requirements both on the resonant pump 
intensity (0.025 photons/mode) and on the magnitude of the velocity 

2 1 gradients (the Is -ls2p P trapping length is 3y) are more stringent, 
and hence the laser design is more difficult. Optical stimulation 
of the ls3p P-ls3d D transition improves matters, and can lead to 
a pump intensity requirement of less than 0.01 photon/mode. The 
189 eV laser requires in excess of 0.03 photons/mode to reach the 
target gain of 50 cm , however, the requirements on the magnitude 
of the velocity gradients achieved are much reduced. 

In section A we discuss briefly some of the spectroscopic 
issues involved, including selection of resonant lines and flashlamp 
performance. Section B is devoted to some of the atomic physics 
issues relevant to the modeling. In section C we review the 
hydrodynamics and radiation transfer problems encountered in design 
simulation. In the final three chapters we examine briefly target 
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design issues in the case of the 55 eV laser (section D), the 
151 eV laser (section E) and the 189 eV laser (section F). In 
section D, we are concerned with two-dimensional target simulation 
as well as with the neon kinetics, and we explore the production 
of large velocity gradients. In the following sections, we use 
these results, and examine higher energy laser schemes assuming 
that a similar target configuration is used. 
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A. The Spectroscopy Problem 
In this section we are concerned with the availability of 

resonant line pairs appropriate for X-ray laspr schemes. Perusal 
of published line lists convinces one that there are few resonances 
between K-shell transitions of helium-like and hydrogen-like low Z 
systems, the exceptions being the pairs Na X Is -ls2p P (11.003A)/ 
Ne IX ls2-ls4p V (11.000A) and Si XIII ls2-ls2p (6.6481A)/A1 XII 
ls2-ls3p P (6.6350A) (Scofield (1975)). The sodium-neon resonance 
was reported by Vinogradov et al (1975) and represents a singular 
occurrence in the low Z K-shell spectra. The silicon-aluminum 
resonance is not so precise and the resonance defect must be made 
up either by broadening, Doppler shift or large number of "Dtical 
depths. The use of opacity broadened lines for resonant pumping 
was suggested by Norton and Peacock (1975). 

The sodium-neon resonance is likely to receive much attention 
in the coming years in the short-wavelength laser field due to the 
preciseness of the resonance and due to the systems involved. Pumping 

2 1 the Is -ls4p P transition in helium-like neon leads to 4-3 and 4-2 
inversions, the former occurring near 55 eV and the latter occurring 
near 205eV. 

Another approach to the problem of K-shell resonances is to use 
satellite lines arising from doubly excited states in resonant line 
excitation schemes (Norton and Peacock (1975)). This approach may provide 
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additional resonances of the K-shell variety although the details 
of a laser design using this approach have not yet been reported. 

Having examined the K-shell iransitions WP. next '•.urn to the 
problem of L-shell transitions. Figure IV-2 shows the tands over 
which the K-, L-, and M-shell series are found, from which it is 
seen that there is a window of perhaps five ions in Z-space which 
might have an L-shell resonance with a line in a candidate lasing 
ion which is to be pumped. As an example we consider the situation 
of spectra in the vicinity of the helium-like K-shell lines of neon as shown 

in Figure IV-3. Examination of the figure shows ti-at copper (Z=29) 
2 1 and zinc (Z=30) have no lines in the neighborhood of the Is -ls2p P 

o 

transition in neon at 13.447A, ind hence might be expected to be 
good candidates for flashlamp material if lines could be found at 
the Is 2 V l s S p ]P wavelength (11.547A). As the ls2p ]P state is the 

2 1 lower laser state, no good can come by resonantly pumping the Is S-
ls2p P transition. Unfortunately, no lines are reported in copper 
and zinc at 11.5478. In the case of zinc the Ne-like ?s 2p 6-2s 2p 53s 
transitions are nearby, however, no resonance is observed. In the case 
of copper, the line of interest falls between the Ne-like 2p-3d lines, 
and below the 2p-3s lines of the fluorine sequence. It would appear 
that nickel would be a likely candidate as the 2p-3d arrays of the 
oxygen-like ion fall in the vicinity of the 11.547^ lines. Recent 
spectroscopic work reported by Gordon et al (1980) has turned up a 

o o 
line at 11.539A, although no lines appear to be at 11.547A. 
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- H e - Irke1s3-1s2p 

Figure IV-2. Line positions of the K-
of the ions. 

i - and M-shell 1ines 

Examination of the figure shows that one reason for the 
relative lack of K-shell resonances is the narrow band in 
which the K-shell transition lie. Resonances can only occur 
between ions of neighboring charge at low Z. The L-shell 
spectrum is much richer and there are usually several systems 
which have lines in the vicinity of one which is to be 
pumped. 
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26 27 28 29 30 
Z 

Figure IV-3. Spectra in the vicinity of the helium-like 
neon K-shell lines. 

The illustration consists of the spectra of the elements 
between and including iron (Z=26) and zinc (Z=30) with some 
of the important arrays indicated. Not all lines have been 
included, rather the lines which had been reported as of 
late 1978 were used in construction of the spectra. The 
horizontal lines at 13.447A, 11.547A and ll.OOOA mark the 
positions of the Is2-ls2p !p, ls2-ls3p 1p and Is2-ls4p !p 
lints of helium-like neon. Of interest in the selection of 
a pumping element for Ne IX is that a line be found resonant 
with the lsz-ls3p 'P line at 11.5478 and that no strong lines 
be found resonant with the ls2-ls2p lp line at 13.447$. From 
the figure, one sees that use of Z=20 or Z=30 ensures the 
latter condition, however there are no strong lines found 
at 11.547ft in these elements. The situation for Z=26, 27 and 
28 is discussed in the text. 
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Other candidate radiator ions include 
iron and cobalt. In iron the spectrum near 11.547A begins to thin 
out as the boron sequence appears to be in the vicinity, however, a 

o 
line is reported near 13.447A, implying that pumping could occur on 

2 1 1 the Is S-ls2p P line in neon. For reasons to be discussed shortly, 
it would appear that cobalt would make the best radiator material for 
helium-like neon if a strong line is found within a few mi Hi-angstroms 
of 11.547A. 

A similar analysis for fluorine yields a resonance with a fluorine
like iron line. The positions of the different spectra are show in 
Figure IV-4. The spectra of chromium (Z=24) and manganese (Z=25) have 
not been reported in sufficient detail to determine whether good 
resonances exist. Examination of the spectra in the vicinity of the 
K-shell resonances of low Z H-like and He-like ions yields the 
resonances given in Table IV-1. 

Before leaving the discussion of resonances, the question of 
resonances in higher isoelectronic sequences should be brought up. 
For example, why should the search for resonant lines be halted at the 
neon sequence, why, for example, could not nickel-like ions do just as 
well? At present in the field of spectroscopy the L-shell is being 
analyzed in the wavelength range of interest. Exploratory analyses of 
the simpler M-shell systems have been reported, and the N-shell appears 
virtually unknown. It may be that the M-shell will provide good 
resonances; however, much work remains to be done in ;.his area. 
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Figure IV-4. Spectra in the v ic in i ty of the helium-like 
fluorine K-shell l ines. 

.2 lr lr lr ? i 
The Is -ls2p P, Is -ls3p P and Is -ls4p P lines are0indicated 
by the horizontal lines at 16.807A, 14.458A and 13.782A, 
respectively. No lines have been reported in cobalt (Z=27) 
at 14.458A\ however, the fluorine-like 2p5-Zp43d array of iron 
contains a weak line at 14.456A. It seems likely that the 
nitrogen sequence of manganese (Z=25) will have a resonant 
line near 14.458A, however, the spectrj has not yet been 
reported in sufficient detail to know which lines are close. 
The spectra near the boron-like chromium arrays similarly is 
not yet known well enough to determine which if any lines 
occur at 14.458A. 
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Table IV-la Resonances with He-like ls2-ls5p'P Lines 

Lasant Line Pumping Ion and Line \W_ JI^L Reference 
CV 34.972 
N VI 24.900 F-like Ti 2s 2p 5 2 P 3 / 

/ 2 
-2sV( 2P)3s 2 P 3 , 

/ 2 
24.907 0.16 Bromage (19773 

F-like Sc 2s 2p s 2P, , 
/ 2 

•2s2p"(lD)3d 2Si, 
/ 2 

24.899 0.58 Feldman (1973] 
N-like Ca 2s 2p 3 2Pi , 

/ 2 
-2s 2p 2( 3P)3d 2 D 3 / 

/ 2 
24.900 0.99 Feldman (1973) 

B-like K 2sp' 2 B 5 / 

/2 
-2sp(3P)3d 2 F 7 / 

/ 2 
24.889 4.30 Fawcett (1975) 

0 VII 18.628 O-like V 2s2p" 'D 2 -2s 2p 3 C2D)3d l D 2 18.630 0.60 Fawcett (1975) 
C-like Ti 2s 2p 2 'So -2s2p 3d 'Pj 18.623 1.20 Bromage UlJ77) 
Li-like A 2p 2 P 3 / 

/ 2 
-4d 2 D 5 / 

/ 2 
18.631 0.54 Edlen (1979) 

F VIII 14.458 F-like Fe 2s 2p 5 2P, , 
/ 2 
-2sV( ln) 2 s 1 / z 14.456 0.17 Boiko (1978) 

Ne IX 11.547 O-like Ni 2s2p'* 3 P 2 -2s2p3("S)3d 3 D 3 11.539 1.25 Gordon (1980) 
Li-like Mn 2s % , 

/ 2 
- 3 P

 2 P 3 / 2 11.554 0.49 Edlen (1979) 



Table IV-lb Resonances with H-like ls-3p Lines 

Lasant Lines Pumping Ion and Line 

C VI 28.465 
28.466 

N VII 20.909 
20.911 

Li- l ike K 2s 2 S W -3p 2 P 3 , 
11 / 2 

0 VIII 16.006 
16.007 

B-like V 2sp 2 2 D y -2sp ( 3P)3d 2 F 5 

F IX 12.643 
12.645 

Ne-like Ni 2 s 2 p 6 1 S 0 - 2 s 2 p 5 C 2 P ! / )3: 
/ 2 

A (A) gf Reference 

Be-like Mn 2p2 'D2-2p3d 'F3 

Li-like Cr 2s 2Si, -3p 2P, , 
/ 2 /2 

Ne X 10.239 F-like Ga 2 s V 2Pi/ -2s2p"(1D)3s2D; 
10.240 '2 /* 

F-like Zn 2s 2p 5 2 P 3 / -2s2p"(3P)3d 2 D 5 , 
/2 I 1 

20.896 0.24 Edlen (1979) 

16.007 0.8 Fawcett (1974) 

12.654 0.83 Boiko (1978) 

12.643 4.60 Boiko (1977) 

12.656 0.25 Edlen (1979) 

10.239 0.15 Hutcheon (1979) 

10.245 1.33 Hutcheon (1979) 



TABLE IV-lc Resonances With He-like Is^-ls^p 'p Lines 

Lasant Line Pumping Ion and Line 

C V 33.426 

N N VI 23.771 0-like Sc 2s 2p 4 3P, - 2s 2p 3 3d 3D„ 

O VII 17.768 

F VII I 13.782 Be-like Cr 2p2 3 P ? - 2p3d 3 D, 

Ne-like Ni 2s 2? 1 hQ - 2s 2 p 5 ( 2 P 1 / 2 )3s 1 P ] 

Ne IX 11.000 F-like Cu 2s 2p 5 2P, . , - 2s 2p 4( 1D)3d 2P. .„ 
? ">. 9 ' 9 9 7 o ' / t 

N-like Ni 2 s V \ / 7 - 2 s V ( P)3d % . , 
He-like Na ls^ ' s Q - ls2p l P 1 

hW. <Lt Reference 

23.73 0.50 Fawcett (1975) 

13.779 3.42 Spector (1980) 
13.779 0.05 Gordon (1980) 

11.002 1.45 Gordon (1980) 
11.000 0.97 Fawcett (1975) 
11.003 0.72 Scofield (1975) 



In the reference section we have provided a short bibliography 
from which the line resonances were taken. We refer the reader 
to these for discussions regarding line measurements, accuracy and 
spectroscopic techniques. It should be noted that the literature has 
thus far been concerned with line positions and sometimes relative in
tensities, and absolute intensity information which is of interest here 
is not a quantity which is usually measured. This leads us to the 
next issue in our investigation, namely the line radiation intensity 
produced on the pumping lines. 

If one pumps a laser target using SHIVA and employs 20 beams 
each with a peak power of one terawatt, illuminating upper and lower 
rectangular flashlamp regions with dimensions 4mm by 400p, then the 

14 2 peak intensity at the flashlamp is about 6 x 10 W/cm . The optics 
on SHIVA do not allow pumping for a length greater than 4mm (K. Maies -
private communication (1980)), and there are no cylindrical lenses 
available for line focusing. Target irradiation would occur through 
placement of ten circular illumination spots arranged with edges 
touching or slightly overlapping on each flashlamp and filter system. 
The shortest laser pulse available is 90 psec FWHM (P. M. Campbell -
private communication (1980)) and there are currently no plans to 
provide shorter pulses during the remaining life of SHIVA. Shorter 
pulses or simply faster risetimes permits the flashlamp material 
to radiate with a higher modal photon density on a pumping line by 
virtue of a higher ion density, and would aid the target operation. 
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As the available parameter range is fairly narrowly defined, we 
next turn to the target itself. Perusal of Table IV-1 shows that 
most of the pump materials lie between Z=20 and 1-30 and we choose 
Z=30 (zinc) for the example discussed here. A reasonable flashlamp 

o o 
thickness given the pulse characteristics is 500A-1000A; however, 
such a film would have minimal mechanical strength when faced with 

-5 a few dozen torr of laser gas on one side and 10 torr vacuum of 
the target chamber on the other side. For mechanical strength we 
use parylene, the thickness being constrained by the requirement 
that the absorption near the pumping line not be too great. The 
resulting flashlamp and filter system is shown in Figure IV-5. 

We have calculated the behavior of the target assuming irradiation 
14 2 by a 90 psec pulse with peak intensity of 6 x 10 W/cm using 

LASNEX. The resulting temperature and density profiles are illustrated 
in Figure IV-6 at a time a few picoseconds after the peak of the 
pumpinj pulse. Initially the target was positioned to the right of 
the origin and the densities of the parylene and zinc were assumed 

3 to be 0.85 and 7.14 gm/cm , respectively. The zinc is observed to 
have blown down a factor of about 30 from its initial solid density. 
There exists a substantial density and temperature gradient across the 
flashlamp and one notes that the inner part of the flashlamp is coolest 
which is an unfavorable condition as far as line pumping is concerned. 
The boundary between the parylene and the zinc is marked by the density 
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Figure IV-5 Flashlamp and Filter System for the Line Pumping Schemes 
Zinc has a resonance with hydrogenic neon and was therefore chosen as 
flashlamp material for this target. Parylene is present as a mechanical 
aid as a thin zinc film would not by itself stand up against the 
differential pressures which will be applied. Although the analysis 
here is focused on zinc, the results apply approximately to neighboring 
Z. The target is to be irradiated with a 90ps FWHM pulse of peak 
intensity 6 x 1014 w/cm'. The thickness of 1000A is a reasonable 
choice based on simulation results which show that there are 
probably fluorine-like ions present through most of the pulse. If 
the zinc film were thinner then the flashlamp would burn out too 
quickly, and if it were thicker then the heating would take longer. 
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Distance (u) 

Figure IV-6 Temperature and Density Profiles lOpsec After the Pumping 
Pulse Maximum 

The density of the zinc region is at best about 30 times below its 
initial solid density value (7.14 gm/cm 3), and the electron temperature 
varies between 150eV and a bit over 200eV where the densest part of 
the flashlamp is. The discontinuity in density near -1.7y marks 
the parylene-zinc fluid interface, and arises since the pressure is 
continuous across the boundary. Within the following tens of picoseconds 
the flashlamp region warms up and blows down to the point where one 
no longer would expect to find fluorine-like ions. The operation of 
the flashlamp and filter system is a transient affair even as measured 
on the timescales of the pumping pulse width. 
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jump near -1.7 p. The temperature and density profiles vary in time 
and within a few tens of picoseconds the zinc will find itself well 
above 200 eV, and at monotonically decreasing densities. 

We now turn to a brief discussion of the problem of pump line 
output from laser-irradiated flashlamp systems. The problem is 
difficult, and we have not yet completed enough of the solution 
in the case of the pump lines of interest here to determine 
conditions under which the requisite pump intensity can be produced. 
This aspect of the analysis is at present the weakest part of the 
design procedure. We have devoted much effort to this problem, 
and have carried out both LTE and crude non-LTE calculations of 
pump line emission (using the temperature and density profiles 
calculated by LASNEX, with kinetics and line transport done by 
XRASER). The problem in the present case is not accurately 
described by an LTE calculation, and an accurate determination of 
the emission intensity requires more elaborate kinetics models than 
those we have so far employed. 

Given that the theoretical description used so far is not 
satisfactory, we may still discuss some of the relevant issues 
involved. In the final sections of the chapter, when we study the 
inversion kinetics in the cases of helium-like and hydrogen-like 
neon, we shall assume that the pump intensity is 0.015 photons/mode. 
This pump intensity is probably sufficient for pumping the 55 eV 
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laser; however, for the 151 eV laser, 0.025 photons/mode will be a 
minimum assuming that the velocity gradients produced are strong 
enough to relieve the radiation trapping problems which occur. If 
an infrared laser can assist in the kinetics, the pump requirement 
can drop by threefold. In the case of the 189 eV laser, the small 
signal gain is anemic at 0.015 photons/mode, and it *-, likely that 
in excess of 0.003 photons/mode will be necessary to reach our goal 
of 50 cm" . This goal for the small signal gain is based on the 
constraint that the laser length not exceed 4 mm, and were this 
constraint to be relaxed, the corresponding pump intensity 
requirement would be reduced (the reduction is approximately 
linear in inverse laser length). 

In Figure IV-7 we show the modal photon densities which pump 
lines resonant with the hydrogen-like and helium-like neon K-shell 
lines considered in the following sections would have if they were 
in equilibrium at electron temperatures between 200 eV and 300 eV. 

o 
In the case of a pump line at 11.547 A (resonant with the Ne IX 

9 1 Is" - ls3p P line), 0.015 photons/mode would be produced by 
optically thick matter at 255 eV. If the temperature of the matter 
were less by only 10%, the resulting drop in photon intensity would 
be 40%. In the low temperature regime which we are considering, the 
equilibrium photon intensity is a strong function of of the 
electron temperature. These arguments are not meant to imply that 
the flashlamp is in equilibrium for our problem (as it is not); 
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ls2-ls4p V 
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/2~ 3 p3/2 

Electron Temperature (eV) 

Figure IV-7 Modal Photon Densities of Pump Lines in Equilibrium as a 
Function of Electron Temperature 

In the two limits of high electron density (sufficiently high to 
establish equilibrium between the upper and lower levels of the 
pump transition) and 'arge optical depth (sufficiently large to 
provide a radiation field at the pump frequency whose temperature 
is the same as the emitting matter), a resonant pump line would 
produce l/(exp(AE/kT)-l) photons/mode, where AE is the line energy 
and T is the electron temperature involved. We show above this 
function for pump lines resonant with three K-shell transitions 
in helium-like and hydrogenic neon. The equilibrium radiation 
field is observed to be a strong function of temperature in the 
interval shown, and that to achieve 0.015 photons/mode, temperatures 
of between 250 eV and 300 eV are required. 
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rather, that if the matter were in equilibrium, the requisite 
temperatures must be above 250 eV. For a non-equilibrium plasma 
the matter must be hotter in order to produce the same pump 
intensity. 

Examination of the temperature and density profiles of the 
flashlamp (see Figure IV-6) reveals that the dense part of the 
flashlamp region is under 200 eV. At lower flashlamp densities 
(to the right of the dense region, which is to say, closer to the 
critical surface where laser absorption occurs), the electron 
temperature is higher. In the next few tens of picoseconds the 
deise region of the flashlamp becomes narrower as more of the zinc 
ablates outward, and the electron temperature rises. Ultimately, 
all of the flashlamp material ablates and there remains no dense 
region. The result is that for most of the problem there are regions 
where the electron temperature is sufficiently high that if a pump 
line were in equilibrium and optically thick, the requisite pump 
intensity could be produced. The problem is to get the flashlamp at 
both high density and high temperature at the same time, with the 
hope that the high density will bring about relative equilibrium 
between the pump levels. 

There is another issue involved which is equally important. 
Simply having high temperature and high density does not assure one 
of obtaining strong pump radiation, even if the line is very 
strong (as measured by its oscillator strength). The ionization 
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balance of the different isoelectronic sequences is a major factor 
in the calculation, and that if there are strong temperature and 
density gradients present, the isoelectronic sequence of the pump 
line will occur over a relatively narrow parameter (and hence spatial) 
range. We have calculated pump line output under various assumptions, 
with the result that the isoelectronic sequence of a pump line is 
perhaps most important in determining how intense the pump radiation 
produced can be. The calculations were not of high accuracy; however, 
the results tended to suggest that pump lines of the neon-like 
sequence could produce about 0.003 photons/mode, that those of the 
fluorine-like sequence could produce O.O05-O.OO6 photons/mode and 
that those of the oxygen-like sequence could reach 0.01 photons/mode. 
The trend is toward lines of the more highly stripped sequences, 
given that one wants to maximize the modal photon density. The 
numbers quoted above are very approximate and depend on models and 
assumptions which require further examination. The accurate 
calculation of the non-LTE lTne emission in the more complex sequences 
is non-trivial, and unfortunately it is this problem which must be 
faced to solve the rather crucial problem of resonant pump intensity 
in target design (namely, whether there is enough resonant pump 
intensity given a target and infrared laser pump pulse). The 
calculation necessary appears to involve many levels (in excess of 
100 for the L-shell and H-shell states of the sequences of interest), 
and although we have made some progress towards carrying out the 
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relevant modeling, we are not in a position to present results here. 
14 2 It is likely that 6 x 10 W/cm is sufficient to achieve in excess 

of 0.01 photons/mode on some L-M lines of the oxygen-like and more 
highly ionized sequences, and probably represents a not unreasonable 
(and perhaps low) choice for incident laser intensity. He expect 
future work to shed further light on th^s problem. 

The choice of neon as laser material was made for the analysis 
of this chapter as it represents what may be the high end of what 
seems reasonable to expect from this approach given present SHIVA 
capabilities and constraints. The major problem which limits the 
laser transition energy attainable is the production of sufficiently 
bright pump radiation (as measured in units of per cent modal photon 
densities). As discussed above, the use of pump lines in the more 
highly stripped sequences can lead to brighter pump radiation, given 
that the pump levels are in relative equilibrium. The relative degree 
of equilibrium to non-equilibrium is determined mostly by the ratio 

— -3 of the electron collisional excitation rate (which scales as Z , where 
Z is the effective charge of the pump ion) and the radiative decay 
rate (which scales as Z for strong resonance transitions). The 
condition for the establishment of relative equilibrium scales then 
as 1 , where the electron density is kept constant and the electron 
temperature is scaled as Z . The ramifications of this for the 
present scheme is that the line pumping schemes involving lower 
energy pump lines wi 1! have much less severe pump laser constraints, 
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and that the constraints will be determined from an examination of the 
density achieved at the requisite electron temperature (to see if it 
is sufficient to establish approximate relative equilibrium between 
the pump levels). As matter tends to blow apart the more intensely 
it is irradiated, the production of hot and dense emitting regions 
becomes more difficult at higher laser intensities. Also, at the 
higher laser intensities, the temperature and density gradients 
become sharper, hence it becomes more difficult to have pump lines 
be optically thick. 

The limitation of the present approach is due to the inability 
of laser irradiated flashlamps to produce bright pump radiation at 
high pump line energies. This limitation will be quantified more 
precisely in future work, and estimates we have made (though have 
not presented here) suggest that pump lines for hydrogenic and 
helium-like neon are close to the limit. For line pumping schemes 
involving higher energy pump lines, other schemes will be necessary 
to obtain bright pump radiation. Our interest has been directed 
here towards schemes involving direct near equilibrium pumping as 
the designs and experiments resulting are likely to be simpler than 
if, for example, radiation trapping were used to supply strong pump 
radiation. 
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B. Atomic Physics Parameters 
Much work has been done on the development on non-LTE models 

describing plasma popluation kinetics. Early analyses of 
recombination in hydrogenic plasmas were published by Bates et al 
(1962) and HcWhirter (1963), where the motivation was provided by 
astrophysics problems of interest at the time. The collisional 
rate coefficient used were prescriptions based on the scant 
theoretical and experimental results available. Since then the 
field has advanced considerably due to laboratory plasma experi
ments and astrophysical observations and due to the rapid 
development of theoretical and numerical expertise. In the 
bibliography at the chapter's end some of the relevant work has 
been referenced. 

The kinetics model of interest here includes 82 levels 
running from neutral neon to the bare ion (see Table IV-2). The 
model is most detailed in the Li-like, He-like, and H-like 
sequences as is required for modeling the inversion kinetics. The 
energy levels were drawn from several sources: Erikson (1977) 
gives the hydrogenic energy levels and the uncertainties in the 
calculations for all Z. Accad et al (1971) have solved the two 
electron problems for S and P states of low Z ions, and Scofield 
(1975) has given accurate energy levels up to Z=54. Brown (1969) 
and Laughlin (1973) give results for D and F states. The energies 
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Table IV-2 Neon Levels Included Expl ic i t ly in Present Calculations 

Ne-like 

F-like 

0-1 ike 

K N-like 

C-like 

2e u 

IV 

29? 

B-like 

2JI53I> 

2H 5 4E 

2nJ 

2j>43t 
2« 44* 
2a 45« 

2i.hu 
2JL 3 4I 

Zihn 

Be-like 

L i - l ike 

2i° 
Zihl 
2 l 2 4 i 
2£ 25« 
Zn 26l 
2d27jt 

2 » ' 
2«.3z 

29.U 

215s, 

28,68, 

28,7s, 

2s 

2p 

2p 

3s 

1/2 

1/2 

3/2 

1/2 
3 p l / 2 
3 p 3 / 2 

He-like 

3/2 
5/2 
1/2 
1/2 
3/2 
3/2 
5/2 
5/2 
7/2 

3d 
3d 
4s 
4p 
4p 
4d 
4d 
4f, 
4 f 
5* 
Si 
7l 

l s 2 1 L 

ls2s 

ls2p 

ls3s 

ls3p 

ls3d 

ls4r 

ls4p 

ls4d 

l s4 f 

ls5i> 'L 
ls6s. \ 
ls7n \ 
ls2s h 
ls2p 3 p 

ls3s 3S 
ls3p 3P 
ls3d 3D 
ls4s 3S 
ls4p 3P 
ls4d 3D 
ls4f 
ls5n 

3 F 
3 L 

ls6n 3L 
ls7» 3L 

H-like Is 
2s 

1/2 
1/2 
1/2 
1/2 
1/2 
3/2 
3/2 
5/2 

4d 
4d 

4f 
51 

6S, 
11 

1/2 
1/2 
^7/2 
3/2 
5/2 
5/2 
7/2 
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of Li-like ions are available from experiment and from 
calculations; results are given by Onello (1975), Martin and Wiese 
(1976). 

Oscillator strengths for radiative transitions are known 
analytically for hydrogenic ions (see Bethe and Saltpeter (1957)), 
and high accuracy results exist for the Li-like and He-like 
sequences; for example, Schiff et al (1971) give f values between 
S and P states. Other sources are listed in the references. 

Electron collisional excitation of the hydrogenic sequence is 
an old problem which is still under active investigation. Some of 
the recent Coulomb-Born distorted wave and close coupling results 
have been listed in the references. The close coupling approxi
mation involves the solution of what are sometimes termed the 
continuum Hartree Fock equations, and in the limit of an infinite 
number of states included in the 2-electron wavefunction expansion 
the result should become exact. The close coupling results should 
be the most accurate. The distorted wave approximation is simply 
a Born approximation using continuum wavefunctions which see the 
nuclear potential screened by the atomic electrons. The Cculomb-
Born approximation is the Born approximation using Coulomb 
functions. The distorted wave approximation is oftentimes more 
accurate than the Coulomb-Born approximation. The last two 
methods are the workhorses of the field as they are relatively 
inexpensive to carry out and are often sufficiently accurate for 
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most purposes. Close coupling results are expensive as the 
computation involved is increased relative to the Born approxi
mations and are not generally available. These approximations, as 
well as others, are discussed in much more detail in the review 
papers given in the references. 

In the hydrogenic model under consideration we are interested 
in the collisional rate coefficients in j-j coupling. Electron 
collisional excitation from s states calculated in LS coupling can 
be adapted to j-j coupling trivially through multiplication by the 
appropriate statistical factor (the collisional cross sections are 
proportional to the statistical weight of the final state in this 
case as discussed in Burgess et al (1970)). Excitation from p and 
d states is not as simple and results do not appear in the litera
ture for transitions other than the 2p, .„ - 2p,, ? (Burgess et al 
1970)). The reason for this may be that for low Z systems under 
most conditions the LS description is adequate. In the present 
case there are two effects which can lead to selective population 
of the j sublevels. For example, the resonant photoexcitation 
process can pump a Is, ,„ - 3p. ,„ transition more strongly than a 
Is, ,- - 3p,, ? transition if the pumping line is narrow. The 
second effect is the ion collisional coupling which favors transi
tions between states of the same principal quantum number and the 
same j. 

The j-j collisional cross sections were computed for neon in 
the Coulomb-Born approximation using a computer code written by 
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the author. The numerical techniques for the most part are 
standard and are described in the papers listed in the "numerical 
methods" spction of the references. The mesh chosen for the 
integrations is of the form x = ar + 31nr, where r is the radial 
coordinate and u and B are constants chosen to optimize the 
accuracy of the integration. The Noumerov method was used for 
calculation of the free wave functions. The normalization of the 
continuum wave functions was carried out through analytic 
evaluation of the WKB expansion (a series solution in 1/r was 
assumed and the coefficient computed automatically). Belling's 
method (see Belling (1969)) for calculating the asymptotic contri
bution for large radius to the "direct" integral results in a 
divergent series and was found to fail in some of the cases of 
interest. The algorithm was replaced by an alternate and slower 
method involving quadrature on a logarithmic mesh appropriate for 
oscillatory functions. The transformation matrix for converting 
the LS matrix elements to j-j matrix elements was computed using 
the simplified formulae quoted in Sobel'ii.an (1972). The k-matrix 
elements were found for the most part to be much less than unity, 
and as the matrix inversions required for the CBO II approximation 
promised to be costly in terms of human time and computer time, it 
was replaced by a kludge which ensured that deviations from 
unitarity would be small. Matrix elements for large values of the 
total angular momentum were computed until they approached the 
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analytical results for the Coulomb-Bethe approximation in the 
dipole case and a corrected Born approximation for the higher 
nwltipoles (see Alder et al (1956) and Burgess et al (1970)). The 
numerical aspects of the code were checked through comparison with 
earlier published results and the agreement in the case of the 
H-like Coulomb-Born Oppenheimer I results was to all figures. The 
distorted wave approximation was examined and in the approximation 
used the improvement in the results were small. The primary 
effect that was missing was exchange in the computation of the 
free wave functions. The comparison of the results obtained for 
ls-2s and ls-2p excitation showed 10 percent agreement with the 
more accurate close coupling and DWPO results, which is similar to 
analyses reported previously (see BaH.'ja and McDowell (1977) and 
Hayes and Seaton (1977)). 

In the case of the helium-like ions there are results for 
many of the transitions of interest available, including some 
Coulomb-Born calculations in intermediate coupling (Sampson et al 
(1978)) and distorted wave results (Bhacia and Tempkin (1977)). 
In the present model we have used the accurate results where 
available and in the cases where no results have been given 
(primarily the M and N shells) the cross sections were computed in 
a distorted wave approximation, using single configuration Hartree 
Fock wave functions. The situation is similar in the case of the 
lithium-like ions. 
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For these three sequences (H-like, He-like and Li-like) the 
n-n dipole allowed cross sections were calculated using the classical 
path approximation (see the references in the classical path model 
section of the references). The model and calculations are similar 
to what was discussed in Chapter II. In Figure IV-8 are shown results 
for electron collisional excitation of the helium-like Ne IX singlet 
levels. The cross sections are observed to be monotonically decreasing 
in energy with approximate log(E)/E behavior, where E is tne incident 
electron energy. The rate coefficients peak at low electron 

-1/2 temperature and decrease asymptotically roughly as T where T 
is the electron temperature. As a practical matter, this behavior 
makes it hard to drive population from the ls3p P state to the 1s3d D 
state (as is required to achieve high gain) if the electron temperature 
becomes very hot. For example, if the suprathermal electrons displace 
the thermal electrons, the resulting electron temperature can be 
several keV, in which case the n-n electron collision excitations 
rates are small. 

In the case of the hydrogenic ion the coupling of the 3p, . 
state to the 3d.,,, and 3d,-,2 states is of interest in the 3-2 line 
pumping schemes. The 3 p 3 / 2 state is very nearly degenerate with 
the 3 d 3 / 2 state (AE=2.28 x 10" 4 eV), while the 3 p 3 / 2 state is 
relatively distinct from the 3 d 5 / 2 state (AE=4.46 x 10 eV). One 
might naively expect that with such a small energy difference, the 
electron collisional coupling between the 3p,,,, and 3d,, 2 states 
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Electron Energy (eV) Electron Temperature (eV) 

Figure IV-8. Electron collisional excitation cross sections 
of the n-n transitions of the sinalet states 
in Ne IX. 

The cross sections for the ls2s ^-lsZp V , ls3s 1S-ls3p V 
and ls3d ^-lsSp lp transitions were calculated in the classical 
path approximation as discussed in Chapter II. The cross 
sections are found to be quite large at low energies and 
decrease monotonically with increasing electron energy 
(asymptotically they fall proportion to MiE/E). The rate 
coefficients were obtained by integrating the cross sections 
over Maxwellians at different electron temperatures. Notable 
about these rate coefficients are that thi.-y decrease rapidly 
with increasing electron temperature. Hotter electrons couple 
the states if the same principle quantum number much less 
effectively than slow electrons. If suprathermal electrons 
dominate the electron distribution or heat the thermal electrons 
significantly, the electron collisional coupling between the 
M-shell states can be decreased dramatically. 
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might be favored. Calculations do not confirm this, rather the 
3P,., to 3dg,o cross section is larger by a factor of n°ar 9, which 
is the ratio of the transition strengths involved. For electron 
collisions the energy difference between nearly degenerate levels does 
not play a large role, and the reasons for thi-. have to do with a 
relatively weak unperturbed dependence as well as contributions 
from the cutoffs imposed by Debye screening and from the finite 
duration of the collisions (radiative decay and collisional de-excitation 
processes are dominantly responsible for the latter effect). 

Ions can cause n-n dipole allowed transitions, and these are 
potentially very important for the 3-2 line pumping schemes. Ion 
collisions were computed for many of the transitions using the 
classical path approximation, and the general behavior is that the 
cross sections are quite small at low energies (due to Coulomb 
repulsion) and becomes finite when the time in which the perturbing 
passes close enough to the target ion to cause a transition approaches 
the inverse frequency of the transition involved. As a practical 
matter, the ion temperature must be above 50 eV to allow protons to 
help drive the li3p P-ls3d D transition in helium-like neon. The 
situation is better for the 3p., ,2-3d,-,? transition in the hydrogenic 
ion since the energy mismatch is smaller by a factor of 10. The 
case for 3p 3/ 2-3d 3, 2 transitions would be expected to be even better 
because of the relatively negligible energy difference involved. In 
the low temperature design approach discussed later in the chapter, 
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the existence of the 3p, / 2-3d,, ? degeneracy is extremely important 
in terms of the inversion kinetics since the ion temperature is so 
low (in the neighborhood of a few electron volts). The calculation 
of the 3p 3/2-3d 3,2 ion collisional crors section through use of the 
classical path model yields very odd results, namely, that the 
probability for a transition is negligibly small for energies below 
a certain value, and above that value the transition probability 
becomes enormous and must be limited by the unitarity constraint. 
The impact parameter integration (following the standard recipe) goes 
out to the relevant cutoff, which in our case always turned out to 
be the Debye radius. Typically the cross section would be near zero 
for low energies and then jump to a large constant value (TT/2 times 
the sequare of the Debye radius) for ail energies above a threshold 
energy. The problem is that the classical path model is a binary 

collision -.nodel, and in the case of a cold (near 1 eV) highly stripped 
18 3 neon plasma at several times 10 /cm , th' ion positions are strongly 

correlated. Neighboring ions occur closer to one another than would 
be allowed by their kinetic energies if +' jy were isolated. The ions 
are n, :ch like molecules in a fluid, and there are associated fluid 
phenomena; for example, phonon waves- If the transition energy is 
sufficiently high that only ions coming much closer than a lattice 
spacing causes a collision, then the binary model may give reasonable 

results. Such is not the case for the 3p 3/2 - 3 c*3/2 transition. 
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In the situation described above, the 3p,,o-3d 3, 2 states are 
strongly mixed by local quasistatic ion microfields. Dynamic effects 
also appear to be important; namely, phonon collisions. For example, 
if a hydrogenic neon ion were pumped to the 3p,,, state, some of the 
time it would make a transition to the 3d,,, state as the local 
lattice might be undergoing a phase of a vibration wherein a neighboring 
ion is very close and moving. Such vibrations occur on a 
picosecond timescale. Stark splitting of the m-sublevels occurs; 

however, the splitting involved is within the linewidths of the 2-3 
lines. The linewidths are sufficiently small such that the different 
2-3 lines (j-j') are distinct. The reason for discussing the point 
is that the inversion kinetics depends on the rate coefficient 
between the 3p,,, and 3d,,, states, and there is some question as to 
the proper way to model the ion collisions. Dealing with the 
individual Stark sublevels is one approach; however, we have kept 
the nlj description and included the effect of ion collisions (or 
Stark mixing) as a rate. From a time-dependent analysis of a single 
ion, the rate is fast if a neighboring ion is near, and slow if the 
perturbing microfield is weak. On the other hand, unitarity requires 
that the probability of a transition be less than unitv in a niuen 
event. We have chosen to use a rate of several times the phonon 
frequency in the kinetics calculation for the transition. Physically, 
an ion is unlikely to remain excited for a time longer than the inverse 
phonon frequency, and the first time a neighboring ion approaches, Stark 
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mixing will occur. The gain is rather insensitive to the precise 
value as long as it is faster than the 3d, / 2 decay time (which it is), 
although uncertainties in the number could affect the gain through 
the cross section (homogeneous broadening) if it were faster than 
the 2p, ,„ radiative decay time (0.16 psec). 

Electron collisional coupling with the higher Rydberg levels 
is modeled using the Coulomb-Born results of Perez (1977). These 
results were calculations for individual angular momentum states 
that were averaged over all states of a shell (for example, the 
results give rate coefficients between the n=2 and n=3 states, 
rather than the 2p and 3p states, etc.). The models used for the 
neon-like through beryllium-like ions are not as detailed and the 
results of Perez (1977) were used for many of the excitation 
rates. 

Electron collisional ionization is not as important as the 
excitation processes except in the first few ions (Me I - Ne IV). 
Collisional ionization cross sections for the H-like, He-like, 
and Li-like sublevels were calculated using the hydrogenic results 
of Golden and Sampson (1980), Moores, Golden and Sampson (1980), 
Golden, Sampson and Omidvar (1978), and Sampson and Golden (1978). 
Cross sections in the case of low lying states of the Ne-like 
through Be-like sequences were taken from results described in 
Chapter II. For ionization from the excited levels of the Ne-like 
through Be-like states, some of the cross sections were computed 
in the classical binary encounter approximation. 
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Some discussion of the classical model is in order here. 
Gryzinski (1965) derived expressions for binary collision cross 
sections in the case of the target electron moving and then 
averaged the cross sections over velocity distributions of several 
neutral systems, and obtained agreement with experimental results 
which appeared impressive. McDowell (1966) and Catlow and 
McDowell (1967) and others at the time compared the classical re
sults with several neutral systems and found agreement within a 
factor of 2 in low 1 systems. Vriens (1966) obtained an approxi
mate result for exchange. Thomas and Garcia (1969) modified the 
theory to take into account attraction by the nucleus and found 
better than factor of 2 agreement with experimental results for 
several low Z ions. Other authors (see references) have found 
atireement to within better than factor of 2 with experimental or 
theoretical results for many systems. In the case of •£. 3 states 
of the Ne-like through Be-like systems the classical theory is a 
reasonable standby until quantum theory results become available. 

Ion collisional ionization is not important. The references 
at the end of the chapter include a survey of some of the recent 
electron collisional processes and results of experiments and 
calculations. 
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C. Hydrodynamics and Line Transfer 
In the following section we consider target designs which 

take advantage of hydrodynamic motion (in the form of velocity 
gradients) to allow greater penetration of resonance pump radiation 
and to relieve radiation trapping where it would otherwise be 
damaging. With this type of approach, targets are optimized by 
obtaining the sharpest gradients possible, and he.e that is accomplished 
by using suprathermal electrons to push on the ions through a 
macroscopic electric field set up when the electrons encounter strong 
ionization gradients. The production of areas of strong ionization 
in close proximity to areas of weak ionization initiates the 
hydrodynamic coupling between the electrons and ions, and is 
therefore the goal of the target design in what follows. We work 
in a regime where the degree of ionization of a given region is 
determined in part by how strong the local radiation field is, and 
then arrange for brightly lit regions to be close to shadowed regions. 
The purpose of this section is to discuss briefly some of the issues 
involved in the geometry of the laser target and to comment on the 
methods and problems involved in carrying out simulations. 

In Figure IV-9 we show the two dimensional mesh used for the 
symmetric target simulation described in the next section. The mesh 
covers the interior of the laser medium, extending to the high 
density flashlamp and filter layers on the left and on the right. 
Above and below are regions of brass which serve as shields to 

277 



Figure IV-9 Two Dimensional Mesh for hydrodynamics and _ire Transfer 
Calculations 

In constructing this mesh we started witn 110 points in one quadrant 
and relaxed the mesh by hand until nie zone size and spacing looked 
reasonable. A program then selected a set c' triangles connecting 
the points which do not cross and which tries to connect nearest 
neighbors. The resulting mesh is symmetrized to fill four quadrants 
(although the integrations are only carried out in one) and the 
result is shown on the left. On the right is shown the zoning 
resulting from dividing each triangle into three rarts and assigning 
each part to a zone centered at a vertex. 
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block X-rays and cast shadows. In the simulation we assume that 
the flashlamps on both sides of the target are irradiated uniformly 
and coincidently (no pulse time delay between the two sides), and 
the result is that the target center sees radiation coming from 
80% of the solid angle, whereas the regions along side the brass 
wedges see only one flashlamp (being in the shadow of the other) and 
hence radiation from only 40% of the solid angle. The target center 
is ionized more than the regions above and below, and through the 
coupling of the electrons (which are assumed to be suprathermals) to 
the icns via a large electrostatic field produced because of the 
ionization gradient, the ions are accelerated generally av^y from 
the target center. Implicit in this discussion is the fact that the 
laser medium is optically thin to the ionizing radiation produced 
by the flashlamp (except at the frequencies of the strong resonance 
lines). 

Given the above rationale for the target geometry we now turn 
to a brief discussion of the mesh used. This type of mesh is similar 
to what is described in Fritts and Boris (1979), except that in this 
case the hydrodynamics is Eulerian rather than Lagrangian. In the 
present case we selected a set of points which filled the region of 
the laser target. A mesh program of tne author selected triangles 
which connected neighboring points in such a way as to try to 
maximize the area to surface ratio of each triangle. The list of 
points and triangles was reviewed using a program which can display 
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regions of the mesh, add points, move points and correct poorly zoned 
triangles, and some mesh relaxation was done. The resulting triangles 
are shown on the left hand side of Figure IV-9. Irregular polyhedra 
wer t then constructed by dividing each triangle up into three sections 
(selecting the center of each triangle and connecting it to the 
midpoints of the three sides). Each of the original points selected 
is within a polyhedra and if the triangles were nearly equilateral, 
the points will be nearly in the middle of the associate polyhedra. 
Points on the boundary are associated with polyhedra which would 
look much like their neighbors if they were reflected at. the boundaries. 
Polyhedra at the vertices are like normal polyhedra which have been 
sliced proportional to the f.r.nle at the vertex, and although the 
results are reasonable for concave vertices, the resulting zones at 
convex vertices wrap around the vertex and can give rise to non-
intuitive results locally in a hydrodynamics calculation. In the 
mesh of Figure IV-9, the polyhedra are shown on the right, and one 
may view that the zoning around the vertices is fine relative to 
that of the rest of the mesh. 

The reason for using zoning of this type (as opposed to the 
grid type zoning in LASNEX, for example, where an individual zone 
is quadrilateral) is that since a heavy price is paid for each zone 
that is included, that it would be desirable to work with as few 
points as possible and maximize accuracy at each point and through 
the careful positioning of each point. One example is that the 
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continuum radiation field at each point on the mesh is computed 
using fine angular integrations (necessary because of the shadows), 
resulting in good accuracy at each individual point. The overall 
philosophy of the routines ir.vjlved is directed toward this, although 
the exploration of the different facets possible has only begun. 

Sod (1978) has reviewed some of the numerical methods currently 
in use in hydrodynamics calculations. In the present case we have 
so far been concerned with lsentropic fluid flow within the laser 
medium, which is to say that the laser medium is shock free until 
the walls come crashing in (see Wilkins (1980)). The velocities 
are sufficiently small that the changes in ion density relative to 
the initial ion density can usually be neglected. In this case only 
the momentum and energy equations are integrated (explicitly) which 
saves computer time (the momentum and energy are scalars whereas 
the density involves on the order of 100 quantities in each zone). 

The two dimensional hydrodynamics calculations are intended to 
be valid only within the tranquil region of the la >• medium. 
Resolving the suprathermal electron dominated shock which is driven 
inward from the flashlamp and filter regions would take more zones 
than there is room for on the CDC 7600 using the algorithms currently 
employed. The shock is likely to be one dimensional, and its 
dominant effect on the gain calculation is to effectively remove 
the shocked part of the laser medium from the problem in terms of 
resonance line radiation transport, as shocking causes strong ion 
heating and a large velocity shift, which greatly reduces the 

281 



absorption cross section and shifts it off resonance for radiation 
traveling in and out of the laser medium. In the figures shown in 
the next sections, we simply plot quantities as they would occur !n 
the absence of the shock wave, keeping in mind that the solutions 
are only valid in a region whose width shrinks as the problem evolves 
in time. In future calculations a more sophisticated approach may 
be used; however, for the present purposes we shall be satisfied 
including the effects of the shock after the tranquil hydrodynan.'cs 
calculations. 

Having discussed briefly some of he hydrodynamics consideration, 
we turn to the problem of resonance line radiation transfer in the 
x-ray laser simulations. We differentiate between transport and 
transfer, the former implying that time retardation of the radiation 
field is included while the latter implies a steady state computation. 
In the target designs which have been considered to date the time 
retardation of the radiation field has been unimportant as light 
travels 300u in a picosecond (spatial scales in the designs are 
20u-100u while the time scales of interest are dozens of picoseconds), 
hence the use of a transfer description is quite justified. 

The problem of resonance line radiation transfer in the two 
dimensional geometry under consideration, where time-dependent 
effects are important in the kinetics as is the ~ase here, and where 
the bulk velocity shifts are in excess of ten thermal Doppler units, 
is a very difficult problem. We have not solved the problem in a 

282 



manner which allows results for the present type of target to be 
presented here. We have solved the transfer equations in three 
one-dimensional geometries (planar, spherical and cylindrical) for 
time-dependent problems where bulk Doppler shift is important. 
Earlier versions of the 3-2 laser designs were in cylindrical 
geometry and were amenable to simulation where the suprathermal 
driven electron shock wave was included. The algorithms 
extended to the 'o dimensional case and designs with rectangular 
and triangul. . ;. ^s sections were examined, also where Doppler 
shift was important. In fact it was the results of these simulations 
that have led us to the "butterfly" type targets currently unde-
investigation. There is not a great difference between the two 
dimensional results for simple geometries and similar problems using 
cylindrical targets with similar dimensions. With a triangular target, 
we had hoped that the fact that the center was closer to the edges 
would help relieve radiation trapping, especially on the 3-2 
lasers where it is very important and ruinous if the optical depth 
is too great. This led to consideration of more complex geometries; 
for example, "star" patterns and the "butterfly" target of Figure IV-9. 

The use of the more complex geometries suggested the exploitation 
of shadows to help creat ionization gradients and ultimately to 
develop strong velocity gradients. The advantage of velocity gradients 
has been well-understood, and the use of suprathermal electrons to 
drive them has been known at least locally for a period of years. 
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The possibilities suggested by using shadows to create ionization 
gradients which can couple the momentum of the hot electrons to the 
ions of the laser medium has only been appreciated recently, and 
for this reason there has not yet been time to adapt the algorithms 
to the new situation. We do not present radiation transfer results 
in the following two sections, as the development of the requisite 
software is not complete. 

The basic difference between the calculation here and our earlier 
work (which may be published elsewhere in the fu fure), is that the 
velocity gradients currently obtained are much larger than what we 
have previously dealt with. In the next sections, much of the laser 
medium of interest has been shifted up to ten Doppler units of 
velocity (see, for example, the asymmetric target results of section 
D) and small regions in targets not discussed here have achieved 
numbers higher by three fold over small regions. It is much harder 
to transfer radiation in the presence of these strong velocity 
gradients, especially when laser gain is sensitive to radiate, 
trapping, than in the case where only two or three Doppler widths are 
involved. Part of the problem is involved with supplying more 
energy bins, but part is also involved in the relative Dopp 3r shift 
from one spatial zone to another, which can now be a linewidth. 
Simple interpolation does not do as well in the present case. 

Another- major problem has to do with the angular integrations 
necessary to get reasonable results in the presence of sharp absorbing 
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edges, such as occur in the targets considered in the following 
sections. In some spatial regions the radiation is very strongly 
non-isotropic on account of proximity to absorbing regions, and to 
get smooth results, much care must be taken when using an angle-
dependent transfer algorithm. We have not yet developed an algorithm 
which satisfies the requirements discussed above. 

We conclude the section with a brief discussion of some of the 
relevant literature. The field of radiation transfer is quite old 
and rich in approaches and techniques (the reviews give excellent 
accounts of the field; for example, Mihalf.s (1978), Ivanov (1973), 
and Hummer and Rybicki (1967)). The transfer equation in the one 
dimensional cases (planar and cylindrical geometries) were solved 
by integrating the radiation field along a set of rays whose angles 
are selected by virtue of their cosines being zeros of Legendre 
functions of the appropriate order (the SM methods, of which this 
is a trivial example, has been standard for decades—see Chandrasekhar 
(I960)), using an integration of the form 

Vi • V"*1 + V 1-^) (iv-c-i) 

along a ray. Here I refers to the radiation field at the nth 
spatial zone, S is the source function and A T is the optical 
depth between the nth and n+lst zones. This type of integration 
is similar to that used by Hearn (1963) and is cruder and less 
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efficient than tm. Feautrier methods which are used in state of the 
art codes (see references). On the other hand, in most of the 
problems encountered in the present research to date, the bulk of 
the time involved in the calculations has been in the kinetics, and 
the evaluation of an occasional exponential function in the transfer 
algorithm does not make a large difference in the total run time 
of the code. This would not be the case in a two dimensional 
calculation wherein many angles were required (on account of shadows) 
as well as many energy bins (on account of large bulk Doppler shifts 
encountered). 

In cases of velocity fields where the bulk Doppler shift of 
the medium is important, the absorption and emission opacities are 
computed through linear interpolation from the values stored at 
the energy group boundaries. State of the art algorithms in 
astrophysics use difference equations in photon energy when 
velocity fields are important (see the series by the JILA group in 
the references); however, under shock conditions and wi + * the 
limited number of zones used this approach would be inappropriate. 
In non-LTE problems where radiation trapping on optically thick 
lines is important, some care is required to converge on a self-
consistent solution. In the present case, reasonable results have 
been obtained through explicit solution of the transfer equation 
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at each timestep, which mimics Lambda iterations (Mihalas (1978)). 
Although Lambda iterations in optically thick cases are known to 
converge only after large numbers of iterations, in the case of 
lines of small optical depth (of order unity to 5) where the 
albedo is not close to unity (i.e., where scattering is not 
important) reasonable results can be obtained through use of 
Lambda iterations. When needed, an implicit correction was added 
to the source function using a variant of the complete linear
ization method (Auer and Heasely (1976)). The approximation is 
termed CRD for complete redistribution (as opposed to the more 
accurate PRD, or partial redistribution) which is reasonable in 
cases where scattering is not important. 

In the esse of two-dimensional problems, an x-y grid is 
assumed on which a cross section of the laser is zoned. Lasing 
would occur along the z-axis. A set of usually equally spaced 
angles are chosen to span the different directions in the x-y 
plane ( $ in polar coordinates) and then the angles whose cosines 
are zeros of Legendre functions are selected to span the angles in 
the -z plane ( 9 in polar coordinates). Given the choice of 
angles, the transfer equation is inteqrated across the mesh 
starting with the boundary condition on the "sunny" side of the 
mesh and marching across in the ray direction toward the "shadow" 
side of the mesh. 
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There is not a great deal of literature on two-dimensional line 
transport of this S N variant variety with which to compare (see the 
references). 

The radiation transfer does not at present make use of information 
other than that stored at the points, and one weakness is that it is 
not conservative. The algorithm is useful for providing at least 
approximate estimates of the radiation field at the points where the 
populations are defined and is simple to program. As has been 
discussed above we have yet to obtain satisfactory results on the 
target designs of current interest. 
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D. Laser Design in the Case of the Ne IX 4-3 Laser 
In this section we shall discuss some of the issues involved in 

the design of the helium-like Ne IX 4-3 (55 eV) laser. In the next 
section we shall examine the situation in the case of 3-2 lasers in 
helium-like Ne IX and hydrogenic Ne X. The laser design issues are 
quite similar between the different line pumping schemes and many of 
the parameters are nearly equal; for example, neon density, laser pump 
intensity and modal photon density of the resonant pump radiation. 
Our approach will be to examine most of the issues in the case of the 
55 eV laser, which in many ways is a simpler laser having less tight 
constraints than the 3-2 lasers, and then in the next section review 
some of the issues which make the design more challenging. 

In section A we considered briefly the issue of finding 
2 1 

resonances suitable for pumping helium-like Is -ls4p P transitions 
in low-Z ions. In the case of helium-like neon, there is the well-
known resonance with the Na X Is -ls2p P transition. We have 
examined some of the issues for this p a r and will report calculations 
elsewhere. For present purposes we shall work with an L-M line, 
two examples of which are listed in Table IV-lc. Some of the issues 
involved in estimating the pump output were discussed in section A, 
and it was noted that much uncertainty is associated with the 
theoretical determination of the pump strength. Over the course of 
future work in this area more precise values for the modal photon 
densities at the resonant frequencies will become available; however, 
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since such estimates are not available now, we shall examine the 
problem from the viewpoint of finding a constraint on the pump 
intensity required to drive a short wavelength laser. Although we 
do not know precisely how much pump strength is available, the 
analysis which follows will provide an estimate of how much is 
required. In the case of a laser design for SHIVA where the laser 
length is limited to 4 mm, one finds that about 0.015 photons/mode 
of resonant pump intensity is required to achieve 20 gain lengths. 
Whether 0.015 photons/mode is available at the intensity selected 

14 2 (6 x 10 W/cm ) is not known; however, it seems reasonable to 
expect that at some laser intensity or under some conditions such 
pump strength can be achieved. Our purpose in what follows is to 
examine some of the issues involved in the determination of pump 
intensity requirements. 

Let us review for a moment the main issues involved. The neon 
must be stripped to the helium-like stage in a timely fashion. This 

14 2 does not appear to be difficult with 6 x 10 W/cin incident on the 
flashlamp as will be discussed. Given helium-like ions, one must 
get the pumping radiation into the laser medium and this is a 
problem since the absorption length is so small. For example, in 

2 1 the case of Is -ls4p P pumping the absorption length can be 25u, 
and the albedo is not close to unity. The target dimensions are 
roughly 4mm x 400u along two axes, and in principle a target could 
be constructed that is of the order of 25p along the third axis, 

290 



although there are target fabrication people who may cringe at such 
tight specifications. In any case the expansion of the walls into 
the laser region is likely to destroy the laser medium before it is 
ready to lase. We have chosen an alternate solution here, that is, 
the use of a graded velocity flow to relieve the absorption problem. 

Under the conditions of interest the ion temperature is quite 
2 1 low (of the order of one eV) and the Is -ls4p P transition is 

mostly Doppler broadened with a linawidth near 0.01 eV. Velocity 
flows with gradients of several times 10 cm/sec can be established 
due to the large suprathermal electron induced electrostatic fields 
which can be arranged. Such large velocity gradients can give rise 
to bulk Doppler shifts of the order of 0.1 eV. The width of the 
pumping line is a few tenths of an eV. The result is that the 

2 1 absorption length of the Is -ls4p P transition can be greatly 
increased, maybe by as much as ten-fold. The target under consideration 
becomes one which is less taxing on the target fabrication resources 
available. 

Due to the large velocitygradients one might naively assume 
that the neon density could be raised resulting in increased gain. 
Unfortunately the scaling does not behave in such a fashion, rather 
the gain decreases with increasing neon density due to increased 
ion heating and collisional destruction of the upper laser state. 

18 3 
The peak occurs near 3 x 10 ions/cm and roles over slowly in either 
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direction. We have selected an example to present here which seems to 
be reasonable given that large bulk Doppler shifts relative to the ion 

18 3 
thermal motion is required, that is 2.0 x 10 ions/cm . 

As the flashlamp and filter are heated, the inner edge of the 
filter expands into the laser medium. The problem is complicated by 
the presence of suprathermal electrons which can cause a low density 
fluid to be accelerated to quite large velocities as is shown in 
Figure IV-lOa. Suprathermal electron driven plasma expansion into 

Q 
vacuum can yield ion velocities well in excess of 10 cm/sec in the 14 2 present case where the peak pump intensity is 6 x 10 W/cm . The hot 
electron temperature peaks near 11 keV and the primary uncertainty 
at the moment has to do with their density. If one assumes that all 
absorbed laser light is carried off by hot electrons at thermal 
velocities, ignoring the possibility that they might return, one arrives 

19 3 
at a hot electron density of 1.5 x 10 /cm . Perusal of the results 
of the LASNEX calculation yields an ambient hot electron density near 

19 3 2.1 x 10 /cm on the back side of the target and several times that 
value on the front side near the critical surface. Hot electrons can 
inelastically scatter from the dense plasma of the flashlamp and filter 
system or lose energy on reflection from the receding corona-vacuum 
boundary. If there were laser medium rather than vacuum against the 
back side of the target the results from a LASNEX calculation would 
probably yield a higher value for the hot electron density as the energy 
loss to a receding vacuum boundary would be replaced by a source of hot 
electrons generated on the other side of the target. This may result 
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Figure IV-lOa. Density profiles of the inner wall of the flashlamp-
filter system expanding into vacuum. 

Here are shown snapshots of the paryiene region expanding into vacuum. 
The target used is the Zn/CH target of Figure IV-5 and the laser 
pulse incident 00 the zinc is a 90 psec FWHM Gaussian pulse of peak 
intensity 6 x 1 0 1 4 W/orr centered at 135 psec. The edge of the tar
get started at the left hand edge (Z=0) at the beginning of the 
problem (t=0). The expansion is driven by suprathermal electrons 
at.low density and one observes matter velocities well in excess of 
10° cm/sec. One observes that the kinetic energy involved per ion 
if converted into thermal energy would result in ion temperatures 
of several hundred thousand electron volts. 
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in a factor of two increase in the hot electron density relative to 
the values quoted above. Attempts to calculate this problem with 
LASNEX have so far proven unsuccessful. 

Given the fact that suprathermal electrons are present, we shall 
briefly examine the consequences thereof. The electron density in the 

19 laser medium is about 1.6 x 10 near the peak of the pumping pulse, 
which is very likely to be less than the number of hot electrons at the 
filter-laser medium boundary. As many hot electrons as are allowed 
by charge neutrality will venture forward into the laser medium, 
displacing all thermal electrons in their wake via large electrostatic 
fields. The hot electrons left over, that is, hot electrons which can 
not be neutralized by the ions of the laser medium, will be turned away 
at the boundary, depositing their momentum into a strong ion shock 
as they turn. The resulting density profile as a function of space 
will develop an odd looking low density shock whose density will be 
determined approximately by the number of ions required to neutralize 
excess suprathermal electrons, and whose velocity can be estimated from 
mass and momentum conservation. Figure IV-lOb-d illustrates the 
situation. Although precise values are not yet known, for a hot electron 
density of twice the laser medium density, the shock velocity is near 
7 x 10 cm/sec. As long as the hot electron density exceeds the electron 
density of the laser medium the shock velocity scales as the square root 
of the ratio of the electron densities on either side of the shock 
discontinuity {which is to say that in this region the shock velocity 
is a reasonably slow function thereof and hence not too sensitive to 
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Figure IV-lOb. Expansion of the inner filter wall into the laser 
medium. 

Here are shown snapshots of the electron density as a function of 
space from a calculation involving a very simplified model of the 
expansion of the filter wall into the laser medium. In this model 
one dimensional mass and momentum equations (of the shock hydrodynamics 
equations) are solved assuming that the pressure is due exclusively 
to the electrons. The electron distribution includes a low temperature 
thermal contribution whose values were taken from the LASNEX calcu
lation discussed in Section A, and a suprathermal electron contribution 
whose temperature is given by 

T„ = 5000 ( I / 1 0 1 4 ) 0 - 4 3 eV 

and whose density was given by 

N H - 0.3 f I e- & x /> / v t h kT H 

2 where I is the pump laser intensity in W/cm , L, is the electron 
temperature describing the suprathermal electrons, N H is the supra-
thermal electron density, v t h is the mean thermal electron velocity 
of the hot electrons, k is the Boltzmann constant, ax is the target 
thickness (initially 0.5 v of parylene), \ is the electron deflection 
length, the 0.3 factor is due to the assumption of 30% absorption and 
f is a multiplier (2.5 here) which accounts for the finite lifetime 
of the suprathermal electrons. The plasma was assumed to have 7 and 
H of 8 and 20.17 respectively where Z is the average charge of the 
plasma and ff is the average mass per ion in atomic units. These latter 
quantities enter the problem mostly through their ratio, and the ratio 
for the highly stripped laser medium is close to that of highly stripped 
parylene. 
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Time (sec) 
Figure IV-lOc. Shock position and velocity as a function of time. 
For the calculation described in the previous figure we show here the position (as defined by 
|uj > 5 x 105 cm/sec where |u | is the magnitude of the fluid velocity or else by p > 1.1 x p L, where p is the matter density and p[_ 1s the Initial laser medium density) and velocity of the 
shock front as a function of time. At early times one observes the slow thermal expansion of 
the filter wall, and when the suprathermal electron density exceeds the electron density of 
the laser medium (which occurs here near 80 psec) a strong shock fcrms. The velocity of the 
front exceeds 7 x 10 7 cm/sec. The effects of the transient ionization of the laser medium on 
the shock characteristics remains to be examined. 

Time (sec) 
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Figure IV-lOd. Width of the unshocked laser medium as a function 
of time. 

From the calculation 01 the previous two figures we have estimated 
the width of the tranquil- region assuming an initial width of 120 u 
and symmetric irradiation of both sides (see Figure IV-9, and assume 
dimensions of 120 u x 420 u for the width and height). Lasing may 
occur near 125 psec (the pumping pulse is 90 psec FWHM centered at 
135 psec) at which time the unshocked region is about 50 u wide. 
During the remaining picoseconds the width of the tranquil laser 
medium decreases by about 1.4 u per psec. This calculation is 
dependent on the choice of peak suprathermal electron density which 
at present is not known precisely. As the problem becomes better 
understood the laser target width can be further optimized. Ir, an 
experiment some portions of the pumping beam will be brighter than 
others leading to a nonuniform shock front. The ramifications of 
this remain to be explored. 
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uncertainties and variations in the hot electron density). In the 
case of the 3-2 lasers the ion density may be higher, in which case 
it is conceivable that the electron density in the laser medium 
exceeds the suprathermal electron densicy. If this werp the case, 
the shock front would be very much altered from the profiles shown 
in Figure IV-lOb, and the shock velocity would be considerably 
slower. This possibility is one which we hope to avoid, es the 
conditions under which this would be true are not conditions under 
which interestingly large velocity gradients would be obtained. 
The pressure within the laser medium is determined prlmari1> from 
the hot electron contribution, and if the "" , electrons were free 
to wander throughout the region uniformly m .rge pressure gradients 
would resi'lt. 

The shock front discussed above is not necessarily a bad effect. 
On the one hand the laser medium which is shocked to high density 
and velocity is heated as well. ",̂ie basic reason for pursuing conditions 
under which the suprathermal electron density exceeds the laser 
medium density is to set up velocity gradients to increase the 

2 1 effective absorption length of the Is -ls4p P line of Ne IX. 
However, whatever part of the la«c-r medium is shocked is effectively 
reiroved from the picture in terms of absorption on two counts, 
namely that the shock heating greatly reduces the absorption cross 
section (Doppler broadening is dominant) and the associated bulk 
velocity shift moves tiie line off-resonance for pump radiation 
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directed inward. As the shock moves inward, more and more of the 
laser medium is removed from the problem, and the remaining tranquil 
region is reduced in width. Penetration of the pump radiation becomes 
less and less of a problem as the shock pushes into the laser medium. 

If it were of interest to slow down the incoming suprathernal 
electron driven shock wave, one approach which has been suggested 
is the use of an inner layer of high Z material. On the one hand, 
such an arrangement appears to be Rayleigh-Taylor unstable {see the 
references), and on the other hand there is little reason to expect 
it to work in the first place as most of the shock is composed of 
laser medium which has been compressed and which is piling up 
behind the shock front. One major problem involved with the approach 
discussed in this section is that spatial inhomogeneities in the 
pump intensity will tend to produce locally hot regions from which 
faster shocks will be driven. Some parts of the laser medium will 
be pinched off before others. As to whether such effects are 
disastrous or merely bad has not yet been investigated. Certainly 
the gain is removed in regions where the shock has pinched off a 
region, and the question is whether in their place large regions of 
loss are produced. 

We are now ready to review some calculations of the kinetics 
and hydrodynamics of a laser design. The flashlamp and filter 
system of section A was used and time-, energy- and angle-dependent 
spectra were calculated using data from a LASNEX dump file. Although 
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the pump candidates for the helium-like Ne IX Is -ls4p P transition 
include nickel and copper, the spectra calculated by LASNEX for zinc 
is probably sufficiently close for present purposes. The absolute 
accuracy of the LASNEX calculation is not known for this problem 
and the present author would not be surprised at factors of two or 
more differences between the calculated spectra in the spectral 
region near the L-M transitions and the "right" answer if it could 
be determined. The target whose mesh is found a; an illustration 
in section C (Figure IV-9) was used as a design. The target extends 
420p from bottom to top and 120u from left to right. The central 
restriction is 84v from vertex to vertex. The flashlamp and filter 
were placed a few microns to the right and left of the target, and 
spectra for each point in the laser medium were calculated by 
integrating contributions from the faces of both source slabs. 

We have calculated the neon kinetics at the center of the laser 
target with the results shown in Figures IV-11-15. The incident 
laser pulse is 90 psec FWHH centered at 135 psec with peak intensity 
6 x 1 0 1 4 W/cm 2. The initial neon density is 2 x 10 1 8/cm 3. In the 
calculations in Chapter III we kept the electron temperature pinned 
at a value close to the peak hot electron temperature. Here we have 
let the ambient electron temperature follow the hot electron temperature 
in time. The time dependence of the electron density is shown in 
Figure IV-lla. The stripping through the different isoelectronic 
sequences is shown in Figure IV-llb and Figure IV-12 depicts the 
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Figure IV-lla Electron Density Versus Time at the Target Center 
The peak of the pumping pulse occurs at 135 psec in this problem and 
one observes that the stripping of the neon ions takes place mostly 
before the pulse reaches its peak intensity. The initial conditions 
for the laser medium were 2 x 1 0 1 8 atoms/cm3 of atomic neon it room 
temperature. At higher initial neon densities (for example, near 
10'"/cm3) the plasma strips down much more rapidly due to a supra-
thermal electron driven collisional avalanche. Under the conditions 
shown here electron collisional stripping is a significant factor 
although not dominant in the transient ionization process. 
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Figure IV-llb Fractional Populations of the Neon-like Through 
Helium-like Sequences (A: Ne-like, B: F-like, 
C: 0-like, D: N-like, E: C-like, F: B-like, 
G: Be-like, H: Li-like, I: He-like) 

The production of the helium-like sequence is observed to be no 
problem when the flashlamp and filter system is irradiated with 
6 x 1 0 1 4 W/cm2. Below 3 x 1 0 1 4 W/cm 2 it is somewhat of a problem 
for neon, however, for lower Z ions the plasma can be brought to 
the helium-like sequence at lower intensities. The maximum fractional 
of the helium-like sequence is near 50%, and without the strong 
photoexcitation of the lsz-ls4p ip transition the peak value 
would be closer to 70%. The helium sequence is seen to occur 
slightly ahead of the pumping pulse maxima. 
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Figure IV-12 Fractional Ion Populations of the Final Sequences 
The stripping of the helium-like sequence leads to a 70% value 
for the hydrogenic sequence. Later when we ex^iiine inversions 
in the hydrogenic sequence, we shall find the situation reversed, 
that the helium-like stage peaks near 70S and the hydrogenic 
maximuni is less than 50%. One observes that the sequences appear 
only transiently and that the pumping strongly affects the 
duration of the pumped sequence. This effect is due in the present 
case to the low density and hence small recombination rates. 
Furthermore, there is a tradeoff between the duration of gain and 
the maximum gain attainable given that one could pump with a 
source of arbitrary brightness. 
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Figure IV-13a. Ion Temperature as a Function of Time 

Presented here is the ion temperature during the course of the 
problem where only electron-ion coupling has been included. The 
ions are strongly coupled (collisionally) among themselves and we 
therefore assign the sequences a single ion temperature. The hydro-
dynamic work on the ions is quite small. For example, isentropic 
heating or cooling depends on the fractional decrease or increase 
of a Lagrangian volume element, and in the present case whsre the 
velocity gradients are ot the order of TO 6 cm/sec the relative 
expansion or compression of the fluid is only a few percent. The 
shock heating of t.he ions is also minimal, except when the inner 
walls of the filter region compresses the plasma. Neglected is 
electron-ion current driven and two stream instability heating. 
It is hard to imagine how instabilities could grow when ion-ion 
collisional damping is as strong as it is in the present case. 
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Figure IV-13b. Ion Temperature Due t j Proximity Heating 

Here is shown the result of a Monte Carlo calculation of the ion 
temperature using ionization rates from the XRASER calculation , 
under consideration. The i n i t i a l ion neon density was 2 x 10^/cm 
and the ions started out at room temperature. One observes the 
contribution due to proximity heating to be s l ight ly in excess of 
one electron vol t at the time of lasing. Electron-ion col l is ional 
coupling was not included in this calculation. The ion temperature 
when both effects are included should not be far from the sum of 
this figure and the previous f igure. Electron Debye screening was 
not included however due to the large electron Debye length this 
approximation should be excellent. 
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Figure IV-14a. Fractional Level Populations of the Helium-like 
Ne IX M and N singlet levels. 

We continue in this figure the analysis of the kinetics of the 
problem under consideration (2 x 10'8/cm3 initial neon density, 
6 x 1 0 1 4 W/cm2 on a Zn/CH flashlamp and filter system, and 2-D 
target of Figure IV-9). The fractional populations are given as 
compared to the total neon density, for example, a fractional value 
of 0.008 for the ls4p lp level equates to 1.6 x 10 1 6/cm 3 for a level 
density. The population pumped to the ls4p lp state is collisionally 
distributed (electron collisions) to the other singlet N-shell 
states, and on a relative scale the coupling is weak. The separ
ation of the 4^D and 4'F levels is not known precisely, however, 
the energy difference may be less than 0.01 eV in which case ion 
collisions could play a role in the kinetics (ion collisional 
coupling of the 4 ^ and 4'F was not included in the present 
calculation). Either neon ion collisions, or else the addition 
of some protons may increase the 4'D-4lF coupling and could result 
in a factor of two increase in gain if the levels are sufficiently 
close. 
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Figure IV-14b. Fractional T n v e r s i o n Densities on the Strong 
3-4 Lines 

In this figure we have plotted the quantity 

n* „ „ . = (N„ N L)/NQ frac ' "u gL 
where N and N. are the upper and lower state populations and 
Ng is tne tota l neon population. g u and gi are the upper and lower 
state s ta t is t ica l weights. The strongest inversion occurs on the 
4lP-3lS l ine which has the lowest stimulated emission cross section 
of the lines considered. I f the ion temperature were several electron 
volts higher and protons were introduced into the plasma, ion 
col l is ional coupling among the N-shell states could result in 
fractional inversion densities a factor of two higher on the 
4lD-3lp l i ne , and several-fold higher on the 4^F-3lD l ine . 
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Figure IV-14c. Gain on the Strong M-N Lines as a Function of Time 
The small signal gains were computed assuming 0.015 photons/mode 
on the Is2-ls4p ] P line and 10" 5 photons/mode on the lsz-ls2p lp 
and ls3p lp transitions. The ion temperatures used in the calculation 
were those of Figure IV-13a, which neglected proximity heating. 
The inclusion of the effect would be most telling on the 4 IF-3 ID 
transition where a 20% decrease in gain may occur. Ion collisional 
coupling of the 4lD-4^F could result in a factor of two increase 
in gain if the energy defect is sufficiently small. The gain 
was computed using Voigt profiles for line shapes and taking the 
homogeneous broadening from the inverse of the state lifetime, 
and the values shown above are for the line center values. Static 
ion stark broadening is a small contribution under present conditions 
and has been neglected in this calculation. 
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Figure IV-14d. Stimulated Emission Cross Sections on the 
Strong 4-3 Transitions 

The stimulated emission cross sections were computed at line 
center, including homogeneous and inhomogeneous broadening. 
The gain is proportional to 9L f/9 u where giand g u are the statistical 
weights of the lower and upper states and f is the absorption 
oscillator strength. This product is equal to 0.14, 0.37 and 
0.73 for the 4>P-3lS, 41D-3'P and 4lF-3'D transitions respectively. 
The gain is also decreased by the total decay rates of the 
state involved. The ls3p lp-ls 2 IS decay provides the major 
component to the homogeneous broadening of the 4'D-3lP line and the 
ls4p lP-ls 2 IS provides most of the same for the 4 1P-3 1S line. The 
4lF-3lD line has much less homogeneous broadening. 
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Figure IV-14e. Voigt parameters for the 3-4 transitions. 
The Voigt parameter is defined (see Hummer (1965)) as 

Y 

where a is the Voigt parameter, Y is the transition damping rate, 
\>0 is the transition frequency, c is the speed of light, M-j and 
T-j are the ion mass and temperature and k is the Boltzmann 
constant. In the above figure one observes that the 4lF-3 1D 
transition has a Voigt parameter much less than the other lines, 
indicating the reduced homogeneous broadening of the line. The 
4lD-3lp transition has the largest Voigt parameter by virtue of the 
ls3p lP-ls^ 'S radiative decay. 
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Figure IV-15. Peak Absorption Cross Sections on the Resonance Lines 
The peak values reached correspond to absorption lengths of t.5\i, lOu 
and 25u on the lsz-ls2p 'p, lsz-ls3p 'p and lsz-ls4p lp transitions. 
Under the conditions described here these lines are pr^mari";' Doppler 
broadened. Although the gain does not increase monotonicaliy with 
increasing ion density, the absorption coefficients of the resonance 
lines do, hence in the interests of designing a target which is larger 
than a few microns on a side it behooves one to consider low ion 
density targets. This calculation does not include proximity heating, 
the inclusion of which reduces the peak values some (=302); however, 
the basic points regarding trapping in this chapter remain intact. 
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final three sequences. Photoexcitation of the Is -ls4p P transition 
was taken to be constant in time at 0.015 photons/mode, which causes 
an increased ionization rate of the helium-like sequence on account 
of the additional N-shell population present. The value of 0.015 
photots/rcode was determined by trying several different pump 
intensities, and selecting one which would result in gain near 
50 cm" . It is from this exercise that the constraint discussed 
early in the section has been determined, and in the remaining part 
of the section we shall explore details relating to the operating 
point. 

The ion temperature resulting from electron-ion collisional 
coupling is shown in Figure IV-13a (the ions are strongly coupled 
between themselves and only weakly coupled to the electrons, hence 
one io* temperature was use to describe the temperatures of all the 
sequences). The ion temperature resulting from proximity heating 
is shown in Figure IV-13b. Proximity heating is the heating which 
occurs when nearby ions become ionized and repel one another at 
nonthermal velocties. T!,e ion temperature resulting when both 
effects are included should be nearly the sum of the temperatures 
shown in the two figures. One observes that proximity heating 
dominates at early times when the ion positions and "elocities are 
least correlated. After about 150 psec electron collisional nesting 
dominates. The low ion temperature approach to laser design which is 
discussed in this chapter should be reasonable even if the ions 
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are heated to several electron volts (which would be the case if some 
weak anomalous heating should occur), although the gain would be less 
due to the additional contribution of the increased ion thermal Doppler 
broadening. 

In the preceding chapter we were concerned briefly with the 
issue of electron-ion instabilities on account of the increase in ion 
temperature such instabilities would produce were they to occur. 
Since the high gains achieved were in part due to the low ion 
teperatures which occured, it was of interest to check to see that 
anomalous heating didn't spoil the gain. In the present case we 
again have a low ion temperature, which by itself is not so crucial 
as it is ii the case of the Ne II laser. The line-pumping approach 
can be implemented in the case of a low ion temperature as well as 
in the case of a high one, and there are features to recommend both. 
In the low temperature case one can take advantage of large velocity 
gradients to aid in the penetration of resonance pump radiation, as 
is being examined in this section. The low temperature approach 
has the unfortunate property of leading to weak coupling of nearly 
degenerate states between which dipole-all owed collisional transitions 
may occur. For example, in the case of the 55 eV laser scheme, the 
coupling between the different levels of the N-shell is quite weak, 
and the gain on the 4 F - 3 D transition is severalfold lower than 
it would otherwise be if ion collisional processes were to play a 
role in the kinetics. A similar situation exists in the case of the 
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helium-like Ne IX 3-2 laser scheme. If the ion temperature were 
high (several tens of electron volts), then the design procedure 
would include the optimization of hydrogen concentration within the 
laser medium to provide protons for better ion collisional coupling 
of the ls3p P and ls3d D levels. We have performed calculations of 
this type, and from the results obtained, it is not at all obvious 
that the low temperature approach is the best. A high ion temperature 
could be produced in the laser medium simply by allowing tie 
suprathermal electron driven shock wave across the entire laser medium 
before pumping an inversion. The high ion temperature approach to 
short wavelength laser design is a competing design philosophy with 
the one discussed here, and in the future will probably constitute 
a major area in the field of short wavelength laser design. 

The reason for bringing up the point here has to do with our 
discussion of the status of electron-ion instabilities in the present 
design. In the present design, both electron and ion densities are 
very much higher than in the case of the Ne II laser discussed in the 
previous chapter, and for this reason the wave frequencies and 
potential instability growth rates are considerably higher. We have 

calculated growth rates in the collisionless limit with the result 
12 that growth rates on the order of 10 /sec may be possible. The 

waves appear to be strongly damped by ion-ion collision, so much so 
that one hesitates to call them waves at all as the ion collisional 
damping rate exceeds the ion acoustic wave frequency. This result 
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is due to the moderately large Z involved (the ion-ion collisional 
4 coupling rate is proportional to Z ) and the low ion temperature 

-3/2 involved (the rate scales as T , where T is the ion temperature). 
If the drift velocities are sufficiently large, it is possible to 
drive the plasma unstable, even with the heavy ion collisional 
damping which is present. The question of how large is sufficiently 
large requires some calculation, and our estimates suggest that 
the requisite drift velocities correspond to a situation in which 
the replacement of all thermal electrons within the laser medium 
within a very short time (less than 10 psec). In fact, the 
replacement of thermal electron occurs only as new electrons 
are produced, and the number produced in 10 psec is small compared 
to the total number of electrons present after the first couple 
of electrons have been removed on the average from the neon ions. 
Attaining the large drift velocities required to drive electron-ion 
instabilities appears difficult, and at present the laser plasma 
seems to be quite stable by virtue of collisional damping. 
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In Figures IV-14a-e are shown results pertaining to the 4-3 
2 1 

small signal gain. The pumping field on the Is -ls4p P transition 
is assumed to be constant at 0.015 photons/mode for this set of 
calculations. If there were no collisional or radiative losses from the 
ls4p P state other than radiative decay to the ground state, the upper 
state population would be very nearly 0.045 of the ground state population 
(the ls4p P state has threefold degeneracy). The ground state population 
peaks near 0.5 of the total population, and hence the ls4p P state 
could have no more than about 0.0225 of the total population (and would 
have very nearly that figure at low electron densities). In Figure Itf-14a 
one observes a peak population of about 0.008 for the ls4p P level, 
down a factor of almost three from its loss-free value. The other N-shell 
states have lower fractional populations, and the populations of the N-
shell states well exceed that of the M-shell states. The fractional 
inversion densities are shown in Figure IV-14b from which one observes 
that the lower state populations reduce the inversions by about 25% from 
the upper state populations. Figure IV-14c shows the small signal gain 
on some of the M-N transitions computed using the ion temperatures of 
Figure IV-13a. Although the inversion densities are strongest for the 
4 1P-3 1S, 4 D - 3 V and 4 F-3'D transitions respectively, the magnitude of 
the transition gains are in reversed order. The reason for this can 
be seen from the following plots—in Figure IV-14d are illustrated the 
stimulated emission cross sections at line center for the three lines, 
from which it is seen that the 4 F-3 D cross section is by far the 
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largest (due to the larger gf product of the transition and to the reduced 
homogeneous broadening as there are no dipole-a!lowed decays to the 
ground state). One observes the marked time dependence of the cross 
sections which is a measure of the importance of thermal Dop^ur broad
ening in the gain calculation. As the effects of proximity heating 
were not taken into account in these calculations, the corrected values 
will be lower by varying amounts depending on the line and time—the 
4 F-3 D transition is likely to lose 40% of its peak gain to Doppler 
broadening induced by proximity heating. The Voigt parameters involved 
are shown in Figure IV-14e. 
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In Figure IV-15 are shown the absorption coefficients of the 
helium-like resonance lines which occur in the problem under consider
ation. As advertised earlier, the absorption coefficients are quite 

2 1 
large. The absorption length on the Is -ls4p P line is near 25 u. 

So far in our discussion of laser kinetics we have been concerned 
with one operating point, among other factors we have chosen the initial 

18 3 gas density to be 2 x 10 /cm . In Figure IV-16 we illustrate the 
results of a parameter study where the initial neon density is varied. 
The calculation is similar to the one described in the previous pages 
except that it includes twenty zones, each at a different density, and 
a coarser timestep. The small signal gains peak in the vicinity of 

18 3 2-4 x 10 /cm and roll over slowly in density. This calculation does 
not include the effects of proximity heating; however, only the 4 D-4 F 
will be affected significantly by the increased ion temperatures. Figure 
IV-17 shows the time histories of the gains from which one observes the 
sensitivity of the inversion timing to initial neon density—at high 

18 3 densities {above 5 x 10 /cm ) the plasma passes through the helium-like 
sequence prematurely (the pumping pulse peaks at 135 ps and is at half 
maximum near 90 psec). Under the conditions of interest the highest gain 
occurs somewhat before the peak of the pumping pulse, hence, vor this 
target and intensity one might prefer a thinner flashlamp (1000 A of Zn 
was used here) so that the peak line emission would be better matched 
to the occurrence of helium-like ions (in the kinetics we have assumed 
line pumping which is constant in time whereas in reality it may t"> 
strongly peaked in time). 
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Neon Density (1/cm ) 
Figure IV-16. Gain on the Strong 3-4 Lines of Ne IX as a 

Function of Neon Density 
In this calculation the flashlamp spectra as would be observed at 
the center of the mesh of Figure IV-9wereused to drive the ioni
zation of neon at twenty different initial densities, from 10 1' 
/cm 3 to 1 0 1 9 /cm3. A pump intensity of 0.015 photons/mode was 
used for the lsz-ls4p 'P. transition in all zones. At low densi
ties one finds the 4 1P-3 IS gain to be highest as electron 
collisional transfer to the 4*D and 4'F is weak. As the density 
increases, the coupling does as well and the strongest gain occurs 
on the 41F-3'D lines by virtue of its larger stimulated emission cross 
section. lids curve was generated neglecting proximity heating which 
would affect the 4^F-3'D line most strongly. Qualitatively the curve 
would retain its overall shape but the magnitude would be lower with 
the inclusion of proximity heating. Countering this, the ion cgllisional 
coupling of the 4 1U-4 1F transition raises the gain of the 4'F-3'D line but 
preserves its general shape. 
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Figure IV-17. Small Signal Gain on the 4 1P-3 1S Transition as a 
Function of Time at Different Ion Densities 

Tne peak gain occurs near 3 x lo' 8 / Cm 3 on this line. The sensitivity 
of the timing to ion density is shown here, in particular the peak 
gain slightly precedes the maximum of the laser pump pulse. For 
initial neon densities between 1 0 1 8 /cm 3 and 4 x 1 0 1 8 /cm 3 the time 
dependence and magnitude of the gain appear quite reasonable. At 
higher densities the electron collisional processes help bring the 
neon to the helium-like sequence prematurely and cause reduced upper 
laser state population (primarily due to N-0 collisional transitions). 
At low initial neon densities, the gain peaks later in time and has 
lower values, simply because of a numerical decrease in the upper 
laser state population. 
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Ion temperatures for the parameter study are shown in Figure IV-18a 
and electron densities appear in Figure IV-18b. With regard to the former, 
one observes that electron-ion collisional coupling cannot bring the ion 
temperature to more than a few electron volts under condition of interest 
here. The situation including proximity heating is less clear at the 
moment; qualitatively the curves should rise faster early on before the 
ions have had a chance to arrange themselves in space (to move apart), 
but the end result is probably the same. Perusal of the electron densities 
reveals the relative importance of electron collisional processes under 
the different conditions of the parameter study. 

In figure IV-19 we show the results of another parameter study, 
namely the variation of the small signal gain as a function of 

? 1 18 3 
Is - ls4p P pump strength. The initial neon density is 2 x 10 /cm 
as is the case in previous calculations so far reviewed. Proximity 
heating was not included. The point of the illustration is that there 
is a departure from linearity at high pump strength, and this departure 
is due to the fact that increased pumping of the N-shell leads to 
higher excited state populations, which in turn leads to a greater 
depletion rate of the helium-like isoelectronic sequence. Near a 
pump strength of 0.015 photons/mode, the gain is very nearly linear in 
pump intensity. 
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Figure IV-lSa Ion Temperatures as a Function of Time for Different 
I n i t i a l Neon Densities 

Using the same spectral data as in previous figures we have calculated 
the ion temperatures including electron-ion col l is ional coupling. 
The electron-ion coupling is observed to be relat ively weak at the 
low density of the laser medium—at 10^/cm3 i n i t i a l neon density 
the ions are only a l i t t l e above 10 eV by the end of the problem. 
The use of ion col l is ions to assist col l is ional transfer of the 
41P-41D transit ion (0.2 eV) or the 3lP-3lD transit ion in the 
151 eV scheme requires col l is ional coupling alone at these low 
densities and short pulses. Proximity heating (not included in the 
above figure) can help some, however, the bottom l ine is that 
attainment of % 100 eV ion temperatures (where proton col l is ions 
could be of considerable use) does not appear l i ke l y . I t was for 
this reason that much of the present research has focused on the 
low ion temperature approach. 

323 



Time (sec) 

Figure IV-IS'J Electron Densities as a Function of Time for 
Different Initial Neon Densities 

Continuing the examination of the parameter study, here are pre
sented electron densities from the same calculation as for the 
previous three figures. One observes collisions in the transient 
ionization process. For initial neon densities below about 
2 x 10l8/arH, the curves roll over between 80 ps and 90 ps (the 
pumping pulse is at half maximum at 90 ps). At higher initial 
neon densities electron collisions play an increasingly more 
dominant role in the stripping process. The operating point 
which has been selected (2 x 1018) is where both collisional 
ant; photo- (and Auger) processes play comparable roles in the 
transient ionization. 
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Is - ls4p P pump strength (photons/mode) 

Figure IV-19. Variation of the small signal gain on the M-N 
lines as a function of resonant line pump strength. 

2 1 In this plot we show the peak gain reached as the Is -ls4p P 
transition pump radiation field is varied. The K-ray spectra 
at the center of a symmetrically irradiated target (the same 
problem as has been considered earlier in this section, see 
Figure IV-9) was used to drive kinetics in 10 zones, each of 
which saw a different pump intensity. One observes from the 
results that the gain is very nearly linear in the pump photon 
field at low pump intensity and becomes increasingly more 
nonlinear at high pump intensities due to the additional 
depletion of the helium-like ions. This figure also indicates 
the need for a bright pump source as gains below 10 cm"' are 
unlikely to be easily observable in a SHIVA experiment given 
the constraint that only 4 mm length can be pumped. 
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In the following sequence we examine some results from two 
dimensional studies of the target. The goal of this type of target 
design is to set up usefully large velocity gradients using suprathermal 
electrons to push the ions via the large macroscopic electrostatic 
fields set up as the suprathermal electrons transport throughout the 
laser medium. We assume that the hot electrons can wander throughout 
the target uniformly to the extent to which they are allowed by charge 
neutrality. We assume further that locally the distribution is isotropic 
and can be described by a Maxwellian at the suprathermal electron 
temperature. Given these assumptions one notes that pressure gradients 
can be set up if one region of plasma is more highly ion'.ii.- than a 
neighboring region of plasma, «s the pressure is dominated by the suprathermal 
electron contribution which in turn is proportional to the local electron 
density (and hence the dfgree of ionization). One way to produce 
ionization gradients (and therefore pressure gradients) is to shield 
parts of the laser medium from the flashlamp radiation, and insofar 
as the ionization process is dependent on the magnitude of the pumping 
flux, the shadowed regions will be ionized more slowly resulting in the 

18 'A 

desired ionization gradients. At 2 x 10 /cm initial neon density the 
photonic contribution to the plasma stripping is considerable and the 
scheme is self consistent. 

In Figure IV-20 is illustrated a snap-shot of the electron density 
shortly before the peak of the pumping pulse for a symmetric two dimensional 
target. In this design flashlamp and filter systems of the specifications 
given in Figure IV-5 of Section A are placed a few microns to the left 
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Figure IV-20 Electron Density in Space for a Symmetric Target 
In this figure and several following figures we show the results of 
a two dimensional calculation of the laser medu:..1 as it is ionized 
and as velocity flows are set up. The initial neon density is 
2 x 10l8/cm3 and the flashlamp-filter system is the same Zn/CH 
target as shown in Figure IV-5. The time of the snapshot is 130ps, 
or 5 psec before the pumping pulse maximum. The region of highest 
electron density is roughly the center of the target, which is 
furthest stripped as it sees the full radiation from flashlamps 
on both sides. Above and below the stripping proceeds more slowly 
as the plasma in the outer arms lie in the shadow of the central 
wedges and see only about half the radiation field seen at the 
target center. 
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and right of the laser medium and irradiated uniformly and coinc Uently 

(that i s , the pumping pulses are identical and are incident at the 

same time on both sides) with 90 psec FWHM Gaussian pulses of peak 
14 2 

intensity 6 x 10 W/cm . The wedge-like regions which protrude into 

the laser medium are assumed to be in f in i te l y absorbing for photons. 

The idea is that the wedge-like protrusions w i l l shield the arms from 

radiation from the flashlamp on the opposite side. The central region 

w i l l see the f u l l radiation f i e l d from both sides and s t r ip more 

rapidly. Velocity gradients should be strongest for y-directed 

velocit ies (up-down in the following f igures), and indeed calculations 

confirm th is . The only issues to be settled concern the magnitude of 

the gradients and whether they are suff icient to allow penetration of 

the pump radiation into the in ter ior of the target. 

Figure IV-20 shows isocontours of the electron density resulting 

from symmetric i rradiat ion of the laser target. One observes nearly 

one electron per neon ion difference in average stripping between the 

central region and the wings, with the sharpest gradients occurring 

near the verticies of the central rest r ic t ion. In Fi,gure IV-21 are shown 

the resulting pressure contours and in the following figures one can 

view velocity contours. Velocities of several times 10 cm/sec are 

obtained corresponding to several thermal units. In Figures IV-22 and 

IV-23 we show the x-directed ( r igh t - le f t ) and the y-directed components 

of the velocity vector. In the following figure (Figure IV-24) is 

shown the y-directed velocity contours in units of the neon ion 

thermal ve loc i t ies , from which one observes in excess of ten thermal 
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Figure IV-21 Pressure in space for a Symmetric Target 
The pressure is dominated by the contribution from the suprathermal 
electrons. In this calculation we have modelled the suprathermal 
distribution as being isotropic and Maxwellian, and have assumed 
that tt.s thermal electrons are displaced and heated, such that the 
electrons are characterized by one density and temperature. This 
may present some problems in the present target as the distribution 
peaks in the center of the target--in an electron transport calculation 
the hot electrons may have trouble getting there. In fact, from the 
pressure gradients which can be deduced from the above figure the 
electrons actually push outward from the center of the target. The 
asymmetric targets to be examined shortly produce spatial distributions 
which are more intuitive. The pressure in this calculation includes 
the effect of the macroscopic electrostatic field which is set up 
as the electrons are constrained by approximate charge neutrality. 
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Figure IV-22 X-directed Velocities for the Symmetric Target 
Here are shown isocontours of the x-component (right-left) of the 
ion fluid velocity at 130 psec in the problem considered in the 
previous several figures. Although the spatial zoning may be crude 
the story is pretty clear; namely, that strong velocity gradients 
may be set up. The magnitude of the gradient should be compared 
against the thermal ion velocities which are near 3.5 x 10 5 cm/sec 
in the present calculation. The velocity gradients are set up in 
the x-y plane (shown here), while the short wavelength laser pulse 
would propagate in the z direction (out of the page) and be unaffected 
by the perpendicular velocity gradients. Inhomogeneities in the 
laser pumping pulse may set up z-directed velocity flows, and part of 
the design procedure must be to ensure that the ratio of parallel to 
perpendicular velocities is small. 
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Figure IV-23 Y-directed Velocities for the Symmetric Target 

The y-directed velocity gradients are observed to be larger than 
the x-directed gradients of the previous f igure. The up-down 
directed velocity flow is useful for allowing penetration of resonance 
pump radiation incident from the upper and lower regions of the 
flashlamp. Some of the jaggedness in the contours comes from the 
relat ively coarse spatial zoning used, and some is due to the 
l imited number of angles used in the integrations involved in 
determining the x-ray spectrum at each point. 
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Figure IV-24 Y-directed Velocities Normalized to the Local Ion Thermal 

Velocity 
In this figure we have focused on the region of the plasma closest 
to the vertex of the upper restriction. The velocities have been 
normalized to the local ion thermal velocities where the ion 
temperatures were computed including contributions from electron-
ion collisions, proximity heating (estimated using a crude analytical 
model corrected to be in near agreement with the Monte Carlo results), 
and from nearly isentropic pdV work. One observes that the gradient 
is near one thermal velocity unit per 5u. The comparison of the 
bulk velocity gradients with the local ion velocities is relevant 
since Doppler broadening dominates the linewidths of the helium-like 
resonance lines. 
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units worth of gradient. The ion temperature resulting from electron-
ion coliisional coupling alone is shown in Figure IV-25a, and in 
Figure IV-25b we show a calculation of the ion temperature where 
proximity heating has been taken into account. A simple analytic 
formula was used which included only the contribution of neutral 
atoms which are ionized in proximity to the charged ions. The 
Monte Carlo results naturally included all combinations; however, 
it is the ionization of the neutrals which dominates the proximity 
heating rate. A multiplicative factor near unity was included to 
bring the analytic result into near agreement with the result shown 
in Figure IV-13b. 

The calculations described above do not include the effects of 
the suprathermal electron driven shock wave {which compresses the 
laser medium encountered as it travels inward from the inner walls 
of the flashlamp and filter system). We do not expect a similar 
shock to develop at the interface between the brass and laser 
medium regions, primarily for the reason that tlrls boundary is 
not located within microns of the critical surface where suprathermal 
electrons are generated. It is possible that a large suprathermal 
electron flux will run along the inner edge of the brass next to the 
neon plasma, in which case a similar shock would develop, and the 
laser target would have to be redesigned. 

The problem of resonance line radiation transfer was discussed 
in section C, and there it was discussed that there were difficulties 
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Figure IV-25a Ion Thermal Temperature in Space (Neglecting Proximity Heating) 
In this figure we give the ion temperatures for the symmetric target 
at 130 psec. In this case the temperature at the target center 
is near a third of an electron volt. The ion heating rate due to 
electron ion collisions is large enough to bring the ion temperature 
over leV within the next 25 psec. The contribution due to proximity 
heating was not included in the calculation shown here, but is given 
in the following figure. The gradients illustrated here come about 
because the ionization of the center part of the target was most 
advanced, hence the ions were exposed to more electrons over the 
course of the problem. Of interest to note is that the variation 
is only 0.1 eV over the mesh, which is large compared to the 0.3 eV 
mesh average. When proximity heating is included the variation is 
not much morethanO.l eV (excluding the noise at the vertices in 
Figure IV-25b). Proximity heating in the approximation used here 
is not so sensitive to the X-ray photoionizing flux. 
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Figure IV-25b Ion Thermal Temperature in Space 
Inclusion of proximity heating in the calculation has increased the 
ion temperature by about 0.75 eV from the values shown in the 
previous figure. This figure is noisier than the previous one 
due to a different boundary condition imposed. In the previous 
figure the velocities at the boundaries were set to zero, mostly 
to reduce the noise observed here. The basic problem has to do 
with the zoning near the vertex, which is not sufficiently fine 
to result in an accurate determination of the shock heating contribution 
to the ion temperature near the boundary next to the vertices. In 
reality, the brass will blow in some (which is not included here) 
and the numerical problems discussed above are outside the region 
of validity of the model. 
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involved in carrying out such a calculation in the case of the present 
laser design. Rather than present the results of a transfer calculation, 
we instead examine a much simpler calculation wherein the pump radiation 
is assumed to suffer no absorption at all while penetrating the laser 
medium. Although the velocity gradients produced are substantial, 
it is unlikely that penetration would be satisfactory were 120 u of 
tranquil laser medium present. So far we have not included the effect 
of the suprathermal electron driven shock which crashes in on the 
region from both sides (from the data of Figure IV-lOd one might 
estimate the width of the tranquil region to be near 40 u at 130 psec). 
The value of the gain when no absorption of the pump radiation occurs 
models the limit where the shock pinches off the laser medium, and for 
this reason it is a relevant quantity. In Figure IV-26 we show the gain 
computed under this approximation. The peak gain calculated occurs 
at the target center, and has a magnitude slightly in excess of 50 cm" . 

The symmetric target discussed so far does provide strong velocity 
gradients, although the largest gradients occur in the up-down component 
of the velocity vector. Penetration is not as good as might be the 
case if the gradients in the right-left component were larger. There 
is at least one way to improve upon ;he symmetric approach considered 
so far, and in the next sequence of figures we illustrate the point. 
We consider a target with a geometry similar to the one discussed 
previously, and irradiate one side before the other. Infrared laser 
pumping pulses incident on the two sides are the same (90 psec FWHM of 
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Figure IV-26 Gain on the 4 F-3 
Symmetric Target 

D Transition of Me IX for the 

We assume isotropic resonance radiation emission over the length of 
the flashlamps to the left and to the right of the laser medium; 
constant in time at a value of 0.015 photons/mode. Radiation 
transfer was avoided as described in the text for reasons discussed 
in section C, rather the local pump field was computed assuming no 
absorption takes place (due to the laser medium—the shields are 
infinitely absorbing) along the path between a point and the flashlamps. 
At the target center 80% of the "sky" is filled with flashlamp and 
hence the pump strength is 80% x 0.015. Part of the variation of 
gain over the target is due to differences in local pump strength, 
but some is also due to differences in local concentrations of the 
helium-like ion due to variations in ionization rates. 
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peak intensity 6 x 10 W/cm (as was employed in the previous 
calculations), and a delay of 25 psec has been added to one. In 
principle different pulse shapes and intensities might be delivered, 
and the flashlamp and filter systems might differ. We have not 
explored the possibilities yet, and for present purposes we use the 
same flashlamp and filter system as before. 

The idea behind the target is to set up velocity gradients 
directed more through the central restriction than parallel to it. 
Pump radiation should be able to penetrate more easily in this 
case. In Figure IV-27 we show isocontours of the electron density. 
The upper part of the target is irradiated first and the snap-shot 
is for 130 psec (as well as following figures) where the peak of the 
prompt pulse occurs at 135 psec (similar to the illustrations shown 
earlier in this section). The gradients are stronger than before as 
the lower half of the problem is largely shadowed for early times. 
The target is no longer four-fold symmetric. The upper half is 
narrower; the idea being that the velocity gradients in the tranquil 
region will be minimal (the object is to create velocity gradients 
in the lower half of the target) and so there is no reason to make 
it thicker than the distance that the suprathermal electron driven 
shock would travel by the time lasing is to occur. In the lower 
half of the target we have left room for a delayed shock to 
propagate and for the laser region to occur. 

338 



Electron Density 
(1/cm3) 

f : 1 . e&l • 11 

n: I . 341 • I 'J 

H: l.3QC*i9 

I: l.VjE'19 

': 1 . C : F ' ]*•» 

Figure IV-27 Electron Density for the Asymmetric Target 
In a calculation similar to the one described for the symmetric 
case we have simulated the behavior of an asymmetric target. The 
mesh included 135 points in one plane and reflective symmetry was 
used. The ionization has not proceeded as far as in the symmetric 
case as is expected, although the maximum electron density calculated 
is quite close to that for the earlier calculation. In this 
calculation only the momentum equation was integrated; however, with 
the large velocities obtained the changes in local ion density 
would be noticed if the mass equation were integrated. 
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Figure IV-28 shows the velocity flow as a function of space, 
and in Figure IV-29 we show velocity isocontours where the velocity 
is measured in units of the local thermal ion velocity. As is 
noted from the latter figure the velocity gradients are stronger 
than in the symmetric case. We shall not press further into an 
examination of other properties of the target, as in many ways the 
results are very similar to those of the symmetric case. 
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Figure IV-28 Velocity Flow for the Asymmetric Target 
From this figure one can see the general direction in which fluid 
motion occurs. An arrow is located at each meshpoint and is 
pointed in the direction in which a local floid cell is flowing. 
The length of each arrow is proportional to the magnitude of the 
local fluid velocity. As has been discussed in section C, the 
zoning around the vertices sometimes causes some numerical problems, 
in this example is no exception. The target dimensions in this 
case are similar to those of the symmetric target. 420u is the 
width of the target along the flashlamp side, and the vertices 
are again separated by 84y. The width of the upper section is 
40y and that of the lower is 70u. 

341 



i.<ior*ci <? ji I . O I X * O I <j» 

Figure IV-29 Isocontours of Velocity Normalized to the Local Thermal Ion Velocity 
On the left is the x-directed (right-left) component of the normalized velocity and on the right 
is the y-directed (up-down) component. The range of the graphs are restricted so as to focus 
on the lower part of the target where lasing would most likely occur. Although the contours 
range between -10 and +10, in both plots values clearly go higher and lower. Much of the 
raggedness of the plot is due to the presence of shadows when a limited number (40) of angles 
were used in the angular (e) integration for the photon spectrum. The results shown above 
are some of the more important of this section as they illustrate that (at least theoretically) 
usefully large and properly directed velocity flows can be achieved through the present approach 
to X-ray laser design. 



E. Laser Design in the Case of the Ne IX 3-2 Laser 
Having devoted considerable discussion to the design of the 

Ne IX 4-3 laser, we now turn to the problem of laser design in the 
case of resonantly pumped 3-2 lasers. The design of the higher 
energy (the Ne IX 310-2^9 line is at 151 eV and the Ne X 3d-2p 
lines are at 189 eV) lasers is more difficult than in the case of 
the 55 eV laser scheme, and the purpose of this section and the 
following one is to comment briefly on some of the issues involved 
which cause the difficulties. 

The 3-2 scheme is illustrated in the case of helium-like Ne IX 
in Figure IV-1. Resonant line radiation drives population from the 

2 1 1 
Is S ground state to the ls3p P level, and the transition energy 
is 1074 eV. Collisional de-excitation to the ls3s S and ls3d D 
states occurs, resulting in gain on the ls3s S-ls2p P and ls3d D-
ls2p P transitions. Inversion of the ls3p P-ls2s S transition does 
not occur, and the reason for this is that although ls2p P radiative 
decay is rapid, the ls2s S state is coupled only weakly to the 
ls2p P state (this collisional coupling is the dominant decay mode 
of the ls2s S state). The gain of the ls3d D-ls2p P transition is 
usually larger than that of the ls3s S-ls2p P transition under 
optically thin conditions, due to the larger gf value involved 
(where g is the statistical weight of the lower state, and f is the 
absorption oscillator strength); however, radiation trapping of the 

2 1 1 1 
Is -ls2p P line destroys the gain on the ls3d D-ls2p P transition 

343 



before it does on the ls3s S-ls2p P transition. Present interest 
will be focused primarily on the ls3d D-ls2p P line at 151 eV. 

In the case of the 55 eV laser, the initial neon density was 
chosen through optimization of the small signal gain; namely, that 

18 3 there was a local maximum in the gain near 3 x 10 /cm of initial 
neon gas. Further analysis of the target design showed that a choice 

18 3 of 2 x 10 /cm as an operating point was quite reasonable, as the 
absorption length for the resonant pump radiation was comparable to 
the effective width of the laser medium at the peak of the infrared 
laser pump pulse. The electron density of the laser medium was less 
than the suprathermal electron density likely to be present, which 
allowed coupling between the momentum density of the hot electrons 
and that of the ions, resulting in the development of very strong 
ion fluid velocity gradients. These gradients allowed improved 
penetration of the resonance pump radiation, and the target design 
resulting looks quite promising given that 0.015 photons/mode can be 

2 1 delivered at the Is -ls4p P transition energy. 
In the present case of the 151 eV laser, the maximum gain does 

19 3 not occur below an initial neon density of 10 /cm , as is shown in 
Figure IV-30a. Selection of an initial neon density is no longer 
determined by simple gain optimization over one parameter, rather other 
physical constraints must be imposed. One constraint might be to 
require that the suprathermal electron density exceed the electron 
density of the laser medium, which limits the initial neon density 
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Initial Neon Density 

Figure IV-30a Small Signal Gain as a. Function of Initial Neon 
Density for the ls3d 'D-ls" ls2p 'P Line at 151 eV 

We have calculated the transient ionization and inversion kinetics 
in neon at several densities, and have plotted the results for peak 
gain achieved at each density as a function of the initial neon 
density. The spectrum was that of the center of the symmetric target 
described in the last section, and the Is2-ls3p lp line was pumped 
witri 0.015 photons/mode radiation intensity that was constant in 
time. Proximity heating was included in this and all other calculations 
in this section and section F. At low density, the gain rises more 
rapidly than linearly as a function of neon density, due to the fact 
that there is more neon (and hence more inversion density if the 
fractional value were constant), and that the ls3p 'P to ls3d 'D 
coupling is improved by the increased number of electrons present 
(hence raising the fractional inversion density). The maximum in 
the gain curve occurs above 10 1 9/cm 3, at which point electron collisional 
destruction and increased ion heating counters any benefit derived 
from the addition of more neon. 
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18 3 to below about 3 x 10 /cm when the infrared laser pump intensity is 
14 2 6 x 10 W/cm . This constraint could be exceeded at the expense of 

losing the strong velocity gradients described in the previous section. 
That this would be ill-advised can be seen from Figure IV-30b, 

2 1 
wherein the Is -ls2p P absorption coefficients are shown. The 
absorption length of this line is near 3y at the time of peak gain 

18 3 for a neon density of 2 x 10 /cm , and decreases roughly linearly 
with the inverse neon density. A few optical depths can be 

2 1 tolerated on the trapped Is -ls2p P transition, but past five 
optical depths severe problems occur. At neon densities above about 

18 ? 3 x 10 /cm , where velocity gradients are much weaker, the width of 
the laser medium would be constrained to be below lOy wide lest 
severe trapping spoil the laser gain. Such a severe requirement is 
unreasonable for many reasons, including the facts that the tolerance 
is too tight to allow target construction given available resources, 
and that with the factor of five spatial inhomogeneities of the 
infrared laser pump beams present, there can be no assurance that a 
large fraction of the laser would have the correct laser medium 
width at the same time given that 90 psec pulses are used. 

18 3 18 3 
An initial neon density between 2 x 10 /cm and 3 x 1 0 /cm is 

probably a reasonable operating point given the assumptions made about the suprathermal electron densities present at a pump intensity of 
14 2 18 3 

6 x 10 W/cm . We shall choose 2 x 10 /cm as an operating point 
for present purposes, and note with delight that much of the analysis 
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Time (sec) 
2 1 Figure IV-30b Time-dependent Absorption Coefficients of the Is -ls2p P 

Transition at Different Neon Densities 
From the same calculation as for the results shown in the previous 
figure, we show here the absorption coefficients at line center for 
the ls2-ls2p 'P helium-like Ne IX resonance line. The absorption 
coefficients peak earlier in time at the higher densities, corresponding 
to the more rapid transient ionization on earlier production of the 
helium-like 1s^ Is state. Of interest in this figure are the magnitudes 
of the coefficients. At 8 x 10 1 8/cm 3, the absorption coefficient 
peaks above 10* cnr 1, corresponding to an absorption length under lu. 
There is no way that this author can envision to design a laser 
using the present approach which such a high absorption coefficient 
as the trapping problems are so severe. We shall choose to work at 
2 x 10.1°/cm3 where the length is 3y, and try to establish sufficiently 
large velocity gradients to relieve the trapping problem. 
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(especially the two-dimensional hydrodynamics studies) of the previous 
section can be applied to the problem of target design implementing the 
present scheme. We assume in the following that a target similar to 
the asymmetric one discussed at the end of the last section will be 
used for the design in this case, and in what follows, focus on the 
kinetics issues which are important in the determination of the gain. 
Before leaving the topic; however, we note that this scheme can benefit 
from the presence of more suprathermal electrons (i.e.; if there were 
more hot electrons present, one could work at a higher neon density, 
in tfhich case the small signal gain for the corresponding optically thin 

2 1 problem is higher), if the radiation trapping of the Is - ls2p P line 
could be successfully reduced. One approach to this problem is to 
increase the infrared laser intensity incident on the flashlamp. We 
offer as speculation an alternate approach. Dense matter can scatter 
hot electrons, and therefore one might arrange to have electron 
reflectors outside of the target to help direct outgoing suprathermal 
electrons back into the laser medium. We have not calculated an example 
implementing this approach, and so we cannot say yet whether it works 
or not. 

We now turn to a discussion of some of the population kinetics 
issues. The transient ionization proceeds much the same as in the 
analogous example considered in section D (see Figure IV-llb), which 
night be expected since the conditions are identical with the exception 

2 1 2 
that the Is - ls3p P line is being pumped rather than the Is -
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Is4p P line (in both cases pumping occurs at 0.015 photons/mode). 
The helium-like sequence is not depleted so rapidly here due to the 
slower ionization and excitation (followed by ionization) rates of 
the M-shell levels as compared with the N-shell levels. In Figure 
IV-31a we show the fractional level populations of the L-shell and 

2 1 M-shell states of Ne IX. The helium-like Is S population peaks 
2 

at about 60% of the total neon population, hence pumping the Is -
ls3p P line with 0.015 photons/mode would result in a ls3p P 
fractional population of 0.027 if the only processes involved were 
photoexcitation and radiative decay. The calculated fractional 
population peaks near 0.020, which indicates the relative importance 
of the other processes involved (in the next section when we consider 
the analog of the scheme in the hydrogen-like sequence, we shall 
find that the relative losses are much greater). Collisional transfer 
of population to the ls3d D upper laser state is slow, leading to a 
ls3d D fractional population that peaks near 0.005. The relative 
values of the populations of the two states is an indication of the 
weakness of electron collisional coupling at high electron temperatures 
(if the states were in relative equilibrium, their populations would 
be proportional to their statistical weights, which gives a ratio of 
5/3 — instead, the ratio comes out to be about 1/4). The gain 
resulting is shown in Figure IV-31b, and one notes that the peak value 
of 34 cm" is lower than in the 55 eV laser calculations, and is 
sufficiently low that when other effects are included (primarily 
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Figure IV-31a Fractional singlet L-shell and M-shell levels in 
the case of ls^ - Is3p-T pumping 

A calculation of the transient ionization and the inversion kinetics 
of neon with Is? - ls3p lp resonant l ine pumping was carried out 
under a set of assumptions very similar to those made in the kinetics 
calculations reviewed in section D. In this figure are the fractional 
level populations of the important excited singlet states, and in the 
following figures are other quantities computed in the same calculation. 
The i n i t i a l neon density is 2 x 1018 /cm 3 , and the X-ray spectrum from 
the center of the symmetric target described in section C and section D 
was used to drive the transient stripping of the neon. The I s ' -
ls3p 'P resonant pump radiation was kept constant at 0.015 photons/mode, 
that value being chosen to allow comparison with the 55 eV laser results 
of the last section and those of the 189 eV laser discussed in the 
next section. 
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Figure IV-31b Small signal gain for the Ne IX 3-2 laser scheme. 
In this figure we show the gain on the ls3d ^D - ls2p ^P line at 
151.3 eV and on the ls3s 'S - ls2p ]P line at 149.8 eV. From the 
previous figures one observes that the ls3s ^S and ls3d ^D levels 
have nearly the same population (the 'D level has the higher 
population), while there is a large disparity in the small signal 
laser gains occuring on the two lines. This result is due to the 
much stronger oscillator strength of the ls2p 'P - ls3d 'D 
transition. The gain persists for roughly 30 psec, and is limited 
in time by the depletion of the helium-like ls^ Is population. 
The gain should be above 50 cm"' for a SHIVA laser target (because 
of the 4 mm length constraint), and a pump intensity of 0.022 
photons/mode would be required to achieve this in the optically thin 
limit. A higher value would be needed when trapping is included, 
although the factors determining it are a function of other target 
conditions, and have not been analysed yet. 
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the reduced penetration of the Is - ls3p P pump radiation when 
2 1 absorption is included, and the strong trapping of the Is - ls2p P 

radiation which may occur) then a laser experiment corresponding to 
this model would probably fail if the length were constrained to 
4 mm. Raising the resonant pump radiation intensity can help (at 
least in theory, where such is possible through simple modification 
of a generator deck), and a value of 0.025 photons/mode may prove 
to be sufficient if the trapping problem is handled well, as the gain 
is linear in the pump intensity here. The stimulated emission 
cross section is shown in Figure IV-31c, and the absorption 
coefficients of the K-shell resonance lines are shown in Figure IV-31d. 

The weakness of the ls3p P to ls3d D electron collisional 
coupling is responsible for the low gain achieved at 151 eV. A pump 
intensity of 0.015 photons/mode is considered to be relatively strong, 
at least by this author, and the basic problem is that the radiation 
is not being used efficiently. Ion collisional transfer occurs at 
higher ion temperatures; for example, proton collisions are effective 
above 50 eV, which is considerably higher than the ion temperatures 
calculated for this problem. If a strong infrared laser were tuned to 
the transition energy (0.46 eV) and its beam directed axially down the 
length of the laser target within the laser medium, then the slow 
radiative decay of the transition could be stimulated to high enough 
rates to be noticed in the kinetics. Were the transition stimulated 
such that decay occurred in 0.5 psec, then the peak calculated gain 
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Figure IV-31c Stimulated Emission Cross Sections for the Ne IX 
149 eV and 151 eV Lines 

From the same calculation as for the previous two figures, we have 
plotted here the stimulated emission cross sections at line center 
for the two singlet 3-2 inverted transitions. The points to note 
here are that the cross sections are not strongly dependent on the 
ion temperature (the increased line broadening due to the rising 
ion temperature is primarily responsible for decrease in cross 
sections here), and that the ^D-^P cross section is about an order 
of magnitude larger than the lS-'P cross section (due to the difference 
in oscillator strengths). From Figure IV-31a one observes that 
the ls3s 'S and ls3d 'D levels have comparable populations, and it 
is the difference in cross sections which results in the disparity 
in gains calculated for the two lines. 

353 



0 
£•02 

? 1 
Is -ls2p 'P 

ls2-ls3p ]P 

Time (sec) 
Figure IV-31d Resonant absorption coefficients of the helium-like 

Ne IX K-shell resonance lines. 
In the design of the 55 eV laser, the penetration of the Is - ls4p 
pump radiation could not occur were the laser medium to remain 
stationary, due to the small absorption length involved (25u). For 
this reason we pursued the use of large velocity gradients to help 
matters. The same problem occurs again here, except that the problem 
is aggravated as the absorption length of the Is 2 - 1s3p lp lint is 
15 p. Trapping of the Is 2 - ls2p lp transition is a serious problem 
due to the 3 u absorption length which occurs, and it is not yet 
known whether the strong velocity gradients produced within the 
asymmetric target described in the last section are sufficient to 
relieve this trapping. 
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exceeds 100 cm" . The time-dependent gain and fractional level populations 
are shown under these conditions in Figure IV-32. The conclusion which 
can be drawn frrm this is that a scheme involving the use of an additional 
laser to stimulate one-photon decay of the ls3p P-ls3d D transition 
would be an excellent approach were it not to impose unreasonable demands 
of the experimental group involved. A factor of three in gain could 
easily nw.ke the difference between a successful SHIVA experiment and a 
long wait for more powers! infrared driven lasers. The situation 
regarding two-photon Raman gain has not been examined yet. 

The asymmetric target discussed in section C may be used for a 
target design (aside from differences in the flashlamp material, which 
in this case is likely to be either nickel or cobalt, depending on which 
has the preferred pump spectrum). The velocity gradients ars considerable; 
however, the calculation of the gain including line radiation transfer 
has not been carried out for this target as discussed in section C. It 

is not known whether the velocity gradients are sufficiently large to 
2 1 relieve the Is -ls2p P radiation, which is the key problem in the 

successful operation of this type of laser. The absorption length is 
3p at the time of peak gain, and the velocity gradient is large enough 
to result in a thermal Doppler unit shift every 3-5u ir, the two transverse 
velocity component. The situation looks quite hopeful, but it is not yet 
known whether the conditions are favorable enough for high gain to 
develop. 
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Figure IV-32 Gain and Fractional Level Populati 
ls3p 'p-lsSd 'D Pumping ons for the 151 eV Laser in the Case of 

The weak coupling of the ls3p P and ls3d D levels is responsible for the relatively low gain 
of the 151 eV line. We have redone the calculation of the last sequence with additional rates 
included between these levels to model the effects of optical pumping of the 0.46 eV transition 
with an infrared laser. The coupling rate was taken to be 2 x 10'2 sec"! -jn t n e ls3p 'P-ls3d 'D direction, and 0.6 times this value for the reverse process. The infrared laser radiation 
intensity should be about 750 MW/cmz for this purpose. In the absence of this radiation, the 
ls3p 'P-ls3d 'D line develops a gain of about 10 cm"' (the absorption due to inverse bremstrahlung 
is much less if the electron temperature exceeds 100 eV), and in principle could supply the 
requisite pump photons if the local reflectivities could be made high en'.ugh. 
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F. Laser Design in the Case of the He X 3-2 Laser 
We conclude this chapter with a brief examination of the issues 

involved in an implementation of the resonant line pumping scheme in 
the hydrogen-like isoelectronic sequence. The 3-2 transitions occur 
at 189 eV (the scheme is shown in Figure IV-33). Line radiation 
resonant with the ls-3p transitions causes photopumping of the 3p 
states, and electron and ion collisional processes transfer 
population to the 3s and 3d states. Due to the rapid decay of the 
2p states, population inversions can develop on the 3s-2p and 
3d-2p transitions at 139 eV, although the gain is much weaker on 
the 3s-2p lines. The l si/2" 3Pi/2 l l n e i s a t 10-23964A and the 

o 

^ sl/2~ 3 p3/2 ^ n e i s a t 1°-23850A, and as the difference in energy 
between the lines is 0.13 eV, the two transitions may be pumped with 
different intensities. The details are dependent on the characteristics 
of the resonant flashlamp line involved, and in Table IV-lb candidate 
lines are listed in gallium and zinc. It is likely that copper and 
nickel will have better pump lines as discussed in section A; 
however, the requisite spectroscopic analysis remains to be published 
and so one cannot say at this time if it is so. In the calculations 
reviewed here we have assumed that both lines see the same pump 
field, and have kept the pump intensity constant at 0.015 photons/mode 
(even though the gain resulting is too low to be useful for a SHIVA 
design where the laser length is limited to 4mm) to allow comparison 
with results presented in the last two sections. 
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Photoexcitation 
X = 10.24 A 
AE = 1211eV 

Lasing transition 
r = 1.5 ps 
X = 65.6A 
AE = 189eV 

r = 0.16ps 
X = 12.13 A 
AE = 1022 eV 

Figure IV-33 The Hydrogen-like Ne X 3-2 Resonantly Pumped Laser Scheme 
Photoexcitation of the ls-3p transitions populates the 3p-|/2 and 3P3/2 
levels, and electron and ion collisional processes causes transfer 
of population to the 3s and 3d states. Due to the rapid radiative 
decay of the 2p levels, inversions can develop on the 3s-2p ana 
3d-2p transitions. In the analog cf the scheme in the helium-like 
sequence (discussed in the last section), six singlet levels were 
involved. In the present case we are dealing primarily with nine 
doublet levels, and as a result the scheme has quite different 
properties, especially under conditions described here. The ratios 
of the statistical weights are different and there is now only one 
electron in the K-shell. These differences lead to lower gain 
(keeping the pump intensity constant) and less radiation trapping 
problems. 
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Many of the issues involved in the design of this laser are 
similar to those discussed previously. As was the case in the design 
of the 151 eV laser, the maximum gain as a function of initial 

18 3 neon density occurs well above 3 x 10 /cm (the curve of interest 
is shown in Figure IV-34a, and one notes that the gain curve for 
the 2Pi/2" 3 d3/2 transition is approaching a broad maximum towards 
the high density end of the plot, the peak of which occurs above 

19 3 18 3 
10 / c m ) . The density of 3 x 10 /cm is of interest, because 
above this neon density, the electron density of the laser medium 
is likely to exceed the suprathermal electron density, in which 
case no large velocity gradients would be produced. The penetration 
of pump radiation resonant with the 1s-w2"^D3/2 transition and the 
escape of Is, ,2-2p, .~ radiation is less of a problem than in the 
case of the analogous lines in the helium-like scheme (by a factor 
close to 6, as shown in Figure IV-34b), and for this reason one might 
attempt a laser design wherein the velocity gradients are not 
maximized (i.e.; one might work in the high neon density regime where 
the laser medium density exceeds the hot electron density, and the 
large suprathermal electron momentum density is not coupled into 
the ion fluid momentum density). Such an approach might be implemented 19 3 by using an initial neon density near 10 /cm ; however, from 
examination of the results shown in Figure IV-34a, one notes that 
the increase in peak gain achievable is less than a factor of two 
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Figure 34a Parameter Study of the Gain at 189 eV with Initial Neon Density as a Parameter 
We have calculated the small signal laser gain on the 3-2p lines at different values of the initial 
neon density, and on the left is shown the peak values of gain at each density plotted as a function 
of neon density. On the right are time dependent results for the high gain 3d3/2-2pi/2 Hie- T n e 

gain on the two lines having the 3d3/o level as an upper state is a relatively slow function of 
the density, whereas the 3dtj/2-2p3/2 tine varies more rapidly. This is due to the tight ion 
collisional coupling of the %y2 a n d 3 d3/2 states, while the 3d 5/p level is populated by electron 
collisional excitation. The latter process is relatively weak and hence shows a dependence 
on the density. From the time-dependent results, one notes that the gain peaks earlier at the 
higher densities, which is due to the faster electron collisional stripping of the neon because 
of the increased number of electrons present. 



Time (sec) 
Figure IV-34b Absorption Coefficients of the l s 1 / ? - 2 p 1 / ? Transition 

at Different Neon Densities ' ' 
The absorption coefficients for the ls-]/2"2Pi/2 K-shell resonance 
line were taken from the same calculation as tne results shown in 
the previous figure. The time dependences are roughly the same in 
the two cases, which is as expected since both are determined from 
the population of the ground state of the sequence. Of major 
interest is the magnitude of the coefficients (the peak values range 
from 200 cm"' to 650 cm"') as they are quite small, especially when 
compared against the analogous transition in the helium-like sequence. 
From the previous figure we have established that the scheme in the 
hydrogen-like sequence has low gain, and here we show that the 
trapping is no where as bad as was the case before. These factors 
are the primary differences between the two schemes from a designers 
point of view. 
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higher than what occurs at 2 x 10 /cm , and the problems associated 
with radiation transfer effects in a relatively velocity-free laser 
medium probably offsets the increase in gain won by moving into this 
regime. We have not explored the high density regime for this laser 
scheme, and in what follows we shall be concerned with an operating 

18 3 point at 2 x 10 /cm , in agreement with conditions selected for 
the 55 eV and 151 eV lasers. 

In the next sequence we review a calculation of the population 
TO O 

kinetics in the case of 2 x 10 /cm neon density. The pumping 
spectra is taken at the center of the symmetric target discussed in 
section D, and in many ways the calculation is similar to those 
presented in the last two sections. The primary difference is 
that the hydrogenic ls-3p lines were resonantly pumped (at 0.015 
photons/mode) rather than the helium-like 1-4 or 1-3 singlet lines 
as was the case in the previous two sections. The transient ionization 
proceeds much the same as in the earlier cases until the neon hits 
the final sequences. Where, in the case of the 55 eV laser (see 
Figure IV-12), the fractional population of the helium-like sequence 
peaked near 55% of the total neon population, here it reaches 70% 
(see Figure IV-35). Before, the hydrogenic sequence peaked above 
70%; here it doesn't even reach 50%. 

In the next figure (Figure IV-36), we present the fractional 
populations of the L-shell and M-shell states of the hydrogenic 
sequence. This figure requires some comment, as herein is contained 
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Figure IV-35 Fractional Populations of the Final Isoelectronic 

Sequences for the 189eV Laser 
In this figure, and in the next few figures, we examine the population 
kinetics at an initial neon density of 2xl0'°/cm3. The calculation 
is similar to analogous calculations presented for the 55 eV and 
189 eV laser schemes, including the use of the X-ray spectrum at 
the center of the symmetric target and the use of a local electron 
temperature which follows the suprathermal electron temperature. 
The dramatic effect which resonant photoexcitation with a strong 
resonant radiation field has on the kinetics can be appreciated 
through a comparison of this figure and its analog in the 55 eV 
laser section (see Figure IV-12). The peak hydrogenic population 
drops from 70% in the case of the 55 eV laser to 45% in the present 
case. 
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Figure IV-36 Fractional Populations of the L-shell and M-shell States 
of Ne X 

The levels involved in the pathway leading to highest gain are the 
3p3/2, 3d3/2 and 2pi/2 states. We have assumed in the calculation 
that strong ion colnsional coupling occurs between the 303/2 a n d 

3d3/o states, and have used a rate coefficient of 5 x 10^' sec"' 
for the process. The level populations are somewhat dependent on 
the value chosen, while the gain on the 3dyo-2p-\/2 transition is 
less so. When the rate is fast, better coupling occurs; however, 
the added homogeneous broadening of the laser transition offsets 
the additional inversion density resulting from the improved coupling. 
Here the 3P3/2 population is higher than that of the 3d 3/2 state, 
and since the statistical weights are the same for the two levels, 
they are observed to be in approximate relative equilibrium. The 
3dj/9 population is much less than that of the 3d3^2 state, hence 
the 3dg/2-2p3/2 gain is much lower. 
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the explanation of why the gain for this scheme is as low as it is 
(for example, the gain for the 3-2 scheme in the helium-like ion 
is 50% higher without laser-assisted pumping, and a factor of five 
higher with it). In section B we discussed the problem of ion 
collisional coupling between the 3p, / 2 and 3 d 3 / 2 levels which are 

-4 separated by only 2.28 x 10 eV. The ions behave as a Coulomb 
fluid, and we proposed that ion collisions took place through 
phonons present in the fluid. It appears that ion collisional 
transfer occurs when a neighboring ion is close (as occurs in the 
compression phase of a local phonon wave «s seen by a target ion), 
and doesn't occur when the neighboring ions are sufficiently near 
equilibrium such that no large dipole component of the local electric 
field is produced. The frequency of the phonon waves is near 

1 7 
1.5 x 10 radians/sec. We have examined the inversion kinetics 

12 12 
with the coupling rate being 1.5 x 10 /sec and 5 x 10 /sec, and 
find that the gain is nearly identical in the two cases, although 
some difference occurs in the kinetics. The additional broadening 12 which occurs when the rate is 5 x 10 /sec cffsets the gain in 
upperstate population such an increased rate produces, relative to 

12 the case at 1.5 x 10 /sec. In the calculations discussed in this 
12 section, we have used 5 x 10 /sec as a coupling rate. The result 

is that the 3p,,« and 3d,,- levels are tightly coupled in our 
calculations, while the 3p,, 2 and 3dg,2 levels are only weakly coupled 
by electron collisional excitation. The 3p 3/ 2-3d 5 / 2 transition is 
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analogous to the ls3p P-ls3d D transition in the helium-like sequence 
in that they represent bottlenecks in the inversion kinetics (the 
3 p 1 / 2 - 3 d 3 / 2 transition is analogous to the ls3p P-ls3d D transition 
when optical pumping occurs, as described at the end of section E). 
Similarly, coupling between the 3p,,2 state and the 3d states is 
weak. The pathway for the production of highest gain is then 
photoexcitation of the ls-w^-Sp,,, line, followed by ion collisional 
coupling of the 3p,., and 3d,,- states, leading to high gain on the 
3d 3.2-2p 3,2 transition. The small signal gains are shown in Figure 
IV-37, and one observes that the peak gain on the 3d, / ?-2p,, 2 

transition exceeds 20 cm" , well above the gains achieved on the other 
lines. The Is,,, population peaks near 45* of the total neon 
population, and with 0.015 photons/mode pumping the 1s,/2 _ 3P3/? 
transition, the 3p,,~ fractional population would reach 1.35% if 
only photoexcitation and radiative decay on the l si/2" 3 p3/2 l i n e 

occurred. The calculated maxima shown in Figure IV-36 is about half 
that, indicating that coupling to other levels (primarily the 3d,,„ 
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Figure IV-37 Small Signal Gain on the 2-3 Lines of Ne X at 189 eV 

The small signal gains for f ie 3s-2p and 3d-2p transitions for the 
calculation being discussed are shown above. As mentioned previously, 
the gain on the 3s-2p lines is quite low (too low to be of use in the 
present approach to target aesign), due to the small 2p-3s osci l la tor 
strength. The inversion density is within a factor of two of that 
for the 2p-3d transi t ions; however, the stimulated emission cross 
section is smaller by severalfold. The Z s i / 2 " 3 P3/2 l i n e s l s quite 
close to the 2pi J/2"3d 3 /p l i ne , the mismatch Being about 0.020 eV. 
The peak absorption coefficient of the 2s-|/2~^P3/2 ^ n e P e a k s n e a r 

50 cm" 1, and because of the proximity in energy of the two l ines, one 
is interested in the possible overlap between the l ines. Some 
overlap occurs; however, the absorption coeff icient of the 2s-w2"3P3/2 
l ine at the 2\>-[/2~^y2 e ne r9y i " this calculation peaks near 1.2 
cm"', hence the Tines are nearly d is t inc t . 
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state) places quite a drain on the 3p,,~ population. The 3 p 3 / ? and 
3d,.„ levels have comparably populations, while the 3d,-,;, level 
is relatively underpopulated. The 2s,/, fractional population 
exceeds 0.011, well above that of the other levels, and therefore 
the 2s-3p lines do not invert. 

The reasons vwy the gain is loner for the hydrogenic 3-2 scheme 
than that of the helium-like 3-2 scheme can now be outlined. If the 
3p to 3d transition were fast enough to cause near statistical 
population between the two states (in the hydrogenic case, :his is 
applied only to coupling between the 3p~,o and 3d.,,o states), and 
if furtht- all processes other than photoexcitation and radiative 
decay of the 1-3 transitions were included, the ls3d D state would 
be populated 2.3 times as much as the 3d,,, state, given that the 

respective ground states were equally populated (i.e., the ratio 
1 2 1 

of the statistical weights of the ls3d D state and the Is S state 
is five, whereas the ratio for the 3d,, 2 and Is-j ,2 states is two, 
and under the simplifying conditions described above, the upper 
laser state ipulations wouid be proportional to these ratios). 
The pump rate up to tbi ls3p P state is stronger relative to the 
losses than the pump rate to the 3p-i/o s t a t e relative to its losses, 
hence the fractional population of the upper laser state is decreased 
further. The peak fractional inversion densities are 1.4% and 0.4% 
for the helium-like and hydrogenic cases respectively, and so the 
natural statistical weight favoring of 2.5 is boosted to a factor of 
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four when losses are included. The helium-like ls3d D-ls2p P 
stimulated emission cross section is larger by 20? than the 3 d3/2" zPl/2 
cross section, which explains the difference in small signal gain (in 
the last section we had calculated slightly over 100 era" for the gain 
when the ls3p P-ls3d D was tightly coupled, and here the gain is 
22 cm" 1). 

The lower gain of the hydrogen-like 3-2 laser scheme under these 
conditions is a real effect, and reflects primarily the differences 
in the statistical weights involved brought about by the difference 
between LS and j-j coupling. This result implies a requirement 
fo- a higher modal photon density of the resonance pump radiation 
to achieve the same gain under optically thin conditions as in the 
case of the analogous scheme in the helium-like sequence. Along with 
the bad comes some good in this case, as the severe problems 
associated with radiation trapping which occur in the helium-like 
sequence are very much relaxed for the hydrogen-like system (see 
Figure IV-38). One should not immediately conclude that one scheme 
is better than another (alth. igh one might be tempted because the 
hydrogen-like scheme achieves considerably lower gain in the optically 
thin limit); rather, that they are different. If the laser length 
constraint on SHIVA were not so stringent, tlie radiation transfer 
imposed constraints would make the hydrogenic system the more pleasant 
of the two to work with. In order to obtain a small signal gain of 
50 cm" , however, a pump intensity of nearly 0.035 will be required. 
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Figure IV-38 Absorption Coefficients for the ls-2p and ls-3p Lines 
of Ne X 

From the calculation of the previous few figures we have plotted the 
absorption coefficients of the hydrogenic K-shell resonance lines. 
As noted earlier, radiation trapping on the ls-]/2"2Pl/2 1 i n e l s 

less of a problem than in the analogous case in the helium-like 
sequence, since here the relevant absorption length is 25p (admittedly 
not as many optical depths can be tolerated; even so, the difference 
is quite marked). Trapping of the ls-]/2"2P3/2 H n e is not of great 
concern for the scheme, since the gain on the 3d§/2"2P3/2 1 i n e 1 S 

so low. Penetration of ls-3p3/2 pump radiation is not a problem as 
the absorption length when absorption is at its worst is 80u. 
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V. Conclusions and Suggestions for Further Work 
We have developed a general purpose computer code (XRASER) to 

aid in the design and simulation of EUV and X-ray laser systems. 
We have designed a laser at 27 eV implementing a photoionization-
pumped scheme involving preferential ionization of 2s electrons 
from Ne I leading to a 2s-2p self-terminating inversion in Ne II. 
The design has been analyzed using XRASER and the laser fusion 
code LASNEX. The small signal gain in the absence of lasing is 
calculated to exceed 50 cm" (hence noise produced at one end 
of the laser experiences in excess of 20 gain lengths amplification 
while transversing the laser axially as the maximum irradiation 
length on SHIVA is 4 mm) when the laser flashlamps are irradiated 

14 2 uniformly with 90 psec FWHH pulses of peak intensity 10 W/cm . 
This approach appears to be promising and may be suitable for an 
early experiment in a laser-pumped short wavelength laser program. 

We have also considered designs implementing resonantly-
pumped photoexcitation schemes in helium-like and hydrogenic neon 
where the candidate laser transition energies are 55 eV, 151 eV 
and 189 eV. Some analysis of the designs has been carried out 
using XRASER and LASNEX, and the results show that gains of 50 an 

may be attainable if the resonant line radiation field exceeds 
0.015 photons/mode. Previous authors have suggested using K-shell 
lines to pump K-shell transitions, or else using 1-2 transitions 
to pump 2-4 lines. We have extended the search to L-M transitions 
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in 3 to 10 electron systems and have found many candidate 
resonances to pump 1-3 and 1-4 transitions in H-like and He-like 
low Z ions. 

Whether or not the resonant pumping radiation exceeds 0.015 
photons/™>de under the conditions of Interest is not yet known 
as the calculations are difficult and experimental results nave 
not yet become available. Future work on this approach should 
most immediately be directed towards the accurate determination 
of the strength of the resone.nt radiation fields and their relative 
displacement in energy. 

In the case of the 55 eV laser, difficulties were encountered 
in transporting the pump radiation into the laser medium as the 
constraints on target width imposed by target fabrication 
considerations lead to a target whosp width exceeds the penetration 
depth of the pump radiation. One solution to this problem is 
to set up strong velocity gradients in the two lateral fluid velocity 
components as a function of space, the idea being that associated 
with the velocity flows are corresponding bulk Doppler shifts 
which effectively increase the penetration depth of the pump 
radiation. The use of large velocity gradients to relieve 
radiation trapping has been considered in the case of recombination 
schemes; however, the use of such has not been explored in the case 
of resonantly-pumped schemes. The use of suprathermal electrons 
in conjunction with ionization gradients set up between shadowed 
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and unshadowed regions of the laser medium to drive large velocity 
gradients is proposed, and calculations show Ihat the effect is 
a strong one. Ion velocities well in excess of 10 cm/sec are 
calculated for reasonable design parameters leading to a severalfold 
increase of the penetration depth. 

It follows from calculations presented here that the resonantly-
pumped approach to short wavelength lasers appears promising. We 
have examined a simple implementation of the scheme, one which 
will hopefully lead to experiments which are straightforward and 
require a minimum of effort from the laser program involved. 

We now consider some of the issues of the different chapters. 
In the first chapter we have given a brief review of the field 

of short wavelength lasers. The laser schemes were examined by 
pumping mechanisms including collisional pumping, recombination 
pumping, photoionization and photoexcitation pumping and charge 
exchange. In the work discussed here we have focused on a 
photoionization scheme and three photoexcitalion schemes. There 
are other possibilities in both cases; for example, photoionization 
of 2p electrons in sodium leads to a 3s-2p self-terminating transition 
as suggested by Duguay in 1967. This experiment would involve more 
technical problems due to the use of sodium vapor than the one 
discussed in Chapter III. Ionization of 2s electrons from fluorine 
or oxygen are possibilities, leading to inversions at lower energies. 
The problems here involve obtaining monatomic species or else 
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working the scheme on diatomic molecules (working with photoionization 
of molecules is an area relatively unexplored in the context of EUV 
lasers). Photoionization of K-shell electrons from neon can lead 
to inversions in the oxygen-like sequence due to a favorable splitting 
in the Auger decay of the fluorine-like ion with a K-shell hole. 
There appear to be many systems in which vigorous pumping by a 
short pulse of X-rays can lead to EUV self-terminating inversions. 
The power and risetime requirements will vary for the different 
systems and it is likely that lower energy inversions can be 

14 2 pumped at considerably less than 10 W/cm . 
Extension of the scheme to 2s-2p inversions in fluorine-like 

silicon and argon have been examined in detail (although not 
discussed in this work) and the results do not appear at all 
promising. The problems center around two areas; that the 
radiative decay rates are much faster at higher Z which is 
unfortunate for a self-terminating scheme, and that there are 
many more electrons around so that colli sional quenching of the 
inversion is much more severe. We have examined 2s-2p inversions 
in higher isoelectronic sequences of neon, silicon and argon and 
again the scenario appears bleak. The only reasonable approach 
to make these schemes work in silicon and argon is to provide a 
mechanism to actively depopulate the lower laser level; for example, 
by resonantly pumping it uses a coincident line in the flashlamp. 
In the case of neon, 2s-2p transitions in the more highly stripped 
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sequences could be lased if the target and pulse characteristics 
would allow for more broadband pumping X-rays near 500 eV. 

In the case of line pumping schemes, we have examined 
hydrogenic and helium-like ions due to their simplicity and 
relative ease of production, and treated neon here for several 
reasons, including favorable line coincidences and continuity 
from early chapters. During the course of the research we have 
examined carbon, nitrogen, oxygen and fluorine as well (details 
may be published elsewhere in the future). Estimates suggest 
that neon may be a reasonable goal given the capabilities of 
the SHIVA laser systems; that if one discards Na, Hg and Al as 
not being easily obtainable in gas form, then silicon (in the 
gaseous form of silane) would be the next candidate when increasing 
Z, and the transition energies involved are sufficiently high 
to guarantee that providing the requisite resonant pump radiation 
will be difficult. It seems to the present author that one might 
profitably pursue helium-like and hydrogenic inversions in elements 
from Z-6 (carbon) to Z=10 (neon) using target designs similar to 
those discussed in Chapter IV; however, given the presently 
available pump characteristics lasing silicon will be difficult. 
Inversions in other sequences are possible, including 4-3 inversions 
in neon-like systems and 5-4 inversions in nickel-like systems. 
These sequences in particular may be useful in that they represent 
natural resting places for the ionization balances; that is, they 
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are relatively easy to produce. Line-pumping schemes in the more 
complex ions have yet to be explored in any detail; however, they 
should prove to be interesting in terms of EUV and soft X-ray 
lasers. 

The use of a low energy laser pulse to stimulate Rarî ;; gain 
or to selectively channel population appears to be an excellent 
idea given adequate resources in a short wavelength laser program. 
Ue have not pursued the problem here as the experimental problems 
which ultimately would be involved are much too formidable to 
seriously contemplate a laser-assisted approach at LLL. 

Other approaches are possible. Recombination and charge exchange 
schemes are being analyzed elsewhere in the context of laser-pumped 
short wavelength laser research. The approach so far appears to 
result in insufficient gain to be of use on SHIVA given the 4 mm 
length constraint. If the constraint were relaxed, then these 
approaches would become far more attractive for local use. 
Schemes pumped through electron collisional pumping (notably the 
3s-3p laser schemes) appear to be quite promising at low energy. 
We have examined the kinetics of neon-''ike Krypton for possible 
gain under Z-pinch conditions, and one idea which arose from this 
exercise was the use of suprathermal electrons to do collisional 
pumping; for example, in neon-like Krypton, resulting in gain at 
83 eV. The electron ccllisional rate coefficient which dominates 
the inversion kinetics (the 2p-3p monopole process) peaks near 
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3 keV, which can effectively be pumped by hot electrons generated 
14 2 at the flashlamp when irradiated with "l.06u light near 10 W/cm . 

One can imagine using a target similar to the ones discussed in 
the present work with krypton gas flowing through, and upon pumping 
from above and below, the krypton strips down to the neon-like 
sequelae (and more highly stripped sequences as well) at which 
point lasing might occur. We have carried out some calculations 
on this approach and the results appear promising. Indeed, these 
calculations in the previous draft constituted the main body of an 
extra chapter of this thesis. This work may be presented elsewhere 
in the future. This approach may be adaptable to target design for 
CO? laser pump sources as the longer wavelength radiation is better 
suited for hot electron production. 

Suprathermal electrons can in principle be used in other ways 
as well; for example, hot electrons would cause strong excitation 
on a resonance line in a low density plasma, and if the resonance 
line were strongly trapped the one could build up a very bright 
radiation field within a few linewidths of the resonance line 
center. Effective temperatures of the radiation fields on the 
trapped lines could approach the hot electron temperature, given 
that the hot electrons numerically dominated the local unbound 
electron density, such as is thought to occur in the short wavelength 
laser designs discussed in previous chapters. Such bright X-radiation 
could be used to drive a resonantly pjmped short wavelength laser 
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scheme. Chapline has independently proposed this approach as a 
way to achieve high gain between 500 eV and 2 keV in a SHIVA-
pumped target design (Chapline, unpublished (1979)). Chapline 
restricted his attention to H-like and He-like resonance lines; 
however, our calculations have shown that the 2p-3s transition 
of neon-like ions have the potential to develop very bright 
radiation fields with fewer optical depths in a related study. 
The use of this approach to lower transition energies has been 
examined in the course of the present research in laser-pumped 
targets and one of the major problems involved include the production 
of low density pump material as the fourth row transition metals 
are hard to get as gases or high density vapors under experimental 
conditions. It was decided on the basis of interactions with the 
laser program that only the simplest of targets were ever likely 
to be fabricated; hence, the class of targets described in Chapters 
III and IV are the ones having received the most attention. 

The second chapter was devoted to a discussion of atomic 
physics parameters for neon and some of its L-shell ions. Oscillator 
strengths were collected from results given in the literature, as 
were some photoionization cross sections. The distorted wave method 
and empirical methods were used to fill in data not found in the 
literature. Electron collisional rate coefficients were computed 
from cross sectional data assembled from several sources. Auger 
processes were examined. Future work along these lines might be 
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devoted to the inclusion of the M-shell states in the first few 
sequences. The electron collisional matrix of cross sections 
coupling the L and M shells has yet to be given in full although 
the capability exists in several places to compute it. One reason 
for studying the model described in Chapter II was to gain experience 
in working with larger models, and a simple L-shell, dipole collisionally 
coupled model represents a low effort level step in that direction. 
One goal of some of the more recent work which the author is engaged 
in is directed toward the construction of a general set of L- and 
M-shell models for the 3-10 electron ions. Much work is being 
devoted toward this goal in the atomic physics and plasma comnunities, 
and work is even beginning on analysis of kinetics models in M-shell 
(11-28 electron) systems. 

In the third chapter we have examined the issues of target 
design in the case of the 27 eV laser. Molybdenum was chosen as 
flashlamp material and LiF for filter material. The flashlamp 
material choice was somewhat arbitrary and it would be profitable 
to optimize the Z in the vicinity of 42. LiF was a reasonable 
choice for filter material, however Li or LiH would be superior 
from a theoretical point of view (as can be explained only by one 
who has never spent time in a target fabrication laboratory trying 
to work with Li and LiH). If not too impractical, some thought 
might be devoted to devising filters composed of these materials, 
perhaps in a sandwich configuration surrounded by parylene. The 
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simulation of the flashlamp and filter system suffers from errors 
associated with the use of the XSNQ model for non-LTE in LASNEX. 
In particular, the oscillator strengths differ from hydrogenic 
values by factors approaching 2 in the 3-4 transitions (the real 
values are lower), and the electron collisional rate coefficients 
are underestimated by varying factors (of order 4) in the XSNQ 
model. Correction of these defects would probably increase the 
total 3-4 radiative output; however, as to whether the spectral 
calculation is in better agreement with reality is not yet known. 
A non-LTE model for molybdenum should be constructed and considerable 
effort was devoted toward the project in the course of the research. 
The basic problem involved, assuming that all atomic physics parameters 
were easily computable (which in fact is close to the case at 
present), is in selecting a finite and small number of states 
adequate to describe the kinetics unless one is prepared to do 
calculations on a several thousand state model. We have examined 
models where several hundred levels total were used, and where 115 
of them were included in the kinetics at a given time. In principle 
the extension to 1000+ level models is straightforward although we 
do not yet have experience with these kinds of calculations. 

Perhaps a more straightforward approach to the problem of 
flashlamp and filter behavior would be to measure the time dependent 
spectra experimentally, although such a project is at present beyond 
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the state of the art. Much effort was put into obtaining time 
independent spectral information through a disk irradiation experiment 
on ARGUS; however, to date the experiment has not been successfully 
completed. 

The suprathermal electrons were assumed to displace the thermal 
electrons completely, although detailed calculations of this process 
have not been carried out. The inclusion of kinetics models into 
LASNEX may allow the electron transport package of Kershaw to handle 
the problem. The two dimensional suprathermal transport problem has 
not been carried out in any approximation yet, and if the experiments 
yield negative results, this may be one place to look. 

The third chapter concludes with a discussion of laser kinetics 
and gain, and gains in excess of 50 cm" were calculated. The 
accuracy of the calculation is limited at present by uncertainties 
in the spectra, in the suprathermal electron distribution, and in 
the model. The spectral errors are probably the most severe. Future 
work may be devoted toward re-examination of these issues. The 
designs work better with faster infrared laser risetimes, and some 
thought might well be spent on finding ways to get a sharp risetime 
on the standard 90 ps SHIVA pulse (perhaps through use of a saturable 
absorber at the back end). Experimental results on the 27 eV laser 
may be available within the coming years. 

In Chapter IV we have examined line-pumping schemes in helium-
like and hydrogenic neon. The first issue examined included the 
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search for L-shell resonance l ines. We have examined most of the 

available l i terature pertaining to l ine positions suitable for 

resonant l ine pumping of one- and two-electron systems, and such a 

search has yielded many l ines. The su i t ab i l i t y of a l ine for pumping 

is determined by i t s osc i l la tor strength and s ta t i s t i ca l weights of 

the states involved, and by the isoelectronic sequence of the 

t ransi t ion. So far most of the resonances come from Ne-l ike, F-l ike 

and 0-1 ike sequences from the one side and L i - l i ke and Be-like 

sequences from the other side. The middle sequences are the least 

well known. Spectroscopic work devoted to the analysis and-classif ication 

of term systems is currently facing the very complex nitrogen and 

carbon sequences, from which i t is l i ke ly that several important 

l ine resonances w i l l be found. 

The determination of the radiative output of the L-shell l ines 

which have been found to be resonant or near resonant requires further 

work. Unfortunately i t is the more complex systems which appear to 

be endowed with the best resonant l ine candidates which makes 

theoretical analysis d i f f i c u l t . Construction of detailed non-LTE models 

is underway and should def in i te ly be a major area of future work. 

Experimental determination of absolute spectral output of the L-shell 

l ines, preferably with 10 psec time resolution, would be a very d i f f i c u l t 

but also very valuable area of future endeavor. Spectroscopic work 

in the area of f inding l ine positions relat ive to the l ine to be 

pumped would be very helpful . 
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A kinetics model of neon and its ions was constructed. Work 
can always be devoted to improving kinetics models, extending 
kinetics models and adding more processes. On the one hand the 
model should be as detailed as possible for reasons of accuracy and 
range of applicability, and on the other hand, it is not reasonable 
to run too detailed of a kinetics model in a large many-zoned two 
dimensional simulation. Work should not only be devoted towards 
development of more complete models, but also to the development of 
simple models which have sufficient physics to be interesting but 
are economical. We have done some work on both types, and the 
calculations described in Chapter IV were all performed using a 
model of the former class. This type of modeling should be pursued 
for other systems wherein potential short wavelength laser schemes 
reside, and for a laboratory dealing as extensively in plasma creation 
and utilization as LLL, it is hard to understand why studies of non-
LTE kinetics have for so long not been included as an integral part 
of the laboratory's research effort. 

The two dimensional hydrodynamics here are not state of the art 
algorithms, but on the other hand the amount of computer time spent 
on them relative to other parts of the code is so small as to make 
that issue unimportant. General angle dependent two dimensional 
line radiation transfer is an area which has not been extensively 
explored and the approach taken here may be of interest in other 
areas. Unfortunately, in the present class of designs where such 
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large velocity gradients are of interest the line transfer of XRASER 
is not yet able to provide an adequate description of the trapped 
radiation fields. Partial redistribution in energy can be included 
in a simple manner (namely, assume that the radiation field on the 
last timestep is similar spectrally at a given point to the one at 
the current timestep, and use the shape for an explicit determination 
of the redistributed emission function) and some future work should 
be devoted to that project as it is important in laser design. 

The design work and simulations which have been done so far are 
promising, and should be continued. Once the pump radiation fields 
are more accurately determined then it should be possible to design 
a laser and be confident that it will produce measurable signals. 
Targets irradiated by an early pulse on one side, thus setting up a 
strong velocity flow (such as described in Chapter IV) represents 
the most promising approach to target design in the case of resonantly 
pumped schemes as viewed by this designer. Such design work should 
continue, in conjunction with better design tools. 

The implementation of non-LTE into LASNEX would certainly aid 
in many of the calculations, although much remains to be done before 
it would serve the same function as XRASER. I would recommend 
maintaining XRASER and continuing development on it as well as pursuing 
LASNEX non-LTE. There is a place for both codes at present in a short 
wavelength laser design effort. 
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Experimental work should have gone in conjunction with the 
design work for the past several years. The reasons that it has 
not in the past are obscure. Future work should definitely include 
the development of an ongoing and supported experimental program. 
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