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Optical-field-ionized plasma x-ray lasers
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A tabletop x-ray laser scheme involving lasing to the ground state of an ion following optical-field-
induced ionization by a high-intensity short-pulse laser is studied. The role of the ground state in reduc-

ing the saturation intensity is calculated to be larger for H-like ions as compared with the effect in Li-like
0

ions. Energy efficiencies of order 10 are calculated for the 3d5 j2-2p3/2 transition at 98 A in Li-like Ne.
The efficiency calculations are based on a driving laser with an intensity of 3 X 10' W/cm, a wavelength
of 0.25 pm, a pulse duration of 100 fsec, and an input energy of 25-100 mJ. A correction to the standard
stimulated Raman scattering growth rate is given for a finite laser pulse. Use of short pulses is shown to
be sufficient to control heating from stimulated Raman scattering in Li-like Ne. Extending the scheme

0
to shorter wavelengths (e.g., Li-like Al at 52 A) is difficult because of reduced efficiencies and excessive
electron heating from Raman scattering.

PACS number(s): 42.55.Vc, 32.80.Rm, 52.40.Nk, 42.65.Dr

I. INTRODUCTION

All demonstrated x-ray lasers are based on lasing tran-
sitions between two excited states of a highly charged ion
[1]. Optical-field-induced ionization by a high-intensity
short-pulse laser allows for the possibility of lasing from
an excited state down to the ground state of the ion. An
advantage in lasing down to the ground state is the
higher energy of the lasing transition as compared with
lasing between excited states of the same ion. The idea of
ground-state lasing following optical-Qeld-induced ioniza-
tion (which is the high-field limit of multiphoton photo-
ionization) was considered many years ago for the case of
hydrogen [2]. More recently, calculated small-sign-gain
coefficients were presented for lasing down to the ground
state of H-like B [3]. In this latter study, heating associ-
ated with Raman backscattering was suggested as a po-
tential obstacle to the success of this x-ray laser scheme.
Our recent calculations of heating associated with Raman
backscatter show that heating can be controlled by using
short driving pulses for schemes that require a laser in-
tensity of order 10' W/cm, e.g., Li-like Ne at 98 A [4].
For schemes that require intensities of order 10' W/cm,
e.g., Li-like Al at 52 A and H-like B at 48 A, we show
that it is difficult to keep heating associated with Raman
backscattering at acceptable levels. The concept of lasing
during recombination following multiphoton ionization
has been recently demonstrated at 5080 A in atomic cad-
mium [5].

The plasma conditions that are required for lasing to
the ground state are a very complete emptying of the
ground state prior to lasing and an electron temperature
which is small compared to the ionization energy. Field
ionization by a high-intensity short-pulse laser has been
calculated to be an appropriate method to achieve these
conditions [6—8]. (The required emptying of the ground
state is difficult to achieve by using the more convention-
al ionization mechanisms such as collisional or radiative
ionization. ) The use of very short pulses ( ~100 fsec)

gives low-energy requirements ((1 J) for field ionization
that can be provided by tabletop laser drivers [9] and are
much less than the energy requirements for most conven-
tional x-ray laser schemes. The low-energy requirements
demand a higher energy efficiency as compared with con-
ventional x-ray laser schemes to produce a useful amount
of output energy at the lasing wavelength. The amount
of output energy that can be obtained from the lasing
transition depends on the saturation intensity I„,. In
contrast to the standard situation of x-ray lasing between
excited states, the lower laser state plays an important
role in determining I„, when the lasing is down to the
ground state. In this paper, we expand on an initial study
of saturation and energy efficiencies in optical-field-
ionized plasma x-ray lasers [4] and explore a number of
other issues relevant to lasing down to the ground state.

In Sec. II we discuss aspects of lasing down to the
ground state in H- and Li-like ions. In particular, we
show the role of the lower lasing state in calculating the
saturation intensity. We describe the calculation of ener-

gy efficiencies in Sec. III. In Sec. IV we present
efficiencies for lasing in Li-like Ne at 98 A for a range of
initial conditions following ionization. We give details of
the atomic physics calculations in Sec. V and show that
the use of shell-averaged atomic data is appropriate. In
Sec. VI we give a correction to the standard stimulated
Raman scattering growth rate for the case of a finite laser
pulse. The electron heating resulting from stimulated
Rarnan scattering and the advantage of using short pulses
are discussed. In Sec. VII we show the difficult in extend-
ing the scheme to lasing in Li-like Al at 52 A because of
reduced efficiencies and excessive Rarnan heating. We
summarize and discuss outstanding issues in Sec. VIII.

II. IMPORTANT ISSUES
FOR LASING TO THE GROUND STATE

The two ionization stages of most interest for recom-
bination lasing following optical-field-induced ionization
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are H-like and Li-like ions. We use these ionization
stages to illustrate a number of important issues for lasing
down to the ground state. In particular, we discuss the
effect of the lower lasing level in determining I„, for a
given lasing transition.

The major advantage in lasing down to the ground
state is the large energy difference between the ground
state and the first excited state as compared with the en-
ergy differences between excited states. In H-like ions,
the n =2 to 1 transitions have energies about five times
the energy of the n =3 to 2 transitions. In Li-like ions,
the n =3 to 2 energies are about three times the n =4 to
3 energies and twice the n =5 to 3 energies. A related is-
sue is the energy of the lasing transition as compared
with the ionization potential. For transitions between ex-
cited states, Li-like ions are more "efficient, " in this
sense, than H-like ions. The opposite is the case for las-
ing down to the ground state. In H-like ions, the energy
of the lasing transitions from the first excited state to the
ground state is about —, of the ionization potential com-
pared with —, the ionization potential for Li-like ions.
This lower efficiency" in Li-like ions is largely offset by
using optical-field-induced ionization because the re-
quired intensity to field ionize is lower in Li-like ions for
comparable ionization potentials. The threshold intensi-
ty for field ionization in H- and Li-like ions can be ap-
proximated by [8]

2.2X 10'
Z2

'4
U, 2W/cm

27.21

where U; is the ionization potential and Z is the residual
charge. The ionization rate associated with this thresh-
old intensity is 10' sec '. For the short pulses con-
sidered in this paper, an intensity approximately 50%
higher is required to achieve the required emptying of the
ground state prior to lasing. The intensity requirement
for lasing in Li-like Ne is discussed in Sec. IV.

For atomic elements of interest, I,h scales with the en-

ergy of the lasing transition relatively independent of the
ionization stage. We show this scaling by giving some ex-
amples for the major lasing transition in H- and Li-like
ions. In H-like ions, the 2p3/2 1s&/2 fine-structure transi-

0

tion has maximum gain and some examples are 135 A
and 1X10' W/cm in Li, 75 A and 6X10' W/cm in
Be, and 48 A and 2X10' W/cm in B. In Li-like ions,
the fine-structure transition between the n =3 level and
the n =2 level with the largest calculated gain coefficient
is the 3d&/2-2p3/2 transition. Some examples of wave-

lengths with their corresponding I,h are 128 A and
1X10' W/crn jn F, 98 A and 2X10' W/cm. in Ne, 52
A and 1X10' W/cm in Al, and 44 A and 2X10'
W/cm in Si.

In contrast to I,„, the calculation of I„, does depend
on the ionization stage. In addition, lasing down to the
ground state requires that the lower state be included in
the calculation of I„,. For transitions between excited
states, one can often neglect the effect of the lasing inten-
sity on the lower laser state population in calculating sat-
uration [10]. In this case, using the definition that I„, is

the intensity at which the gain is reduced to —,
' the small-

signal-gain value and neglecting the lower state in calcu-
lating gain, one has I„,being the intensity that causes the
population in the upper laser state to be reduced by a fac-
tor of 2. This intensity is found by equating the stirnulat-
ed rate out of the upper laser state with the total exit rate

y,„, excluding stimulated processes. For lasing down to
the ground state, one cannot neglect the effect of the
lower laser state on I„, for two reasons. First, electrons
stimulated out of the upper laser state tend to accumulate
in the lower state. Second, the gain is sensitive to the
population in the lower laser state because the population
inversion at the time of maximum gain is not large. We
first show how to calculate I„, neglecting fine-structure
levels and then discuss the role of fine structure in H-like
and Li-like ions.

We introduce a parameter a, multiplying y,„„whose
value will depend on the populations and statistical
weights of the lasing levels. We equate this product to
the net stimulated emission rate out of the upper laser
state,

c NI'gu
fogt 3 QI2h~ N„'g

(2)

where (1 NI'g„/N—„'g& ) is the population inversion factor,
primes denote saturated values, g„and gi are the statisti-
cal weights for the upper and lower states, respectively,
A„l is the spontaneous emission rate, and J„, is the
specific (per unit frequency) mean saturation intensity.
The population of the upper level is reduced because of
the additional exit channel via stimulated emission. By
equating the outward population flow without stimulated
emission N„y,„, to the outward flow after saturation
N„'y,„,+N„'ay, „„the saturated population can be ex-
pressed as N„'=N„/(1+a)=PN„, where P—= 1/(1+a).
Assuming that electrons arriving in the lower state accu-
mulate there, the standard population in the lower state
is Ni =N&+ (1 P)N„Th—is is usu. ally a good approxima-
tion when the lower laser state is a ground state of the
ion. (Including the small amount of recombination to the
next ionization stage would result in only a modest in-
crease in the predicted gain coefficients and saturation in-
tensities. ) The small-signal gain between the upper and
lower states is

NIg„P= —1+ +
2 Ngi g

Using this expression for p to obtain a, N„', and Ni', we

obtain J, from Eq. (2). The saturated intensity is then
given by I„,=bvJ„,(2n. /1n2)'~, where bv is the full
width at half maximum (FWHM) of the atomic line

2

Gss = fos, +(v)N„1—
meC Nag'

where fo„ is the emission oscillator strength of the lasing
transition and ~P(v) is the normalized line profile func-
tion. We can solve for P requiring that the gain calculat-
ed using N„' and N&' be 0.5 times the small-signal gain giv-

ing
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profile.
As an example, the choice g„ /g& =2.25 and

Ntg„/N„g& =
—,
' gives a=0.09. This results in a factor of

11 decrease in I„, as compared with neglecting the role
of the lower state in determining the intensity sufficient to
saturate the laser. This choice of statistical weight corre-
sponds to the n =3 and 2 levels in a Li-like ion neglecting
fine structure. For lasing down to the ground state of a
H-like ion from the first excited state, g„/g&=4 and
a =0.05 for the same amount of inversion.

The spacing between the fine-structure levels of interest
is often greater than the linewidths of the lasing transi-
tions and the effects of fine structure must be included in
calculating saturation. The assumption that the fine-
structure levels are populated according to their statisti-
cal weights allows an easy estimate of the role of fine
structure on saturation. We show the validity of this ap-
proximation in Sec. V. In Li-like ions, the 3d»2-2p3/2
transition is calculated to be the first fine-structure transi-
tion between the n =3 and 2 levels to reach saturation.
In Eq. (2) we use the spontaneous emission rate A„t for
this fine-structure transition, but we continue to use the
shell-averaged or total exit rate y,„,. The outward popu-
lation How without stimulated emission is
N„=3y,«=3N„y,«, where N„ is the population of the
3d5/2 upper laser level which has —,

' of the n =3 popula-
tion if the sublevels are populated according to their sta-
tistical weights. Equating this to the outward How after
saturation, 3N„'y,«+N„'ay, «, one obtains an expression
for N„' given by N„' =N„/(1+a/3) =PN„, where
P=—1/(1+a/3). (If the lower state is neglected in calcu-
lating saturation, a=3 because the stimulated rate acts
only on the 3d5&2 population. ) Assuming that electrons
that are stimulated out of the 3d5/2 level into the 2p3/2
level are distributed between the n =2 fine-structure lev-
els according to their statistical weights, one obtains
Nt =Nt+ —,'(1 P)N„. Using—the definition of I „we find

ated with including the lower laser state, than the
3d, /2-2p3/2 transition in Li-like ions.

III. CALCULATION OF EFFICIENCIES

L,t =4~a /Aln2, . (6)

A major question in determining the usefulness of
optical-field-ionized plasma x-ray lasers is the amount of
output energy E,« in lasing transition compared with the
required input energy E;„. We define an efficiency g as
the ratio of these energies r)=E,„,/E;„. The low-energy
requirements of optical-field-ionized plasma x-ray lasers,
as compared with conventional x-ray laser schemes,
demand a higher efficiency to produce a useful amount of
output energy at the lasing wavelength. The required
efficiency depends on several factors, such as type of ap-
plication, repetition rate, and laser driver cost.
Efficiencies larger than 10, representative of conven-
tional x-ray laser efficiencies, are desired for optical-field-
ionized plasma x-ray lasers. A potential x-ray laser with
such efficiencies is discussed in the next section.

The driving or ionizing laser creates a cylindrical las-
ing medium with a radius approximately equal to the
laser half-intensity radius. The z axis of the cylinder is
aligned along the propagation direction of the laser. The
length of the lasing medium is determined by the distance
that the pulse travels with the intensity above I,h for the
appropriate ions species. Refraction, diffraction, and en-
ergy absorption serve to limit the length. The ionization
at the leading edge of the pulse creates a transverse elec-
tron density profile that can spread the beam resulting in
a very short lasing medium. Creating a plasma
waveguide by using a prepulse has been proposed as a
solution to this refraction problem [3]. In this paper, we
consider only the effects of diffraction and energy absorp-
tion assuming that the length of the lasing region is given
by the confocal length [11]

1 Ntgu 1 gu

2 N gt 2 gt

1 gu

2 g(
(5)

For g„ g/=t6 4/=1. 5appropriate for the 3d5&2-2p3/2
transition, and Nt g„/N„gt = 1/2 one calculates that
a=0.5. Thus, including the lower state results in a fac-
tor of 6 decrease in I„,for the assumed inversion.

In H-like ions, the 2p3/2 1s,/2 transition has the largest
gain coefficient and saturates first. The 2p3/2 level has —,

'

of the n =2 population if the sublevels are populated ac-
cording to their statistical weights and we have
N„' =N„/(1+al2)=PN„and N&'=Nt+(1 P)N„. —
These are the same expressions as for the first case, where
fine structure is neglected, with P replacing P. The ex-
pression for P, Eq. (4), can be used for P with
a=2(1/P —1). For g„/g& =2, appropriate for the
2p3/2 1s»2 transition, and N&g„/N„g&=1/2 one calcu-
lates o.=0.18, which is a factor of 11 smaller as com-
pared with neglecting the lower state population. For
comparable population inversions, the 2p3/2 1s&/2 transi-
tion in H-like ions has a greater reduction in I „associ-

where A, is the wavelength of the driving laser. We re-
quire that there be sufficient energy in the pulse to ionize
the plasma for a confocal length. To ionize a Ne gas to
He-like Ne with an electron density of 5 X 10 cm in a
cylindrical volume of length 0.7 cm and radius 10 pm re-
quires 20 mJ. This is approximately —, of the energy in a
100-fsec pulse with a 10-pm half-intensity radius and an
intensity of 3 X 10' W/cm . This requirement provides a
limit on the increase in length that can be obtained by in-
creasing the focal radius. For a fixed driving wavelength
and intensity, the efficiency for a saturated laser is
proportional to a (I„,/L„, )(bt/r~HM), where r„wHM
is the FWHM duration of the driving laser. We show the
dependence of I„„L„„andht on electron density and
temperature in the following section for the case of Li-
like Ne.

The x-ray laser pulse follows behind the ionizing pulse
with a delay determined by the time required to achieve
maximum gain after ionization, which is independent of
z, and by plasma dispersion. The formulas in this paper
assume that the uv ionizing pulse and the following x-ray
laser pulse travel through the plasma at the same speed.
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Plasma dispersion causes the x-ray pulse to travel faster
than the uv pulse with the ratio of the velocities approxi-
mately (1—n, /n„)'/, where n„ is the critical density

for the uv light. For n, =5X10 cm and A, =0.25 pm,
the difference in transit time for 1 cm is 0.48 psec. This is

of the order of the FWHM gain duration, calculated in

Sec. IV, for lasing in Li-like Ne. Therefore we restrict
our attention to plasma radii less than or equal to 10 pm

I

(z ~ 0.7 cm).
In order to calculate the output energy and resulting

efficiency we must determine the distance along the laser
(or z axis) at which the amplifying intensity reaches I„,;
this condition defines the saturation length L„,. The sat-
uration length is found by equating J„„Eq.(2), with the
line mean (or Gaussian line profile weighted) intensity J
at z =Lsat'

tan (a /L satJ=S
0

e Ga/sin(9 1 3/2
sin&d 8+ ..',...„„-ede .

GL, , /coss '1«t.„,1 [(Ga/sin8)e '/"" ]'/
sat

where S=(2hv /c )/(1 N&g„—/N„gt) is the source func-
tion, G is the gain, a is the lasing medium half-width or
half-intensity radius, and t9 is the angle from the z axis at
which the (geometric) ray propagates through the plas-
ma. The integrands in Eq. (7) together represent the line
integrated specific intensity which is found by first solv-

ing the line transfer equation for the specific intensity
I(v), weighting I(v) by a line profile function which we
take as Gaussian, and then integrating over frequency
[10]. The first integral corresponds to rays which exit the
end of the lasant medium at z =L„„and the second in-
cludes contributions from rays which exit from the side
of the slab (z (L„,). In most treatments of x-ray lasers,
one assumes that a &(L„t as well as an intensity scaling
of exp(GL)/3/GL for large gain lengths. In this limit,
the second integral drops out and Eq. (7) reduces to
J =(S/2)[exp(GL„, )/(GL„, )' ](a /L„, ). However,
the x-ray laser presented here can often have very large
gains (particularly at low electron temperatures), thereby
having a &L„,. Therefore we are generally required to
include the contribution from rays exiting the sides of the
lasant plasma as embodied in the second integral of Eq.
(7). We arbitrarily choose to exclude those solutions for
L„, which are less than -20a in order to have an x-ray
source with highly directed output.

The intensity of the laser increases exponentially with

length until saturation is reached, whereupon the depen-
dence on length becomes nearly linear. A good approxi-
mation to this dependence of the intensity on the length
of the lasing medium is

(eGz 1)3/2(GL e sat )1/2

GL

I(z)= . ( Gze Gz)1/2( e sa&
1 )

3/2
if z (L„t

Isat L sat
if z~I„t .

For a given length of the lasing medium z and duration of
lasing b, t [where we take b, t as the temporal duration
(FWHM) of the calculated gain coefficient for the lasing
transition], the output energy can be written as
F.,„,=I (z)b, tata .

The efficiencies, discussed above and presented in the
following sections, are the ratio of total output energy di-

vided by the input energy. Some applications of x-ray
lasers, such as holography of living cells, require a
coherent source of x rays. The longitudinal (temporal)
coherence is expressed in terms of a longitudinal coher-
ence length LI defined as the distance over which phase is

maintained: Lt =1,„/b, A,„,where A,„ is the wavelength of
the x-ray lasing transition and hA.„ is the lasing transition
linewidth. In Li-like Ne, the linewidth of the 3d5/2-2p3/2
transition is primarily determined by Stark broadening

[12], and we calculate Lt =60 pm for an electron density

of 5X10 cm ~ This degree of longitudinal coherence
is sufficient for most applications. Transverse (spatial)
coherence is more problematic for the scheme proposed
in this paper and for demonstrated x-ray laser schemes
[13]. The transverse coherence length L, can be approxi-
mated as L, =a/F, where F =2m.a /(A, „z) is the Fresnel
number. The number of saturated transverse modes
scales as the square of the Fresnel number, and the frac-
tion of output energy which is coherent scales as 1/F . If
the lasing length z is given by L,t, Eq. (6), the Fresnel
number is independent of the lasant half-width and is

given by F =(A, /2A, , )ln2, where A, is the wavelength of
the driving laser. For Li-like Ne at 98 A driven by a
0.25-pm laser, one has approximately 80 modes. An in-

put energy of 100 mJ and a total efficiency of 5X10
gives only 0.06 pJ of coherent output energy per pulse.
The fraction of coherent energy can be increased by
matching z with L„„thereby exploiting gain discrimina-

tion effects associated with the strongest growing trans-
verse modes. However, the largest efficiencies (as shown

in the next section) occur when z considerably exceeds a
saturation length. The amount of coherent energy can be
increased by mode selection which delays saturation and

allows a selected number of modes to grow exponentially
over a longer length. For example, plasma transverse
electron density gradients can contribute to refractive de-

focusing of the weakly growing modes thereby reducing
the number of modes. To determine the increase in

coherent energy this process requires the shape and slope
of the electron density profile as a function of z and is

beyond the scope of this paper. The output from an

optical-field-induced plasma x-ray laser is estimated to
have good longitudinal coherence and relatively poor
transverse coherence but improvements in transverse
coherence are possible.
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IV. LITHIUMLIKE NEON RESULTS

We discuss the energy efficiencies that can be obtained
from optical-field-ionized plasma x-ray lasers for the case
of lasing in Li-like Ne. We show what laser intensities
are required to sufficiently empty the lower laser state
during field ionization. In addition, we study the scaling
of gain, saturation length, duration of gain, saturation in-
tensity, and energy efficiency with electron temperature
and density. We concentrate on the 3d5/2-2p3/2 fine-

0
structure transition in Li-like Ne at 98 A. Shell-averaged
atomic data are used to determine the populations of the
n =2, 3, 4, etc., levels of Li-like Ne as a function of time
with given initial plasma conditions following the ioniza-
tion. The sublevels, e.g., 3d5/2 and 2p3/2 are assumed
populated according to their statistical weights, but the
oscillator strength, linewidth, and energy of the fine-
structure transition are used to calculate the gain
coefficient. Details of the atomic physics calculation are
given in the next section.

The 3d»2-2p3/2 transition has the largest gain
coefficient of the fine-structure transitions connecting the
n =3 level to the n =2 ground-state level as shown in
Fig. 1. The time dependence of the shell-averaged n =3
to 2 gain coefficient along with the gain coefficients for
three fine-structure transitions with largest gains are
given for an electron temperature of 40 eV and electron
density of 5 X 10 cm following ionization. The shell-
averaged gain is a valid estimate of gain only when the
energy di6'erence between the fine-structure transitions is
small compared to the linewidth. This is rarely the case
for the ions of interest. The 3d5/2-2p3/2 transition has a
maximum gain coefficient of 127 cm ' approximately 0.3
psec after the ionization to He-like Ne with a FWMH
gain duration of 0.43 psec.

The calculation of gain assumes that the lower laser

state is initially empty following the ionizing pulse. The
very large ionization rates calculated for field ionization
make this a reasonable assumption provided the intensity
of the ionizing laser is sufficiently high. The tunneling
ionization theory of Amrnosov, Delone, and Krainov [14]
gives an ionization rate from Li-like Ne to He-like Ne of
10' sec ' at an intensity of 3 X 10' W/cm . The rates of
Ammosov et al. are larger than those given by some oth-
er theories [8], but have been shown to be in good agree-
ment with the experimental data of Augst et al. [15] for
field ionization of xenon. Augst et al. found the rates of
Ammosov et al. to be high for the lower ionization
stages of neon. However, recent measurements by Perry
[16] find good agreement with the rates of Ammosov
et al. for ionizing neon to the He-like ionization stage.
Using the rates of Ammosov et al. we calculate the frac-
tion of the population remaining in the n =2 ground
state of Li-like Ne following ionization. We use a sech
temporal dependence for the intensity centered around
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FIG. 1. The time dependence of the shell-averaged (neglect-
ing fine structure) n =3 to 2 gain coefficient in Li-like Ne along
with the gain coefficients for three fine-structure transitions
with the largest gains for plasma conditions of T, =40 eV and
n, =5 X 10 cm following ionization.

FIG. 2. (a) The n =2 fractional population following field
ionization as a function of intensity for laser pulses with
FWHM durations of 50 and 100 fsec. (b) The calculated
3d5/2-2p3/2 gain coefficient vs fractional population in the n =2
levels following ionization.
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~=0 with a FWHM duration of ~FTHM..
I(r)=I,„sech [21n(&2+1)r/rFwHM] .The n =2 frac-
tional population as a function ofI,„ is given in Fig. 2(a)
for ~„wHM=50 and 100 fsec. The calculation assumes
that there is no recombination during the pulse. In the
absence of an ionizing electric field we calculate that less
than 10 ions would recombine and have an electron in
the n =2 levels during a 100-fsec period. Recombination
occurs primarily into the upper states followed by a col-
lisional cascade to the lower levels. The ionizing electric
Geld of the laser can easily remove the electrons from the
upper states which greatly inhibits the filling of the lower
levels during the pulse.

In Fig. 2(b) we show the effect of an initial population
in the n =2 levels on the calculated 3d5/2-2p3/2 gain
coefficient. If the n =2 fractional population is less than
10, there is only a very small decrease in the gain corn-
pared with assuming an initially empty lower laser level.
If the n =2 fractional population is greater than 10
the gain is significantly reduced with no gain predicted
for a fractional population greater than 6X10 . In
determining the input energy we require that the frac-
tional population be less than 10 and for a 100-fsec
pulse this implies that I,„&3.2 X 10' W/cm in the las-
ing medium. A 50-fsec pulse would require only a slight-
ly higher intensity.

The saturation intensity for an electron temperature of
40 eV and electron density of 5X10 cm is 1.0X10"
W/cm . The saturation length is weakly dependent on
the radius of the lasing channel with L„,=0.11 and 0.09
cm for a =5 and 10 pm, respectively. In contrast, the en-

ergy efficiency has a strong scaling with radius primarily
from the a scaling in L,f, Eq. (6). We calculate
g=1.7X10 and 7.8X10 for a =5 and 10 pm, re-
spectively. All of the efficiencies we present in this paper
use a 100-fsec driving pulse to calculate the input energy.
As discussed in Sec. VI, in order to obtain this choice of
initial conditions, i.e., T, =40 eV and n, =5 X 10 cm
a driving pulse of less than 100 fsec may be required to
control heating associated with Raman backscatter. In
addition to the rapid scaling of efficiency with radius, we
also find rapid scaling with electron temperature and den-
sity.

We first study the scaling with electron temperature of
the quantities that enter into the calculation of the
efficiency. The maximum small-signal-gain coefficient
G,„ for the 3d5/2-2p3/2 transition as a function of tem-
perature is shown in Fig. 3(a). The gain decreases from
values above 100 cm ' for low temperatures to 13 cm
at T, =100 eV. An increase in temperature results in a
slower recombination from He-like Ne to Li-like Ne, and
the slower filling of the excited levels results in smaller
population in versions and gains. The dependence of
G,„on T, is very well approximated by a power law:
G,„—T, . The value of the gain affects the efficiency
through L„„Eq.(7). The saturation gain length product
is usually not very sensitive to plasma conditions. We do
find a weak dependence of G,„L„,on T, as shown in
Fig. 3(a) for a plasma radius of 5 pm. The values range
from around 10 for low temperatures and increases to ap-
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FIG. 3. (a) The maximum gain for the 3d&/2-2p3/2 transition

and the product of this gain and the saturation length (for a =5
pm) as a function of electron temperature for an electron densi-

ty of 5 X 10 cm . (b) The saturation intensity and the FWHM
duration of the gain as a function of electron temperature for an

electron density of 5 X 10 cm

proximately 20 for T, =100 eV with a T, scaling.
These scalings of G,„and G,„L„, combine to give
L„,—T, '. For a saturated laser, the other two impor-
tant quantities in determining the scaling of energy
efficiency with plasma conditions are the saturation inten-
sity and the duration of the gain. The dependencies of
these quantities with T, are shown in Fig. 3(b). The mod-
est increase in I„,with increasing temperature is a result
of a larger y,„, entering Eq. (2) associated with faster
electron collisional rates out of the lasing levels. Fitting
the I„, curve with a power law, we obtain I„,—T,
The FWHM duration of the gain At is almost indepen-
dent of electron temperature with a T, ' scaling. Using
that the efficiency for a saturated laser scales with
I„,L,„'ht and that these quantities are fit reasonably
well by power laws, we expect that the scaling of the
efficiency can be approximated by a power law with
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TABLE I. The exponent x in the power-law scaling of the energy efficiency g, and the quantities that
enter in the calculation of g, with the electron temperature —T," and the electron density -n,". A
value of a =5 pm is used to obtain L„t and g. For the T, scaling, we take n, =5 X 10 cm ' and for
the n, scaling, we take T, =40 eV.

Scaling

T.
e

Gmax

—2.6
+ 1.5

Gmax~ sat

+0.5
—0.1

L sat

+3.1
—1.6

Isat

+0.6
+ 1.7

—0.1
—0.6

—2.6
+2.7

g- T, . This scaling is shown in Fig. 4 for two values
of plasma radius. As the temperature increases, the satu-
ration length increases until it exceeds L,f for a given
plasma radius. After this point there is a very rapid drop
in efficiency with increasing temperature which can be
seen in the figure as a sudden change in slope.
Efficiencies greater than 10 are calculated for a =10
pm provided that T, ~35 eV. Figure 4 also shows the
scaling of L, with temperature for a =5 and 10 pm.
The various scalings with electron temperature are sum-
marized in Table I.

In contrast with the scaling with electron temperature,
I„,and L„, contribute a comparable amount to the scal-
ing of efficiency with electron density and in the same
direction, i.e., I„,-n,' and L,„'-n,' . Figure 5 gives
the dependence of 6,„, L„„I„„and ht with n, for
T, =40 eV and a =5 pm. An increase in I„, with n,
occurs because of an increase in y,„,from the faster elec-
tron collisional rates at the higher densities. The de-
crease in L„, with an increase in n, is because of the in-
crease in the gain coefficient as a result of the higher den-
sity and faster collisional filling of the upper laser state.
The gain length product is nearly constant with a n,
scaling. The decrease in gain duration with an increase
in n, is because the lower laser state is being filled
through electron collisions in addition to the radiative
contribution. The scaling of gain duration with n, is ap-
proximately ht -n, . These scalings combine to give

V. DETAILS OF ATOMIC PHYSICS CALCULATIONS

The efficiencies calculated for the 3d»2-2p3/2 transi-
tion in Li-like Ne use a simple kinetic model combined
with shell-averaged atomic data. The kinetic model ex-
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g-n, and are summarized in Table I. The dependence
of efficiency on n, is shown in Fig. 6 for a range of elec-
tron temperatures and a plasma radius of 5 pm.
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FIG. 4. The energy efficiency and saturation length in Li-like
Ne as a function of electron temperature for different values of
plasma radius a and an electron density of 5 X 10 cm

FIG. 5. (a) The maximum gain for the 3d5&2-2p3/2 transition
and the saturation length (for a =5 pm) as a function of elec-
tron density for an electron temperature of 40 eV. (b) The satu-
ration intensity and the FWHM duration of the gain as a func-
tion of electron density for an electron temperature of 40 eV.
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FIG. 6. The energy efficiency in Li-like Ne as a function of
electron density for a range of electron temperatures and a plas-
ma radius of 5 pm.

ploits the three different time scales inherent to the
recombination phase following field ionization. The use
of shell-averaged atomic data requires that the popula-
tions of the sublevels, in a given shell corresponding to a
principle quantum number, be proportional to the statis-
tical weights of each sublevel. This approximation is also
used to obtain I„, once the populations are determined
by the kinetic calculation. We briefly describe the kinetic
model and discuss the appropriateness of 'using shell-
averaged atomic data.

There are three distinct time scales in the recombina-
tion of a plasma following field ionization by a short-
pulse laser. The upper states (n )4) come into Saha
equilibrium in a very short time ( & 50 fsec) following the
pulse. The period of population inversion and lasing
down to the ground state occurs over a longer time scale
which is limited by spontaneous radiative rates to be of
order 1 psec. The time over which significant recombina-
tion to the next lower ionization state occurs ( & 100 psec)
is the longest time scale. We are primarily interested in
the intermediate time scale and treat the time scale for
Saha equilibration in the upper levels as instantaneous.
The number of upper levels is determined by continuum
lowering [17]. Because of the short duration of lasing
compared to the recombination time out of the ground
state to the next lower ionization stage, we assume that
all electrons reaching the ground state accumulate in that
state. We use these assumptions in a conveniently simple
atomic kinetic model that gives good agreement with re-
sults from our complete kinetic simulations.

The kinetic calculations assume that the ground state
of Li-like Ne is initially empty. We have studied the
effect of initial population on gain and find that for an ini-
tial population greater than 0.1% of the total ions in the
ground state of Li-like Ne the gain is significantly re-
duced. Very complete emptying of the ground state is a

feature of optical-field-induced ionization and the obser-
vation of lasing will provide strong evidence of such emp-
tying.

The appropriateness of using shell-averaged atomic
data is addressed by comparing results with those ob-
tained using a detailed atomic model which allows in-
dependent sublevels. We find that two processes that can
cause sublevels to not be populated according to their sta-
tistical weights act in opposite directions and largely can-
cel. The first arises when the energy differences between
the sublevels is of the order of the electron temperature.
The second occurs when a given fine-structure transition
becomes saturated and a large fraction of the population
flow between shells is carried by that transition.

The assumption that the sublevels are populated ac-
cording to their statistical weights is based upon
AE,„&&k T„where E,„ is the maximum energy
difference between any of the sublevels. For a finite ener-
gy difference between the sublevels, there is also a
Boltzmann factor e that enters into the calcula-
tion of the sublevel populations. In the following discus-
sion, we restrict our attention to Li-like Ne but the con-
clusions are similar for other atomic elements. In the
n =3 level, the largest AE is between the 3s, /z and 3d5/2
sublevels with a value of 6 eV. (The 3p and 3d sublevels
differ by only 1.5 eV). The energy differences are larger
in the n =2 level with the 2p3/2 and 2p»2 sublevels hav-
ing energies approximately 16 eV greater than the 2s, /z
sublevel. The Boltzmann factor for this value of AE is
0.7 for a representative temperature from Fig. 4 of 40 eV.
The n =2 shell is primarily populated by radiative transi-
tions into the 2p sublevels from the 3d sublevels. The 2s
sublevel is populated radiatively from the 3p sublevels
and collisionally from the 2p sublevels. The electron col-
lision rate between 2p3/p and 2s is approximately a factor
of 2 larger than that between 2p, /2 and 2s. Ion collisions
are included in our calculations but do not play an impor-
tant role. These An =0 collisions try to keep a
Boltzmann population distribution among the sublevels.
The result of all these processes is that at the time of
maximum gain the 2p3/p level is slightly underpopulated
compared with the other n =2 levels accounting for sta-
tistical weights but not as much as predicted by the
Boltzmann factor. The 3d»2-2p 3/2 transition has a
slightly higher small-signal gain (=5—10%) when sub-
levels are treated independently primarily because of the
reduced 2p3/2 population giving a larger inversion ratio.

The other effect we consider selectively increases the
population of the 2p3/2 sublevel when the lasing intensity
approaches the saturation intensity. The 3d 5/2-2p 3/p
transition selectively populates the 2p3/2 level because a
large fraction of the population flow between the n =3
and 2 levels passes through this transition. We find that
the saturated gain using independent sublevels is nearly
the same as the saturated gain obtained by assuming that
the sublevels are populated statistically. Thus the two
effects we describe act in different directions on the 2p3/p
sublevel. The general conclusion is that the assumption
of statistical population between the sublevels is valid and
the use of shell-averaged atomic data is appropriate.
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VI. STIMULATED RAMAN SCATTERING

An important electron heating process to consider for
optical-field-ionized plasma x-ray laser schemes is associ-
ated with the stimulated Rarnan scattering (SRS) instabil-
ity. We show that it is possible to avoid significant heat-
ing for laser-plasma conditions relevant to lasing in Li-
like Ne by using short pulses. Straightforward use of the
standard temporal growth rate for the SRS (backscatter)
overestimates the heating for a finite driving laser pulse.
In this section, we show that a modified growth rate must
be used and we also derive a criterion that allows one to
estimate when significant heating is expected. This sim-
ple estimate is verified through relativistic particle-in-cell
(PIC) simulations.

First, we will look at the case of a steady-state interac-
tion where the pump is continuous over all space. The
SRS instability arises from the decay of a pump photon
into a scattered photon and a plasmon with a temporal
growth rate given by [18]

kUosc
y

2
' 1/2

COp

~,k(~o —~,k)

where v„, is the quiver velocity of an electron in the laser
field [u», (cm/s) =25.6I' (W/cm )A(imam)], coo is the fre-
quency of the incident (pump) laser, and co is the
plasma frequency. The wave number at which the
growth rate for direct backscatter maximizes is
ko+ko(1 —2co /coo)' . We are interested in electron
densities significantly below critical density (i.e.,
coo))co~ ) and use k =2ko. The frequency co,q of the plas-
ma wave is given by the dispersion relation
co,k =co +3k U„where U, is the thermal velocity of the
background plasma. For our plasma conditions, we can
neglect the second term in the dispersion relation and the
growth rate for Raman backscatter can be written as

1/2
COp /COp

(1—
co~ /coo)

1 Uos
7p (10)COp .

a a—u, a, =yo(x uor)a2, —

For this case of an infinitely long pump, the plasma
waves (as well as the scattered light waves) will grow until
they nonlinearly saturate, usually by trapping large num-
bers of electrons which take energy from the wave. This
results in the particles gaining kinetic energy, which
translates to an increase in the temperature of the plas-
rna. However, if the pump is finite in extent, the plasma
waves may never reach nonlinear saturation, but instead
grow up to some lower level and stop.

For a finite pump, one must use a modified growth rate
to correctly determine the amount of SRS related heat-
ing. To show this, we will write the coupled mode equa-
tions that describe the instability in terms of the response
of each wave where a1 is the response of the scattered
light wave, and a2 is the response associated with the
small density perturbation in the plasma which has an
electron density n, . The equations to be solved are

a a—
ug~ a2 =yo(x —uor)a, ,

where we have included the finite nature of the pump by
taking the growth rate to be a function of x —

Up7 Ug is
the group velocity of the scattered light wave, vg is the
group velocity of the plasma wave, and up is the velocity
of the pump wave. We consider a pulse of total length ~,
which is short enough so that saturation does not occur
during the pulse. The solution to this set of coupled
equations is that the final state for both the scattered
light wave a,f, and the plasma density perturbation a2f
can be written in terms of initial noise levels, a1; and a2;,
respectively,

ull f yo(r')dr'
lf 2f li, 2i P

(( + )( )]lg2

where v'=x —Up~. In the limit that the plasma density is
well below quarter critical, the group velocities of the
scattered light wave and the pump wave are approxi-
mately c, while that of the plasma wave is negligible.
Therefore the growth is approximately

1 'p
a 1f 2f a li, 2iexp — yo('r')dr'

The total growth is found simply by integrating over the
growth rate, which contains the spatial dependence of the
pump. Notice that the total growth is less than the long-
pulse homogeneous plasma case by a factor of 1/v'2.

In the PIC simulations, discussed below, we use a time
dependence for the pulse given by I (r )=I,„(1 4r /rz )—
for times between —r /2&r&r /2. The growth rate
yo(r) in Eq. (11) would have this same time dependence.
We restrict our attention to this particular time depen-
dence, but similar results would be obtained by using oth-
er choices such as sech (rlr ), or exp( r lr ) fo—r a
Gaussian profile. Putting our time dependence in Eq.
(11) and then integrating over the entire pulse length, we
obtain

v'2
a1f 2f ~ 1t', 2t exp

3
'Vpmax+p

where yp, „ is defined to be the growth rate given in Eq.
(10), where the intensity is taken to be I~,„. The energy
density in the plasma waves following the pulse is propor-
tional to ~a2f ~

. We expect that if the plasma has an ini-
tial total energy density of Ut t 2nT„ then the electron
temperature should increase when the energy density of
the unstable modes (i.e., k near 2ko) approaches U„,.
Therefore we obtain the following criterion that must be
satisfied for a substantial modification of the bulk plasma
temperature to occur:

2v'2
Uk exp

3

Here, Uk, is the energy density in the most unstable
modes near 2kp initially present in the plasma before the
pump is sent into the plasma. This can be rewritten as a
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criterion on how short a pulse must be, given a particular
laser intensity and initial plasma temperature and densi-
ty, if no heating due to SRS backscatter is required. We
express this criterion in terms of the F%HM duration of
the intensity, rFwHM =r /&2, as

U,o,
PPm~~XFWHM —4 (12)

Uk,

If this inequality is satisfied, little or no heating is expect-
ed to occur. Using that the wave number range of unsta-
ble modes dk -yp/c, the ratio of U„, to Uk; is expected
to be 10 —10 [5]. Typically, the ratio is smaller ( —10 )
for our PIC simulations because of the finite number of
particles and limitations on the grid size. Putting these
ratios into the criterion given by Eq. (12), we find that the
product ypm»~FWHM should be kept below 9 for the simu-
lations, or below 12—14 if the thermal noise estimate of
Uk,. is used.

A series of computer simulations has been performed
to check the theory concerning the instability. We used a
relativistic PIC code, zoHAR [19], which includes one
spatial dimension (the z, or longitudinal dimension) and
two velocities (the longitudinal v„, and the transverse U,

which is the direction of the laser electric field). In all
cases, the laser is injected from the left boundary, and ab-
sorbed at the right. The laser is chosen to have
A, =0.25 pm and FWHM pulse durations varying be-
tween 50 and 100 fsec. The electron distribution is taken
to be a Maxwellian at t =0, with an initial temperature of
25 eV. The final temperature of the plasma is measured
after the pump wave exits the system. This is because the
oscillatory motion of the electrons in the laser electric
field (transverse to the propagation direction of the laser)
is so large in the presence of the pulse that it dominates
the energy distribution. However, the majority of this

energy is given back to the laser as it passes through the
system. The heating associated with this transverse
motion (self-consistently included in the simulation) is
negligible. The theories regarding the reduced growth
rates, and the point at which the temperature of the plas-
ma increases due to SRS electron heating, are both
confirmed by the simulations. As a particular example,
Fig. 7 shows the final electron distribution for the case of
a plasma with an electron density of 5 X 10 cm and a
laser pulse with a maximum intensity of 2X 10' W/cm .
The yp, „&FWHM parameters are 15, 11 and 8 for the 100-,
75-, and 50-fsec pulses, respectively. These results
confirm the criterion [Eq. (12)] that if yp 7FwHM ~ 9, lit-
tle electron heating from SRS is expected. Additionally,
the intensity of the backscattered light (whose growth is
identical to that of the energy deposited in the plasma
waves, which ultimately goes into heating the electrons)
is shown to grow at the rate predicted by Eq. (11), thus
confirming that the growth rate is reduced by the factor
1/&2.

To conclude this section, it is found that the growth
rate is reduced from the long-pulse infinite-plasma value.
Based on the modified growth rate, a criterion is given for
when SRS backscatter begins to heat the background
plasma. We show that Raman heating can be controlled
for laser-plasma conditions relevant to lasing in Li-like
Ne by using short pulses. Our PIC simulation estimates
of heating are probably conservative because the initial
noise level in the simulations is higher than the thermal
noise estimate. However, the maximum intensity of
2X10' W/cm used in the PIC simulation is approxi-
mately 50% lower than what is required to achieve
sufficient ionization as discussed in Sec. IV. Using the
lower estimate for the noise, and adjusting for the higher
intensity, the requirement on pulse durations is relaxed
by approximately 25% compared with the simulation re-
sults.

~ ~ ~

VII. EXTENDING TO LITHIUMLIKE ALUMINUM
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FIG. 7. Energy distribution plot of plasma electrons after the

pump laser has passed through the system showing the electron
heating as a result of Raman backscattering. The plasma densi-

ty is 5 X 10 cm ' and the maximum laser intensity of the pump
is I,„=2X 10' W/crn . The pulse length is taken to be (a) 100
fsec, (b) 75 fsec, and (c) 50 fsec.

We consider the possibility of extending optical-field-
ionized plasma x-ray lasers to wavelengths shorter than

0
98 A by using an element with a higher atomic number
than Ne. In particular, we study lasing at 52 A in the
3d 5(2-2p 3/2 transition of Li-like Al. We calculate
significantly lower energy efficiencies in Li-like Al as
compared with Li-like Ne for comparable electron densi-
ties. A more serious problem is the calculated heating
from stimulated Raman scattering associated with the re-
quired higher driving laser intensities.

The calculated energy efficiency in Li-like Al as a func-
tion of electron temperature is shown in Fig. 8 for two
plasma radii at an electron density of 5X10 cm
Comparing with Fig. 4 for Li-like Ne, there is a
significant reduction in the efFiciencies. To investigate
the factors that enter into the efficiencies, we restrict our
attention to an electron temperature of 40 eV, a radius of
5 pm, and an electron density of 5X10 cm . For these
conditions, the 3d&&2-2p3/2 transition has a maximum
gain coefficient of 96 cm ' approximately 0.3 psec after
the ionization to He-like A1 with a FWHM gain duration
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FIG. 8. The energy efficiency in Li-like Al as a function of
electron temperature for different values of plasma radius and
an electron density of 5 X 10 cm

0.29 psec. The corresponding saturation intensity and
length are 1.3X10' W/cm and 0.10 cm, respectively.
These combine to give an energy efficiency of 2.5 X 10
In comparing this value with that obtained in Sec. IV for
Li-like Ne for the same initial conditions, we find a de-
crease in efficiency by a factor of 68. This result shows
that a relatively high gain coefficient, of order 100 cm
does not necessarily lead to a high efficiency.

The differences between Li-like Ne and Li-like Al are
summarized in Table II. The maximum gain coefFicient is
a factor of 1.3 lower in Li-like Al. This decrease in gain
occurs despite the faster recombination in Li-like Al.
The reason for the decrease in gain is because the spon-
taneous radiation rates from n =3 to 2 are a factor of 3
larger in aluminum leading to a faster filling of the lowest
laser level. This faster filling of the ground state results
in a shorter duration of lasing with ht being a factor of
1.5 less in Li-like Al. The saturation intensity is smaller
for Li-like Al because of a smaller population inversion at
the time of maximum gain, a smaller linewidth, and a
larger radiative rate. The smaller I~, leads to a slightly
smaller L„, for Li-like Al despite the gain coefficient be-
ing less. These differences in L „I „and ht combined
with the factor of 6 higher input energy in Li-like Al as-
sociated with the higher required intensity, cf. Eq. (1), ex-
plain the lower efficiency in Li-like Al. Efficiencies above
10 are calculated for higher electron densities. Howev-
er, these higher densities combined with the required

higher intensity are calculated to lead to excessive Ra-
man heating.

The stimulated Raman growth rate, Eq. (10), scales ap-
proximately as I' n,' through U„, and cop The factor
of 6 in intensity and a factor of 2 in electron density (to
improve efficiency) result in a factor of 3 increase in
growth rate in Li-like Al as compared with Li-like Ne.
We calculate a bulk electron temperature in Li-like Al
greater than 1 keV for an electron density of 1.0X10 '

cm using a 50-fsec pulse. Using a shorter pulse to
reduce Raman heating is not practical because there is
not sufficient energy in the pulse to ionize the plasma to
He-like Al. As discussed in Sec. VI, our calculation of
heating is conservative because the initial noise level in
the simulation is believed to be larger than would be the
case in an experiment. However, an allowance for a pos-
sible reduction in the growth rate by —,

' to account for this
effect is not sufficient to control the heating to allow
efficient lasing in Li-like Al. The H-like B scheme at 48
A of Burnett and Enright [3] requires comparable laser
intensities and a similar problem of excessively heating
from Raman scattering is predicted.

If the excessive electron heating associated with Ra-
man scattering could be reduced significantly through the
use of steep density gradients or larger bandwidth
drivers, we find that the efficiency is still much reduced in
Li-like Al as compared with Ni-like Ne. This shows the
importance of considering factors other than the small-
signal-gain coefficient (a 1.3 reduction in gain as com-
pared with a reduction in efficiency by a factor of 68) in
determining the appropriateness of a given laser scheme.
We believe that a modest reduction in lasing wavelength
below 98 A while maintaining high efficiency is possible
for optical-field-ionized plasma x-ray lasers. However,
extending the scheme down to wavelength near the car-

0
bon K edge (-45 A, important for some biological appli-
cations of x-ray lasers) is difficult because of reduced
efficiencies and excessive Raman heating.

VIII. DISCUSSION

We have calculated that optical-field-ionized plasma
x-ray lasers can be an efficient source of monochromatic
x rays. The calculated efficiencies include the reduction
in the saturation intensity by accounting for the effect of
the lower laser state on saturation. This effect is shown
to be larger for H-like ions as compared with Li-like ions.
Our calculations of energy efficiency assume that the
length of the lasing medium is given by L,f of the ioniz-
ing laser. An important issue that needs to be studied
both experimentally and theoretically is the propagation
of a high-intensity short laser pulse and whether the

TABLE II. The efficiency g and the quantities that enter into the efficiency for Li-like Ne and Li-like
Al for T, =40eV, n, =5X10 cm, and a =5 pm.

Ion

Ne
Al

Gmax

127
96

L„t (cm)

0.11
0.10

(10" W/cm )

1.0
0.13

At (psec)

0.43
0.29

1.7X 10
2. 5 X10-'
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beam can remain focused for a confocal length by using a
plasma waveguide to control refraction.

We have shown the appropriateness of using shell-
averaged atomic data. The two processes that we have
studied that can cause the atomic sublevels to not be pop-
ulated according to their statistical weights act in oppo-
site directions and largely cancel. A further
simplification in the kinetics can be made by utilizing the
different time scales in the problem. The simple kinetics
and the valid approximation that the electron tempera-
ture and density do not vary significantly during lasing
allows for a straightforward calculation of gain
coefficients and other quantities that enter into the calcu-
lation of efficiencies. We have exploited the ease of our
modeling to explore a wide range of plasma conditions.

In Li-like Ne, the efficiency is found to have nearly
power-law scaling with plasma conditions given by T,
and n, . The rapid scaling with electron temperature
and density shows the significant advantage of maintain-
ing low temperatures as the density is increased. Our cal-
culations show that electron heating associated with

stimulated Raman scattering can be controlled for the
case of Li-like Ne by using short pulses (r„wHM~ 100
fsec) and short wavelength pumps (8,=0.25 pm). Experi-
ments designed to measure electron heating as a function
of intensity, wavelength, density, and pulse duration
would be of major benefit in determining the ions for
which lasing following optical-field-induced ionization is
possible. Comparable or higher efficiencies are expected
for lasing at wavelengths longer than 98 A (e.g. , 173 A in
Li-like 0) and can be studied using less energy than re-
quired for Li-like Ne.
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