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Designs for a compact Ni-like-tungsten x-ray laser
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We propose a scheme for a compact nickel-like-tungsten soft-x-ray laser operating av4ipe 3= 0-1
transition at 43.2 A. High gains are achieved by operating at high electron denaitied @ cm™3). In this
regime, the gain during nonequilibrium ionization can greatly exceed that of the steady state. The duration of
this transient gain is on the order of the ionization time, which makes picosecond-pulsed optical pumps ideal.
Two target designs, solid tungsten slabs, and tungsten aerogels foams, are considered. We predict gains of 220
cm™ ! for a 1-;um pump of intensityl =2.5x 10'® W/cm?2.
[S1050-294@8)06602-5

PACS numbd(ps): 42.55.Vc, 32.80.Rm, 52.75.Va

I. INTRODUCTION electron density also results in large ionization rates and the
material becomes overionizépast Ni-like on time scales of
Over the past decade significant progress has been matfe order of 1 ps.
in the area of laser-driven collisionally excited soft-x-ray la- We propose to use the high gain of this transient regime
sers[1,2]. In particular, Ni-like lasers have been proposedfor a compact Ni-like W x-ray laser using thed4p (43.2
[3,4] and demonstratef®,5] to operate in and near the “wa- A) J=0-1 transition. Details about the energy levels for Ni-
ter window.” Wavelengths within the water windo(@3-44  like W can be found in Ref[4]. In this paper we present
A) are of interest for microscopy of biological samples ow-results from fully integrated design calculations using so-
ing to the contrast between water and carbon containing sulhisticated codes and atomic data bases established at the
stancegproteins, DNA, etd. Wavelengths just longer than Lawrence Livermore National Laboratory. Designs are based
the carborK edge are also of interest . For x-ray holography,on current and near term short-pulse high-intensity optical
the maximum scattering of carbon containing structures ifaser systems. Although the specific design calculations de-
water is expected to be just above 44[@. This is also a scribed in this paper are for W, they can be applied to Ta
good wavelength for imaging gold-tagged biological speci-(44.8 A) as well. In order to characterize this transient gain
mens[7] and for the use of carbon containing multilayer regime, we first focus on just the atomic kinetics. Next, we
mirrors for the optical elements of an imaging system. Al-turn our attention to fully integrated target designs. From
though current Ni-like systems can access the water windowihese target design studies we are able to estimate the gain
the required driver energy restricts these to a few large falength product as well as pump energy requirements. In ad-
cilities. In order to have a practical x-ray laser for small dition, we examine the various experimental challenges an-
laboratory operation, the size and cost of the driving laseficipated with such a short-wavelength transient scheme.
must be reduced.
Recent advances in short-pulse high-intensity optical la- Il. LOCAL GAIN CALCULATIONS
sers have led to humerous table-top systems throughout the
world. As a result, there have been efforts aimed at trying to  Throughout this study, gain calculations were performed
use these compact optical lasers as drivers for x-ray lasergsing the atomic kinetics codereTIN [14]. The code solves
The short-pulse lengthgsubpicosecondof these drivers for time-dependent level populations including such pro-
make them inappropriate for the conventional exploding foilcesses as electron collisional excitation and ionization, pho-
[8]-type designs, which require nanosecond pumps. Therdoexcitation, and ionization, Auger excitation and ionization,
fore, different schemes must be employed. Collisionally ex-and the inverses of these processes. The spectral widths are
cited Ne-like[9] and recombination x-ray lasef$0] driven  calculated from Doppler and lifetime broadenifigcluding
by short-pulse systems both have been demonstrated. HoWweth radiative decay and inelastic collisignBor the condi-
ever, the x-ray wavelengths for these schemes are well abov®ns presented here we find a relative linewidth ratio
the water window. Different schemes that operate below th€ AN/\) around 4X 10" *, dominated by lifetime broadening.
water window such as inner-shell photoionization are needeWVe estimate the Stark widtfil5] to be about 1/4 of this
and currently being investigatéd1]. width and therefore ignored the stark width in the gain. The
In order to utilize the short-pulse technology we must relyatomic model includes 39 ionization stages from Nd-like to
on an x-ray laser scheme that operates on picosecond tinié-like. The Ni-like stage has 197 detailed levels and 30
scales. High gains in Ne-like systems recently have beeRydberg statesup ton=10).
predicted to exist in a transient regirhg2]. Such a regime In order to understand the time-dependent behavior asso-
has been proposed for collisionally excited Ni-like lasers atiated with the atomic kinetics we first perform “zero-
high electron densityr(;>10?? cm™2) [13]. In this regime, dimensional”(0D) calculations. In these 0D calculations the
the high electron density results in high excitation rates anelectron temperatur@, and ion (materia) density p were
leads to significant populations inversion. However, the highspecified and held constant over time. The atomic popula-
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FIG. 1. (a) Gain coefficient vs time at several material densities  F|G. 2. (a) Peak gain coefficient v&, (T,=T./10) at several
for Te=1.0 keV andT;=0.1 keV.(b) lon fractions versus time for material densities(b) Gain duration versus electron temperature.
the p=1/10Q case.

to have an appreciable monopole excitation rate that is the

tiOI’lS, hOWeVer, evolve in time and result in time'dependenaominant process populating the upper |asing |eve|. A|_
gainS. The material is initialized in a very low ionization though h|gher gain a|WayS occurs for h|gher electron density,
stage(Nd-like). the optimal electron density is limited by target coupling and

To illustrate this high-density regime and contrast it withy_ray propagation issues that will be discussed below. How-
the conventional low-density steady-state regime, we plot th@yer, from Fig. 2b) it is obvious that we need to operate at
gain versus time for several ion densities in Figa)lfor electron temperatures in excess of 1 keV. From F(g) Re
Te=1.0 keV andT;=0.1 keV. The curves are labeled ac- see that the gain durations are in the picosecond regime and

cording to the density relative to solid densjty. For tung-  they decrease rapidly with density.
stenp,=19.35 g/cnt. First, we consider the lowest density

case of p=1/200Qps. For this electron temperature, the
steady-state electron densityris=1.25< 10°* cm~3. These
conditions are very similar to those in conventional long- Having examined the atomic kinetics, we now turn our
pulse exploding foil Ni-like x-ray lasergl]. For this case the attention to fully integrated target designs. Design calcula-
gain turns on after about 40 ps and reaches its steady stafiéns including laser absorption, hydrodynamic expansion,
value of 8.7 cmi'* in about 100 ps. For this reason, the low and heat wave propagation were performed with the radia-
density exploding foil designs require lori@00-ps pump  tion hydrodynamic codeAsSNEX [16]. AlthoughLASNEX can
pulses. Next, we consider an intermediate density cage of determine the laser absorption self-consistently via inverse
=1/25(ps. Here the gain rises rapidly to 91 cmin several  bremsstrahlung, the calculated absorption fractions do not
picoseconds. At about 5 ps the large ionization rate starts tagree with experimental values at high intensities10'®
reduce the Ni-like abundance and the gain drops until th&v/cm? [17,18. The discrepancy has been attributed to non-
steady state value of 6.3 cm is reached in about 20 ps. collisional effectd18]. Therefore, to obtain the highest level
Finally, we consider the high-density regime of of confidence in our designs we use experimentally observed
=1/100;. For this case a peak gain of 152 choccurs at  absorption fractions in the calculations.
a time of approximately 1 ps. The electron density at peak We first consider solid tungsten slab targets. In order to
gain isng=2.9x 1072 cm 3. After 3 ps the material becomes relax density gradients that can severely limit the gain length
overionized and the steady-state gain drops to 0.7 tm by refracting x rays out of the gain region, the main driving
which is much smaller than the lower-density cases. Thulse must be preceded by a low-intensity prep[d$g. The
pulse length is determined from the ionization rates for theprepulse allows for hydrodynamical expansion, which re-
high density regime. To see this we plot the ionization frac-duces the density gradient. However, there is a limit on how
tions in Fig. Xb). We show the Co-like, Ni-like, and Cu-like much expansion can be tolerated. Since we are interested in
stages, the sum of all stages above the Co-like stage, and tdensities that are above the critical density, the energy must
sum of all stages below the Cu-like stage. The peak gaibe deposited near critical density and transported to the
coincides with the peak Ni-like abundance of 37%. higher-density gain region. In long-scale-length plasmas it is
It is evident from the gain curves shown in Figallfor  difficult to couple energy from the absorption region to the
the high-density cases that we can define a peakgpand  desired gain region. Therefore, the optimal prepulse condi-
a full width at half maximum of the gain duratian A series  tions must be found.
of calculations were performed varying the material density Numerous 1D hydrodynamical simulations USiigGNEX
and electron temperature. The results are shown in Fig. 2yere performed. The resulting time-dependent density and
where we plotg, and r versus electron temperature for  temperature profiles were then fed irteeTIN and the gain
= 1/50, 1/100, 1/250, and 1/50Q;. Hydrodynamical coefficient as a function of space and time was obtained.
simulations including laser absorption show low ion tem-Since radiation trapping may be important we included trans-
peratures. For this reason, we hdld=T./10 while T, was  fer of the lines with the strongest oscillator strengths. We
varied. Because of the time-dependent ionization, the eledound that a prepulse duration of 40—50 ps gave the highest
tron density changes with time at constant mass densitygain values. Shown in Fig. 3 are the results from a simulation
Therefore, we give the electron densities at peak gain irf a flat 40-ps prepulse of intensity *f0n/cm? followed by
parentheses. We note that for all densities there is a minia (2.5< 10'%)-W/cm?, 1-ps Gaussian pulse. Since the cou-
mum electron temperature of about 1 keV required in ordepling is best when the laser deposition region is closest to the

Ill. INTEGRATED DESIGNS
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FIG. 4. Simulation results for a=0.23 g/cn? tungsten aerogel.
FIG. 3. Simulation results for a solid slab tungsten targat. (&) Electron density at various times afig) electron temperature at
Electron density and temperaturetat40.5 ps(dashed linesand  several times and the ion temperat@dashed lingat 2.0 ps.
t=41.5 ps(solid lines. (b) Gain profiles at several times.

is less than solid density and must be produced through hy-
drodynamical expansion. However, if the target could be

tion fractions greater than 40% have been observed at thgrepared at the desired density, hydrodynamical expansion

intensity and wavelengtl18]. However, simulationg18] would not be necessary. T_h_erefore, We propose the use of
show that some of the absorbed energy, at these high intef"V-density targets. A promising target material is an aerogel
sities, goes into hot electrons, which may not couple into thd0@M- Aerogels are made by a solution-gel polymerization
gain region. The tungsten slab extends from O tqit®and ~ Process. They can be fabricated of a variety of metal oxides,
the laser is incident from the right. In Fig(& we show the ~ With densities in the range 0.03-0.6 gferand pore sizes
electron density and temperaturet at40.5 ps(dashed lines ~ between 20 and 50 nfi22]. In particular, aerogels of T@s
andt=41.5 ps(solid lineg. The resulting gain profiles are have already been made at the Lawrence Livermore National

shown in Fig. 8b). The peak gain occurs &t 41 ps around Laboratory and it should be possible to make® aerogels

an electron density of 81072 cm~3 and an electron tem- [23]. Accoro_llng to our 0D calculatlo_ns, the densities of these
perature of 4 keV. The ion density at this point correspond§0ams are ideal, while the pore sizes are small enough to
to 1/100 solid and Fig. @) shows that this temperature is €nhsure good homogeneity of the lasing medium.

near optimal for the 1/100 solid density case. However, the We performed 1D ASNEX simulations of W,Os targets
narrow spatial extent of the gai0.4 um) could be a limit- Varying the ae_rogel density and_ laser intensity. As in the _sl_ab
ing factor. We can estimate the distance as the photon traveld'gets, trapping effects were included. We found densities
before it refracts out of the gain region using geometrical€ar p=0.23 glcn? irradiated with a 1-ps pulse of 2.5

optics. The angular deflection after traveling a distande < 10*° W/cm? to be optimal. Since the deposition region is
given by at the gain region, i.e., near the surface, there is no need to

have a short-wavelength driver. Therefore, we chose the
1t L most common driver wavelength of 1,om. Although there
66= Efo V(ne/ne)= EV(ne/nc), (1) has been very little work on aerogel absorption, we feel that
assuming 10% absorption is conservative based on measured
wheren, is the electron density ant, is the critical density ~absorption of solid targefd7,18. Shown in Fig. 4a) is the
for 43.2-A radiation. A photon will refract out of a gain €lectron density versus distance at several times. The aerogel
region of width 5z when 8z= 56L. Substituting this condi- €xtends from 0 to §m and the laser is incident from the

gain region the wavelength was chosen to be Qu&% The
assumed absorption fraction was 40%. We note that absor,

before photons leave the gain region is given by peaked at 1.5 ps. Shown in Figbltis the electron tempera-
ture versus distance at several times. Also shown in Kly. 4

257 is the ion temperature at 2.0 ps. As the laser is absorbed, a

L= m 2 radiation-dominated heat front propagates into the target.

The gain region moves inward following the heat front as
From theLASNEX Simulations we findV(ne/nc)~4x 1074 ShOWn in F|g 5. HOWeVer, due to the f|n|te gail’l duration the
wum 1 over the gain region. Using this value for the density
gradient along withvz=0.4 um, we findL =50 wm, which
gives a gain length product of aboGtL= <1. In order to 00— a7 21 17
obtain a measurable signal the refraction problem must be '
solved. One solution is to use a curved Lunney-type target

200

[20]. In such a target, the surface is curved to follow the g (em™)
trajectory of the refracting x rays. Using the calculated den- 100
sity gradient, we estimate the radius of curvature needed to '

overcome refraction is approximately 2.5 mm. 0
Curved targets reduce refraction losses when density gra-

dients occur. Obviously, a more direct solution is to reduce

the density gradients. With solid targets large density gradi- FIG. 5. Gain coefficient vs distance at several times for tungsten

ents will always exist because the density of the gain regiomerogel target.
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inversion is maintained only for a short time. The result is aeral extreme ultraviolet and x-ray las¢gd]. In order for the
narrow gain region that propagates into the material. Theraveling wave to work, the difference in travel time down
position of the gain region is not very sensitive to laser in-the length of the x-ray laser between x-ray laser photons
tensity. Therefore, we anticipate that this scheme could tolémoving at the speed of lightand the front of a traveling-
erate 20% variations in intensity along the line focus. wave pump must be less than the gain duration. Using this
Like the solid slab target, the gain region for the foam iscriterion, we estimate that the speed of the traveling wave
narrow. However, it occurs over a much flatter density gra-must be within=20% of the speed of light assuming a gain
dient. X-ray refraction in this density gradient is not as se-duration of 0.5 ps and a line focus length of 0.5 mm. This is
vere as in the solid slab targets. Using E2), we estimate not a very stringent constraint and therefore would not be an
the refraction length to be=300 um, where we have used experimental difficulty.
V(ne/ng)~10"% um~! and 6z=0.5 um. This refraction Another consideration is the uniformity of the foam tar-
length gives a gain length product of abd@L=6. Gain  get. As mentioned above, the foams have pore sizes between
length products less than this value have been measured @0 and 50 nm. We expect that there will be sufficient density
this lasing line[5]. Therefore, a flat W aerogel foam target smoothing during the 1-ps pulses. Simulations show that the
could produce measurable signals. However, the gain lengtheat front precedes the gain region by about 1 ps. This heat
can easily be increased with a curved Lunney-type targdront has an electron temperature of a least 1 keV. At 1-keV
[20]. The radius of curvature needed to overcome refractiorlectron temperature the sound speed for,QW is cq
for this foam target is 10 cm. We believe that a foam target= \/ZkT,/M;~2x10° cm/s, where we have assuméd
with this large radius could easily be fabricated. Therefore~30 andM; is the mass foa W ion. Material moving at this
the refraction problem can be reduced and the length overelocity would transverse the 50-nm pore size in about 0.4
which amplification can occur is determined by the line fo-ps. Even if the main pulse is not sufficient to homogenize the
cus of the pump. foam, a modest prepulse could easily be used for density
If the pump energy is sufficient to give a line focus lengthsmoothing. For example, we estimate a prepulse of duration
of 1.0 mm, then the gain length product will BL=20 and 100 ps and intensity £6- 10'° W/cm? would be sufficient to
the laser could reach saturation. The saturation intensity iRomogenize the foam target. We note that this prepulse
found by equating the stimulated rate to the total exit rateyould not lead to much large-scale-(L wm) hydrodynamic
R,u: from the upper statf24]. The mean intensity at satura- motion over this time duration.
tion is given by

2h1® Ry IV. CONCLUSIONS

Js ¢ A’ © In conclusion, we predict gain coefficients exceeding 220

cm™ 1 for a 1-ps driver of intensity =2 X 10'® W/cm? using

whereA is the Einstein coefficient and is the laser wave- either a slab or aerogel target. Using the focal width of 10
length. The intensity s can be found by integrating over um and line focus of 1.0 mm, we estimate a pump energy of
frequency. Assuming a Lorentzian profile, we fild 2.5 J. This is attainable for many short-pulse systems; there-
=Av\27°/In2Js, whereAv is the full width at half maxi- fore, we highly recommend experiments. The conversion ef-
mum of the atomic line profil§24]. cRETIN calculates the ficiency is~2x 107, assuming 40% absorption.
mean intensity using the above formula and for theQ@y
foam we findl ;= 2.6x 10'2 (J/9/cm?. If we assume a trans-
verse focus of 10um and we use calculated gain region
width of 0.6 wm and time duration of 3 ps, we find an energy We thank S. Maxon for suggesting the idea of high-
output of 0.5uJ. density ultrashort-pulse nickel-like collisional schemes and

There are several experimental considerations associatexe acknowledge useful conversations with D. Eder, B.
with this transient scheme. First, the light travel time downMacGowan, R. Walling, M. Rosen, R. Sheppard, L. Hrubish,
the length of the laser somewhat exceeds the gain duraticend B. Hopper. Work was performed under the auspices of
(~1 ps. Therefore, a traveling-wave pumping scheme isthe U.S. Department of Energy by the Lawrence Livermore
required. Such schemes already have been utilized for seWational Laboratory under Contract No. W-7405-ENG-48.
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