
kt. LVe denote by Dfc the (complex) Fourier 
coefficient of frequency f (f = 1, . . . , Nj) 
for trace t,  t = 1, . . . , N, 5 NrNS. Ideally, 
after they have been corrected for normal 
move-out (18), all traces corresponding to 
the same midpoint carry coherent informa- 
tion. If there were no need for statics cor- 
rections, all signals, stacked by their com- 
mon midpoint, should be in phase and yield 
a maximum for the total power 

E(S, R) 

In Eq. 7,  the statics corrections S = 
(S,, . . . , S,?) and R = (R,  . . . , Rhrr) are 
now considered independent variables. 
Their ootimum values are found bv maxi- 
mizing ;he power E. Equation 7 highlights 
the multimodal nature of E, which, even for 
relatively lorn-dimensional s and R, exhib- 
its a very large number of local minima. 
This is illustrated in Fig. 1. 

To assess the performance of TRUST, we 
considered a problem Involving N5 = 77 
shots and N, = 77 receivers. A data set 
consisting of N, = 1462 synthetic se~smic 
traces folded over Ni, = 133 common mid- 
point gathers was obtained from CognlSeis 
Corporation (20). The data set uses Nf = 49 
Fourier comwonents for data reoresentation. 
Even though this set is somewhat smaller 
than typical collections obtained during seis- 
mic surveys by the oil industry, it is repre- 
sentative of the extreme comwlexitv under- 
lying residual statics problems. To  herive a 
auantitative estimate of TRUST'S oerfor- 
mance, let E, denote the total contribution 
to the stack power arising from midpoint It, 

and let Bk refer to the upper bound of Ei, in 
terms of S and R. Using. a oolar coordinates 
representation for the trace data Djc, that is, 
Dfc = aft exp(ieufc), we can prove (21 ) that 

The TRUST results, illustrated in Fig. 2, 
show the significant improvement in the 
coherence factor of each common gather. 
This factor is the ratio EJB, and character- 
izes the overall quality of the seismic image. 

In conclusion, the TRUST methodology 
for solving unconstrained global function 
optimization problems proves to be a power- 
ful tool not only for academic problems; it 
has the robustness and consistency required 
by large-scale, real-life applications. 
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A Saturated X-ray Laser Beam at 7 Nanometers 
J. Zhang,* A. G. MacPhee, J. Lin, E. Wolfrum, R. Smith, 

C. Danson, M. H. Key, C. L. S. Lewis, D. Neely, J. Nilsen, 
G. J. Pert, G. J. Tallents, J. S. Wark 

A saturated nickel-like samarium x-ray laser beam at 7 nanometers has been demon- 
strated with an output energy of 0.3 millijoule in 50-picosecond pulses, demonstrating 
that saturated operation of a laser at wavelengths shorter than 10 nanometers can be 
achieved. The narrow divergence, short wavelength, short pulse duration, high efficiency, 
and high brightness of this samarium laser make it an ideal candidate for many x-ray laser 
applications. 

A n  Important object~ve In the develop- 
ment of x-ray lasers IS to dellver a coherent, 
saturated output at uavelengths shorter 
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than 10 nm ( I ) .  Such saturated x-ray lasers 
are required for holography (2)  and micros- 
copy (3) of biological specimens and for 
deflectometry (4), interferometry (5) ,  and 
radiography (6)  of dense plasmas relevant 
to inertial confinement fusion and labora- 
tory astrophysics (5) .  Saturated operatloll 1s 
lmoortant because ~t means that the maxi- 
mum power posslble for a glven volume of 
exc~ted olasma IS extracted bv the stlmulat- 
ed emission: Saturated x-ray lasers ensure 
an  output energy sufficient for most appli- 
cations and tend to produce a consistent 
output with little variation from shot to 
shot. Lasers are characterized by the prod- 
uct of the laser gain coefficient and the 
length of the laser region (gain-length 
product), and saturation requires a gain- 
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length product exceeding 15, which 
means millions-fold amplification by the 
stimulated emission. 

The development of x-ray lasers has 
been marked by a progression toward suc- 
cessively shorter wavelengths. Saturation 
has been observed at wavelengths A > 15 
nm in neon-like x-rav lasers (lasers from 
ions with the electron configuration of neu- 
tral neon atoms) on the 7 = 2 + 1 transi- 
tions in plasmas of germanium (7), seleni- 
um (8), and yttrium (9) and on the J = 0 + 
1 transition in zinc (10) and germanium 
(I I)  plasmas when driven by the largest 
optical laser facilities in the world. Howev- 
er, these x-ray lasers are difficult to scale to 
the shorter wavelengths (A < 10 nm) re- - .  
quired for most applications with the use of 
currentlv available laser driver energv be- 

-1  

cause the driver energy required to produce 
the gain-length product approaching satu- 
ration increases rapidly in neon-like x-ray 
lasers for shorter wavelength operation. 
Nickel-like x-ray lasers, in principle, have a 
more favorable scaling of laser wavelength 
with drive-laser energy but have difficulties 
in providing a saturated output. Much effort 
has been devoted toward developing Ni- 
like x-ray lasers (12-14), but the resulting 
gain-length products and efficiency have 
been low. Recent experiments have shown 
that the intensitv and efficiencv of Ni-like 
x-ray lasers can be greatly enhanced by use 
of multiple equal-intensity short pulses at 
400-ps intervals (1 5-1 8). A gain-length 
product of -8 has been reported (15, 17); 
however. this value is still too low for sat- 
urated operation. 

In the multipulse mode (19), the first 
pulse heats and ionizes the plasma, but the 
density gradients are too steep for laser 
propagation. The plasma expands, creating 
a plasma with a larger scale length and a 
larger, more uniform gain region that allows 
for good laser propagation (1 9-21 ). Aiming 
at improving efficiency and enhancing the 
gain-length product, we drove a Ni-like 
x-ray laser with a pulse configuration differ- 
ent from those used in experiments by other 

Fig. 1. Schematic 
mental setup. 

groups (15-18). Because it is not necessary 
to have a preplasma in an ionization stage 
as high as that needed for Ni-like materials, 
a low-intensity (-10 to 30% of the total 
energy) laser pulse (prepulse) was used to 
create a preplasma with a lower ionization 
configuration. The preplasma was then al- 
lowed to cool for a much loneer time (>2 u 

ns), until it became less transparent to the 
following laser pulse (main pulse), so that 
the plasma region, where laser gain gener- 
ates, could directly absorb more energy from 
the main laser pulse before it hit the criti- 
cal-density surface of the plasma. The long 
delay also provided an excited plasma col- 
umn with a reduced density gradient, en- 
abling the x-ray laser beam to propagate a 
longer distance at higher density and there- 
fore to obtain sufficient amplification for 
saturation (1 1, 22). Here we describe a 
saturated x-ray laser beam at A < 10 nm, 
specifically, the Ni-like Sm x-ray laser at 7 
nm from a refraction compensating double 
target illuminated by a low-intensity pre- 
pulse 2.2 ns before the main drive-laser 
pulse. 

The experimental setup is similar to that 
described in (1 1, 22) (Fig. 1). Three beams 
of the W L C A N  Nd:glass laser at 1.05 pm 
with a 75-vs duration were used in a stan- 
dard off-axis focus geometry, which provide 
a line focus with a 25-mm length and a - 
100-pm width, giving an irradiance of 
-4.0 x 1013 W ~ m - ~ .  Deploying the other 
three beams in 180' opposition in a second 
line focus produced a plasma with an op- 
posed density gradient, which helps com- 
pensate for the refraction of the x-ray laser 
beam from the first plasma (7, 11, 20, 22). 

The flat slab targets, measuring 18 mm 
long, comprised 100-pm-wide Sm snipes 
coated on glass substrates. Both ends of the 
slab tarnet were vlaced well within the line 
focus t i  avoid cbld plasmas at the ends of 
the targets. The targets were aligned so that 
they were parallel with an adjustable sepa- 
ration (in the direction perpendicular to 
the target surfaces) between the surface 
planes and an axial separation of 500 pm 

X-ray spherical mirror 

X-ray streak camera 

Bragg crystal spectrometer 

between the two tareets. Because the dura- " 
tion of the x-ray laser pulse is comparable to 
the propagation time, it is desirable to 
achieve a traveling wave excitation for the 
two successive targets to maximize the am- 
plification. To approximate this condition, 
we timed the three drive beams for the first 
slab target to arrive 60 ps earlier than the 
three beams for the second target. The pri- 
mary diagnostics along the target axis were 
two flat-field grazing incidence x-ray spec- 
trometers with aperiodically ruled gratings 
of 1200 lines per millimeter (1 1, 22). They 
recorded the svecnal ranne from 5.0 to 30.0 

u 

nm on InstaSpec IV x-ray charge-coupled- 
device (CCD) detectors (Oriel, Stratford, 
Connecticut). Radiation at wavelengths 
shorter than 6.0 nm was eliminated by use 
of two parallel silver mirrors at a 10' grazing 
incidence angle. Boron and parylene (CH) 
vlastic filters vrovided variable attenuation 
up to lo3 and absorption edges for wave- 
length calibration. The axial spectra in a 
given axial direction were recorded in ei- 
ther of two ways. Time-averaged spectra 
with angular resolution were obtained from 
an x-ray CCD detector in the focal plane. 
Alternatively, the Sm laser line at 7.3 nm 
was focused by the grating of the flat-field 
axial spectrometer into an x-ray streak cam- 
era so that the sneak displayed the temporal 
variation of the angular distribution of the 
Sm laser line (22). The laser line width was 
less than 50 um at the streak entrance 
plane, so the ;emporal resolution was lim- 

Wavelength (nm) 

Fig. 2. The time-integrated axial output spectrum 
from two coupled 18-mm-long, flat Sm targets 
separated by 175 p m  The laser line at 7.3 nm 
comwletelv dominates the swectrum. The other 
laser line at 6.8 nm is also visible. 

Fig. 3. Output energy of the Sm x-ray laser at 7.3 
nm versus the perpendicular separation between 
two opposing 18-mm-long plasmas. 
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ited to -10 ps by the streak camera opera- 
tion. A CCD detector recorded the time- 
resolved angular distribution. To measure 
the output energy, we cross-calibrated the 
on-axis spectrometers with a near field im- 
aging system consisting of calibrated multi- 
layer mirrors and an x-ray CCD detector 
(22-24), using the Ge laser at 19.6 nm (1 1) 
and the Ag laser at 14.0 nm (22) as the laser 
sources. This calibration assumes that the 
collection solid angle (50 mrad by 50 mrad) 
of the multilayer mirror system overfills the 
angular distribution of the x-ray lasers. The 
response of the CCD detector and the 
transmission of filters were calibrated with 
the use of x-ray radiation from a laser- 
produced plasma source coupled toa  grating 
snectrometer (1 1 . 25). Ionization balance . ,  7 

and uniformity along the axial direction of 
both plasmas were monitored by space-re- 
solving crystal spectrometers observing the 
resonance line emission of Ni-like and C2- 
like ionization stages in the -6 to 12 A 
region. 

The on-axis output is completely domi- 
nated by the Ni-like Sm 4d + 4p, J = 0 + 
1 laser transition at 7.3 nm (Fig. 2). The 
other weak 4d + 4p, J = 0 + 1 laser line at 
6.8 nm is also visible (26). The intensitv of . , 

the j = 0 + 1 laser line at shorter wave- 
length will take over that at longer wave- 
length for elements of higher atomic num- 
ber (12, 15). The intensity of the laser lines 
was attenuated by a factor of 50 with a 
combination of boron and CH filters to 
avoid saturation of the CCD detector. 

The coupling of the double targets is 
optimized at a perpendicular separation 
near 175 ym (Fig. 3). Using the calibrated 
flat-field snectrometers. we can estimate the 
output energy of the Sm laser by integrating 
the total nhotons emitted from the x-rav 
laser. The maximum output energy of the 
Sm laser was 313 yJ, corresponding to a 
conversion efficiency 2 X The esti- 
mated uncertainty in this measurement is 

P o  1 2  3 4 - Target length (cm) 

Fig. 4. Peak intensities as a function of target 
length. The solid line shows exponential increase 
of the output intensity and the broken line shows 
the linear increase of the output intensity in the 
saturation region. Solid squares are from single 
target data, and open diamonds from coupled 
target shots. Saturation intensity is reached at an 
approximate gain-length product of 16. The gain 
coefficient = 8.4 cm-l. 

within a factor of 3 and is due predominant- 
lv to uncertaintv in the filter attenuation. 

The output intensity of the Sm laser 
varied with target length (Fig. 4). The max- 
imum length of a single target used in the 
experiment was 20 mm. The coupling effi- 
ciency at the optimized separation was quite 
high because of small deflection and diver- 
gence angles. For target plasmas with 
lengths <18 mm, the increase in output 
intensity of the laser line is a simple expo- 
nential form. The gain coefficient was de- 
termined bv fitting the Linford formula to " 
those data in the exponential region to be 
8.4 2 0.6 cm-'. The output intensity no 
longer increases exponentially with target 
length for targets longer than 18 mm, which 
corresponds to a gain length product -16, 
beyond which the output intensity only 
increases linearly and varies very little from 
shot to shot. 

The neak emission from the double 18- 
mm target is about 10 times stronger than 
the emission from a single 18-mm-long flat 
target in x-ray streak images (Fig. 5). The 
laser emission from the single target has a 
broad divergence of 1.8 mrad and peaks 2.5 
mrad off-axis. These small divergence and 
deflection angles provide some evidence of 
the improved density gradient resulting 
from the drive-pulse configuration. This 
setup also resulted in the efficient coupling 
between the two targets. The laser emission 
lasts about 37 ps, making this device one of 

B 

1 ;:\,, 1.2 rnrad 1 
-1 ' .\___-I, 

0 2 4 6  
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Fig. 5. Typical x-ray streak images of angular dis- 
tributions of the Sm laser line at 7.3 nm from (A) a 
single target and (B) a double flat target with a 
perpendicular separation of 175 At the right 
hand side are the temporal traces. At the bottom 
are the angular traces. The pulse durations are 
single scans through the angular peaks of the laser 
emission; the angularly integrated durations are 
about 10% longer. Similarly, the angular scans are 
single traces through the temporal peaks of the 
laser emission; the temporal integrated angular di- 
vergence is not very different from that measured 
by single traces. The gray levels of the two graphs 
were normalized to the same level to show the 
distributions for the different geometries. 

the shortest pulse x-ray lasers yet produced. 
By comparison, the laser emission from a 
coupled double target shows strong cou- 
pling effects both angularly and temporally. 
Its pulse duration is somewhat longer (49 
ps) because of the contribution from two 
targets, and its divergence is only 1.2 mrad, 
implying a spatial coherence length of -5 
ym at the exit plane of the x-ray laser. The 
beam from the double target is almost par- 
allel to the target surface with a deflection 
angle as small as about 1 mrad. This small 
angle is certainly an advantage for applica- 
tions. The angular distribution of the Sm 
laser in the direction parallel to the target 
surface also spreads over about 3.5 mrad. 
The angle of the peak intensity and diver- 
gence are influenced by refraction of the 
beam in the plasma. Both the deflection 
and divergence angles of the Sm laser (Fig. 
5B) from a double target were compensated 
by the refraction-compensating double-tar- 
get geometry. 

Given our estimate of the upper limit of 
the source size (50 ym by 60 ym) from the 
knowledge of similar x-ray lasers (1 1 ,  22), 
the output intensity of the Sm laser was 
determined to be 2 x 10" W ~ m - ~ .  The 
estimated uncertainty in this measurement 
is less than a factor of 2. It is of interest to 
compare the output intensity with the sat- 
urated intensity calculated for typical plas- 
ma conditions using XRASER kinetic sim- 
ulations (27). The spontaneous emission 
rate of the upper laser level to the lower is 
calculated to be 0.35 ps-l. Most of the 
upper level destruction rate is due to colli- 
sional mixing. The total destruction rate of 
the lower laser level is 4.5 ps-l. In the 
simulations, typical plasma conditions for 
the Sm iaser at 7.3 nm were used: an elec- 
tron temperature of 700 eV and an electron 
density of 1 x lo2' ~ m - ~ .  The saturated 
intensity is then calculated to be 1.3 x 10" 
W crnp2, which agrees with the measured 
output. Taking into account the beam di- 
vergence (1.2 mrad by 3.5 mrad), a bright- 
ness of 2 x photons s-' mm-2 mradC2 
is determined for the Sm laser at 7.3 nm. 

In conclusion, we have demonstrated 
saturated operation of an x-ray laser at k < 
10 nm using only about 4.0 x 1013 W cmP2 
of intensity on target, that is, a focused 
intensity that can be achieved by smaller 
scale laser facilities. With the full ability of 
the VULCAN laser, saturated x-ray lasers 
at even shorter wavelengths near the water 
window should be possible. 
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Local, Nonvolatile Electronic Writing of Epitaxial 
Pb(Zro~,,Tio~,,)03/SrRu03 Heterostructures 

C. H. Ahn, T. Tybell, L. Antognazza, K. Char, R. H. Hammond, 
M. R. Beasley, 0. Fischer, J.-M. Triscone 

A scanning probe microscope was used to induce local, nonvolatile field effects in 
epitaxial, ferroelectric Pb(Zr,,,,Ti0,,,)O,/SrRuO3 heterostructures. Field-effected re- 
gions with linewidths as small as 3500 angstroms were written by locally switching the 
polarization field of the Pb(Zro,,,Tio,,,)03 layer; the electronic density of the underlying 
metallic SrRuO, layer was modified and the sheet resistance was changed by up to 300 
ohms per squire. This procedure is completely reversible and allows submicrometer 
electronic features to be written directly in two dimensions, with no external electrical 
contacts or lithographic steps required. 

Ferroelectric inaterials are characterized by 
a nonvolatile, reversible polarization field 
that has been successfully used in applica- 
tions such as radiation hard memories (1 ). . . 
With advances in  thin-film oxide growth, 
epitaxial conducting oxide-ferroelectric 
and high-temperature superconductor-fer- 
roelectric heterostructures have recently 
been fabricated, and ferroelectric switching 
with improved fatigue properties has been 
observed, as have ferroelectric field effects 
in  materials with relatively large carrier 
densities (2-4). Progress has also been 
made in  t h e  switching and imaging of the  
surface charge distribution and topograph- 
ic deforinations of small ferroelectric do- 
mains in  bulk crystals and polycrystalline 
films using scanning force and optical 
nrobes 15-8). , , 

Here, we investigated another opportu- 
n i t r  afforded bv the  nonvolatile nolariza- 
tio; of epitaxial ferroelectric oxiies with 
high surface quality. W e  have devised a 
technique that produces a nonvolatile, local 
doping in  a th in  fill11 using conducting ox- 

C. H. Ahr .  T. Tybell, L. Artograzza, @. F~scher. J.-M. 
Triscone Departemert de Physique de a Matiere Cor-  
ders& Unversity of Geneva. 24 Quai Errest-Ansermet. 
121 1 Gereva 4, Sw~tzerland. 
K. Char, Conductus nc . ,  969 \Nest Maude Avenue. 

ide-ferroelectr~c heterostructures. T h ~ s  ap- 
 roach allows dlrect and revers~ble nrritlne " 

of submicrometer electronic structures by 
ineans of scanning probe microscopy; n o  
permanent electrical contacts or litho- 
graphic processes are required, whereas ex- 
isting electronic devices that use field ef- 
fects require such contacts and lithography 
to achieve electronic doping. These local 
electronic nanofeatures also provide a de- 
tection mechanism to read out written fer- 
roelectric domains that does not rely o n  the  
surface charge of the  ferroelectric, which is 
susceptible to  deterioration of contrast as a 
result of passivation. 

A commercial atomic force microscope 
IAFM) with a metallized tin was scanned 
over the  surface of a n  epitaxial ferroelectric 
Pb(Zr,,jZTi, 4 8 ) 0 3  (PZT)/SrRu03 hetero- 
structure (Fig. 1 )  while a voltage was ap- 
plied between the  tip and the  ultrathin 
metallic S rRu03  film. W h e n  the coercive 
field of the  PZT laver was exceeded, the  
ferroelectric polariza;ion switched directly 
underneath the   ti^ and induced screening " 
charges to flow in the  SrRuO, layer, chang- 
ing the  total carrier concentration and 
hence the  conductivity of the  material. 

W e  used epitaxial PZT/SrRuO, hetero- 
structures that are well suited for annlica- 
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tant for these scanning experiments (4 ) .  For 
the  growth of SrRuO,, we carried out reac- 
tive molecular-beam epitaxy (MBE) in  an  
ultrahigh-vacuum electron-beam evapora- 
tion system ( 4 ,  9 ) .  X-ray diffr:ction pat- 
terns o n  thick (1000 to 5000 A) sainples 
revealed epitaxial growth of SrRu0,(110) 
o n  SrTi03(001)  substrates, with SrRuO, 
[001] parallel t o  S rT i0 ,  [100]. T h e  rocking 
curve taken around the  220 reflection has a 
full width a t  half inaxiin~un (FWHM) of 
0.03". Transport measurements taken o n  
these films revealed large residual resistivity 
ratios (as high as 33) .  Ultrathin films were 
required for substantial field effects to  b: 
observed. Epitaxial metallic films (30 A 
thick) were grown and characterized with 
in  situ ultraviolet photoelectron spectrosco- 
py (UPS) ,  reflection high-energy electron 
diffraction (RHEED), and lob,-energy elec- 
tron diffraction (LEED) measurements, fol- 
lowed by ex situ transport measurements. 
AFM iinages taken o n  these films revealed 

root-mean-square surface roughness of 1.5 
A over a 6 (*m by 6 p m  area. 

Afterward, tetragonal PZT was deposited 
onto  the  S rRu03  by means of off-axis radio 
frequency sputtering (1 0). X-ray diffraction 
revealed (001) growth o n  SrRuO,, with 
PZT [I001 parallel t o  S rRu03  [001]. T h e  
rocking curve of the  PZT 001 reflection has 
a FLVHM of 0.09". For these films, the  two 
ferroelectric polarization states lie perpen- 

/I PZT 

Fig. 1. Schematic of the PZTISrRuO, hetero- 
structure. With the use of an AFM w~th a metallized 
tip, ferroeectr~c domains can be polarized by ap- 
plying a voltage between the tip and SrRuO, film 
that exceeds the coercive field of the PZT layer, 
resulting In a local. nonvolatile change in the elec- 
tronic propeli~es of the underlying film. 
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