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Demonstration of Saturation in a Ni-like Ag X-Ray Laser at 14 nm
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We report the first demonstration of saturation in a Ni-like x-ray laser, specifically Ni-like Ag x-ray
laser at 14 nm. Using high-resolution spatial imaging and angularly resolved streaking techniques, the
output source size as well as the time history, divergence, energy, and spatial profile of the output
beam have been fully characterized. The output intensity of the Ag laser was measured to be about
70 GW cm22. The narrow divergence, short pulse duration, high efficiency, and high brightness of the
Ag laser make it an ideal candidate for many x-ray laser applications. [S0031-9007(97)03079-2]
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Saturation has been observed in Ne-like x-ray lasers
the J  2 ! 1 transitions in plasmas of Ge [1], Se [2
and Y [3] and on theJ  0 ! 1 transition in Zn [4],
Ar [5], Ge [6], and Ti [7] plasmas. Saturated operatio
is very important because it means that the maxim
power possible for a given volume of excited plasm
is extracted by the stimulated emission. Saturation a
tends to produce an output sufficient for applicatio
and ensures the production of a consistent output w
little variation from shot to shot. Such saturated x-r
lasers at shorter wavelengths are required for holograp
microscopy, interferometry, radiography, and many oth
applications [8–11].

Although Ne-like x-ray lasers have shown large gai
and gain length products, they are difficult to scale to
shorter wavelengths required for most applications, w
the currently available laser driver energy. Ni-like x-ra
lasers, in principle, work at much shorter wavelengths
the same amount of driver energy but have difficulti
to provide saturated output. There have been signific
achievements in developing Ni-like x-ray lasers at shor
wavelengths [12,13]. Recent experiments have sho
that the intensity and the efficiency of Ni-like x-ray lase
can be greatly enhanced by the use of multiple eq
intensity short pulses with 400 ps intervals [14–18].
significant gain-length product of,8 has been reported
[15,17], which, however, is still too low for saturate
operation.

In the multipulse mode, the first pulse heats and ioni
the plasma but the density gradients are too steep
laser propagation. The plasma then expands crea
a larger scale length plasma and produces a lar
more uniform gain region which allows for good las
propagation [19–21]. Aiming at improving efficiency an
enhancing the gain-length product, we used a differ
drive pulse configuration compared to previous Ni-lik
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experiments carried out by other groups [15–17]. Sin
it is not necessary to have a preplasma in an ionizati
stage as high as Ni-like, a low intensity (,10% 30% of
total energy) laser pulse (prepulse) was used to creat
preplasma with a lower ionization. The preplasma w
then allowed to cool down for a much longer times.2 nsd
than those used in other experiments [15–17], until
became not as transparent to the following laser pu
(main pulse) and the plasma region, where laser g
generates, can directly absorb more energy from the m
laser pulse before it hits the critical density surface
the plasma. A larger separations.1 nsd between the
prepulse and main pulse produces a larger gain reg
with lower gradients which allows for better propagatio
and therefore higher laser output [6,22]. In this Letter, w
present the first demonstration of saturation in a Ni-lik
x-ray laser, specifically, the Ni-like Ag laser at 14 nm
from a refraction compensating double target.

The experimental setup is similar to that described
Ref. [6]. Three beams of the VULCAN Nd:glass lase
with a 75 ps pulse duration at1.05 mm were used in a
standard off-axis focus geometry, which provide a lin
focus with 25 mm length and200 mm width, giving an
irradiance of,20 TW cm22 on targets. Deploying the
other three beams 180± opposed in a second line focus
produced a plasma with an opposed density gradie
which helps compensate for the refraction of the x-ra
laser beam from the first plasma.

Flat slab targets used in the experiment were typica
18 mm long with 200 mm wide Ag stripes coated on
the glass substrates. For some shots, targets with 20
22 mm length were used for gain measurements. Bo
ends of the slab target were placed well within the lin
focus to avoid cold plasmas at the ends of the targe
The targets were aligned so that they were parallel with
adjustable separation (in the direction perpendicular to t
© 1997 The American Physical Society
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The
target surfaces) between the surface planes and an
separation of500 mm between the two targets. For som
shots, curved targets with a 100 cm radius of curvat
were used to make a comparison with the performa
of flat slab targets. Since the x-ray laser pulse durat
is comparable to the propagation time, traveling wa
excitation for the two successive targets is desirable
achieve maximum amplification. To approximate th
condition, the three drive beams for the first slab tar
were therefore timed 60 ps earlier than the three bea
for the second target.

The primary diagnostics along the target axis we
two flat-field grazing incidence x-ray spectrometers w
1200 linesymm aperiodically ruled gratings [6]. The
recorded the spectral range from 5.0 to 30.0 nm on
staSpec IV back-thinned soft x-ray CCD detectors (Or
Instruments, Stratford, CT). Radiation at waveleng
shorter than 6.0 nm was eliminated by the use of two p
allel Ag mirrors at 10± grazing incidence angle. Si an
C filters were used to provide variable attenuation a
absorption edges for wavelength calibration. The ax
spectra in a given axial direction were recorded in eith
of two ways. Time averaged spectra with angular re
lution were obtained using an x-ray CCD detector in t
focal plane. Alternatively, the Ag laser line at 14 nm w
focused by the grating of an axial flat field spectrome
into the entrance of a streak camera so that the streak
played the temporal variation of the angular distribution
the Ag laser line [1]. The laser line width was less th
50 mm at the streak entrance plane so the temporal res
tion is limited by the streak camera operation to,10 ps.
A fiber-optic coupled CCD detector (Oriel Instrument
recorded the time-resolved angular distribution.

In order to measure the output energy and the spa
profile of the Ag x-ray laser, a near field imagin
diagnostic [6,23,24] was used consisting of multilay
mirrors, Al and C filters and an x-ray CCD detector. Th
two mirrors had a combined measured peak reflectiv
of about 20% at a central wavelength 14 nm with
full width at half maximum (FWHM) bandwidth around
1.0 nm. The concave multilayer mirror had 25 cm foc
length and was positioned to image the output end
the Ag x-ray laser which was relayed off a 45± planar
multilayer mirror onto the x-ray CCD detector at
magnification of223.

Figure 1 shows the measured time integrated on-a
output spectrum from a 18 mm long single curved targ
The output is completely dominated by the Ni-like AgJ 
0 ! 1 laser transition at 14 nm and its second order. T
intensity of the laser line was attenuated by a combinat
of Si and C filters by a factor of 100 to avoid saturatio
of the CCD detector. There are a few tenths of a n
uncertainty in the measured wavelength of the laser li
This line was predicted to be at 14.0 nm [25].

Figure 2 presents streak images showing the temp
behavior of the angular distribution in the exit plan
xial
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FIG. 1. Axial spectrum from a 18 mm long single curved A
target showing that the 14-nm laser line and its second or
completely dominate the spectrum. The laser line has b
attenuated by a factor of 100 to avoid saturation of the CC
detector.

perpendicular to the target surface of the Ag laser fro
a single flat target, a coupled double flat target w
an optimized separation of150 mm and from a single
curved target. The grey levels of the three graphs w
normalized to the same level to show the angular a
temporal distributions for the different target geometrie
The peak emission from the double target is about 2
times stronger than the emission from a single flat tar
and about 80 times stronger than that from a curved tar
The laser emission from the single target has a bro
divergence of 3.4 mrad and peaks at 4.5 mrad off a
It lasts about 34 ps. By comparison, the laser emiss
from a coupled double target shows a strong coupl
effect both angularly and temporally. Its pulse durati

FIG. 2. Typical x-ray streak images of angular distributio
of the Ni-like Ag 14 nm laser line from (a) a single flat targe
(b) a double flat target with a perpendicular separation
150 mm, and (c) a single curved target with 100 cm radius
curvature. At the right-hand side are the temporal traces.
arrow at the bottom indicates the fiducial wire at20.5 mrad
from the target surface.
3857



VOLUME 78, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 19 MAY 1997

o

t
c
o
w

a

3
m
y
e
d
b

e

a

a
l

t
a

th
f
le
A

o
x

h
i
t
g

s
o
f
ed
et
ts
st
he

in
ion

r
er
ing
us-
li-
e
on.
a-
to
f

-
r

tly
s-

l),

ity

a

he
ne
is somewhat longer due to the contribution from tw
targets and its divergence is 2.1 mrad. The emission fr
a curved target has the smallest divergences,1.7 mradd
and peaks at only 0.8 mrad from the target surface. T
pulse duration from the curved target is about 43 ps.
is apparent that the angle of the laser beam from
curved target sweeps in time towards the target surfa
The angle of the peak intensity is influenced by refracti
of the beam in the plasma. The pulse durations sho
in Fig. 2 are single scans through the angular peaks
the laser emission. The angularly integrated durations
somewhat longer.

The output intensity of the Ag laser is plotted in Fig.
against plasma length. For those single target plas
with lengths ,22 mm, the increase in output intensit
of the laser line is a simple exponential form. Th
gain coefficient was determined by fitting the Linfor
formula to those data in the exponential region, to
7.2 6 0.4 cm21. The output intensity no longer increase
exponentially with the plasma length for targets long
than 22 mm, beyond which the gain-length product
greater than 16 and the output intensity increases line
and varies little from shot to shot.

Images of the spatial distribution of the Ag laser
the output aperture of the Ag laser from single, doub
and curved slab targets were recorded to study the la
output pattern and mode structure. The characteris
at the near field of a single flat target and double fl
target were similar to those observed at near field of
Ne-like GeJ  0 ! 1 laser [6]. The output aperture o
the Ag laser from a curved target was, however, smal
Figure 4 shows the near field image from a double flat
target with a perpendicular separation of150 mm. The
horizontal axis in the figure is the expansion directi
perpendicular to the target surface and the vertical a

FIG. 3. Peak intensity as a function of plasma length. T
solid line shows exponential increase of the output intens
and the broken line shows the linear increase in the satura
region. Saturation is reached at an approximate gain-len
product of 16.
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parallel to the target surface. The VULCAN laser beam
are incident from left and right, respectively, on the tw
targets, with the line foci along the line of sight (out o
the page). The target surface position was determin
using the peak of the thermal emission from the targ
surface. The individual contributions from both targe
are visible at the left and bottom part of the image. Mo
of the energy is concentrated in the coupled region. T
FWHM extent in the transverse direction is about43 mm.
In the perpendicular direction, there is much structure
the laser pattern. The beam pattern peaks in the reg
around150 mm from the target surface.

Since the collection solid angle of the multilayer mirro
system overfills the angular distribution of the Ag las
beam, the output intensity can be estimated by integrat
the total photons emitted from the output aperture and
ing an absolute calibration for the CCD detector, the ca
brations for the x-ray multilayer mirrors, filters, and th
measured angularly integrated x-ray laser pulse durati
The output intensity of the Ag laser for an optimized sep
ration s150 mmd between the two targets was estimated
be ,90 mJ, corresponding to a conversion efficiency o
6 3 1027, which is the highest efficiency achieved for Ni
like x-ray lasers. The maximum intensity of the Ag lase
is about69 GW cm22. The estimated uncertainty in this
measurement is a factor of 1.5 and is due predominan
to uncertainty in the filter attenuation. Given our best e
timates of the source sizes43 3 57 mm2d, and the beam
divergence (1.5 mrad perpendicular by 3.5 mrad paralle
a brightness of1.1 3 1025 photons s21 mm22 mrad22 is
calculated. It is of interest of compare the output intens

FIG. 4. The end-on view of the Ni-like Ag x-ray laser from
coupled double target with a separation of150 mm. The zero
position on the horizontal axis is the target surface while t
zero position on the vertical axis shows the center of the li
focus on the target.
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of the Ag laser with the saturated intensity estimated fr
the Einstein relations between spontaneous and stimul
emission [3,6]. The decay rate of the upper laser le
is calculated fromXRASER [26] kinetic simulations to be
6.31 ps21 and the spontaneous emission rate of the up
laser level to the lower is0.215 ps21. Most of the upper
level destruction rate is due to collisional mixing. The t
tal destruction rate of the lower laser level is7.46 ps21.
In the simulations, typical plasma conditions for the A
laser were used: an electron temperature of 700 eV,
an electron density of5.7 3 1020 cm23. The saturated
intensity is then calculated to be28 GW cm22, which is
about one third of the measured value. It should be no
that the saturation intensity is not an upper bound on
output but just the starting point at which the energy e
traction becomes efficient for the laser operation.

In conclusion, we have demonstrated the first satura
Ni-like x-ray laser using only about20 TW cm22 intensity
on target, that is, a focused intensity which can
achieved by many other smaller scale laser facilities. T
narrow divergence, short pulse duration, high efficien
and high brightness of the Ag laser make it an id
candidate for many x-ray laser applications. Using
available energies of the VULCAN laser on a narrow
line focus, saturated output in Ni-like x-ray lasers c
be achieved at much shorter wavelengths. This is
important step towards saturated operation of x-ray las
at the water window.
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No. 11946, No. 11779, and No. 11809. E.W. has be
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under the auspices of the U.S. Department of Energy
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