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Short Pulse X-Ray Laser at 32.6 nm Based on Transient Gain in Ne-like Titanium
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A novel two-step excitation scheme for an efficient table-top x-ray laser has been realized for the fir
time. A nanosecond pulse creates a plasma of neonlike ions of titanium, followed by a subpicoseco
pulse which excites a nonstationary population inversion. With only a few joules of pump energy,
compact x-ray laser at 32.6 nm with a very high gain coefficient ofg  19 cm21 and a gain-length
product ofgL  9.5 was achieved. [S0031-9007(97)02756-7]

PACS numbers: 42.55.Vc, 52.75.Va
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In recent years much effort has been directed towa
the search for x-ray lasers (XRL) which are pumped
only a few joules of pulse energy from optical lase
thus representing a so-called “table-top” system. In or
to substantially reduce the pump energy requireme
various excitation schemes with one- and multiple-pu
techniques and different target geometries using la
pulses from 0.1 ns to a few ns were reported or
under development [1]. To advance into the sho
x-ray regions, the plasma has to be excited with
progressively higher flux densities; therefore, in order
keep the pump laser at a table-top size, delivering ener
of ,1 J, their pulse duration should be scaled down to
ps or fs range. Aside from excitation schemes driven
the optical field ionization in a plasma [2], the well-know
recombination or collision driven XRL schemes open n
possibilities for table-top XRL realizations. The ma
advantage of the short pulse pumping here is the crea
of a transient population inversion for a collisional sche
[3], as well as the fast adiabatical cooling of the las
medium in the case of a recombination scheme [4].

We report in this paper the first realization of a nov
effective short pulse excitation collisional scheme [3,
Lasing was achieved on the3p-3s sJ  0-1d transitions
of Ne-like ions at TiXIII at a wavelength ofl  32.6 nm.
It is characterized by a very high gain coefficient as w
as a short duration and a low pumping energy. It is w
known that most of the collisional x-ray lasers work in
quasisteady state (QSS) regime when the relaxation
of the excited levels is shorter than the plasma lifetim
In the limits of validity of this approximation, it is als
expected to obtain beneficial properties for table-top X
under short pulse irradiation [3,6,7]. Preliminary expe
ments here were already performed in [6]. The propo
approach is not based only on the pulse shortening
plasma overheating. The important difference of this c
cept to QSS schemes is the utilization of the advanta
of short-living transient population inversion which a
pears due to a difference in the level excitation rates w
the rise time of the excitation rates is comparable to
interatomic relaxation times [3,5]. It has been shown
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that, if realized, the transient scheme exhibits considera
larger gain, reaching the values of hundreds of cm21. For
an x-ray laser design it is also very attractive that tra
sient inversion can exist even in a completely optica
thick plasma and does not disappear with increasing d
sity, supposing refraction can be suppressed, thus pro
tionally increasing the saturation intensity and decreas
inversion lifetime. It was predicted [5] that this conce
allows one, in principle, to achieve the lasing in Ne-like
at a pumping level of only a few joules and approach
“water window” region (2.3–4.4 nm) with Ni-like ions a
10–20 J.

Several plasma preparation methods have been prop
for utilization of transient inversion based on one- and tw
step illumination of solids, foils, and low density targe
(LDT) [3,5]. With LDT (foams, gaseous targets, etc.)
will be possible not only to improve heating efficienc
but also to strongly reduce refraction of amplified x-ra
At the present time, one of the simplest and relia
ways is connected with the irradiation of a plane so
target. In our case, first, a relatively long 1.5 ns pu
interacts with the solid target and creates a plasma
required density, temperature, and ion composition w
a substantial abundance of Ne-like TiXIII . A second
short ps laser pulse is intended to provide the tempera
jump of substantial magnitudeTe , DEu (whereDEu ,
0.5 keV is the energy of the upper laser level) for effecti
excitation of the Ne-like ions via electron collisions, a
fast enough compared to the radiative and collisio
relaxation time of the upper laser level.

Our experiments were performed at the recently
graded CPA Nd:glass laser facility at the Max Bo
Institute, Berlin [8]. The large laser delivers two synchr
nized beams with different pulse durations. A Ti:sapph
start oscillator, followed by a stretcher and a regenera
amplifier (Spectra-Physics), is used as a 1053 nm, 1.5
front-end system for a linear glass amplifier chain. Befo
entering the power amplifier, the stretched pulse is s
into two beams which are then amplified separately. O
pulse is recompressed to shorter than 0.7 ps, the se
one is kept at 1.5 ns duration, and the correspond
© 1997 The American Physical Society



VOLUME 78, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 7 APRIL 1997

a
h

io
in
g
0

].

e
k

e
h

w

a

f
r
g

n
5
e

d
p
n
a

se
a

m

e
o

h
a
.

ec-

n
al
e
f
lot-
e
of

S

, a

fi-
ter.
i-

on
ra-
e
of
as,

x-
nd

ain
as
7].
of
sed
s
m

e
ut

e
m

maximum energies were 4 and 7 J, respectively. A du
cylindrical lens focusing optics enables a line focus on t
target with a width of 30mm. Typical lengths of 1–5 mm
have been used in the experiments. The x-ray emiss
from the plasma was recorded by a transmission grat
spectrograph, consisting of a toroidal mirror at grazin
incidence, and a free-standing diffraction grating (200
linesymm). The design is similar to that reported in [9
The nickel-covered toroidal mirror with20 3 81 mm2

allowed one-to-one imaging of the output plane of th
x-ray laser onto the recording plane. An x-ray strea
camera (Kentech) with a CCS-image converter syst
was coupled to the spectrograph. Home designed p
tocathodes for the wavelength range ofl . 17 nm have
been used in the streak camera. The streak camera
operated at a maximum temporal resolution of#10 ps.
The spectral resolution of the whole recording system w
about 0.5 nm.

The investigation of the amplification behavior o
the Ne-like Ti scheme has shown that, with a sho
pulse only, no signal was observed at all. With a lon
prepulse at about 0.6 J (,1011 Wycm2) in the double
pulse configuration, no lasing signal was measured. O
at 4–6 J energy in the long pulse and more than 1.
in the 1.5 ns delayed short pulse were we able to det
a signal at 32.6 nm. It is identified as the2p53p 1S0 !
2p5 3s 1P1 transition in Ne-like Ti, as observed in [10–
13]. It is worth mentioning that the target geometry an
the alignment of the viewing angle of the spectrogra
with respect to the x-ray laser beam play an importa
role. By changing the angle between the target norm
and the observation direction, we estimated the la
beam divergence. It was found to be within the 15 mr
acceptance angle of the spectrograph.

Figure 1 gives a streak camera record showing the te
poral emission between 10–40 nm forL  5 mm plasma

FIG. 1(color). A temporally resolved on-axis spectrum for th
emission of a 5 mm Ti-plasma column produced as a result
the long (5 J) and short (2.6 J) pump irradiation, showing t
bright short laser emission at 32.6 nm. The two light spots
21 and 23 nm appear due to defects of the phosphor screen
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length at the pump intensities ofIP-long  1012 Wycm2

and IP-short  1015 Wycm2 correspondingly. The very
short and bright dot at the top which dominates the sp
trum at 32.6 nm represents the3p-3s, J  0-1 lasing line.
In order to verify the amplification at the3p-3s, J  0-1
line, we have changed the length of the plasma colum
(Fig. 2). The nonlinear increase of the 32.6 nm sign
as a function of plasma length is clearly visible. Th
3p-3s line intensity signals for different focal lengths o
1, 2, 3, and 5 mm at comparable pump intensities are p
ted in Fig. 3. Using the Linford formula as a fit curv
[14], an averaged gain for the recorded Ti-XRL pulses
g  19 6 1.4 cm21 was obtained. That gain is,7 times
more than in preceding experiments [11], utilizing a QS
regime with relatively long pulses of,0.6 ns at a pump
energy of 200–550 J. For the target of 5 mm in length
gain-length product ofgL  9.5 6 0.7 was obtained. It is
worth mentioning that, besides the obviously high ampli
cation, the lasing line intensities show a substantial scat
We find the reasons for this in our experimental cond
tions. The gain region has a very small lateral extensi
and is, additionally, characterized by a steep density g
dient. Therefore the amplification is very sensitive to th
plasma inhomogeneities and refraction. Investigation
the target reveals that substantial surface modifications
e.g., groove formation following our calculations and e
perimental data, noticeably change the plasma hydro a
refractive properties. Note, however, that at such high g
lengths the scatter in intensity by the factor of 3–20 h
been characterized by many x-ray laser amplifiers [15–1

For the approximate comparison of the efficiencies
the x-ray lasers, several relative parameters can be u
[18]. Since often the size and costs of pumping facilitie
are restricted mainly by the energy, we adopt here fro
Ref. [11] the parametergLyEp , where Ep is the pump
energy in kJ. In our case, the parametergLyEp , 1200,
which is a factor of,40 higher than in that previously
reported for Ne-like Ti x-ray lasers [11].

In addition to the lasing line at 32.6 nm, we hav
also observed a second short living bright line at abo

FIG. 2. Nonlinear growth of the laser signal at 32.6 with th
plasma length of 2 mm (dotted), 3 mm (dashed), and 5 m
(solid line).
2749
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FIG. 3. XUV Intensity of the3p-3s, J  0-1 transition in
Ne-like titanium at 32.6 nm and effective gain as a functi
of plasma length. Solid squares: experimental values; do
line: Linford formula fit of the experimental data with
g  19.4 cm21; solid line: RADEX calculated signal intensity;
dashed line: Calculated differential effective gaingeff based
on Linford fitting of RADEX calculated intensity. Pump lase
intensity: long pulse1012 Wycm2, short pulse1015 Wycm2.

30 nm. It was visible only in the case of the highe
pump energy and a 5 mm plasma column. Theref
we could not get data about its amplification with targ
length. According to the calculations, the second las
line has been identified as a3d-3p, J  1-1 transition of
the Ne-like Ti. Its gain is predicted to reach,50%-70%
of the gain of3p-3s, J  0-1 transition. This unusua
kind of inversion between3d1P1 and 3p levels, which
appears in quasisteady state plasma with the assist
of the reabsorption of the3d1P1-2p1S0 transition, was
already previously predicted [19,20] and experimenta
observed in Ar at the long laser pulse illumination [21
In the case of fast excitation, calculations reveal t
substantial contribution of the transient inversion for t
3d-3p line since the large difference in excitation rat
and relaxation times for3d1P1 and all 3p levels. An
additional important property of this lasing transitio
is its saturation intensity which is several times larg
than a 3p-3s transition. Our atomic data, obtained b
ATOM/MZ codes [22] which were utilized for kinetics
calculations [3,5,16,17,19], give a wavelength for th
3d1P1-3p1P1 transition to 29.97 nm. Atomic data base
on theHULLAC calculations [23] gives 29.61 nm, Ref. [24
predicts 29.09 nm, and the experiments [25] give 30
and 30.12 nm, respectively. The x-ray emission, n
corrected for time resolution of the streak camera, la
in both 3p-3s and 3d-3p lines for ,20 and ,15 ps,
respectively [26]. This is the shortest pulse durati
ever reported from a collisional x-ray laser. Though n
measured directly, the pulse duration in the experim
described in [2] may appear in a similar range. Sin
the inversion exists during,15 ps, the signal duration
corrected by inversion lifetime, should mostly correla
with the photon propagation timeLyc , 15 ps (c is the
speed of light) through the plasma column.
2750
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For modeling of the hydrodynamics, kinetics, and sp
tral properties of the transient x-ray laser, the numer
codeRADEX has been used [3,5,16,17,19,27]. The mo
includes two-temperature 1D hydrodynamics with d
tailed nonlocal thermal equilibrium (LTE) atomic physic
based on [22,23] and radiation transport treated s
consistently in the transient approximation. For a c
rect description of the amplified spontaneous emissio
rapidly changing conditions, a 3D ray tracing model w
developed in the time-dependent radiation transport
proximation (compared to QSS in Ref. [17]) in order
take into account the effect of the finite photon tran
time [28,29]. The model now allows one to calculate t
whole laser-target scenario of our two pump pulse x-
laser experiments.

The two-step irradiation scheme for the experime
with transient inversion has been proposed in [3]
reduce the plasma density in order to match the invers
relaxation time and the plasma lifetime. The plas
containing active ions should be preliminarily prepar
since the inversion lifetime is usually shorter than t
ionization time. Additionally, this eliminates very stee
micron-scale density gradients in the case when a s
target is irradiated only by a single ps pulse.

However, as it was revealed by modeling, two ma
reasons play a detrimental role on the amplification in
case. First, the density gradients under sharp focu
by the ns laser pulse are very abrupt. It is also w
known that, at the irradiation of solids by ns pulses,
density gradients are too strong, so in a QSS situa
there was no lasing in Ti without an additional prepu
to reduce refraction and increase the amplification len
[11–13]. Calculated ray trajectories of the x-ray las
beams revealed that the refraction stops amplification
the high gain areane . s2 10d 3 1020 cm23 at a length
of L , 1 3 mm. So despite much smaller active plasm
lengthsL , 5 mm than in QSS collisional schemes, th
refraction here remains very important.

The second reason is a conjunctive effect of the f
transient nature of atomic kinetics of multicharged ions
the finite photon transit time during amplification,Lyc.
To illustrate this, theRADEX hydro code was used t
calculate the process of a temperature jump formation
the plasma of the Ti target. The temperature created
ns laser prior to the short-pulse irradiation reaches va
of Te120 180 eV, sufficient to ionize the plasma up to
Ne-like stage. Then the ps laser pulse heats the pla
and deposits most of the absorbed energy near the cri
density nc  1021 cm3, increasing locally the electron
temperature toTe , 2 3 keV. The strong saturated he
flux [27] and ionization decrease this high temperat
to the Te , 0.4 0.6 keV range during the first,10 ps.
After that, the cooling down to the initial temperature, d
to dissipative effects, radiation, ionization, and expansi
goes slowly and takes,200 ps. The transientJ  0-1
gain is very inhomogenous in space and time, reach
values ofg  50 200cm21 (during 5–10 ps) in the area
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of relatively flat density profile and,500 cm21 (during 1–
2 ps) near the critical density. Note that during the ps pu
irradiation in the thin 1–5mm and dense ablative layer th
transient gain approaches gigantic values of,103 cm21;
however, for its utilization the technique of travelin
wave illumination [28] and a less refracting medium a
required. For comparison, a usual QSS gain is 3–10 tim
smaller. The short inversion lifetime in the high dens
area nearnc decreases the effective amplification leng
to ,0.3 0.5 mm. As a result, this effect, together wit
refraction and collisional line broadening, substantia
decreases the gain-length product and makes the perip
regions with lower densityne , 0.7 1.5 3 1020 cm23,
smaller local gain,40 60 cm21, and longer inversion
lifetime 10–20 ps more favorable for amplification. At th
current experimental setup, without a low-energy prepu
[11–13] and traveling wave illumination, these effec
restrict the effective medium to a length of,3 mm (see
Fig. 3).

The results ofRADEX calculations of the output x
ray laser intensity, summarized in Fig. 3, very clea
reflect the present experimental situation. The effec
differential gain geff  fsLd has values,100 cm21 at
the shorter lengthsL , 1 mm and then decreases
,10 cm21 at the exit of laser amplifierL  5 mm.
The processes of real intensity saturation [17] w
excluded in this example to emphasize the formation
the saturationlike intensity behavior due to refraction a
time-dependent effects. Integration of the calculatedgeff

over the length givesgeffL , 15.5 which is just 1.5–
3 units less than the saturation limit. The experimen
gL reported here is smaller than this value since, for
reliable resolution of such intensity behavior, much mo
measurements are required, particularly at the sho
lengths. Nevertheless, the indications that the actuagL
in our experiment might be larger clearly exist (Fig. 3
At the saturation, it is expected to extract the energy
the level of units ofmJ. With its existing potential in
further reduction of the pumping energy to sub-J ran
[3,5], this scheme will deliver ultimate efficiency in th
spectral range. Detailed investigation of the questions
achievement of the saturation limit, based on this and v
recent experimental material and the present numer
model, we will address in a future publication.

In summary, we have experimentally verified the pre
ously predicted transient inversion collisional x-ray las
concept [3,5]. The key element of this concept, the u
lization of short-living enhanced population inversion, a
pears ideally suited for modern short-pulse CPA pu
lasers. A gain of19 cm21 and a gain-length product o
9.5 were obtained. This highly efficient, small sized x-r
laser, based on Ne-like titanium, exhibited a wavelen
of 32.6 nm, a pulse duration of less than,20 ps, and is
characterized by a drastic reduction of pump energy (o
a few joules) compared to the classical collisional XR
It is anticipated that, after this proof of principle expe
ment, this concept will lead towards saturated comp
se
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collisional x-ray lasers delivering substantial energy a
working at a much shorter wavelength and pulse durati
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