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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 first
time. A nanosecond pulse creates a plasma of neonlike ions of titanium, followed by a subpicosecond
pulse which excites a nonstationary population inversion. With only a few joules of pump energy, a
compact x-ray laser at 32.6 nm with a very high gain coefficient et 19 cm™' and a gain-length
product ofgL = 9.5 was achieved. [S0031-9007(97)02756-7]

PACS numbers: 42.55.Vc, 52.75.Va

In recent years much effort has been directed towardthat, if realized, the transient scheme exhibits considerably
the search for x-ray lasers (XRL) which are pumped bylarger gain, reaching the values of hundreds of EmFor
only a few joules of pulse energy from optical lasers,an x-ray laser design it is also very attractive that tran-
thus representing a so-called “table-top” system. In ordesient inversion can exist even in a completely optically
to substantially reduce the pump energy requirementshick plasma and does not disappear with increasing den-
various excitation schemes with one- and multiple-pulsesity, supposing refraction can be suppressed, thus propor-
techniques and different target geometries using lasdfonally increasing the saturation intensity and decreasing
pulses from 0.1 ns to a few ns were reported or arénversion lifetime. It was predicted [5] that this concept
under development [1]. To advance into the shortemllows one, in principle, to achieve the lasing in Ne-like Ti
x-ray regions, the plasma has to be excited with theat a pumping level of only a few joules and approach the
progressively higher flux densities; therefore, in order td'water window” region (2.3—4.4 nm) with Ni-like ions at
keep the pump laser at a table-top size, delivering energied—20 J.
of ~1 J, their pulse duration should be scaled down to the Several plasma preparation methods have been proposed
ps or fs range. Aside from excitation schemes driven byor utilization of transient inversion based on one- and two-
the optical field ionization in a plasma [2], the well-known step illumination of solids, foils, and low density targets
recombination or collision driven XRL schemes open new(LDT) [3,5]. With LDT (foams, gaseous targets, etc.) it
possibilities for table-top XRL realizations. The main will be possible not only to improve heating efficiency
advantage of the short pulse pumping here is the creatidout also to strongly reduce refraction of amplified x-rays.
of a transient population inversion for a collisional schemeAt the present time, one of the simplest and reliable
[3], as well as the fast adiabatical cooling of the lasingways is connected with the irradiation of a plane solid
medium in the case of a recombination scheme [4]. target. In our case, first, a relatively long 1.5 ns pulse

We report in this paper the first realization of a novel,interacts with the solid target and creates a plasma of
effective short pulse excitation collisional scheme [3,5].required density, temperature, and ion composition with
Lasing was achieved on thp-3s (J = 0-1) transitions a substantial abundance of Ne-like Xii. A second
of Ne-like ions at Tixii at a wavelength o = 32.6 nm.  short ps laser pulse is intended to provide the temperature
It is characterized by a very high gain coefficient as welljump of substantial magnitudg, ~ AE, (whereAE, ~
as a short duration and a low pumping energy. It is well0.5 keV is the energy of the upper laser level) for effective
known that most of the collisional x-ray lasers work in aexcitation of the Ne-like ions via electron collisions, and
quasisteady state (QSS) regime when the relaxation timast enough compared to the radiative and collisional
of the excited levels is shorter than the plasma lifetimerelaxation time of the upper laser level.

In the limits of validity of this approximation, it is also ~ Our experiments were performed at the recently up-
expected to obtain beneficial properties for table-top XRLgraded CPA Nd:glass laser facility at the Max Born
under short pulse irradiation [3,6,7]. Preliminary experi-Institute, Berlin [8]. The large laser delivers two synchro-
ments here were already performed in [6]. The proposedized beams with different pulse durations. A Ti:sapphire
approach is not based only on the pulse shortening anstart oscillator, followed by a stretcher and a regenerative
plasma overheating. The important difference of this conamplifier (Spectra-Physics), is used as a 1053 nm, 1.5 ns
cept to QSS schemes is the utilization of the advantagesont-end system for a linear glass amplifier chain. Before
of short-living transient population inversion which ap- entering the power amplifier, the stretched pulse is split
pears due to a difference in the level excitation rates whemto two beams which are then amplified separately. One
the rise time of the excitation rates is comparable to thgulse is recompressed to shorter than 0.7 ps, the second
interatomic relaxation times [3,5]. It has been shown [3]one is kept at 1.5 ns duration, and the corresponding
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maximum energies were 4 and 7 J, respectively. A duadength at the pump intensities @f-jon, = 10'> W/cn?
cylindrical lens focusing optics enables a line focus on theand Ip-g,.x = 10> W/cn? correspondingly. The very
target with a width of 30um. Typical lengths of 1-5 mm short and bright dot at the top which dominates the spec-
have been used in the experiments. The x-ray emissiomum at 32.6 nm represents thg-3s, J = 0-1 lasing line.
from the plasma was recorded by a transmission gratingn order to verify the amplification at th&p-3s, J = 0-1
spectrograph, consisting of a toroidal mirror at grazingline, we have changed the length of the plasma column
incidence, and a free-standing diffraction grating (2000(Fig. 2). The nonlinear increase of the 32.6 nm signal
lines/mm). The design is similar to that reported in [9]. as a function of plasma length is clearly visible. The
The nickel-covered toroidal mirror witl20 X 81 mn?  3p-3s line intensity signals for different focal lengths of
allowed one-to-one imaging of the output plane of thel, 2,3, and 5 mm at comparable pump intensities are plot-
x-ray laser onto the recording plane. An x-ray streakted in Fig. 3. Using the Linford formula as a fit curve
camera (Kentech) with a CCS-image converter systerfil4], an averaged gain for the recorded Ti-XRL pulses of
was coupled to the spectrograph. Home designed phg = 19 + 1.4 cm™! was obtained. That gain is7 times
tocathodes for the wavelength rangeof> 17 nm have more than in preceding experiments [11], utilizing a QSS
been used in the streak camera. The streak camera wesgime with relatively long pulses of0.6 ns at a pump
operated at a maximum temporal resolution=f0 ps.  energy of 200-550 J. For the target of 5 mm in length, a
The spectral resolution of the whole recording system wagain-length product oL = 9.5 = 0.7 was obtained. ltis
about 0.5 nm. worth mentioning that, besides the obviously high amplifi-

The investigation of the amplification behavior of cation, the lasing line intensities show a substantial scatter.
the Ne-like Ti scheme has shown that, with a shortWe find the reasons for this in our experimental condi-
pulse only, no signal was observed at all. With a longtions. The gain region has a very small lateral extension
prepulse at about 0.6 J~(0'' W/cn?) in the double and is, additionally, characterized by a steep density gra-
pulse configuration, no lasing signal was measured. Onlgient. Therefore the amplification is very sensitive to the
at 4-6 J energy in the long pulse and more than 1.5 glasma inhomogeneities and refraction. Investigation of
in the 1.5 ns delayed short pulse were we able to detecthe target reveals that substantial surface modifications as,
a signal at 32.6 nm. It is identified as t2p33p 'Sy —  e.g., groove formation following our calculations and ex-
2p> 3s 1Py transition in Ne-like Ti, as observed in [10— perimental data, noticeably change the plasma hydro and
13]. It is worth mentioning that the target geometry andrefractive properties. Note, however, that at such high gain
the alignment of the viewing angle of the spectrograpHengths the scatter in intensity by the factor of 3—20 has
with respect to the x-ray laser beam play an importanbeen characterized by many x-ray laser amplifiers [15—17].
role. By changing the angle between the target normal For the approximate comparison of the efficiencies of
and the observation direction, we estimated the lasethe x-ray lasers, several relative parameters can be used
beam divergence. It was found to be within the 15 mraq18]. Since often the size and costs of pumping facilities
acceptance angle of the spectrograph. are restricted mainly by the energy, we adopt here from

Figure 1 gives a streak camera record showing the tenref. [11] the parametegL/E,, whereE, is the pump
poral emission between 10—40 nm for= 5 mm plasma energy in kJ. In our case, the paramejér/E, ~ 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 have
also observed a second short living bright line at about
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FIG. 1(color). A temporally resolved on-axis spectrum for the x-ray wavelength, nm

emission of a 5 mm Ti-plasma column produced as a result of

the long (5 J) and short (2.6 J) pump irradiation, showing theFIG. 2. Nonlinear growth of the laser signal at 32.6 with the

bright short laser emission at 32.6 nm. The two light spots aplasma length of 2 mm (dotted), 3 mm (dashed), and 5 mm

21 and 23 nm appear due to defects of the phosphor screen. (solid line).
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For modeling of the hydrodynamics, kinetics, and spec-
{103 tral properties of the transient x-ray laser, the numerical
S codeRrADEX has been used [3,5,16,17,19,27]. The model

® includes two-temperature 1D hydrodynamics with de-

1025 tailed nonlocal thermal equilibrium (LTE) atomic physics
IS) based on [22,23] and radiation transport treated self-
,1o1>'f’ consistently in the transient approximation. For a cor-
) rect description of the amplified spontaneous emission at

> rapidly changing conditions, a 3D ray tracing model was
N ‘ . : . . developed in the time-dependent radiation transport ap-

00 01 02 03 04 05 proximation (compared to QSS in Ref. [17]) in order to
plasma length, cm take into account the effect of the finite photon transit

_ L time [28,29]. The model now allows one to calculate the

FIG. 3. XUV Intensity of the3p-3s, J = 0-1 transition in :

Ne-like titanium at 32)./6 nm ang effective gain as a functionWhOIe laser-target scenario of our two pump pulse x-ray

of plasma length. Solid squares: experimental values; dottetSer experiments. .
line: Linford formula fit of the experimental data with  The two-step irradiation scheme for the experiments

g = 19.4 cm™'; solid line: RADEX calculated signal intensity; with transient inversion has been proposed in [3] to
dashed line: Calculated differential effective gain; based reqyce the plasma density in order to match the inversion
%Teh'sni];;r?oﬁg'%%lgégﬁD\fvﬁfﬁé?ﬂﬁﬁ?Qﬂfgeﬁltsy'w%n?? laser relaxa_ltipn timg and the plasma Iifeti'me'z. The plasma
containing active ions should be preliminarily prepared
since the inversion lifetime is usually shorter than the
ionization time. Additionally, this eliminates very steep
30 nm. It was visible only in the case of the highestmicron-scale density gradients in the case when a solid
pump energy and a 5 mm plasma column. Therefor¢arget is irradiated only by a single ps pulse.
we could not get data about its amplification with target However, as it was revealed by modeling, two main
length. According to the calculations, the second lasingeasons play a detrimental role on the amplification in our
line has been identified as3@-3p, J = 1-1 transition of case. First, the density gradients under sharp focusing
the Ne-like Ti. Its gain is predicted to reaeb50%-70% by the ns laser pulse are very abrupt. It is also well
of the gain of3p-3s, J = 0-1 transition. This unusual known that, at the irradiation of solids by ns pulses, the
kind of inversion betweersd!P; and 3 levels, which density gradients are too strong, so in a QSS situation
appears in quasisteady state plasma with the assistantteere was no lasing in Ti without an additional prepulse
of the reabsorption of théd'P;-2p'S, transition, was to reduce refraction and increase the amplification length
already previously predicted [19,20] and experimentallyj11-13]. Calculated ray trajectories of the x-ray laser
observed in Ar at the long laser pulse illumination [21]. beams revealed that the refraction stops amplification in
In the case of fast excitation, calculations reveal thethe high gain area, > (2-10) X 10%° cm™3 at a length
substantial contribution of the transient inversion for theof L ~ 1-3 mm. So despite much smaller active plasma
3d-3p line since the large difference in excitation rateslengthsL ~ 5 mm than in QSS collisional schemes, the
and relaxation times foBd'P; and all 3 levels. An refraction here remains very important.
additional important property of this lasing transition The second reason is a conjunctive effect of the fast
is its saturation intensity which is several times largertransient nature of atomic kinetics of multicharged ions at
than a3p-3s transition. Our atomic data, obtained by the finite photon transit time during amplificatienL /c.
ATOoM/MZ codes [22] which were utilized for kinetics To illustrate this, theraDEXx hydro code was used to
calculations [3,5,16,17,19], give a wavelength for thiscalculate the process of a temperature jump formation in
3d'P\-3p'P; transition to 29.97 nm. Atomic data based the plasma of the Ti target. The temperature created by
on theHuLLAC calculations [23] gives 29.61 nm, Ref. [24] ns laser prior to the short-pulse irradiation reaches values
predicts 29.09 nm, and the experiments [25] give 30.2@&f T,.120-180 eV, sufficient to ionize the plasma up to a
and 30.12 nm, respectively. The x-ray emission, noNe-like stage. Then the ps laser pulse heats the plasma
corrected for time resolution of the streak camera, lastand deposits most of the absorbed energy near the critical
in both 3p-3s and 3d-3p lines for ~20 and ~15 ps, density n. = 10?! cn?, increasing locally the electron
respectively [26]. This is the shortest pulse durationtemperature t@, ~ 2-3 keV. The strong saturated heat
ever reported from a collisional x-ray laser. Though notflux [27] and ionization decrease this high temperature
measured directly, the pulse duration in the experimento the T, ~ 0.4-0.6 keV range during the first-10 ps.
described in [2] may appear in a similar range. SinceAfter that, the cooling down to the initial temperature, due
the inversion exists during<15 ps, the signal duration, to dissipative effects, radiation, ionization, and expansion,
corrected by inversion lifetime, should mostly correlategoes slowly and takes-200 ps. The transienf = 0-1
with the photon propagation time/c ~ 15 ps € is the  gain is very inhomogenous in space and time, reaching
speed of light) through the plasma column. values ofg = 50-200cm™! (during 5—10 ps) in the areas
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of relatively flat density profile anet500 cm™! (during 1—  collisional x-ray lasers delivering substantial energy and
2 ps) near the critical density. Note that during the ps pulse&vorking at a much shorter wavelength and pulse duration.
irradiation in the thin 1—5«m and dense ablative layer the  We gratefully acknowledge the help of A.L. Osterheld
transient gain approaches gigantic values-a0? cm™!;  for discussions and providing the atomic data for Ne-
however, for its utilization the technique of traveling like Ti, and J. Nilsen for useful references. This work
wave illumination [28] and a less refracting medium arewas partially supported by the European x-ray laser TMR
required. For comparison, a usual QSS gain is 3—10 timesetwork.
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