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Saturated operation of a transient collisional x-ray laser
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Saturation of a low pump energy x-ray laser utilizing a transient inversion mechanism on the 3p-3s
transition at 32.63 nm in Ne-like Ti has been demonstrated. A close to saturation amplification was simulta-
neously achieved for the 3d-3p, J51→1 transition at 30.15 nm. Small signal effective transient gain coef-
ficients of g;46 and;35 cm21 and gain-length products of 16.7 and 16.9 for these lines were obtained.
Experiments demonstrate that it is possible to achieve saturated laser action in a transient regime with Ne-like
Ti for a pump energy as low as;5 J. @S1050-2947~98!09105-7#

PACS number~s!: 42.55.Vc, 52.75.Va, 42.60.By, 52.50.Jm,
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Since x-ray lasing was first demonstrated in 1985@1#,
much time and effort have been expended improving x-
laser~XRL! efficiency and attempting to reduce its size a
cost to make it attractive for potential users without acces
large scale facilities. Numerous investigations were conc
trated around optimization of different x-ray lasing schem
as well as methods of plasma creation. The notion ‘‘tab
top’’ x-ray laser became a common expression for describ
a scale acceptable for science and technology, for unive
ties and small labs. At the present time, the ‘‘traditiona
collisional x-ray lasers, for example, show gain-length pro
uct GL up to 12.5 at pump energy levels less than 300–4
J on several elementsZ514– 31@2#. In the last few years the
investigations have shifted into the sub-100 J pump ene
range@3#. This improvement of efficiency was achieved b
mitigating refraction through the use of prepulses@4#. Since
plasma based x-ray lasers require increasing pump pow
generate shorter wavelengths, the development of new C
ps and fs-pulse lasers is extremely important for x-ray la
development. Other pumping schemes became possible
ing these lasers, utilizing high electric field and different a
pects of its influence on ion excitation@5#. Recombination-
pumped lasers definitely benefited from shorter pu
duration, exhibitingGL;6 atl;18.2 nm with just a 21 J, 2
ps pumping pulse@6#. One of the important steps on th
route of improvement of efficiency was done with the co
sional excitation scheme. X-ray lasing in Ne-like Ti with
gain coefficient of 19 cm21 and a drastically reduced pum
level of only a few Joules was demonstrated recently@7#.
Following it, the Ni-like Pd with gain-length product o
GL;12 showed strong lasing at 147 Å@8#. These achieve-
ments were based on a novel collisional scheme, which
proposed some years ago@9# and then developed theoret
cally by several authors@10–12#. All these small pump en-
ergy experiments were promising, but the saturation lim
resulting in extraction of a substantial part of the stored
ergy, was not reached in them. To date, the only table-
x-ray laser, which surpassed the saturation point, is Ne-
argon at 46.9 nm~with up to ;30mJ energy in double-pas
571050-2947/98/57~6!/4778~6!/$15.00
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amplification geometry,;800 ps duration! using a fast cap-
illary discharge plasma, which is a kind ofZ-pinch device
@13#. With this work we report the achievement of x-ray las
saturation in a laser plasma-based x-ray laser, with extrem
low pump requirements of several Joules. It is shown t
this opens the route to saturated x-ray lasing in Ne-like t
nium in a table-top implementation.

The scheme is based on creation of a plasma contai
the desired active ions~for example, neonlike, nickel-like
etc., though it potentially works with almost all other ion!
by a preliminary laser pulse irradiating a target, followed
a short~ps! pulse that heats the preformed plasma. Due to
fast collisional excitation, a transient population inversi
occurs@9,11# within a short time period. This is due to th
different population rates of the lasing energy levels, in co
trast to the collisional-radiative depopulation of the low
laser level relevant to the quasi-steady-state~QSS! regime.
The transient inversion is characterized by a short lifeti
and yields much higher gain coefficient valu
(;100 cm21) than can be obtained in the QSS regime~sev-
eral cm21! with relatively long pulse pumping. Note that du
to the very high values of transient gain coefficient, its co
tribution may be substantial even in experiments where
QSS approach is expected to dominate. Since the trans
inversion is a property of the atomic kinetics, it can be re
ized in very different plasma conditions. For example, t
contribution due to transient effects was calculated to be
to ;30% in a recently realized capillary discharge x-r
laser operating at 60.5 nm in Ne-like sulfur@14#. Together
with large gain values, the short lifetime of the transie
inversion opens the possibility to operate x-ray las
at 100–1000 Å with a very low pump energy requirement
several Joules or less. The experimental demonstratio
saturation in the transient inversion concept is an import
step, which in all cases will be hard or even impossible
achieve. Its demonstration here for transient mechanism
encouraging for the development of tabletop x-ray lasers
provides a new route to shorter x-ray wavelengths.
4778 © 1998 The American Physical Society
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57 4779SATURATED OPERATION OF A TRANSIENT . . .
The possibility of saturating Ne-like Ti using the long an
short pulse pumped transient excitation scheme was note
@7,11#, but fully saturated operation was not observed. Sm
gain-length products (GL,9) have been observed in oth
long pump pulse collisional~QSS! Ti lasers at 32.63 nm bu
lasing on the 3d-3p line (l530.15 nm) of Ti has not been
observed before in the quasi-steady-state regime@5,15#,
though in this regime some amplification withGL;3 – 4 has
been observed in Ne-like Ar@16#.

As shown in our previous publication@7#, the x-ray laser
intensity as a function of laser length in the transient c
may resemble a saturation curve when real saturation is
tually not achieved. Besides the usual refraction effects,
rapid decrease of gain during the photon transit time al
the medium can cause saturationlike behavior of exit ra
tion. In this work, we utilize several independent methods
provide reliable proof of real saturation. The amplificati
characteristics of the 3p-3s (J50→1) transition at l
532.63 nm and the 3d-3p (J51→1) transition at l
530.15 nm have been studied with the wider range of la
heating parameters~3–21 J! and extended plasma colum
lengths~up to 10 mm!. This enabled us to determine gai
length products from the experiment with substantial ac
racy~as compared to@7#! as the proof of saturation. A secon
independent method came from the comparison of the r
tive intensities of the two lasing lines~l532.63 and 30.15
nm!, and is based on higher saturation intensity for the la
line. It was found experimentally that the relative intensit
of these lines provide strong evidence of saturation. Th
agreement between calculated and measured absolute v
of extracted energy provides additional evidence of satu
tion. Besides the questions of saturation, the dependenc
the x-ray laser output energy on the optical laser pump
ergy was measured, which allowed us to find optimum e
ciency pump values. The x-ray beam divergence and po
ing direction was also determined, which enabled us
define the value of the optimum electron density at which
titanium transient x-ray laser operates.

The experiments were carried out with the Rutherfo
Appleton Laboratory Vulcan Nd:glass laser, using a CP
laser beam@17# capable of delivering up to 40 J laser ener
(EL) with a pulse width of several picoseconds~2–3 ps at
low EL and 6–8 ps at highEL! and a second synchronize
ns-laser beam of several tens of Joules. In ‘‘standard’’
perimental conditions we have used an energy density of
J/mm in the long pulse~;1.731012 W/cm2 for ;1 ns pulse!
and of 1.5 J/mm in the short pulse~i.e., ;2.231014 W/cm2

for ;7 ps pulse!. The short pulse was timed at the fallin
edge of the long 1 ns pulse which had a flat top tempo
profile. The line foci of the two beams, with a common ove
lap length of 10 mm and a width of 100mm, were superim-
posed on the target. Due to the astigmatic irradiation ge
etry of the short pulse beam, a running focus with a ph
speed of about two and a half times the speed of light w
always present in the direction towards the spectrometer
Ideally, a speed of light running focus is required, and it w
be the subject of future investigations.

Titanium stripes, with a thickness between 0.6 and
mm and a width of about 210–300mm, coated on glass sub
strates and massive slab Ti targets, were both used in
experiment but there were no obvious differences in per
in
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mance. The active medium length was varied by choos
targets of different length. The primary diagnostic, viewi
along the target axis, was a flat field grazing incidence XU
spectrometer with an aperiodically ruled grating. Focus
perpendicular to the dispersion direction was provided b
cylindrical mirror. The time integrated spectrum was r
corded with a back-thinned, XUV sensitive, 16 bit CC
camera. For high x-ray laser signals Al filters were used
front of the spectrometer to prevent saturation of the C
camera. The corresponding absorption values were ta
into account to estimate the lasing signal intensity.

The typical spectral characteristics of the Ti Ne-like tra
sient inversion x-ray laser are shown in Fig. 1. One can
that two spectral lines corresponding to the 3p-3s (J50
→1) and 3d-3p (J51→1) transitions in Ne-like Ti domi-
nate the emission spectrum. Lasing on both spectral line
the transient regime was observed previously@7#, but be-
cause of poor spectral resolution and weak intensity we w
not able to determine the wavelength of the 3d-3p transition
or its gain coefficient. We estimate that the spectral reso
tion of the wavelength-calibrated spectrograph used in
current experiments was 0.05 nm, and we are able to ev
ate the wavelength of the 3d-3p lasing transition (J51
→1) in Ne-like Ti. It has an experimental value ofl
5(30.1560.05) nm. It is worth noting that lasing on thi
transition in Ne-like Ti laser plasmas using the QSS regi
has never been observed, though in this regime some am
fication with GL;3 – 4 has been observed in Ne-like A
@16#.

The output from the two spectral lines varies differen
with target length~see Fig. 2.!. The 3d-3p line is rather
weak at short target lengths, becomes nearly as bright as
3p-3s line at target lengths of;7 mm, and can exceed th
output of the 3p-3s transition at long target lengths. At lon
target lengths~10 mm! the energy emitted in each of th
spectral lines approaches;21 and;25 mJ for 3p-3s and
3d-3p lines, which surpasses the value corresponding
saturation intensity of the 3p-3s transition by approximately
1.8 times.

Analyzing the XRL output data given in Fig. 2 one ca
see that the XRL output for neither the 3p-3s transition (l
532.63 nm) nor the 3d-3p transition can be fitted with the
Linford @18# fit using a unique gain coefficient value withi

FIG. 1. Spectral characteristics of the transient inversion co
sional x-ray laser in Ne-like Ti. The spectrum is not corrected
transmission of an Al filter~3m! used in front of the CCD camera
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4780 57M. P. KALACHNIKOV et al.
the whole range of target lengths used~1–10 mm!. Smooth
curves drawn on Fig. 2 represent the growth curves for
best shots recorded for each lasing line and the slope of t
curves is used to find a local or effective gain coefficie
The transient gain contribution is clearly pronounced
small target lengths up toL;3 mm, where effective gain
coefficients are determined asg;46 cm21 and g
;35 cm21, for the 32.63 and 30.15 nm lines, respective
Calculations show that peak local gain coefficients~i.e.,
maximum values in space and time! are about 1.5–2 times
higher in the density regions through which amplifying ra
propagate@7,21#. As the target length increases the rate
increase of the output signals drops, indicating a falling
fective gain coefficient. There are several reasons which
plain these effects.

Some results of x-ray laser modeling with the codeRADEX

@9,22,23# for the case of typical experimental illuminatio
conditions are presented in Fig. 3. There are two region

FIG. 2. Output signals of the x-ray laser at 32.63 nm~j! and
30.15 nm~n! as a function of target length for pump energies
1.5 J/mm for the long and 1.7 J/mm for the short pulses, resp
tively. The solid and dotted lines are corresponding fits.

FIG. 3. Results ofRADEX transient inversion x-ray laser mode
ing for Ne-like Ti and typical illumination conditions~1.7 J/mm in
the long pulse and 1.5 J/mm in the short pulse!. Distributions of
hydrodynamic plasma parameters: density~solid curve! and tem-
perature~dashed and dotted curves! ~a!; ray trajectories of 3p-3s
lasing rays~b!; distribution of transient~solid curves! and QSS
~dotted curves! gain for different time moments, wheret0 corre-
sponds to the moment of the short pulse arrival~c!.
e
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.
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.

f
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the plasma density profile which exhibit very high gain va
ues. They are undercritical (ne,1021 cm23) and overcritical
(ne.1021 cm23) regions. The gain increases in the overcri
cal region of plasma since the heat wave forms a front m
ing in dense ablative material, where~in a narrow region! the
gain reaches very high values. This gain exists locally dur
a very short time interval,1 ps and then disappears. Th
rays emitted from this region of plasma, because of stro
refraction @Fig. 3~b!#, leave rapidly the area of high gai
values and hence do not give a significant contribution to
experimentally measured signal. The line broadening du
collisions and shortening of transient relaxation time are li
iting the optimal densities to smaller values. Finally, the g
values also drop down rapidly in the vicinity of the critic
density since the plasma temperature and density are
enough to overionize Ne-like ions. This explains why t
local gain values in the calculations reach very high valu
exceeding;300 cm21 near the critical density@Fig. 3~c!#,
but the most favorable amplification region lies in the dens
rangene;(1.5– 2.5)31021 cm23, which is close to the op-
timal for the QSS regime too at these high temperatures
the undercritical region the plasma corona is heated up
400–500 eV by inverse bremsstrahlung and partially by
strong heat flux from the hot 2–3 keV region of critic
electron density. The calculations suggest that the gain
time atne;231021 cm23 lasts;10 ps. Taking into accoun
the photon transit time of 10 ps through 3 mm of plasma, t
time duration corresponds to the plasma lengths when
observed deviation from very fast exponential output sig
growth becomes obvious~Fig. 2!.

The measurements of beam divergence and pointing w
done using targets of different lengths~5 and 9 mm! and
different durations of the long pulse. The smallest diverge
of 2–3 mrad was measured for both 3d-3p and 3p-3s tran-
sitions using 9 mm-long Ti-stripe targets and 0.6 ns long fi
pulses. It increased to 6–8 mrad for the 1-ns-long prepu
The pointing in both cases was withinf58 – 9 mrad. When
the active medium length is 3–4 times longer than the refr
tion length Lr5d/f;1 cm @24#, whered;0.01 cm is the
plasma size, the optimum x rays emerge from the rear of
plasma outside the maximum gain region@see Fig. 3~b!#. In
this case the tilt angle does not depend on the plasma g
ents and can be defined by the optimum density using
relationf5(ne /ncl)0.5, wherencl is the critical density for
the x-ray laser frequency~1.0631024 cm23 and 1.24
31024 cm23, respectively!. In our case of relatively shor
plasma the x-ray flux emerged from the active medium
radii ;0.01 cm, where the electron density remains h
(0.5– 1)31021 cm23 @Figs. 3~a! and 3~b!#. It was found ex-
perimentally that both 3p-3s and 3d-3p spectral lines are
emitted in almost the same plasma regions, which is c
firmed by very close values of their pointing angles and
vergence. In this case the influence of refraction, tempe
ture, etc. on both x-ray lasing lines should be nearly
same. There are similarities and some differences in the
ture of the transient inversion for these lines. They are b
excited by direct electron collisions from the ground state
specific property of inversion on the 3d-3p transition is its
direct dependence on reabsorption of the 3d-2p radiative
depopulating transition, while the 3p-3s one is substantially
less affected by this process, via electron collisions betw

f
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57 4781SATURATED OPERATION OF A TRANSIENT . . .
3p and 3d states. Also lower laser level populations for t
3p-3s laser transition are directly affected by the reabso
tion of the 3s-2p line, while for the 3d-3p laser transition
this takes place indirectly through the intermediate stage
collisions between its lower laser level 3p and 3s states.
Note that strong 3d-2p radiative trapping always takes plac
due to its large absorption oscillator strength~;2.6 and the
largest in Ne-like ions!, and hence keeps the 3d population
much higher than in the optically thin limit. Inversion o
these transitions in QSS plasma was calculated in@19,20#. It
was shown that the gain in almost all x-ray lasing transitio
is affected~in a negative or positive way! by reabsorption~or
radiative trapping, or, according to@20#, self-photopumping!.
In the transient regime, the inversion on this transition
defined by the rate of direct excitation of the 3d level ~the
strongest in Ne-like ions!, while the 3p level is excited much
more slowly. Hence, in contrast to the QSS regime, the tr
sient inversion here exists in both optically thin and optica
thick limits but in the latter case can approach that of
3p-3s transition@7,20,21#.

Strong decay of the 3d level causes one very importan
property for 3d-3p laser generation. We found by numeric
modeling that the contribution of natural and collision
broadening to this transition, related to the strong 3d-2p
radiative decay and numerous collisional cascades, ca
the 3d-3p saturation intensity to be;2.8 times larger than
the 3p-3s transition saturation intensity at noted densitie
while source functions for both transitions differ by less th
21%. Due to this remarkable difference in saturation inten
ties and their very close wavelengths and similar amplifi
tion densities, we used their intensities as one of the m
reliable proofs of saturation. Atomic kinetics calculations
RADEX give the following saturation intensities for 3p-3s
and 3d-3p transitions: 1.183109 W/cm2 and 3.15
3109 W/cm2 respectively. A clear indication of the 3p-3s
transition saturation is the fact that the output andGL prod-
uct ~see below! for the 3d-3p line becomes larger than fo
the 3p-3s line at longer target lengths. For comparison,
the MBI experiment@7# for which RADEX predicted a gain-
length product ofGL;15.5 at saturation, the 3d-3p line
was;7 times weaker than the 3p-3s one.

The dependence of the gain coefficient on target len
can be estimated from local Linford fits to the data poi
presented in Fig. 2. Note that the output signal from act
lengths shorter thanL<1.5 mm was not measured, but ta
ing into account that for these small target lengths the ef
tive gain coefficient values are not affected by transit ti
effects or refraction, and thus approach the local plasma
coefficient values defined by atomic kinetics, we have e
mated the effective gain-length products over the full ran
of target lengths. These dependencies are presented in F
As can be seen from Figs. 2 and 4, the phase of transient
formation in the interval of the first 10 ps, or the first 3 m
of plasma length, gives the largest contribution to theGL
product. With the longest target lengths of 10 mm, maxim
values ofGL516.7 andGL516.9 were achieved, respe
tively, on the 3p-3s and 3d-3p transitions. Calculations
suggestGL at saturation of 16–16.2 and 17.1–17.4 for the
lines. It is worth noting that the 3d-3p line in our experi-
mental conditions was very close to the saturation lim
which could be achieved at about 1.1–1.2 cm of plas
-

of

s

s

n-

e

l

es

,

i-
-
st

th
s
e

c-
e
in
i-
e
. 4.
in

e

,
a

length compared to 8–8.3 mm for the 3p-3s line. Finally, it
is interesting that a simple estimate based on geomet
considerations @24# gives GL5 ln@(4p/V)(Dv/Dvg)(DN/
Nu)q], where V is a solid angle~V;231024 and 1.4
31024 for the 3p-3s and 3d-3p lines, respectively!, Dv
and Dvg are linewidths of emission and laser generati
@Dv/Dvg;(GL)0.5#, DN and Nu are inversion and uppe
laser level populations (DN/Nu;0.5), andq is a quenching
parameter at saturation~;70 and;144 for the 3p-3s and
3d-3p lines, respectively!. This gives for these lines the fol
lowing criteria for saturation:GL516.1 and 17.1. Due to the
very slow logarithmic dependence on the parameters,
estimate is within 15% of more complex numerical calcu
tions by RADEX. The estimate is based on the local plasm
gain and hence serves as an upper limit for the saturatedGL
requirement@13,24#. All experimentally measuredGL val-
ues, obtained utilizing local fits by the Linford formula
which provide the effective gain, already include all det
mental influences such as refraction, inhomogeneities, s
transient nature of the gain, etc. This analytical estimati
being close to the experimental values, serves as a c
supplemental indication that saturation has been achieve

Another important feature of our experiment was an
vestigation of the role of the traveling wave illumination
transient x-ray laser experiments. Due to the special irra
tion geometry of the short pump pulse, the focal point had
intrinsic velocity along the plasma column with a pha
speed of'2.5c in the direction towards the spectromet
~‘‘natural’’ traveling wave!. This running focus was slowed
to the speed of light (c) by inserting a diffraction grating in
the CPA beam line, which introduced a shear across
wave front. The resulting traveling wave velocity in the ta
get plane was verified experimentally using an ultrafast
tical streak camera. At the present time, due to data sca
and an insufficient number of experimental points, no qu
titative comparison of the effective gain andGL can be made
between the natural and ideal traveling wave cases. H
ever, no systematic difference could be found in the out
lasing signals with or without the diffraction grating in plac
though there were several shots. This shows that the
duration was a significant fraction of the 33 ps transit time
a 10 mm target, consistent withRADEX modeling, which sug-
gests that gain consists of a combination of transient and

FIG. 4. Dependence of the effective gain-length product on
target length. The curve shows how the effective gain-length pr
uct increases with target length, reaching for the 3p-3s transition
the value ofGL516.2 related to saturation at the target length
;8.3 mm.
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4782 57M. P. KALACHNIKOV et al.
the late stage, some QSS contributions. For clarity, only d
recorded with the ‘‘natural’’ traveling wave~i.e., with the
grating removed! are included in Fig. 2.

One of the most important issues studied is related to
pump energy consumption. In a second series of experim
we determined the pump energy values essential for lasin
32.63 nm. We choose 3 mm targets and changed energ
both the short as well as in the long pulse. Using either
short or long pulse alone, no lasing was visible with t
maximum energy values used in this experiment. Pump
ergies on a 3 mm target as low asElong50.25 J and
Eshort50.25 J yield measurable amplified emission. W
Eshort'1.5 J one achieves already the maximum XRL sig
output in this pumping scheme~see Fig. 5!. An increase of
the long pulse intensity up to a factor of 21 did not give
higher output signal providingEshort was greater than 1.5 J
With Eshort51.5 J for the short pulse~i.e., 0.5 J/mm or an
intensity of I s51.731014 W/cm2 in a 3 ps pulse! and
Elong50.25 J for the long pulse~i.e., 0.08 J/mm or an inten
sity of 8.331010 W/cm2 in a 1 nspulse! we observed the
same XRL output signal as presented in Fig. 2, for a 3 mm
target. This indicates that a gain-length product of 10.5–
was achieved in these conditions. This verifies that x-
lasing in the Ne-like Ti system is possible with table t
class pump lasers. We note that within the threshold reg
(Eshort,1.5 J) the lasing output was sensitive to the ene
in the long pulse.

FIG. 5. Dependence of the XRL output~3p-3s transition in
Ne-like Ti! on the pump energy in the short pulse for differe
values of the long pulse energy. Targets of 3 mm length were u
The experimental dependence shows that increasing the en
from Eshort'1.5 J in a short laser pulse~corresponding energy depo
sition on the target of 0.5 J/mm! does not give a significant growt
of the output XRL signal.
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According to calculations, 0.25 J in the long pulse he
the plasma up to 70–80 eV and gives 50–60 % of ions in
Ne-like state. It is well known that Ne-like ions are present
plasma through a wide range of temperature. For TiXIII this
range is from 70 eV up to 150 eV in a steady-state regi
and up to 210 eV in our quasi-steady-state conditions du
the ns pulse. A 3–5 times increase of long pulse ene
results, according toRADEX ~or just a simple analytica
model @23#! in an increase of initial temperature to the op
mal range of 140–180 eV. This explains such a wide ran
of suitable long ns-pulse laser energies. The short laser p
energy range is also relatively wide because after it exce
the level;1.5 J, which causes a temperature jumpTe;Eu
in the preformed plasma, the excitation rate does not incre
further but decreases logarithmically slowly with increasi
Te @9#. Similar tendencies are exhibited in the QSS inversi
which follows the transient inversion after relaxation of t
level populations@9#. Note that despite the uniquely low
pump energy requirements obtained in this work, there m
exist potentially more efficient plasma hydrodynamic me
ods, for example, utilizing low density targets or some oth
techniques@25#. We will address these issues in our futu
investigations.

In summary, our transient inversion collisional excitatio
scheme results in reliable x-ray lasing of the 3p-3s transi-
tion at 32.63 nm with very low pump energy consumpti
~0.5 J/mm for a ps laser pulse! corresponding to table top
requirements. Saturation of the lasing signal in this excitat
regime is demonstrated. A very high transient gain coe
cientg.46 cm21 for the 3p-3s (J50→1) transition in Ne-
like Ti was obtained. A gain coefficient valueg;35 cm21

for the 3d-3p (J51→1) lasing line in Ne-like Ti was also
measured, and amplification very close to saturation
served. The wavelength of this spectral line was determi
as (30.1560.05) nm. Finally, with output energies of abo
21 and 25mJ for the 3p-3s and 3d-3p lines, corresponding
to an energy efficiency of 231026, the attraction of a new
excitation scheme is demonstrated by this Ne-like Ti x-r
laser.
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