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Collisional excitation soft x-ray laser pumped by optical field ionization in a cluster jet
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An optical-field-ionization soft x-ray laser using a clustered gas jet was demonstrated. Pd-like xenon lasing
at 41.8 nm with 95-nJ pulse energy and 5.2-mrad divergence was achieved, indicating near-saturation ampli-
fication. By using a prepulse to control the expansion of ionized clusters, it was found that the microscopic
uniformity of the plasma is essential for efficient lasing. In addition, the optimal atom density for maximum
lasing reported previously is verified to result from the tradeoff between large gain coefficient and short gain
length due to ionization-induced refraction.
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Since the first demonstration of soft x-ray lasing in 19850peration of OFI| soft x-ray laser, particularly when used in
[1,2], researchers have made much effort to reduce the sizeonjunction with a plasma waveguide produced by optical
of x-ray laser and to increase its repetition rate. A promisingnethod. In addition, for experimental investigation gas-jet
scheme is the optical-field-ionizatiodOFI) collisional- targets allow the use of various diagnostics in the transverse
excitation x-ray lasef3], in which a gas target is optical- direction. This is important for resolving the detail of the
field ionized by a longitudinally incident laser pulse to form propagation and amplification process. However, the produc-
a non-equilibrium plasma channel. Electrons produced frontion of high-density gas jet of high-gases leads to forma-
ionization gain energy from the laser pulse via above-ion of clusterd10], especially so for a supersonic jet which
threshold-ionizatiodATI) heating and collide with the ions is used for producing a flat-top gas jet with sharp boundaries.
to produce population inversion for the lasing levels of spe-Therefore, it is crucial to explore soft x-ray amplification in
cific ion species. The ionization stage can be controlled byluster jets. To make a uniform plasma out of gas clusters,
laser intensity, and the electron energy distribution and thusve use a prepulse to ionize and heat up the clusters. By
the lasing intensity strongly depends on laser polarizatiortontrolling the expansion of the ionized clusters with the
[4]. prepulse intensity and the delay between the prepulse and the

The first OFI collisional-excitation x-ray laser was dem- pump pulse, it is shown that the microscopic uniformity of
onstrated in 1995 for theds5p line emission at 41.8 nm of the plasma is essential for lasing, and the optimal atom den-
Pd-like xenon by using a 70-mJ, 40-fs, circularly polarizedsity for maximum lasing reported previoudl§,7] is a result
laser pulse focused into a xenon gas ¢B]l Saturated am- of tradeoff between a larger gain coefficient and a shorter
plification of the same spectral line was achieved in 2[@)1 gain length due to ionization-induced refraction.
by using a 330-mJ, 35-fs pump pulse. The output reaches A 10-TW, 55-fs, 810-nm, 10-Hz Ti:sapphire laser system
5% 10° photons/pulse. Strong amplification at 32.8 nm for[11] was used for this experiment. The laser temporal con-
the 4d-4p transition of Ni-like krypton was also demon- trast was>10" at —10 ns,>10° at -50 ps, and>10* at
strated latef7], with a 760-mJ, 30-fs, circularly polarized —1 ps. A prepulse and a pump pulse both with 55-fs duration
laser pulse. Recently, two breakthroughs in enhancing lasingere focused with a concave mirror of 1-m focal length onto
efficiency of OFI laser were reported. One is the amplifica-a xenon cluster jet. The two pulses were set to propagate
tion in a preformed plasma waveguide driven by discharge irtolinearly with an adjustable temporal separation. The focal
a capillary tube filled with xenon and buffer g, resulting  spot size of the pump pulse was 28 in full width at half
in a gain length up to 30 mm and a lasing intensity of 4 timesmaximum (FWHM), with 85% energy enclosed in a
that using a 4-mm-length gas cell. The other breakthrough i§aussian-fit profile. The peak intensity reachet 0
seeding the amplifier with pulses from high-harmonic gen-W/cn? for a pump-pulse energy of 350 mJ. The beam size
eration[9], which led to a 20-fold increase in the x-ray out- of the prepulse in the jet was tuned to 18t FWHM by
put and sub-picosecond x-ray pulse duration. installing a telescope in the prepulse beam path before com-

In this Rapid Communication, we report the demonstra-bining with the pump pulse. A motorized quarter-wave plate
tion of an OFI soft x-ray laser using a clustered gas jetwas inserted before the concave mirror to control the polar-
Comparing to gas cells and gas-filled capillary tubes, gas-jatation ellipticity of the two laser pulses.
targets have additional advantages such as much higher den- The cluster jet was produced by using a nozzle attached to
sity can be reached and damage to the entrance pin hole afpulsed valve with 1-ms open time. There are two different
the gas cell or the capillary tube and the resulting contaminozzles used for the experiments. One is a conical nozzle
nation can be avoided. These features make gas jets a favavith 6-mm outlet diameter, 1.2-mm throat diameter, and 5.4°
able choice for high-efficiency long-term high-repetition-rateopening angle, producing a jet profile with a flat-top region
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of 4.5 mm in length and a sharp boundary of 1 mm at both LI L
edges. Clusters are formed inside the jet as a result of rapid I ]
adiabatic cooling due to expansion. Since the conditions of
the cluster jet are not within the applicable range of the Ha-
gena’s or modified Hagena’s formuld2], the cluster size
cannot be calculated with it. However, a rough estimation
can be obtained by using the pump-probe Rayleigh scattering
method[13,14]. By measuring the time it takes for the ion-
ized clusters to expand to the resonant density and compar- A (b)
ing the result with that of the clusters produced from another o (c)
supersonic nozzlgl4] for which the modified Hagena'’s for- e (d)
mula is applicable, the average cluster size was estimated to 0
be 15-50 nm for a backing pressure of 0.7-4 MPa. The 20 25 3.0 35 40 45
corresponding average atom density was measured to be pump-pulse delay (ns)
1.1X10'-6.9x 10" cm 3. The second nozzle is a slit
nozzle with an outlet of 5 mre 0.5 mm dimension and a
round throat of 1.2-mm diameter. In the major axis of the
outlet, the inner opening angle of the nozzle is 5.4°, and i
the minor axis the inner width shrunk from 1.2 mm at the
throat to 0.5 mm at the outlet. The jet profile had a flat-top olarized pump pulse is 350 mJ. Inset shows the soft x-ray emission
region of 3.5 mm in length and a sharp boundary of 0.75 mn{ ¢ ? P péc) ith ' Ise delay of 3.8 y
at both edges along the major axis. The average atom densi?)eec rum for casec) with & pump-puise delay ot 2.6 ns.
was measured to be 1<110'"~3.3x 10" cm™ for a back-  length[6]. The divergence of the lasing beam was 8 mrad,
ing pressure of 0.013—-4 MPa. smaller than the aspect ratio of the plasma column. These
A flat-field spectrometer consisting of an aperiodic results indicate that the amplification was close to saturation.
grazing-incident cylindrical grating and a 16-bit x-ray When the prepulse was turned off, no lasing signal was ob-
charge-coupled devickCCD) camera was used to measure served for either polarization.
the x-ray emission spectrum and the divergence angle in the If the pump pulse interacts with a nanoplasma gas instead
direction of laser propagation. The spectral range was 30—66f a uniform plasma, the collisional ionization and heating
nm and the resolution was 0.05 nm. Aluminum filters weremay dominate over optical-field ionization and ATI heating
used to block transmitted laser pulses and attenuate x-rayecause of the high local density. This leads to a smaller
emission. A dipole magnet was used in front of the spectrompopulation of lasing ion species and/or lower electron tem-
eter to deflect the electrons emitted from the interaction reperature, and thus results in a much lower lasing intensity. In
gion, guarding against false signal in the soft x-ray CCDaddition, the nanoplasma structure may disrupt soft x-ray or
camera. By calibrating the grating reflectivity, the filter trans-pump pulse propagation and consequently hinder the ampli-
mittance, and the CCD response, we obtained the absolufization process. To clarify the influence of the nanoplasma
emission yield. Mach-Zehnder interferometry with a probestructure on x-ray lasing, the dependence of lasing intensity
pulse passing transversely through the cluster jet was used t;m the pump-pulse delay was measured for various prepulse
measure the evolution of the density distribution of plasmantensities. Figure 1 shows the results for a pump pulse en-
electrons. Side imaging of Rayleigh scattering from nanoergy of 350 mJ. The backing pressure of the gas jet was 3.2
plasmas, bandpass filtered at 810 nm, was used to tim@4Pa, resulting in a cluster size of 40 nm and an average
resolve the expansion of the nanoplasiiiad. In this paper, atom density of 5 10" cmi 3. When the prepulse intensity
a nanoplasma means an ionized and heated cluster, whichwsas 4.3< 10 W/cn?, relatively weak lasing was observed
a spherical plasma with a diameter ranging from 1 nm toeven when the pump pulse was delayed by up to 4 ns. When
1000 nm, and a nanoplasma gas means a cloud of nanoplage prepulse intensity was increased to 610 W/cn?,
mas, which is produced from ionization of clustered gas. six-fold increase in lasing intensity was achieved at a pump-
The inset in Fig. 1 shows the soft x-ray emission spectrunpulse delay exceeding 3.5 ns. When the prepulse intensity
for an average atom density oP&L0Y cmi® and a pump-  was further increased to 1710 W/cn?, strong lasing was
pulse delay of 3.8 ns with respect to the prepulse. The energybtained at a pump-pulse delay of larger than 2.5 ns. Such a
of the pump pulse was 350 mJ, and its focal point was put agix-fold or higher rise of lasing intensity with just a change
the rear boundary of the cluster jet. The peak intensity of thef pump-pulse delay by 0.5 ns can be understood from its
prepulse was 8.8 10" W/cn?. Strong lasing signal ap- exponential dependence on the gain coefficient.
peared at 41.8 nm when both pulses were circularly polar- To clarify the underlying mechanism for such depen-
ized. When the polarizations were changed to linear, the lasdence, the expansion time for the ionized clusters from the
ing signal vanished. Such a strong dependence of lasinigitial solid density to the resonant density was measured by
intensity on laser polarization identifies that the x-ray lasemusing the pump—probe Rayleigh scattering methb@l14.
was pumped by optical-field ionization and ATI heating. Theln this measurement prepulses of various intensities were
output energy reached 60 nJ/pulde3x 10 photong, used to ignite the nanoplasma expansion and the 18-mJ
larger than the saturated output energy reported previouslyump pulse served as a probe pulse for Rayleigh scattering.
with similar pump energy, atom density, and gain mediumFigure 2 shows the integrated Rayleigh scattering intensity
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FIG. 1. X-ray lasing intensity as a function of pump-pulse delay
with respect to the prepulse for various prepulse intensitias:
4.3x 10" (b) 6.7x 10" (c) 8.6x 10, and(d) 1.7X 10" W/cn?.

he cluster jet is produced from the conical nozzle with an average
atom density of 5107 cm™3. The energy of the circularly-
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FIG. 2. Integrated Rayleigh scattering intensity as a function of

probe-pulse delay for various prepulse intensitigs2.2x 104, (b) plasma column produced by the pump pulse at 4 mm away from the

4.3x 10" (c) 6.7x 10* (d) 8.6x 10 and(e) 1.7x 10> W/cn?. entrance(open circle as functions of average atom density. Inset

The cluster jet condition is the same as in Fig. 1. The energy of thshows interferograms of the plasma column taken at 50 ps after the

probe pulse is 18 mJ. Inset shows the integrated intensity of Raypump pulse for(1) 7.5x 10Y7, (2) 3.1x 10'8 and(3) 6.2x 10'8-

leigh scattering of the 350-mJ pump pulse as a function of prepulsem™® atom densities. The pump pulse energy is 350 mJ, with no

intensity for a pump-pulse delay of 3.5 (rote the vertical scale is  prepulse used.

in a different uni}.

FIG. 3. Lasing intensitysolid circle3 and the diameter of the

tron density and laser beam propagation, indicating a more

of the probe pulse as a function of probe-pulse delay. The gamiform plasma. This corresponds well to the increasing
jet was operated under the same condition as in Fig. 1. Ag-ray lasing intensity.
shown, when the prepulse intensity was 2201 W/cn?, To increase the efficiency of x-ray lasing, in principle the
the Rayleigh scattering intensity reached a maximum afteatom density should be increased to produce higher
50-ps probe-pulse delay, indicating that the nanoplasmas igropulation-inversion density and thus higher gain coefficient.
nited by the prepulse expanded to the resonant density in thidowever, previous studies on the longitudinally-pumped
time scale. As the prepulse intensity was increased, the timeptical-field-ionization soft x-ray laser showed that there ex-
scale decreased and reduced to 35 ps for a prepulse intensiggs an optimal atom density for most efficient x-ray lasing
of 8.6x 10'* W/cn?. This agrees with the expectation that a[6,7]. The presence of an optimal atom density was ascribed
more intense prepulse results in a higher electron temperde the effect of ionization-induced refraction. To give a clear
ture of the ionized clusters. From the measured expansioexperimental proof of this effect, we replaced the 6-mm-
rates(expand from 40 nm radius to 100 nm radius in aboutdiameter conical nozzle by the 5-mm-length slit nozzle,
50 p9 and the average inter-cluster distar@out 2um)  which produced a gas jet with much higher atom density
the time for the mixing of adjacent nanoplasmas to form ahan that from the conical nozzle under the same backing
uniform plasma was estimated to be a few nanosecondgressure. This provided a tunable range of the average atom
which is in good agreement with the time scale of the re-density that can adequately cover the optimal density.
quired pump-pulse delay for obtaining intense x-ray lasing. With the slit nozzle strong x-ray lasing was obtained even
The correlation between Fig. 1 and Fig. 2 reveals that thavithout the prepulse. To make sure this result is consistent
microscopic uniformization of the plasma is essential forwith our model the occurrence of pre-ionization at the time
x-ray lasing. With higher prepulse intensity the time for ex- of few nanoseconds before the pump pulse must be verified.
pansion of ionized clusters decreases, therefore intense x-rdis was done by adding a transverse prepulse focused to a
lasing can be reached for a shorter pump-pulse delay. line of 6-mm length and 1@:m width overlapping with the

More evidence can be obtained from the simultaneougropagation axis of the pump pulse. The pulse duration of
measurement of Rayleigh scattering of the pump pulse undéhe transverse prepulse was 90 ps and the peak intensity was
the condition of Fig. 1. It is knowd13,14 that after the 5.2Xx 102 W/cn? with 250-mJ energy. The Rayleigh scatter-
expansion of nanoplasmas has passed the resonant conditiémg image of only the prepulse shows that the prepulse was
the intensity of Rayleigh scattering of the pump pulse shouldible to ionize xenon clusters. The images for the cases with
decrease with increasing delay. When the nanoplasmdwoth the prepulse and pump pulse show that when the trans-
merge with each other to form a uniform plasma, the Rayverse prepulse arrived at 3 ns prior to the pump pulse, the
leigh scattering reaches a steady-state level determined Isgattering intensity of the pump pulse from the region illu-
incoherent Thomson scattering from free electrons. In otheminated by the transverse prepulse was greatly reduced. This
words, the Rayleigh-scattering intensity can serve as an irreveals that the transverse prepulse arrived before the ioniza-
dicator for the local uniformity of the plasma. The results fortion front of the pump pulse, and the Rayleigh scattering
3.5-ns pump-pulse delay are shown in the inset of Fig. 2. Aintensity for the case with only the pump pulse was actually
the same delay stronger prepulse resulted in a lowedominated by the pre-ionizing pedestal. When the prepulse
Rayleigh-scattering intensity while the transverse interferomarrived before the pump pulse by less than 1.5 ns, the reduc-
etry showed no significant variation of average on-axis election of scattering intensity was small. These results show that
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the pre-ionization of clusters by the pedestal of the pumgor higher average atom density and thus faster decrease of
pulse due to finite laser temporal contrast occurred at bepump intensity with propagation. Therefore, an optimal atom
tween 1.5 ns and 3 ns. The time scale is consistent with oWensity exists as a result of trade-off between a higher gain
model. The measurements of interferogram and x-ray lasinggefficient and a shorter gain length with increasing atom

also showed that when the prepulse inten_sity was too high Cgensity. At a pump pulse energy of 350 mJ and an average
the delay was too long, the x-ray lasing intensity decrease tom density of 7.5 107 cni3, the energy of the 41.8-nm

as a result of reduction of on-axis ion density due to the . "~ 0 :
expansion of the plasma column. The early initiation of thglasmg line reached 95 n2x 10°? photons, and the diver-

nanoplasma expansion for the slit nozzle compared to th§€nce angle of which was 5.2 mrad. Although the increase of
conical nozzle is believed to be a result of different cluster2Verage atom density can also lead to the decrease of lasing
size. intensity through the dominance of collisional ionization and
To examine the presence and cause of an opt|ma| atomeating, even for a uniform atom gas, this limit should be at
density, the dependence of the lasing intensity and the dian® much higher density.
eter of the pump-pulse created plasma column on atom den- In summary, near-saturated soft x-ray lasing for®Xat
sity were measured, as shown in Fig. 3. A maximum of the41.8 nm with a clustered gas jet was achieved by using a
lasing signal appears at an atom density of7Z1B" cm3, prepulse to prepare a suitable plasma condition. Maximum
which is very close to that found in the experiments using a-ray lasing intensity was obtained when the pump-pulse de-
gas cell[6,7]. The simultaneous measurement of interfero-lay was optimized such that the nanoplasmas have expanded
gram showed that the diameter of the plasma column createathd merged with adjacent ones to form a uniform bulk
by the pump pulse increased with increasing average atoglasma but before the average atom density drops signifi-
density. As the density was increased from 201" cmi3to  cantly. The optimal atom density for maximum lasing was
1.5x 108 cm 3, the plasma column diameter increased by adentified to be a result of trade-off between larger gain co-
factor of 2. The results prove that ionization-induced refracefficient and shorter gain length caused by ionization-
tion indeed results in stronger defocusing of the pump pulséhduced refraction with increasing density.
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