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Amplification of xuv harmonic radiation in a gallium amplifier
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We report the observation of amplification of an xuv harmonic pulse in an xuv laser. The 21st harmonic of
a frequency-doubled 1.3-psec neodymium chirped-pulse-amplification laser pulse was injected into the gain
region of an 18-mm-long Gaxxn x-ray amplifier. A gain of approximately 3 was recorded for the 21st
harmonic, relative to the unamplified 19th and 23rd harmonics when the harmonic wavelength was tuned to
overlap the 25.11-nm 1=2—1 laser transition.

PACS number(s): 42.65.Ky, 42.55.Vc

The development of sources of intense, coherent xuv ra-
diation has involved both xuv lasers and harmonic genera-
tion from optical frequency lasers. %ith the availability of
intense pulses from chirped-pulse-amplification (CPA) lasers
[1],extremely high-order harmonics of the fundamental laser
frequency have been observed [2,3] at wavelengths below
7.0 nm [4]. In the plateau region, conversion of laser energy
to xuv radiation with an efficiency up to 10 has been
achieved [5]. When produced under weak focusing condi-
tions and at intensities sufficiently low that phase matching is
not destroyed by plasma formation, these harmonic sources
appear to exhibit a high degree of spatial coherence [6,7].
Since the harmonics are produced only during the laser
pulse, the xuv radiation has a pulse duration determined by
the duration of the driving laser pulse. As a result, the xuv
pulses can be produced at essentially any duration ranging
from a few tens of femtoseconds to hundreds of picoseconds,
depending on the drive laser source.

Availability of kilojoule nanosecond laser pulses has
made it possible to create xuv lasers based on electron col-
lisionally pumped laser schemes in neonlike [8] and nickel-
like [9] ions and in recombination schemes [10].These lasers
operate by amplification of spontaneous emission, and the
plasmas are produced from solid-slab, thin-foil, and fiber tar-
gets. Most recently xuv laser action in a gas target irradiated
by an ultrashort pulse [11]and in a capillary discharge [12]
has also been demonstrated. These sources have produced
amplified spontaneous emission in the range 43—400 nm,
with output energy as high as several millijoules at 15.5 nm

[13],with a pulse duration of several hundred picoseconds.
Used as sources of amplified spontaneous emission (ASE)
with no cavity, these lasers have inherently low spatial and
temporal coherence. However, recent advances in soft-x-ray
optics have enabled double-pass configurations and injection
seeding between amplifiers, resulting in improved spatial co-
herence [14,15].

By using a suitable collisionally pumped laser plasma as a
true amplifier for independently produced high-order har-
monic radiation, high-energy xuv pulses with a duration de-
termined by the harmonic pulse can be achieved in principle.
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FIG. 1. Experimental setup for the injection of high harmonics
into a neonlike Ga xxn plasma.

In this paper, we report an observation of amplification of a
high harmonic from an infrared CPA laser in a collisionally
pumped x-ray amplifier. This was achieved by injecting har-
monic radiation from a frequency-doubled Nd:glass CPA la-
ser into a neonlike gallium plasma. The 21st harmonic of the
Nd:glass laser was tuned to give a spectral overlap with the
J= 2 —1 transition of Ga xxrr at a wavelength of 25.11 nm.

For these experiments, the high-energy Vulcan laser at the
Rutherford Appleton Laboratory was configured to operate
with one arm in the short-pulse CPA mode for the generation
of harmonics and three arms to provide long-pulse pumping
beams for the x-ray amplifier. The experimental setup is
shown in Fig. 1. A 1-nJ, 850-fsec duration pulse from a
Nd:LMA additive pulse mode-locked oscillator was
stretched using a two-grating dispersive delay line, amplified
to 10—30 J in one arm of the Vulcan Nd:glass laser chain,
and then recompressed using a single-pass, two-grating sys-
tem to a final pulse length of 1.3 psec [full width at half
maximum (FWHM)]. The beam was then frequency doubled
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in a 4-mm-thick KD P crystal, with a conversion efficiency
of 30%, giving up to 5 J of second-harmonic light in a 7-cm-
diam beam, which was focused with an f= 3.5 m singlet lens
(f/50) to an approximately 4x diffraction-limited spot
achieving a peak intensity of -5 X 10 W cm . The con-
focal parameter was approximately 12 mm. This focal geom-
etry was chosen as an optimal compromise between main-
taining good harmonic conversion efficiency, which requires
a weak focus and a large focal spot size, and reasonable
spatial overlap of the harmonic and the 100-pm Ga gain
region. At focus the 527-nm beam traversed 1 mm of helium
gas at an atom density of —1 X 10' cm produced by a
supersonic gas jet [16].

The wavelength of the 21st harmonic must exactly match
that of the 25.11-nm gain line of the soft-x-ray amplifier. The
short-pulse Nd:LMA laser oscillator used to seed the CPA
arm of the Vulcan operated at a center wavelength of 1055.4
nm and a bandwidth of 1.4 nm. Light entering the amplifier
chain was tuned by spectral windowing, using a knife edge
placed in the Fourier plane of the grating stretcher. This, in
conjunction with gain, pulling in the glass amplifier chain
determined the output spectrum of the amplified pulse.

The Ga laser amplifier was pumped by three 1054-nm
beams, each providing 200 J in an 800-psec pulse to pump
the soft-x-ray amplifier. Ga was chosen as the x-ray laser
amplifier because of the very close overlap of one of the
J=2—1 lines with the 21st harmonic of the frequency-
doubled Nd:glass laser. The target was a vacuum-evaporated
stripe of Ga on a glass substrate. The stripe was 600 nm
thick, 200 p,m wide, and up to 18 mm long. This target was
irradiated from one side with three overlapped line foci pro-
duced by an off-axis lens-mirror system [17]. The pump
beams were aligned such that both ends of the target were
well illuminated. The separation of the gas jet and the en-
trance to the gallium amplifier was 20 mm, which is compa-
rable to the Rayleigh range of the harmonic beam. This al-
lowed for good coupling of the harmonics into the
approximately 80-p, m-diam gain region of the laser plasma,
while being sufficiently far removed to avoid preionization
of the gas jet by thermal xuv radiation from the plasma.

To align accurately the harmonic beam with the x-ray
laser gain region, we used a surrogate stripe target with a
200-pm pinhole positioned at the end closest to the gas jet
and centered 100 p, m away from the surface of the Ga, the
position of the expected gain region. Low-power shots along
the harmonic beam line were imaged through the pinhole
with an on-axis lens and a charge-coupled device (CCD)
camera. The optimum position of the surrogate Ga target was
referenced with a separate telescope system, and the surro-
gate was then replaced with a Ga stripe target for the ampli-
fication experiments.

The radiation from the harmonic beam was analyzed with
an axial 1200-mm ' Hat-field grating xuv spectrometer run
in the slitless mode and placed 2 m axially from the gas jet to
avoid damage from the copropagating 527-nm laser radia-
tion. Spectra were recorded with either a time-integrated,
space-resolving xuv-sensitive back-illuminated CCD camera,
or an x-ray streak camera with a low-density CsI photocath-
ode. The CCD camera and grating spectrometer were cali-
brated with a known xuv source [18,19], enabling an abso-
lute measurement of the incident and amplified harmonic
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FIG. 2. Time-integrated harmonics spectra from He gas targets
at an intensity of 4X 10' W/tcm showing little shot-to-shot varia-
tion in the relative size of the 19th, 21st, and 23rd harmonics. One
spectrum is offset in intensity for clarity.

energy. For x-ray laser or amplified harmonics shots, the in-
strument was shifted slightly off axis to allow for refraction
by the density gradient in the gallium plasma. For the 18-mm
plasma lengths used in the experiment we expect this shift to
be on the order of 5 mrad. All stray light from the laser and
emission from the plasma at wavelengths below 17.3 nrn
were rejected by a combination of a 400-nm-thick aluminum
filter and rejections from a pair of 8' grazing-incidence gold
mirrors placed at the spectrometer input.

Lasing in Ga xxrl had only been observed in one previous
experiment [20], with few details and no gain coefficient
reported. However, we expected that neonlike gallium would
exhibit properties similar to the germanium XX?Ir system, its
neighbor in the periodic table. This system has been exten-
sively studied experimentally and computationally [21—23].
Hence, we anticipated that the 800-psec pump pulse would
produce significant gain on the two gallium J=2—1 laser
lines for approximately 400—600 psec, allowing relatively
simple timing of the harmonic beam to the x-ray laser pump
pulse [22].

The spectrum of the xuv harmonics produced in helium at
a focused intensity of 10' W/cm is shown in Fig. 2. The
measured energy of the 21st harmonic at 25.1 nm was be-
tween 0.5 and 2 nJ. The upper wavelength is limited by the
spectrometer, the lower by the plateau cutoff of the harmon-
ics. The efficiency of harmonic production is estimated to be
—10, which is substantially less than has been previously
demonstrated for optimum conditions in the plateau region
[5].We attribute this difference to the 4x diffraction-limited
character of our beam, which reduced the coherent power to
—,'6 of the total and therefore reduced the conversion efficiency
relative to that for a Gaussian beam. The maximum shot-to-
shot variation of the ratio of the 21st harmonic to the 19th
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FIG. 3. Neonlike gallium J=2—1 25.11-nm line intensity as a
function of plasma length fitted to a Linford gain curve with a gain
coefficient of -3 cm

FIG. 4. Time evolution of the background plasma emission at
25.11 nm from an 18-mm Ga target, showing the amplified 21st
harmonic signal at early time.

and 23rd harmonics was found to be on the order of
-20%%uo, which allowed us to use this ratio as a relative inten-
sity calibration of the 21st.

The gain of the Ga laser was measured using the axial
fIat-field spectrometer to determine the length dependence of
the two gallium J= 2 —1 laser lines at 25.11 and 24.7 nm for
plasmas up to 18 mm. Figure 3 shows the 25.11-nm line
intensity as a function of plasma length, fitted to the gain
formula of Linford et al. [24], with a gain coefficient of ap-
proximately 3 cm '. The time-integrated output of the
25.11-nm line for an 18-mm-long plasma was 10—20 nJ.
With the harmonic beam injected, time-integrated spectra of
combined harmonic and plasma emission clearly show the
harmonic radiation visible above the continuum emission for
orders other than the 21st (which is covered by the laser
line). On these shots there was spatial breakup of the har-
monic radiation into two lobes, which suggests that some of
the harmonic radiation is being refracted by the plasma.

In order to distinguish the amplified 21st harmonic radia-
tion from the longer-lived background plasma emission, we
used a streak camera to time resolve the spectra. The com-
bination of 100-psec/mm sweep rate and 0.3-mm slit width
gave a temporal resolution of -30 psec. Figure 4 shows the
time evolution of the signal at 25.11 nm from an 18-mm Ga
target shot with a clearly visible intensity spike at an early
time from the injection of the 21st harmonic into the plasma
150 psec before the peak of the plasma emission. We find
that the ratio of time histories at 25.11 and 24.7 nm (the
positions of the two 1=2—1 laser lines) is close to unity
except at the point in time when the harmonic is injected.
Studies on Ge show that the gain on the two J= 2—1 lines
follow each other closely over a wide range of conditions

[19],and we see no intensity spike in the 24.7-nm time his-
tory corresponding to that at 25.11 nm.

In Fig. 5, we compare time-resolved spectra from a har-
monic shot with no plasma present and a harmonic spectrum
after traversing an 18-mm Ga plasma. These data represent
the shot exhibiting the highest gain on the 21st harmonic. For
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FIG. 5. Comparison of (background subtracted) harmonic spec-
tra with and without a Ga xxir plasma present. Spectral data are
integrated over a 30-psec time window and the unamplified spec-
trum is offset in intensity for ease of comparison.
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these data, the streak camera was offset from the harmonic
axis to account for the refraction of the harmonics by the Ga
plasma and to sample only the harmonics that had traversed
the Ga gain region. The harmonic was tuned to give opti-
mum spectral overlap with the 25.11-nm laser line. These
two lineouts were averaged over a 30-psec time window, the
resolution of the streak camera. The instrument and filter
response have been deconvolved and the background, found
from averaging 30-psec intervals on either side of the har-
monic signal, has been subtracted. There is a clear enhance-
ment of approximately 3 of the 21st harmonic relative to the
19th and 23rd harmonics in the case where the harmonic
propagates through the amplifying plasma.

We can estimate the expected gain for the 21st harmonic
based on the measured 3-cm ' gain coefficient for the
25.11-nm Ga xxn laser line and the coupling efficiency be-
tween the harmonic and the plasma amplifier. For complete
coupling between the harmonic and the 18-mm x-ray ampli-
fier, we would expect a small signal gain of exp[tr/]=220.
However, this will be reduced by both the spectral and spa-
tial overlap of the harmonic with the gain region of the
plasma. Based on previous measurements of harmonic
linewidths for 140-fsec pulses at 825 nm [25] we estimate
the linewidth of the 21st harmonic to be =0.01 nm
(F%'HM), which is well below the resolving power of our
xuv spectrometer. Measurements of the linewidths of similar
collisionally pumped neonlike x-ray lasers can be used to
infer the linewidth of the similar Ga laser [26]. From this
work we estimate that the linewidth of the Ga xxn, J= 2 —1
transition is =0.005 nm. Thus, with optimum spectral over-
lap of the harmonic to the laser line, we calculate that the

coupling efficiency will be =25%, assuming a convolution
of Gaussian spectral profiles. This lowers the maximum gain
to -50. The observable harmonic gain is further reduced
because only a fraction of the harmonic energy is coupled
into the plasma since the spatial extent of the harmonic ex-
ceeds that of the gain region. We estimate from far-field mea-
surements that the beam waist of the harmonics at the plasma
is -300 p, m, while the diameter of the gain region is only
—80 p, m. This further reduces the observable gain to
-3.5.

In conclusion we have demonstrated the injection and am-
plification of high-order harmonic radiation in a collisionally
pumped xuv amplifier. A net energy gain of 3 was achieved
for the 21st harmonic of a frequency-doubled Nd:glass laser
in a neonlike gallium plasma at 25.11 nm. The measured
gain is in good agreement with that calculated when the spa-
tial and spectral overlap of the harmonic with the amplifier is
accounted for. In an optimized experiment using a more tun-
able source and better mode matching between the harmonic
source and amplifier, considerably higher amplification could
be possible. We believe that this can provide a method of
achieving short-pulse operation of soft-x-ray lasers with im-
proved spatial coherence for use in applications such as ul-
trashort pulse probing of laser plasmas. In addition, this tech-
nique can be used for direct measurements of the spatial and
temporal distribution of gain in x-ray laser plasmas.
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