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High Repetition Rate Tabletop Soft 
X-ray Lasers with Saturated Output 
at Wavelengths down to 13.2 nm

Yong Wang, Miguel A. Larotonda, Bradley M. Luther,  
David Alessi, Mark Berrill, Mario C. Marconi,  
Vyacheslav N. Shlyaptsev and Jorge J. Rocca

Compact, soft X-ray laser sources 
capable of producing high average 

powers could make possible a variety 
of new studies in science and enable 
development of unique metrology and 
processing tools for industry. Lasing 
in the gain saturation regime, which is 
necessary for efficient energy extraction, 
has been demonstrated for wavelengths as 
short as 5.9 nm in laser-created plasmas, 
but only at repetition rates of a few shots 
per hour due to the high laser pump 
energy required. 

Researchers have made significant 
efforts to develop high repetition rate 
soft X-ray lasers for applications. Fast 
discharge excitation of capillary plasmas 
operating at a repetition rate of 4 to  
10 Hz has produced milliwatt laser  
average powers at 46.9 nm. Different  
soft X-ray lasing schemes have been in-
vestigated to reduce the necessary pump 
energy and enable high repetition rate 
laser operation in laser-created plasmas at 
shorter wavelengths. Recently, scientists 
have demonstrated that the laser pump 
energy required to reach gain saturation 
can be significantly decreased by directing 
the pump beam at grazing incidence into 
a pre-created plasma.1,2 

This geometry takes advantage of 
the refraction of the pump beam in the 
plasma to increase the path length of the 
rays in the gain region, thereby increasing 
the energy deposition efficiency into a 
pre-selected plasma region with opti-
mum electron density for amplification. 
Pumping of the 18.9 nm line of Ni-like 
Mo with 150 mJ of total pumping energy 
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from a 10 Hz laser has 
reportedly generated a gain-
length product of roughly 
14,1 and subsequently the 
use of 1 J heating pulses 
resulted in operation in the 
gain-saturated regime.2 

We have shown gain-
saturated operation of table-
top soft X-ray lasers at 5 Hz 
repetition rate producing 
microwatt average powers at 
wavelengths ranging from 13.2 to  
32.6 nm in transitions of Ni-like and Ne-
like ions.3-6 Lasing was also observed for 
shorter wavelength transitions of Ni-like 
ions with amplification approaching gain 
saturation in the 11.9 nm line of Ni-like 
Sn and progressively reduced gain for 
wavelengths as low as 10.9 nm in Ni-like 
Te.3 The figure shows on-axis spectra of 
lasers in transitions of the 4d1S04p1P1 
Ni-like isoelectronic sequence at wave-
lengths ranging from 16.5 nm for a  
Ni-like Ru (Z=44) plasma down to  
10.9 nm for Ni-like Te (Z=52). 

We obtained these results by heating 
a pre-created plasma with an optical laser 
pulse of approximately 8-ps duration 
with an energy of only 1 J impinging 
at optimized grazing incidence angles 
between 14 and 23 degrees. For several 
transitions between 13.2 and 32.6 nm, 
laser operation at 5 Hz repetition rate 
produced average powers of 1 to 2 µW. 
The findings demonstrate the feasibility 
of producing high average power laser 
beams in the 100 eV spectral region for 
applications using a table-top source. 

Single shot on-axis spectra of 4 mm 
line focus plasmas showing lasing in 
the 4d1S04p1P1 transition of the  
Ni-like ions at wavelengths ranging 
from 16.5 to 10.9 nm.
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Compact Single-Frequency Fiber Laser Oscillator  
Emits Watts-level Output Power at 1.5 mm    

Pavel Polynkin, Alexander Polynkin, Masud Mansuripur, Jerome Moloney  
and Nasser Peyghambarian

Schematic diagram of the all-fiber  
twisted-mode cavity laser. The insets 
show the output power at 1.5 m,  
versus total launched pump power at 
975 nm, and the output spectrum of  
the laser.

The development of high-power fiber 
sources has advanced rapidly, with 

recent reports of kilowatt-class multi-
mode fiber lasers.1 Progress has not been 
as swift with the single-frequency fiber 
oscillators, however. Because of spatial 
gain hole burning, the length of a stand-
ing-wave fiber laser must be as short as 
several centimeters in order for the source 
to operate at a single frequency; this lim-
its the output power substantially. Thus, 
until recently, the highest output power 
achieved directly from a single-frequency 
fiber oscillator was approximately  
200 mW.2 A single-frequency fiber source 

has a bandwidth of 0.05 nm and peak re-
flection of 20 percent. Due to a difference 
in refractive indices for the two linearly 
polarized eigenmodes of the PM fiber, the 
reflection peaks for the two polarizations 
are separated in the frequency domain. 

The reflection band of a broader, 
single-mode Bragg reflector at the other 
end of the cavity overlaps with that of 
the PM grating for only one polarization. 
Thus, the laser cavity naturally acts as a 
linear polarizer. The total cavity length 
of this compact fiber laser is 20 cm. To 
improve the longitudinal mode selection 
in the laser, we spliced a second Bragg 
grating behind the primary single-mode 
reflector. The two single-mode gratings 
form a low-finesse Fabry-Perot etalon, 
which modulates the amount of optical 
feedback in the frequency domain. 

The power performance and the opti-
cal spectrum of the laser are shown in the 
insets in the figure. Maximum output 
power reaches 1.9 W and is limited by 
the available pump power. Throughout 
the entire operation range, the source ro-
bustly oscillates at a single frequency. The 
output light is linearly polarized with the 
extinction ratio exceeding 20 dB. 
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with direct output power in the Watts 
range would have numerous applications 
in nonlinear optics, remote sensing and 
free-space communications.

We describe an all-fiber single-fre-
quency Er-Yb laser oscillator that can 
produce as much as 1.9 W of direct 
output power at 1.5 m; this exceeds the 
power of the previously reported fiber 
oscillators by an order of magnitude.3 We 
eliminated the spatial gain hole burning 
in the active fiber by using the so-called 
twisted-mode cavity technique.4 

Our laser is shown schematically in 
the figure. The 11-cm-long, side-pumped 
active fiber section is composed of soft 
phosphate glass, which allows a massive 

doping concen-
tration, 1 weight 
percent of Er and 
8 weight percent 
of Yb. If used as a 
gain medium of a 
multimode fiber 
laser, such active 
fiber can produce 
as much as 1.33 W 
of output power 
per centimeter of 
fiber.5 The laser 
cavity is constructed 
such that the two 
counter-propagating 
waves inside the cav-

ity have orthogonal circular polarizations. 
Thus, there is no standing-wave 

intensity pattern formed in the active 
fiber, and the spatial gain hole burning is 
eliminated. Bragg reflectors that termi-
nate the cavity provide the feedback in 
the oscillator. One grating is written on 
a polarization-maintaining (PM) fiber; it 
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