
Compact gain-saturated x-ray lasers down
to 6.85 nm and amplification down to 5.85 nm
ALEX ROCKWOOD,1 YONG WANG,2 SHOUJUN WANG,2 MARK BERRILL,2,3 VYACHESLAV N. SHLYAPTSEV,2

AND JORGE J. ROCCA1,2,*
1Physics Department, Colorado State University, Fort Collins, Colorado 80523, USA
2Electrical and Computer Engineering Department, Colorado State University, Fort Collins, Colorado 80523, USA
3Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
*Corresponding author: jorge.rocca@colostate.edu

Received 24 November 2017; revised 9 February 2018; accepted 9 February 2018 (Doc. ID 314151); published 2 March 2018

Plasma-based x-ray lasers allow single-shot nano-scale imaging and other experiments requiring a large number of
photons per pulse to be conducted in compact facilities. However, compact repetitively fired gain-saturated x-ray
lasers have been limited to wavelengths above λ � 8.85 nm. Here we extend their range to λ � 6.85 nm by transient
traveling wave excitation of Ni-like Gd ions in a plasma created with an optimized pre-pulse followed by rapid heating
with an intense sub-picosecond pump pulse. Isoelectronic scaling also produced strong lasing at 6.67 nm and 6.11 nm
in Ni-like Tb and amplification at 6.41 nm and 5.85 nm in Ni-like Dy. This scaling to shorter wavelengths was
obtained by progressively increasing the pump pulse grazing incidence angle to access increased plasma densities.
We experimentally demonstrate that the optimum grazing incidence angle increases linearly with atomic number
from 17 deg for Z � 42 (Mo) to 43 deg for Z � 66 (Dy). The results will enable applications of sub-7 nm lasers
at compact facilities. © 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

The need for bright, energetic ultrafast x-ray laser pulses has mo-
tivated the commissioning of x-ray free electron lasers [1].
Alternatively, plasma-based x-ray lasers allow many experiments
requiring bright, high energy, x-ray laser pulses to be conducted
in compact facilities [2–6]. These lasers provide extremely mono-
chromatic radiation, typically Δλ∕λ � 3 × 10−5 [7], and when
injection-seeded, they can reach full spatial and temporal coher-
ence [8–10]. The efficient generation of high energy x-ray laser
pulses requires operation in the gain-saturated regime. In this
regime, stimulated emission can extract the majority of the energy
stored in the population inversion [11]. Gain saturation in
plasma-based x-ray lasers was demonstrated for wavelengths as
short as 5.8 nm at large laser facilities [12,13]. However, these
results required pump pulse energies on target larger than
70 J, which limited the repetition rate to a few shots per hour.
Alternatively, transient table-top lasers [14,15] pumped by pico-
second laser pulses at grazing incidence [16,17] require much less
energy and can operate at repetition rates of typically 5–10 Hz at
wavelengths as short as 10.9 nm [18]. The repetition rate of these
lasers was recently increased to 100 Hz using pump lasers pumped
by laser diodes [19], and 400 Hz operation was very recently re-
ported at λ � 18.9 nm in Ni-like Mo [20]. However, the exten-
sion of practical plasma-based x-ray lasers that can fire repetitively

to sub-10 nm wavelengths is challenging. Alessi et al. used laser
pump pulse energies of up to 7.5 J on target to extend table-top,
repetitive 1 Hz transient collisional soft x-ray amplification down
to 7.36 nm [21]. Nevertheless, gain-saturated operation was lim-
ited to a shortest wavelength of 8.85 nm in Ni-like La. A more
recent experiment conducted in Ni-like Sm using a Nd:glass
pump laser capable of firing a shot every 25 min was reported
to approach gain saturation [22]. However, this could not be veri-
fied due to large pulse-to-pulse output pulse energy variations and
the low repetition rate of the pump laser. In the case of the
6.85 nm line of Ni-like Gd, gain was observed in a plasma
pumped by 250 J pulses, but the amplification was far from reach-
ing gain saturation [23]. Alternatively, collisional recombination
is being explored as a population inversion mechanism for tran-
sitions to the ground state to extend table-top lasers to shorter
wavelengths [24].

Here we report the extension of gain-saturated compact repeti-
tive x-ray lasers down to 6.85 nm (181 eV) in Ni-like Gd.
Furthermore, in the same experiments, we observed gain at even
shorter wavelength transitions, down to 5.85 nm (212 eV) in
Ni-like Dy. The experiments were performed with a pump laser
capable of firing at repetition rates up to 3.3 Hz [25]. We also
report measurements of the optimum grazing incidence pumping
angle necessary for lasing at these wavelengths. The results
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reported here, in combination with previous measurements of the
optimum angles for lasing in lower Z ions, allowed us to exper-
imentally determine the optimum pump angle for laser operation
at wavelengths between 18.9 nm and 5.85 nm. The results can be
used to predict the optimum angles that will be required for lasing
at shorter wavelengths.

2. EXPERIMENTAL SETUP AND METHODS

The x-ray lasers were excited irradiating 1–2 mm thick solid slab
targets with a sequence of two laser pulses from a λ � 800 nm
chirped pulse amplification Titanium:Sapphire (Ti:Sa) laser. The
two-pulse sequence consisted of a normal-incidence pre-pulse
that ionizes the plasma to the vicinity of the Ni-like ionization
stage, followed by a sub-picosecond pulse impinging at grazing
incidence that rapidly heats the electrons to produce a transient
population inversion by collisionally electron impact excitation.
The sub-picosecond pulse has a grazing incident angle of
35 deg or 43 deg for Sm and Gd, respectively, with a travel-
ing-wave excitation velocity of �1.0� 0.03�c. The pump laser
has five Ti:Sa stages of amplification, of which the last three
are pumped with the frequency-doubled output of high-energy
Nd:glass slab amplifiers that we have operated at repetition rates
of up to 3.3 Hz [25]. An acousto-optic programmable dispersive
filter was used after the laser oscillator to tailor the bandwidth of
the laser. This gives us the ability to adjust the length of the un-
compressed pre-pulse from 45 ps to 300 ps to find the optimal
conditions for laser amplification, which proved critical to obtain
the results discussed below. Also, the intensity ratio of the pre-
pulse to the sub-picosecond pulse was optimized using different
beam splitters deflecting 30%, 40%, or 50% of the beam to be
used as the pre-pulse. Optimum pre-pulse plasma conditions were
obtained using a 30% and 40% beam splitter to generate a pre-
pulse with intensities of I ∼ 1.7 × 1013 W cm−2 and 2.5 ×
1013 W cm−2 for Sm and Gd, respectively, with 185 ps duration.
The pre-pulse was focused onto the target using the combination
of a spherical and a cylindrical lens to form a line focus of approx-
imately 15 μm full width at half-maximum (FWHM) and 9 mm
or 10 mm length for Sm and Gd respectively. To achieve efficient
pumping by the sub-picosecond pulse, we developed a focusing
geometry designed to create a plasma column of constant width
along the target. This focusing method, consisting of two cylin-
drical mirrors, is the same we used previously to obtain gain-
saturated lasing in Ni-like La at 8.85 nm [22]. The plasma created
by the pre-pulse is allowed to expand to reduce the density gra-
dient and is subsequently rapidly heated with 7.1 J or 7.3 J pulse
of a 0.7 ps FWHM duration for Sm and Gd, respectively. This
pump pulse is shaped into a line focus of approximately 30 μm ×
9–10 mm FWHM, corresponding to an intensity of I ∼
3.5–3.7 × 1015 W cm−2 for Sm and Gd, respectively. The target
surface was tilted with respect to the axis of the sub-picosecond
pulse to define a grazing incidence angle of 35 deg or 43 deg for
efficient heating in the case of both Sm and Gd, respectively. To
optimize the incidence angle, we changed the angle of the target
with respect to the short pulse beam and the position of the gra-
ting and charge-couple device (CCD). Due to the short duration
of the gain, the mismatch between the propagation velocities of
the pump pulse and the amplified pulse significantly reduces the
amplification of the x-ray laser pulse. To overcome this limita-
tion, a reflection echelon [15,26] composed of six adjustable
mirror segments was used to obtain traveling wave excitation.

The traveling wave velocity was adjusted for each new angle,
and the focus was corrected for each angle.

Gain measurements were conducted for both the Sm and Gd
using single laser shots and moving the targets 1 mm between
shots. When the Gd laser was operated at 2.5 Hz repetition rate,
the target was translated at a speed of 2.5 mm s−1 to renew the
surface after each shot. The output of the x-ray lasers was analyzed
using a flat-field spectrometer with a nominally 1200 lines/mm
variable space grating positioned at a grazing incidence angle of
3 deg and a back-illuminated CCD detector placed at 48 cm from
the target. Zirconium filters with a thickness of 2.0 μm were used
in the Sm and Gd experiments for target lengths over 4 mm to
avoid saturating the detector and to eliminate visible plasma light
from reaching the detector. The filter thickness was reduced to
0.5 μm for the measurements with target lengths under
4 mm. In the case of Tb and Dy, we used molybdenum filters
with thicknesses of 0.6 μm and 0.3 μm, respectively. The x-ray
lasers pulse energies were estimated from the CCD counts taking
into account the attenuation of the filters, the grating efficiency,
and the quantum efficiency of the detector.

3. RESULTS

Figure 1(a) shows a typical single-shot spectrum of the Ni-like Sm
x-ray laser obtained depositing 7.1 J energy of sub-
picosecond pulse and 4.3 J of pre-pulse energy on target. Strong
amplification is observed in the 4d 1S0 − 4p1P1 transition at λ �
7.36 nm (169 eV). The pre-pulse duration was optimized to
maximize laser output. Figure 1(b) shows this was found to occur
when the pre-pulse has a FWHMduration of ∼185 ps. The delay
between the pre-pulse and the sub-picosecond pulse controls the
plasma density and density gradient in the gain region, as well as
the degree of ionization (fraction of Ni-like ions) at the time of
excitation by the sub-picosecond pulse. Figure 1(c) shows that the
maximum laser output intensity is observed when the sub-
picosecond pulse arrives at the target ∼27 ps after the peak of
the 185 ps FWHM pre-pulse. Figure 2 illustrates the Sm x-ray
laser intensity grows by more than 3 orders of magnitude as
the plasma column length increases from 3 mm to 8 mm.
Saturation of the gain is observed to have an onset at a
plasma-column length of approximately 5.5 mm. A fit of the data
with an expression for the gain that takes into account saturation
[27] yields a gain coefficient of 27.3 cm−1 with a gain-length
product of 16.6. The energy of the most intense Sm laser pulses
was estimated to be ∼1.8 μJ from the CCD counts, a value that is
sufficient to perform single shot imaging [28].

Similar pre-pulse and sub-picosecond pulse conditions were
used to obtain a gain-saturated 6.85 nm (181 eV) laser in Ni-like
Gd. Figure 3(a) shows a series of on-axis spectra as a function of
the length for a Gd plasma column created by depositing 7.3 J of
sub-picosecond pulse energy and 6.9 J of pre-pulse energy on a
polished Gd slab target with other irradiation parameters similar
to those described above. Figure 3(b) shows the increase in the
λ � 6.85 nm laser line intensity as a function of plasma column
length. A fit to the data gives a gain coefficient of 26.3 cm−1 and a
gain length product of 16.2. The output pulse energy for the lon-
gest plasma column length is ∼1 μJ. Weak amplification was also
observed for the λ � 6.85 nm line of Ni-like Sm [see Fig. 1(a)]
and in the λ � 6.33 nm (196 eV) line of Ni-like Gd.

The results were modeled and analyzed with hydrodynamic/
atomic physics simulations conducted with the code Radex [29].
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A post-processor ray-tracing code was used to model the soft x-ray
laser beam propagation along the plasma column. This allowed us
to compute the gain saturation behavior, the role of refraction, the
x-ray laser output pulse energy, and the beam divergence. To
compute the small signal gain, the Ni-like ions were modeled with
287 levels including all inner and outer shell 3l4l and 3l5l levels,
and 2l4l inner shell levels. Other ions in the vicinity of the Ni-like
ions were modeled using ∼300 single and doubly excited levels
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Fig. 2. Intensity of the λ � 7.36 nm laser line of Ni-like Sm as a func-
tion of the plasma-column length. The red line is a fit of the data that
yields a gain coefficient of 27.3 cm−1 and a gain-length product of 16.6.
The error bar represents 1 standard deviation.

3 4 5 6 7 8 9
0.1

1

10

100

1000

In
te

n
si

ty
 (

ar
b

it
ra

ry
 u

n
it

s)

Plasma Column Length (mm)

(b)

(a)

Fig. 3. (a) End-on spectra of a line-focus Gd plasma column showing
saturated amplification in the λ � 6.85 nm line of Ni-like Gd. With the
first two integrations plots on the right multiplied by 5. (b) Intensity of
the λ � 6.85 nm laser line as a function of the plasma-column length.
The solid red line is a fit of the data that yields a gain coefficient of
26.3 cm−1 and a gain-length product of 16.2. The error bar represents
1 standard deviation. The black dashed line is the result of atomic phys-
ics/hydrodynamic simulation with a gain-length product of 16.9.
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Fig. 1. (a) End-on spectra showing the λ � 7.36 nm, 4d 1S0 − 4p1P1

laser line of Ni-like Sm. Insert shows the spectra region near the λ �
6.85 nm laser line with scale multiplied by 10. (b) Measured λ �
7.36 nm laser intensity as a function of the pre-pulse duration. The
points are the average of several laser shots and the error bar represents
one standard deviation. (c) Measured laser intensity as a function of the
delay between the peak of the pre-pulse and the peak of the short pulse.
The plasma column length was 8 mm corresponding to the target length.
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using atomic data and collisional rates from the code HULLAC
[30]. Ions far from the Ni-like state were modeled with just the
lowest energy outer shell configuration plus the lowest inner
shell and double excited levels. The atomic model was run
self-consistently with the hydro code including up to 3000 levels.
We observed that the computed gain decreases as the complexity
of the atomic model and the number of levels is increased until
the resulting gain becomes practically insensitive to a further in-
crease in the number of levels. The dashed curve in Fig. 3(b) is the
result of the model simulations of the Gd 6.85 nm laser for the
pump conditions used in the experiment, assuming the width of
the gain region in the direction parallel to the target is 10 μm.
Good agreement with the experimental results is observed.
The model predicts a beam divergence of 2.4 mrad in the direc-
tion parallel to the target, in good agreement with the measured
value (Fig. 4). The agreement with the experimental results allows
us to use the simulations to further understand the operation of
this x-ray laser amplifier. Figure 5 shows the computed spatial
distribution of the beam intensity as a function of plasma column
length. The model simulations show that in the case of the higher
Z -ions, refraction shifts the maximum gain to the lower density
region of 4–5 × 1020 cm−3. At this density the saturation intensity
is computed to be 1.2 × 1010 W cm−2. Simulations show this
intensity is reached after the rays travel ∼6 mm along the plasma
column axis. The output intensity is computed to exceed the
saturation intensity by >3 × at the exit of the amplifier.
Refraction is observed to shift the amplified beam progressively
away from the target and to decrease the output pulse energy.
In the absence of refraction, simulations predict the laser pulse
energy would be 5–10 times the amount with refraction, poten-
tially reaching >10 μJ.

The demonstration of a gain-saturated table-top laser at λ �
6.85 nm in Ni-like Gd at this reduced pump energy also opens
the prospect for bright high-repetition-rate plasma-based lasers at
shorter wavelengths. In progress toward this goal, we made use of
isoelectronic scaling along the elements of the lanthanide series to
obtain lasing in several other shorter-wavelength transitions from
Ni-like ions. The spectra of Fig. 6 show that the use of similar

irradiation conditions for Ni-like Gd resulted in strong amplifi-
cation in the λ � 6.67 nm (186 eV) and λ � 6.11 nm (203 eV)
transitions of Ni-like Tb. Finally, we have also observed weak am-
plification in the λ � 5.85 nm (212 eV) and λ � 6.41 nm
(193 eV) lines of Ni-like Dy (Fig. 6) using the same pump con-
ditions. The limited observed spread of the lines along the vertical
direction in the detector, in which length divergence (normal to
the dispersion direction) is proportional to the divergence, shows
a collimation that is a clear indication of amplification. Another
evidence of amplification is the significant shot-to-shot variations
of their intensity, indicative of exponential amplification in the
non-saturated regime. In all cases, the traveling wave excitation
was kept constant and near the speed of light in vacuum.
The spectra in Fig. 6 show that the intensity ratio of the longer
wavelength to the shorter wavelength of the two J � 0–1 lines
becomes smaller as Z increases [31], with the shortest wavelength
line becoming dominant for Ni-like Dy, as already observed in a
normal incidence pumping experiment with much large laser
pump energies [12,32].

Another aspect of these amplifiers is the fact that collisional
x-ray laser amplification at shorter wavelengths favors higher
plasma densities. This is shown by the increase of the grazing
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incidence angle of the sub-picosecond pulse necessary for opti-
mum laser amplification, which is related to the electron density
at which the pump rays refract [33]. Combining the experimental
data of the optimum pump incidence angle obtained in this work
with our previously published data for grazing incidence pumping
for lasing in lower Z Ni-like ions [17,18,22,34], it is possible to
experimentally map the dependence of the optimum pump angle
and plasma density for a large range of Z and lasing wavelengths.
This provides both a benchmark for simulation codes as well as a
prediction of the optimum condition for further scaling these
lasers to shorter wavelengths. The increase in irradiation angle
is observed to be linear over a broad range of atomic numbers
ranging from Z � 42 (Mo) to Z � 66 (Dy) (Fig. 7). In this
range of Z , the optimum picosecond or sub-picosecond pulse
irradiation angle is observed to increase from a grazing incidence
angle of ∼17 deg for Mo to 43 deg for Dy. This corresponds to
an increase in electron density from 1.5 × 1020 cm−3 to
8 × 1020 cm−3. As discussed above, the model simulations show
that in the case of the higher Z-ions refraction shifts the maxi-
mum gain to the lower-density region.

4. CONCLUSION

In conclusion, we have extended compact gain-saturated plasma-
based lasers to the shortest wavelength to date: 6.85 nm. We have
also observed laser amplification in other Ni-like lanthanide ions
at wavelengths as short as 5.85 nm, opening the possibility of
scaling table-top gain-saturated lasers to even shorter wavelengths.
The optimum sub-picosecond pulse irradiation angle for the
excitation of transient gain-saturated Ni-like x-ray lasers was
determined from experimental measurements to increase linearly
for elements ranging from Z � 42 to Z � 66. The results will
make possible applications requiring bright laser pulses with a
large number of photons at these short wavelengths, such as
single-shot ultra-high-resolution imaging of dynamic nano-scale
phenomena to be realized at compact facilities.
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