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Abstract

Intense and stable laser operation with Ni-like Zr and Ag was demonstrated at pump energies between 2 J and 5 J energy
from the PHELIX pre-amplifier section. A novel single mirror focusing scheme for the TCE x-ray laser (XRL) has been
successfully implemented by the LIXAM/MBI/GSI collaboration under different pump geometries. This shows
potential for an extension to shorter XRL wavelength. Generation of high quality XRL beams for XRL spectroscopy of
highly charged ions is an important issue within the scientific program of PHELIX. Long range perspective is the study
of nuclear properties of radioactive isotopes within the FAIR project.
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MOTIVATION

The GSI heavy ion accelerator facility will be extended to
the international facility for heavy ion and antiproton research
(FAIR) during the next year (Henning, 2004), allowing for
a rich field of novel experiments in nuclear and particle
physics, atomic physics (Stoehlker et al., 2003), plasma
physics (Hoffmann ef al., 2005; Schaumann et al., 2005),
and applied sciences. An important issue within the scien-
tific program of the PHELIX petawatt high-energy laser
(Neumayer et al., 2005) is the generation of X-ray laser
beams for advanced diagnostics of plasmas generated by the
heavy ion beam, and for XRL spectroscopy of highly charged
ions (Neumayer et al., 2001). One of the key features of
FAIR will be the ability to generate a wide spectrum of
radioactive isotopes throughout the chart of nuclides. Although
the information on nuclear ground-state properties extracted
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from a study of hyperfine structure and isotope shift is
model-independent, it is hampered in complex neutral atoms
by the accuracy with which the electron wave functions are
known at the site of the nucleus. In that respect, it is highly
advantageous to measure these effects in highly charged
ions with one or only a few electrons. Since the electron
wave function can be precisely calculated in such simple
few-electron systems, uncertainties are negligible due to the
atomic hyperfine fields at the site of the nucleus. In this way,
absolute charge radii can be determined instead of only
changes in charge radii between two isotopes of the same
element as accessible by conventional isotope shift measure-
ments. In terms of atomic physics, the determination of the
specific mass shift given by a comparison of atomic and
Li-like isotope shifts provides a means to disentangle fea-
tures of multi-electron correlation. Li-like ions are a favor-
able compromise, because here the ground state 2S,, —
2P/, transition is—with the additional help of the large
Doppler shift of relativistic ions—in reach for typical XRLs,
and the theoretical treatment is possible with high accuracy.
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The low lying ionic states of Li-like uranium are shown in
Figure 1 where the transition energy is 281 eV. This means
that the method shown here will be applicable to the entire
available range of radioactive isotopes. This possibility is
especially important within the projected FAIR facility shown
in Figure 2. Here mass separated radioactive isotopes will
be available with high beam intensities at the super-
conducting fragment separator (Super-FRS), and in the next-
generation heavy ion storage ring (NESR). Photon energies
around 80 eV, as presently achieved at PHELIX will reach
well up to lithium-like lead.

EXPERIMENTAL SET-UP OF THE
X-RAY LASER

The XRL experiments in Ni-like Zr at PHELIX were per-
formed in two campaigns with similar set-ups. The first one
(Neumayer et al., 2004) was using Zr and an incident angle
on target of 45° for the main pulse. In a second experimental
campaign with Zr, an incidence angle on target of 72° was
used (see Fig. 3). The pump beam of 2 to 5 J energy is split
into two parts: 75% of the energy are entering in the com-
pressor which re-compresses the pulse down to 400 fs. The
transmission of the device is slightly better than 50%. The
remaining 25% of the energy are directly transported to
the target. In addition to these, a third beamtime used Ag
targets and 45° configuration.

The duration of this un-compressed pulse is about 0.8 ns.
It is passed through an 18 m long optical delay line in order
to produce nearly the same optical path length as the travel
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Fig. 1. Level scheme of lithium-like ions with the transition energies for
Li-like uranium.
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Fig. 2. Aerial view of present GSI with the new FAIR facility additions.

distance in the compressor. This nanosecond pulse is focused
by a spherical lens with 1 m focal length, and a cylindrical
lens with 250 mm focal length to a line focus of 30 um X
6 mm onto a Zr metal target. Here it serves to create a plasma
column several hundreds of picoseconds before the impact
of the compressed pulse. Due to the ultra-high intensity of
the short ps-pulse, this plasma is rapidly heated, which leads
to a non-stationary population inversion with a high tran-
sient gain. A single, gold coated, 6 in diameter on-axis
parabola, tilted at an incidence angle of 9°, is used to
generate a line focus of 30—100 um width and about 5 mm
length.

The lifetime of the high gain in the transient collisionally
pumped (TCE) scheme is typically in the order of a few
picoseconds. Therefore, the focused pulse front of the short
pulse creating the population inversion in the plasma has to
run along the plasma column with approximately the speed
of light ¢ to maximize the overlap of the X-ray pulse and the
gain peak. The tilted on-axis parabola intrinsically leads to a
tilt of the pulse front generating in this way the “travelling
wave excitation” needed for the TCE XRL. The travelling
wave speed is 1.4 ¢ and 1.1 ¢ in the case of 45° and 72°
incidence angles on target, respectively.

The properties of the plasma column were further ana-
lyzed using an X-ray pinhole camera. This is producing an
image of the plasma through a hole of 30 wm diameter. A
specially designed filter against infrared and visible light (1
pm polypropylene and 200 nm Al) defines the sensitivity
range. The magnification of the system is 3.2. The 16 bit
camera (Princeton Instruments, Princeton, NJ) used for this
purposes, similar to the one for the spectrometer, has a back
illuminated cooled 26 X 26 mm? chip with 1024 X 1024
pixels. This allowed to obtain the spatially resolved keV
emission image of the whole 4 mm long plasma.

A third camera was installed, monitoring the target in the
infrared and visible range. Using adequate motorized filters
on a wheel, the visible plasma emission during the shots was
monitored. In this way, the overlap of the two infrared
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Fig. 3. Experimental set-up with the focusing system for pre-pulse and main pulse, and part of the diagnostics.

pulses along the whole length of the plasma was controlled
on-line.

RESULTS

In both geometries, two lasing lines were identified from the
emission spectrum of the Ni-like Zr XRL, as shown in
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Fig. 4. Logarithmic representation of the obtained lasing lines.

Figure 4. The stronger one at a wavelength of 22.02 nm is
identified as the 4d—4p transition and the second one at
26.46 nm as the 4f—4d transition. In both cases, the ratio
between the two intensities is about 10. For spectroscopy
experiments on Li-like ions, certainly the 22.02 nm lasing
line is the better choice. However, the second line might also
be important in various situations. For example, if the

- second ahot

Linford Ml second sholt -
10000 first shot
Linford fit first shot L
— 3 -
=
5 1000 2
; 100 -
¥
= -

T T T T
o5 1.0 1.5 20 25 3.0 35 40
target length [mm)

Fig. 5. Gain measurements of the Ni-like Zr X-ray laser depending on the
target length. Curves are corresponding to the first and the second shot in
one target position. Small gain coefficients of 11/cm and 22/cm were
obtained.
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Fig. 6. XRL in Ni-like silver at 13.9 nm.

intensities of the two lasing lines would be equal, due to the
beat of the two frequencies, a picosecond long electromag-
netic pulse train made of 440 atto-second pulses would be
generated. This might be achieved using HHG at 26.4 nm
wavelength and injection in a Ni-like Zr XRL.

The gain for the grazing incidence pumping (GRIP) Zr
XRL at 22.02 nm was measured at the main pulse duration
and peak-to-peak delay where the maximum output was
reached. Triangular targets allowed to use plasma lengths
from 0.6 mm to 3.8 mm. The results are presented in
Figure 5. There were two shots at each position on the target.
An interesting clue is provided by the fact that the XRL
output intensity from the second shot in one place is system-
atically higher than the output of first shot in the same place.
Fitting individually the first shot series and the second shot
series for plasma lengths up to 2.7 mm using the Linford
formula, one obtains a small gain coefficient of 11/cm and
22 /cm, respectively.

In a very recent experiment, an XRL in Ni-like silver was
also demonstrated, as shown in Figure 6. In this case, a total
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Fig. 8. Comparison of the observed plasma emission for different pulse
durations at 45° and 75° incidence angle of the main pulse onto the target.
In both cases the plasma emission was detected behind a 500 nm thick
aluminium filter, suppressing low energy photons.

pump energy of 5 J was used. Another important parameter
can be obtained from Figure 7 where all measurements of
the GRIP XRL output as a function of target length are
represented in a logarithmic scale. The signature of the
saturation for the XRL is given by the roll-off of the curve
which appears for target lengths about 3 mm long. This
roll-off might be produced by the XRL propagation in
plasma, too. In this case, the XRL will be refracted out from
the gain region due to the plasma gradients after a distance
shorter than the plasma length. This possibility has to be
excluded due to the fact that our pre-plasma is produced
with a relatively long pre-pulse (800 ps), generating soft
plasma gradients, where the refraction index varies slowly.
Besides, the length of our plasma medium is below 4 mm.
Another argument favoring the interpretation of the satura-
tion roll-off is the gain length product in the order of 10
which is also considered to be a sign for saturation.
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Fig. 7. Measurement of the gain dependence from the target length.
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Fig. 9. Electron temperature distribution after heating by the main pulse calculated with the EHYBRID code.

A somewhat surprising result was the strong favoring for
shorter main pulse durations at the more grazing incidence
angle, as shown in Figure 8. While at 45° incidence angle the
plasma emission, detected with a pinhole X-ray camera with
an aluminum filter, was rising with increasing pulse dura-
tion and showed an optimum between 4 and 5 ps, there was
no increase at the 72° configuration. The same behavior was
reflected by the laser emission, which showed the maximum
at 4 ps and 0.5 ps, respectively. An analysis of the different
situations using the EHYBRID code (Pert, 2006) showed
good agreement with this behavior. The simulation indicates
that the penetration depth at the different angles of incidence
leads to a selective heating of very different plasma layers in
the two cases, varying strongly in temperature, density, and
ionization stage. In Figure 9, the electron temperature dis-
tribution reached after heating by the main pulse is shown
for 45° and 75° incidence angle. The large difference in the
energy deposition is evident. This offers the possibility to
select the optimum situation for different pumping condi-
tions, and will be of strong importance for the realisation of
shorter wavelength X-ray lasers.

CONCLUSION

Using non-normal incidence pump geometry, we demon-
strated gain-saturated soft X-ray lasers at 56 eV and 89 eV
photon energy with sufficient pulse energy and beam quality
for future spectroscopy experiments, using the sub-10 J
output from the PHELIX front-end. This opens the possibil-
ity of spectroscopy on Li-like ions in the storage ring. The
possibility to tailor the absorption conditions by the choice
of the incidence angle of the pump pulse holds promise for
the extension of x-ray lasers at moderate pump energy to
higher repetition rate (Cassou et al., 2006), and to photon
energies beyond 100 eV.
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