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Abstract. A table-top excimer laser system generating sub-ps pulses was used to irradiate 
solid targets at intensities of up to 4 x 1015 W/cm 2. Soft X-ray spectra of various materials 
were measured. The X-ray conversion efficiencies were between i-5%. Streak camera 
measurements showed instrument-limited X-ray pulse duration of a few ps. 

PACS: 52.50.Jm 

There is presently a strong interest in plasmas pro- 
duced by picosecond and sub-picosecond laser pulses 
[1-5]. Beside fundamental aspects of plasma physics at 
this time scale and highest light intensities there are 
also new prospects of developing a laboratory X-ray 
laser using such a plasma as the active medium [6]. 

We report on some experiments in which we 
irradiated various solid targets with sub-picosecond 
excimer laser pulses and observed the spectra and the 
time behavior of the emitted X-rays. 

1. Experimental 

We used a hybrid dye-excimer laser system that 
delivers 10 mJ pulses at 248.5 nm in typically 500 fs. 
Since the pulse is strongly chirped, it can be com- 
pressed to 60 fs [7]. The output was focussed with a 
quartz piano-convex lens of 140 mm focal length onto a 
plane target, which was placed in a vacuum chamber. 
The angle between the target normal and the optical 
axis changed between 0 ~ for spectra measurements and 
11 ~ for X-ray streak camera measurements. The focal 

* Partially based on the plenary talk "X-Ray Generation by Sub- 
Picosecond UV Laser" by F. P. Scb/ifer, G. Kiihnle, S. Szatmfiri, 
and M. Steyer, presented at the XVI Int. Quant. Electron. Conf., 
Tokio, July 18-21, 1988, Technical Digest (The Japan Society of 
Applied Physics) p. 2 

spot diameter was determined by spherical aberrations 
of the focussing lens. The calculated diameter was 
30 gm for the beam cross section 10 mmx 22 mm (the 
diffraction limited spot diameter is 8 times smaller). We 
measured the spot diameter with a pinhole camera 
(magnification 10, resolution 20gin). The radiation 
was filtered with a 0.8 gm aluminum foil to record only 
the radiation in the regions 8 ~ 40 A and 170 A-350 A 
on a film (Kodak 101-01). The longer wavelengths 
radiation is emitted by the already expanded and 
cooled plasma and measuring these would lead to a 
much larger spot size. The measured size (FWHM) of 
the short wavelength radiation source was 37 gin. In 
order to calculate the intensities incident on the target 
correctly from the pulse energy, the focal spot diameter 
and the pulse duration, we had to take into account 
that the pulse front is bent in the form of a paraboloid 
by a spatial filter and the focussing lens [8] which 
lengthens the pulse on the target. The effective pulse 
duration seen by the target was calculated as 0.9 ps, 
and the intensities stated have been corrected for this 
effect. Some of the experiments were performed with an 
additional amplifier (EMG401, Lambda Physik) 
which enhanced the output energy to 70 mJ in a beam 
of 25 mm x 45 mm cross-section. In this case we used 
an expanding telescope before the amplifier and a 
quartz piano-convex lens of 500 mm focal length for 
focussing on the target. The spot diameter was here 
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also determined by the spherical aberration of the lens 
(calculated diameter: 40 gm which is 6 times larger 
than diffraction limited diameter, measured diameter 
50 gin). The pulse duration seen by the target using the 
amplifier was calculated as 1.5 ps. We have not yet 
performed experiments with compressed pulses, since 
the absorption of most optical materials for this high 
intensity uv light is too high and suitable large prisms 
made from MgF2 needed for the compression of the 
full cross-section beam were not available at the time of 
these measurements. 

The spectra were recorded using a simple trans- 
mission spectrograph with a 1000 lines/mm free- 
standing gold grating in a 100 gm pinhole (Dr. J. 
Heidenhain GmbH, D-8225 Traunreut, FRG) with a 
calculated spectral resolution between 5 A (for 6 A 
radiation) and 10A (for 211 A radiation). The angle 
between the target normal and the optical axis of the 
spectrograph was 45 ~ and the solid angle seen by the 
spectrograph was 2.4 x 10 -s sr. The spectra were re- 
corded on an absolutely calibrated film (Kodak 
101-01) [9], scanned with a micro-densitometer and 
evaluated in a personal computer. Since the grating 
efficiency and the film sensitivity is known, we can 
calculate the spectral X-ray energy density (J/(A. sr)). 
Assuming that the X-ray emission is isotropic in 2~ 
solid angle, one may calculate the total X-ray energy in 
a certain spectral range by integrating the spectra over 
this spectral range and multiplying the result with 27c. 
Comparing the X-ray energy with the incident pulse 
energy, one gets the conversion efficiency, which was 
approximately 0.5 % (lower Z materials) - 2 % (higher 
Z-materials) for the lower energy pulses (1.6 
x 1015 W/cm 2, 1.4 x 10 a J/cm 2) and 2% (lower Z 

materials) - 5 %  (higher Z materials) for the higher 
energy pulses (3.7 x 1015 W/cm 2, 5.6 x 10 a J/cm 2) in 
the spectral range 50 to 250A with a statistical 
accuracy of a factor of 2. Further work is in progress to 
determine exactly what fraction of the incident energy 
is absorbed at the intensities used here so that the 
intrinsic conversion efficiency can be calculated. 

The time behavior of the X-ray emission was 
studied with an X-ray streak camera developed by one 
of us (G.D.T.) [10]. For time calibration of the streak 
camera, we placed a 60 mm long quartz block in one 
half of the beam to provide two pulses with a delay of 
129.4 ps between them on the target. Recording the 
two X-ray pulses emitted from the plasma on film we 
calculated the deflection speed on the streak camera 
screen to be 98-105 ps/mm. Taking into account the 
total magnification of 1.13 and the imaging resolution 
of 100 lan in the slit plane of the camera we obtained a 
minimal resolution of 11-12 ps. In our experiment we 
used a slit of 300 gm width which means that our time 
resolution was geometrically limited to 35-38 ps. 

Spectrally and temporally integrated relative con- 
version efficiencies were measured using a windowless 
high voltage vacuum biplanar photodiode at 50 f~ and 
a Tektronix 7104 oscilloscope. Since the bandwidth of 
the oscilloscope is 1 GHz, the maximum of the oscill- 
oscope trace is proportional to the time-integral over 
approximately 200 ps of the X-ray pulse. 

In all measurements the target was shifted between 
shots (5 to 50 gm per shot, depending on the total 
number of shots), so that each part of the sample was 
irradiated by 1 to 10 shots on the average. 

2. Results 

Figure 1 shows an aluminum spectrum normalized to 
the incident pulse energy recorded with the sub-ps 
pulse at 1.6 x 10 ~5 W/cm 2 (1.4 x 103 J/cm 2) (dotted 
line) and for comparison the same spectrum taken with 
a 15 ns pulse at 1.6 x 1012 W/cm 2 (2.4 x 10 a J/cm 2) 
(solid line, this spectrum is 3 times down-scaled). All 
lines can be clearly assigned to AP + through A18+ 
(transitions from an excited level of the outer electron 
to ls22s22p~). The larger width of the lines in the ns- 
spectrum can be attributed to the expansion of the 
plasma during the 15 ns long irradiation time, which 
leads to a decreased spatial and hence spectral reso- 
lution in our spectrograph. The different relative 
heights of the lines in the two spectra are a result of the 
different plasma temperatures, whereas the difference 
in the absolute heights (roughly a factor of 3) of the 
lines is due to the different conversion efficiencies. The 
reason for the larger conversion efficiency of the 15 ns 
pulse may be the fact that the later part of the pulse is 
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Fig. 1. Aluminum spectra normalized to the incident pulse energy 
with the sub-ps pulse at 1.6 x 1015 W/cm 2 (dotted line) and with a 
15 ns pulse at 1.6 x 1012 W/cm 2 (solid line, this spectrum is 3 
times down-scaled) measured with a transmission spectrograph 
(resolution 5-10 fit) 
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coupled more strongly into the plasma that was 
created by the earlier part of the pulse while for some 
application, where maximum efficiency is mandatory, 
the 15 ns pulses would be used, other  applications, as 
e.g. new X-ray laser schemes [1,6], that need the 
shortest possible pulses, have to take into account 
that these pulses yield the reported lower efficiencies. 

Figure 2 shows two aluminum spectra taken at 
different intensities, namely 2 .6x l0~4W/cm  2 (3.9 
x 10 2 J/cm 2) and 3.7 x 10 is W/cm 2 (5.6 x 10 3 J/cm2). 

The increase of the continuum and the shift of its 
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Fig. 2. Aluminum spectra at 2.rxl0~4W/cn Z and 3.7 
x 1015 W/cm 2 (intensity is varied by varying the pulse energy) 
measured with a transmission spectrograph (resolution 5-10 A) 

maximum to shorter wavelengths with increasing 
intensity is quite obvious, which is a result of the 
much higher temperature achieved in the plasma with 
the higher intensity pumping. In contrast to usual 
practice, the intensities were not varied by changing 
the spot diameter but rather by attenuating the beam 
using a dielectric coated mirror (quartz substrate with 
two well polished parallel surfaces) in transmission at 
different incident angles where the narrow-band coat- 
ing had 100 % reflectivity for 0 ~ incident angle. Using 
this technique one could continuously change the 
transmission from 0 %  to 60% having only a very 
small (negligible compared to the beam size) parallel 
beam shift. As we will show later, varying the energy 
and not the spot size leads to more consistent results. 

Figure 3 shows a spectrum of carbon, obtained by 
irradiation of a carbon rod at 3.7 x 10 ts W/cm 2 (5.6 
x 103 J/cm2). Three groups of the K-shell transitions 

ofC s + and C 4+ show up very clearly, namely 3p 1 - 1s 1 
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Fig. 4. Silicon spectrum at 3.7 x 10 ~5 W/cm z with L-shell tran- 
sitions measured with a transmission spectrograph (resolution 
5-10 A) 
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Fig. 3. Carbon spectrum at 3.7x1015W/cm 2 with K-shell 
transitions measured with a transmission spectrograph (reso- 
lution 5-10 ~) 
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transitions measured with a transmission spectrograph (reso- 
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at 28.5A, 2p~-- ls  ~ at 33.7A, and l s 1 2 p ~ - l s  2 at 
40.3 A. 

Figures 4-6 show spectra of silicon, fluorine and 
gold, all taken at the same intensities as for Fig. 3. Most 
of the lines in the silicon and fluorine spectra are, like in 
the aluminum spectrum, transitions of the L-shell, 
whereas the gold spectrum shows O-shell transitions. 
One can estimate the energy per ion of the ionization 
state, which shows the strongest lines in the measured 
spectrum, by adding all ionization energies of the outer 
electrons of all lower ionized states. In our case we 
obtained 500-1500 eV/ion. 

For the streak-camera measurements different fil- 
ters were used to separate the spectral regions, namely 
0.1 gm thick carbon for wavelengths <300A,  and 
2.3 gm thick aluminum for the regions from 8 A-30 A 
and 170 A-250 A. Figure 7 shows the pulse shape for a 
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Fig. 8. Pulse shape for a copper target at wavelengths < 300 A 
measured with a 0A grn thick carbon foil filtered X-ray streak 
camera (calculated resolution 35-38 ps) 
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Fig. 9. Pulse shape for a gold target at wavelength < 300 A 
measured with a 0.1 grn thick carbon foil filtered X-ray streak 
camera (calculated resolution 35-38 ps) 
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Fig. 7. Pulse shape for a copper target at wavelengths 8 ~ -30  A 
and 170 A-250 A measured with a 2.3 pm thick aluminum foil 
filtered X-ray streak camera (calculated resolution 35-38 ps) 
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Fig. 10. Energy dependence of X-ray production in the range 
8 A--40 A and 170/~-350 A (only the pulse energy was changed) 
measured with an 0.8 Ixm thick aluminum foil filtered windowless 
biplanar vacuum photodiode 
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Fig. 11. Intensity dependence of X-ray production in the range 
8 A-40 A and 170 A-350 A (only the laser spot size was changed) 
measured with an 0.8 Ixm thick aluminum foil filtered windowless 
biplanar vacuum photodiode 

copper target at short wavelengths, which is clearly 
instrument-limited, while Fig. 8 shows the pulse in- 
cluding the long wavelength region, which is evidently 
dominated by the slow recombination radiation. This 
can be seen even more clearly in Fig. 9, which shows 
the pulse shape for a gold target in the long wavelength 
region. 

The energy dependence of the time integrated 
X-ray output, when the beam was attenuated with the 
dielectric mirror, is shown in Fig. 10 for a copper target 
filtered with 0.8 gm thick aluminum. The slope of the 
straight line of this power plot is 1.67 + 0.02. There is no 
indication of incipient saturation even at a laser energy 
of 80 mJ. 

A totally different behavior is shown, when the 
intensity dependence of the X-ray output is determined 
by changing only the distance between the focussing 
lens and the target in order to change the spot 
diameter, while the energy was kept constant at 70 mJ. 
Here the slope of the curved line is between 0.2 and 2.0. 
It decreases significantly with increasing intensity. A 
possible reason for this behavior is the change of the 
cooling conditions by changing the ratio of surface to 
volume of the irradiated sample. This demonstrates the 
importance of measuring the intensity dependence by 
changing the pulse energy, while all other parameters 
are kept constant. 

3. Discussion 

The spectra reported here show clearly that a highly 
ionized plasma is created when irradiating solids with 
picosecond and sub-picosecond pulses of ultraviolet 
light at intensities of up to 3.7x 1015W/cm 2 (5.6 

x 103 J/cm2). A question that arises in this context is 
whether the part of the approximately 15 ns long ASE 
pulse (the short pulse is centered near the maximum of 
the ASE pulse), which reaches the target before the 
short pulse, is responsible for this plasma formation, 
which would then be heated by the sub-ps pulse. The 

5 ns long ASE prepulse of our laser system (includ- 
ing the EMG 401) is less than 10 % of the energy of the 
short pulse and only 30% of the prepulse has the same 
divergence angle as the short pulse (the rest of the 
prepnlse has a 100 times larger divergence angle than 
the short pulse and is therefore negligible). This results 
then in a peak power that is more than five orders of 
magnitude lower than that of the sub-ps pulse, giving 
an intensity of 3 x 101~ W/cm 2. We could not detect 
any radiation in the soft X-ray range at this low 
intensity. This means that there was no hot plasma 
produced, but does not exclude a cold plasma. To 
check this we investigated the incident angle de- 
pendence of the short-pulse X-ray emission for 
p-polarized light. The measurement showed no signifi- 
cant dependence of the X-ray emission on the angle of 
the incidence. If a cold plasma had been produced by 
the low intensity prepulse, resonance absorption in the 
cold plasma would have produced a strong incident 
angle dependence of the X-ray emission [2]. Therefore 
we must conclude that it is really the sub-ps pulse that 
creates the plasma. 

Simulation of the early stage of plasma formation 
using a modified collisional-radiative model 1-11] 
makes it plausible that the hard components of the 
X-ray radiation are already emitted from the plasma 
developed during the laser pulse irradiation, whereas 
the long wavelength recombination radiation will 
create a long tail. Unfortunately, present X-ray streak 
cameras are too slow to verify this picture. Neverthe- 
less the scan shown in Fig. 7 at least demonstrates a 
pulse duration of at most a few ps, since the observed 
pulse width of 31 ps does not show any increase 
beyond the instrument limit. 

This work will be extended to higher intensities 
using compressed pulses and time-corrected focussing 
optics. We also intend using higher spectral resolution 
with a grazing incidence spectrograph to determine 
plasma temperatures. 

4. Conclusion 

Using a table-top excimer laser system, which gene- 
rates sub-ps pulses, we investigated the spectral and 
temporal behavior of the X-rays emitted from the 
produced plasma for various target materials. 

We also measured Conversion efficiencies and 
showed the importance of well defined experimental 
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condi t ions  measur ing  the intensity dependence of the 
convers ion efficiencies. 
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