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An experimental investigation on X-ray emission from laser-produced plasmas is presented
and the properties of such an emission of interest for application purposes are examined.
Plasmas were generated by focusing 1 um, 3 ns Nd laser pulses onto Al and Cu targets at
an intensity of 10> W/cm?. The temporal evolution of the emission and its spectral fea-
tures were investigated by using an X-ray streak-camera and an X-ray photodiode. In the
case of Cu targets, the analysis of the emission showed two spectral components. The main
component was centered at =1.2 keV and a minor component, whose intensity was mea-
sured to be 10 of the previous component, was observed at =7 keV. The X-ray conver-
sion efficiency, in the investigated spectral region, was measured to be 1% for Cu targets
and 0.3% for Al targets.

1. Introduction

The investigation of X-ray emission from laser-produced plasmas carried out in the past
two decades has given a strong impulse to the fields of study concerned with the genera-
tion and application of X-ray sources. Laser plasma X-ray sources are now widely applied
in pure and applied sciences due to their versatility and ease of implementation in small-
scale laboratories. Black-body-like radiation in the X-UV region can now be generated (Sigel
1994) and laser-produced plasmas are used as amplifying media for X-ray lasers (Rosen
1990). X-ray laser-plasma sources are successfully used (Tillman et al. 1994) in medical radi-
ography. Moreover, radiation transport studies in hot, dense plasmas, which are of great
relevance to astrophysics (Rose 1991), can be carried out on a laboratory scale. On the other
hand, X-ray emission gives valuable information for the characterization of test plasmas
(Gizzi ef al. 1994) used in laser-plasma interaction experiments relevant to inertial confine-
ment fusion (ICF).

The study presented here is concerned with plasmas produced by focusing Nd laser light
on massive targets of Cu and Al (Bastiani 1994). We have investigated the temporal and
spectral properties of the X-ray emission in the range of photon energies up to several keV.
Further, the X-ray yield was measured versus experimental parameters including laser inten-
sity and target position relative to the beam waist.

2. Experimental apparatus

The experimental setup is schematically shown in figure 1. The laser source was mono-
mode transversal, multimode longitudinal and delivered up to 2 J in 3 ns (FWHM) at
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FiGure 1. Layout of the experimental apparatus.

1.064 um wavelength. The laser was focused on the surface of a 2 cm diameter cylinder
by using an f/8 optics and the angle of incidence was 15 deg. The target was supported by
a translation and rotation stage. Rotation of the cylinder ensured that a fresh surface was
exposed on each laser spot. The size of the laser focal spot was approximately 60 um result-
ing in an intensity on target of the order of 10'* W/cm?. The energy and the temporal
shape of the pulse was monitored shot by shot, by means of a calorimeter and a fast photo-
diode. The X-ray diagnostics consisted of an X-ray P-I-N-diode equipped with X-ray Al
filters of various thickness, and an X-ray streak-camera fitted with a CsI photocathode,
capable of a temporal resolution of few tens of picoseconds. The spectral window of the
X-ray P-I-N diode, determined by its spectral sensitivity combined with the transmittivity
of the Al filters (Henke ef al. 1982), ranged from 0.5 and 10 keV, with a width depending
on the different filters used for the Al or Cu targets. Both devices were linked to digital
read-out systems that allowed on-line analysis of experimental data.

3. Source characterization

3.1. Time-integrated measurements

It is well known that the intensity of X-ray emission from laser-produced plasmas strongly
depends upon the laser focusing configuration on target (Amiranoff 1979; Tallents et al.
1986; Batani et al. 1993). For this reason the X-ray flux was maximized by scanning the
target position along the beam axis, in the proximity of the nominal focal position. The
maximum of the X-ray emission was found with the target displaced 0.5 mm with respect
to the position of the beam waist, in the direction of propagation of the laser light. In fig-
ure 2 we report the result of this measurement in the case of Cu targets. In the position
of maximum X-ray emission data points are characterized by a large variability shot by shot.
This feature can be explained taking into account the effect of filamentation processes on
local plasma conditions. In fact, when the target is in the optimum position, the laser beam
waist lies in the plasma blow-off. In this particular configuration, the plasma can further
contribute to focus the laser light due to filamentation instability, thus enhancing the X-ray
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FIGURE 2. X-ray yield versus Cu target displacement from focal plane on optical axis, towards

(positive-position values) or backwards (negative-position values) the laser. The filter was a 4-um Al
foil.

emission. The X-ray signal variability would be, in this case, a consequence of the nonlin-
ear character of the filamentation instability.

Figure 3 shows the behavior of X-ray yield versus nominal laser intensity, with the tar-
get surface in the position of maximum emission as well as in another (marginal) position.
In the first case, experimental data points are fitted by a curve more than quadratic, in the
second case by a straight line. Also, in the first case the experimental data points are more
scattered than in the second case, thus supporting the conclusions derived above that the
laser-plasma interaction process is influenced by a nonlinear interaction mechanism. It is
interesting to observe that measurements of second harmonic emission intensity versus tar-
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Ficure 3. X-ray yield versus laser intensity for the Cu target. The positions are labeled as in figure 2.
The filter was 10-um Al.
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get position and laser intensity, performed in similar experimental conditions (Biancalana
et al. 1993) showed a similar behavior.

The conversion efficiency of laser energy into X-ray energy was =0.3% for Aluminum
and =1% for Copper. In the case of Al the emission was located in the 1 + 3 keV range
(Duston & Davis 1980), while in the case of Cu the main contribution was located in the
1 + 1.5 keV range. For Al and Cu plasmas the contribution of recombination to the con-
tinuum emission overcomes the contribution of bremsstrahlung. In fact the ratio of recom-
bination to bremsstrahlung intensity can be evaluated using the following expressions (Griem
1983) for the recombination spectral power density
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In these expressions, « is the fine structure constant, a, the Bohr radius, #; and n, the ionic
and electronic densities, Z the average ion charge number and Ej, the hydrogen ionization
energy. The ratio of the power densities, that is, of the frequency integrals of the two pre-
vious expressions is approximately given by
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Z and E}, being the average ion charge number and the hydrogen ionization energy. In the
case of both Al and Cu plasmas this ratio is much greater than unity. In fact, in the case
of Al plasmas, T, was evaluated from K-shell emission spectra (Giulietti ef a/. 1995) com-
pared with the predictions of the atomic physics code RATION (Lee et al. 1984) and resulted
T, = 300 eV. From this analysis it also resulted that the contribution of line emission was
of the same order of magnitude of the continuum emission. In the case of Cu plasmas a
similar value of 7, was evaluated from L-shell emission spectra, taken in similar plasma
conditions, and from simple analytical models as described by Batani ef al. (1991). The spec-
tra also showed that in this spectral region the contribution of Cu line emission overcomes
the contribution of continuum emission.

3.2. Time-resolved measurements

The temporal evolution of X-ray emission was studied using an X-ray streak-camera. Fig-
ures 4 and 5 show the streaked emission for Al and Cu targets respectively, and the corre-
sponding lineouts. The duration of the emission was found to be appreciably shorter than
the laser pulse duration and resulted 1.5 + 2 ns for both Al and Cu targets. Moreover, the
emission showed a spiky temporal structure. The measured duration of each spike was com-
parable with the duration of the spikes present in the incident laser pulse due to mode beat-
ing in the laser oscillator cavity.

The observed temporal behavior of the duration of X-ray emission can be explained con-
sidering that, in the case of nanosecond laser pulses, a low density, long scale-length coro-
nal plasma rapidly builds up due to hydrodynamic motion. Laser energy is efficiently
absorbed in this low-density plasma and the coupling of laser light with the critical den-
sity region, where most of the X-ray emission occurs, is strongly reduced. The influence
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FIGURE 4. (a) Streaked X-ray emission obtained with the Al target and (b) horizontal lineout [taken
at the position indicated by the arrow in (a)]. The filter was a 4-um Al foil.
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FIGURE 5. (a) Streaked X-ray emission obtained with the Cu target and (b) horizontal lineout [taken
at the position indicated by the arrow in (a)]. The filter was a 10-um Al foil.
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of the filamentation on the X-ray emission can also contribute to explain the observed short-
ening of X-ray emission with respect to the laser pulse length. In fact, because filamenta-
tion processes are characterized by a threshold intensity, they can be effective only in a
temporal interval in the proximity of the peak of the laser pulse.

The fact that for both target materials the duration of the spikes of the X-ray emission
is comparable with the laser spikes duration (=50 ps), indicates that the characteristic time
scale of energy loss from Cu and Al plasmas is less than or comparable with the spike dura-
tion. This characteristic time scale of energy loss is roughly given by the ratio

re—Y @

Prad + Pcond ’

where U is the internal energy of the plasma, P4 and P,,,q are the power losses due to
radiation and conduction, respectively. In both cases a flux limited Spitzer conductivity was
assumed to evaluate P.,nq (Yamanaka, 1991). The contribution of continuum emission to
Prag was evaluated using equations (1) and (2), while the line contribution was estimated
from the considerations outlined in Section 3.1. We assumed an electron density of the order
of the critical density for Nd laser light (102! cm—?), a value measured from K-shell spec-
tra in the case of Al plasmas, and which is a reasonable assumption also in the case of Cu.
In both cases, the typical time scale of energy loss evaluated according to equation (4) was
found to be comparable to or less than the temporal resolution of the measurements shown
in figures 4 and 5.

3.3. Suprathermal emission

A component characterized by a high-photon energy was evidenced in the X-ray yield
from both Al and Cu plasmas by filtering the X-ray emission by using filters of increasing
thickness. The logarithm of P-I-N output voltage versus the thickness of the Al filter is
reported in figure 6, for the case of Cu plasmas. Figure 6a shows the results obtained with
the target surface in the position of maximum X-ray yield (—0.5 mm position), while fig-
ure 6b was obtained with the target in the —2.5 mm position (see figure 2). In the first case
the data points can be fitted by two straight lines, while in the second case they lie on a
single straight line.

A simple model can explain the observed behavior. In the case of emission character-
ized by two spectral components of wavelength A and A, (A > \,), the intensity of the
X-ray radiation detected by the P-I-N is given by

I =1, exp(—p,0x) + I exp(—p, px) (5)

p1,2 being the mass absorption coefficients of the filter at the two wavelengths and p being
its mass density. As the thickness x - 0, then - I, + I, = I, provided that I, > I,, as
expected in our condition. If ppx > 1 then I — I, exp(—pu,x) provided that By > po.
Therefore, from the slope of the straight lines and from the mass absorption coefficients,
one can estimate the wavelength of the main components of X-ray radiation. Moreover,
from the ratio of the intercepts of the two straight lines with the ordinate axis, the ratio
of the intensity of the two spectral components can also be inferred. According to this pro-
cedure, the analysis of figure 6a gives an energy of 1.2 + 0.2 keV and 7.4 + 1 keV for the
two components, their intensity ratio being 5-10~*. The same procedure, applied to the
plot of figure 6b, gives an energy of 1.3 + 0.2 keV.

An unexpected confirmation of the fact that high-energy X-rays were actually generated
was found when the source was perfectly aligned with the axis of the streak-camera. In this
case, hard X-rays that pass through the cathode without a considerable energy loss can reach
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FIGURE 6. X-ray intensity, obtained with the Cu target, versus Al filter thickness (a) in the position
of maximum emission (—0.5 mm) and (b) far from previous position (—2.5 mm).

the phosphor screen directly. With the given geometry of the streak-camera used in this
study, a feature as that denoted by the box in figure 7 is then generated. This feature was
found to be independent from the streak-speed and its shape was found to depend only
on the alignment of the streak-camera.

It is relevant to observe that the harder X-ray component was not detected when the tar-
get was a few hundred microns far from the position of maximum X-ray yield as in the
case of figure 6b. In addition, in the position of maximum yield large scattering of data
points was observed, as shown in figure 6a. This latter feature can be attributed to the occur-
rence of the filamentation instability. In fact, filamentation gives rise to a local increase
of laser intensity, making it easier to exceed the threshold intensity for the onset of pro-
cesses that can generate suprathermal electrons.

The high-energy component is presumably due to fast electrons produced by electron
plasma waves (Lamoureux ef a/. 1984). It is questionable whether the electron acceleration
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FIGURE 7. Streak-camera pattern obtained with the Cu target. The plasma source was aligned with
the camera axis. The filter was a 10-um Al foil.

occurred close to the critical density layer, due to electron waves generated by resonance
absorption, or in the underdense corona, due to parametric instabilities, To clarify this
point, we measured the X-ray yield obtained with linearly polarized laser light in either s
or p configuration (while the data reported above were obtained with a superposition of
both polarizations). Because we did not find a difference between the two cases, we can
conclude that resonance absorption is not relevant in our condition.

Among the instabilities that can generate electron waves in an underdense plasma in our
experimental conditions, two plasmon decay is expected to be the most probable process.
An estimate of the suprathermal electron energy can be obtained from the expression that
gives the maximum energy gain for an electron accelerated by a Langmuir wave (Hughes

1979)
172 172
A€,y = 2mvf,<ﬁ> [1 + <1_)2> ], 6)
v, v,

where v, is the phase velocity of the Langmuir wave and v, is the quiver velocity of the
electron in the electric field of the wave. Equation (6) holds for circulating electrons, that
is, for those electrons whose kinetic energy is higher than the maximum potential energy
in the electric field of the plasma wave. This corresponds to the condition in which the den-
sity perturbation of the Langmuir wave én does not exceed the 50% of the unperturbed
plasma electron density n,, that is,
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where w), is the local plasma frequency and w, is the Langmuir wave frequency.

Electron waves that can accelerate the larger fraction of electrons are those with the min-
imum phase velocity, v, .. This last is determined by inserting in the expression of the
phase velocity

1 172
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the condition for the onset of the Landau damping (k,\p)* = 0.1, where ky, Ap and vy,
are the wave number of the electron plasma wave, the Debye length and the electron ther-
mal velocity, respectively. Consequently one finds the condition Uy min = 3.60y,. Accord-
ing to this analysis, the energy of the suprathermal component found in the experimental
investigation of X-ray emission described above is consistent with a Langmuir wave den-
sity perturbation én/n, = 0.1 and a plasma electron temperature of =500 eV.



Laser plasmas as X-ray sources 501

4. Conclusion

We have studied the temporal behavior and the time-integrated spectral features of Al
and Cu laser-produced plasmas. The temporal analysis shows that on a nanosecond time
scale the X-ray emission dynamics is dominated by hydrodynamic plasma processes, whereas
on a temporal scale of few tens of picoseconds the temporal structure of the X-ray emis-
sion is dominated by the temporal structure of the laser pulse. The behavior of this emis-
sion versus target position and versus laser intensity was found to resemble the results of
analogous measurements performed on second harmonic emission. The presence of a pop-
ulation of suprathermal electrons was detected, probably generated by Landau damping
of Langmuir waves produced in the two plasmon decay.
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