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Ion expansion characteristics from a KrF-laser-produced plasma

P. D. Gupta, ' Y. Y. Tsui, R. Popil, R. Fedosejevs, and A. A. Offenberger
Department ofElectrical Engineering, University ofAlberta, Edmonton, Alberta, Canada T66267

(Received 30 September 1985)

Two groups of ions are observed in an aluminum plasma produced by focusing a Raman-compressed

Krp-laser beam (268 nm) on thick planar targets in the intensity range Sx10"-10'3 ~/cm . The angular

distribution, velocity distribution, energy partition between the two groups, and scaling of the ion velocities

with laser intensity are presented. The role of lateral energy transport in generating the two groups of ions

ls discussed.

The study of ion expansion characteristics in laser-
produced plasmas plays an important role in understanding
the physical processes involved in ablation' ' and in deter-
mining ablation parameters. 4 6 The observation of a single
sharp peak in the velocity distribution of ions is taken as a
signature of steady-state ablation. ' The occurrence of a
second group of faster ions generated by wave particle in-
teractions in the plasma is observed at high laser intensities,
particularly for long wavelength irradiation. " Recently,
there has been a great emphasis on using short wavelength
lasers for plasma ablation to enhance collisional absorption'
and to achieve higher ablation rates'6 and hydrodynamic ef-
ficiency. ' It has therefore become important to characterize
the ion expansion in such plasmas.

In this paper, we present a study of the ion expansion
characteristics of an aluminum plasma created by focusing a
Raman-compressed KrF-laser beam on planar targets in the
intensity range of 10"-10"%/cm2. Ablation studies in this
intensity range using an upconverted Nd:glass laser system
have been reported previously. 6 However, no detailed char-
acterization of the ion features was given. In particular, we
report the occurrence of tw'o-peak behavior observed on ion
current traces and measurements of angular distributions,
velocity distributions, and energy partition between these
two groups of ions and the scaling of ion velocities with
laser intensity. The origin of the two ion groups is dis-
cussed in terms of lateral heat-flow effects in the plasma.

The experiments were performed using 2-ns duration [full
width at half maximum (FWHM)] Raman-compressed9
KrF-laser pulses' at 268 nm with energies of up to 1 J on
target. The laser pulse was focused onto a massive alumi-
num planar target using a planoconvex 700-mm-focal-length
quartz lens. The focal-spot intensity distribution was moni-
tored on every shot using an equivalent focal-plane imaging
system coupled to a uv video digitizer system. At best
focus the 50% and 90% energy contours have areas corre-
sponding to equivalent diameters of 34 and 74 p, m, respec-
tively. The effective laser intensity was calculated using
90% of the energy and the area of the 90% energy contour.
The pulse shape was measured with a high-speed streak
camera and the energy with a pyroelectric calorimeter. The
intensity was varied by changing the laser energy. Lo~er in-
tensities were also obtained by moving the lens toward the
target by 2- and 4-rnm distances. The equivalent 90% ener-
gy containing diameters for these conditions were 170 and
340 p. m, respectively.

Arrays of plasma calorimeters" and Faraday cups' were
used to map the angular distribution of energy and ion ve-
locity in the expanding plasma. The differential calorime-

ters were calibrated by depositing a known amount of ener-
gy in resistors embedded in the aluminum absorption plates.
A 25-p, m-thick Mylar sheet in front of one of the calorime-
ter elements of each pair blocked all scattered uv light, ions,
and soft x rays. The output was measured as the difference
of the signals from the two elements of the calorimeter, one
of which measured background, thus eliminating the effect
of any thermal drift inside the interaction chamber on the
measurements. The Faraday cups were deep metallic
cylindrical cups placed behind a pair of grids, one of which
was biased to —90 V and the other kept at ground potential.
The zero time reference was obtained by displaying the laser
pulse signal, as observed by a photodiode on the same mea-
surement channel during calibration shots.

The ion current traces observed in a direction 0 = 14' with
respect to the target normal for different laser intensities are
shown in Fig. 1. In the intensity range of 5x10"-10'3
W/cm for best-focus and for 2-mm out-of-focus irradia-
tion, the ion current traces show a two-peak behavior as
seen in Figs. 1(c)-1(f). It is observed that the first peak
becomes increasingly dominant with increasing laser intensi-
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FIG. 1. Ion current traces observed in a direction of 14 with
respect to target normal. The laser intensities for (a)-(f} are
1.2x 10ll, 3.7x ]0'l 6.7x10ll 1.1x ]0i2 2.7x 10l2 and 7.1x $0l2

%/cm, respectively. The 90% energy containing diameters of the
focal spots are (a) and (b) 340 p, m, (c) and (d) 174 p, m, and (e)
and (f) 74 p, m. Magnitude of each division on the vertical scale on
trace (b) is twice that of all other traces. The time scale is 500
ns/div.
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ty. As the direction of observation is changed, the second
peak becomes relatively more prominent with increasing
values of 8 as shown in Fig. 2. For smaller laser intensity in
the large-focal-spot irradiation, only one peak was observed,
although its FWHM is quite broad (Fig. 1).

Ion velocities corresponding to the two peaks were ob-
served to be quite different, both in magnitude and in their
scaling with laser intensity IL. For the best-focus irradiation
at a laser intensity of SX10' W/cm', the peak velocities of
the two groups of ions observed for 8=14' are 3x10~
cm/sec and 1.1&10' cm/sec, respectively. Furthermore, for
best-focus irradiation, the scaling of the velocity obtained
from the first. peak is IL0.26 which is in good agreement with
the ILO"~ ' expected from a self-regulating model. " On
the other hand, the second peak velocity scales much
slower —proportional to IL '. For the lowest-intensity
large-focal-spot irradiation, the peak velocity scales as IL

which is again close to that expected from the self-
regulating model.

The total energy measured by the plasma calorimeters was
obtained by integrating over the measured angular distribu-
tion. In the intensity range of 10&2 10i3 W/cm for best-
focus irradiation, the measured plasma energy accounted for
88+15/0 of the incident laser energy. The uncertainty in-
cludes the error in the energy calibration of the calorime-
ters' response and the shot-to-shot variations in the data,
Half of this energy was contained in a cone angle of 45'.
Measurements of the scattered light using an Ulbricht
sphere showed that (97+2)% of the incident laser energy
was absorbed. While the agreement between the energy
calorimeters and the Ulbricht sphere results is within the er-
ror bars, the somewhat lo~er ion calorimeter values may be
due to loss of energy because of secondary emission from
the calorimeter surface, particularly for low-energy ions. '4

An insight into the two-peak behavior can be obtained by
calculating the velocity distributions from the ion current
traces. The velocity distribution of ions at the detector is
essentially governed by the hydrodynamic expansion of the
hot plasma in vacuum where the initial thermal energy is
converted to kinetic energy. However, recombination oc-
curring during expansion alters the charge state of ions. "'6
Knowledge of the variation of the charge state of ions with
velocity in the expanding plasma is therefore required to
determine the velocity distribution of ions from the ion
current traces.

Studies of the charge state of ions as a function of veloci-
ty has been reported by various authors. '7'8 In aluminum
plasma produced by using 1.06- and 0.53-p, m laser radiation,
Leppelmeier, Wilson, and Morse'7 have observed that the
average ion charge Z& increases linearly with velocity, and
this dependence does not vary appreciably with laser intensi-
ty, wavelength, target thickness, or its orientation. In fact,
a single dependence of Z; on velocity fitted all the data for
different directions of observation. Similar observations
have also been made by Bykovskii et a/. , ' who found that
Z& as a function of velocity did not change with laser inten-
sity. In view of this, we analyze the present results using a
charge dependence of

Z~ = 4.5+ 2.2[v/(10' cm/sec) —2.01

for the velocity range of (1-5)&107 cm/sec, based on the
results of Ref. 17 and using Z&=11 for v & S&10' cm/sec.
To check the applicability of this relation for our case, the
energy of the ions per unit solid angle was computed from
the ion current traces using Eq. (1). The resulting energies
were found to be in very good agreement with the corre-
sponding calorimetric data for all the angles of observation.

The ion velocity distributions corresponding to the ion
current traces (b), (d), and (f) of Fig. 1 are shown in Fig. 3.
The velocities corresponding to the peaks of current traces
are also indicated by arrows. It is seen that for the high-
intensity best-focus irradiation, the ion velocity distribution
shows a plateau region which lies between the velocities cor-
responding to the two ion peaks. At lower intensities the
length of the plateau region decreases. Furthermore, the
velocity distribution in the region of the second peak fits a
straight line on the semilog plot, which is typical of an iso-
thermal expansion. '9 For the low-intensity large-focal-spot
irradiation, the velocity distribution does not show any pla-
teau region.

Estimates of the relative energy content of ions of the two
peaks were obtained by splitting the current traces into two
overlapping peaks, such that their sum represents the ob-
served ion trace. The kinetic energy and the momentum
normal to the target of the ions were then computed using
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FIG. 2. Ion current traces observed in different directions ~ith
respect to target normal for best-focus irradiation at 7.1X10'
%/cm2. Magnitude of each division on the vertical scale of the
traces (b}, (c}, and (d) is smaller by factors of 1.5, 4.5, and 10,
respectively, as compared to that for the trace (a).

FIG. 3. Ion velocity distributions corresponding to the traces of
Fig. 1: (b), {d},(f) (bottom, middle, top, respectively). The rela-
tive displacement on the vertical scale for these distributions is only
for sake of clarity. The velocities corresponding to the peaks of the
ion traces are indicated by the arrows.
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Eq. (1). The resultant angular distributions of these for the
case of best-focus irradiation at a laser energy of 0.85 J are
sho~n, as an example, in Fig. 4. It is observed that
whereas ions in the first peak are emitted preferentially
closer to the target normal, ions in the second peak show a
more isotropic distribution. Angular integration of the ener-

gy revealed that the ion energy in the first peak increases
with laser intensity, reaching 50% of the total for the max-
imum laser intensity of the experiment.

The possibility of ions in the first peak being protons due
to an impurity layer of hydrocarbon on the target surface
under irradiation can be ruled out. If we integrate the
current in the first peak and use Z, = 1 (for protons), the
estimated thickness of the layer should be 1 p, m which is
much more than the thickness of contamination expected
for a clean target surface. This was confirmed by comparing
the ion current signals observed from a fresh target surface
to those observed when the target surface was heated prior
to irradiation. The preheating was done by firing ten shots
of defocused laser beam to give an energy density of —10
J/cm, sufficient to evaporate the surface layers. No signifi-
cant change in the two-peak behavior of signals was ob-
served.

For the laser intensities and wavelength of the present
study, a highly collisional plasma is expected. For a laser
intensity of 10' W/cm' at XL =26S nm, typical parameters
of the absorption region predicted from a self-regulating
model' are T, =330 eV, n, =4.5&10 ' cm ', Z;=11. This
gives an electron-ion collision time 7„=8.5x10 " sec,
which is much smaller than the typical plasma flow time
( kf

= R/c„R = focal-spot radius, and c, = sound speed) of
0.3 ns. The plasma is thus highly collisional and the thresh-
old intensities for most parametric processes ' would be
well above 10' W/cm2. Experimental measurements 2 of
x-ray continuum intensity showed a single temperature
spectrum in agreement with the self-regulating model. Fur-
ther, no detectable x-ray emission for hv & 10 keV was ob-
served, indicating a negligible level of any hot electron gen-
eration at the present intensities,

For long wavelength irradiation, the onset of thermal con-
duction inhibition in moderate Z plasma has been observed
at intensities above 10' W/cm', whereas classical thermal
conduction is sufficient to describe measurements made
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FIG. 4. Angular distribution of kinetic energy and momentum in
the two ion peaks for the best-focus irradiation. The laser energy
on the target is 0.85 J.

below 10'3 W/cm2. ' ~"~ Therefore, no significant inhibi-
tion of thermal conduction is expected for the intensities in
our experiment. Self-generated magnetic fields would also
not be expected to have any significant effect in modifying
energy transport. At the maximum intensity of 10" W/cm2
for best-focus irradiation, assuming T, = 330 eV, 0 =45,
At = 1 ns, and a temperature scale length of the order of the
focal-spot radius, the thermoelectric generated magnetic
field is 1.7 MG. 25 The product of electron cyclotron fre-
quency cu and 7,&

is 0.25, which is smaller than 1.
A number of possible explanations for the two-peak

behavior are easily eliminated. A slower ion component is
sometimes inferred to be due to the plasma arising from
shock heating in the target. ' Ho~ever, the estimated ion en-
ergy of the second peak is & 50'/o of the total, which is
much too high compared to the energy expended in the
shock. According to simple estimates, the latter is given by

~Qp/po, where p is the density of the absorption region
and po is that of the ablating solid. 2 In the present case,
this number is estimated to be only —3'/0. In addition, the
energy of the ions in the second peak ( —1-3 keV) and the
electron temperature ( —50-100 eV) estimated from the
slope of the velocity distribution in the region of the second
peak (Fig. 3) are both too high to correspond to the shock
heated plasma. The laser light incident on the target outside
of the main focal-spot region contains only 10% of the total
energy, and thus could not produce the slow ion com-
ponent. The laser pulse also contains a significant temporal
modulation depth ( —50%) on a 200-400-ps time scale.
However, shots taken with varying pulse shapes and varying
degree of modulation all gave similar ion current traces.
Thus, there is no observable dependence on the pulse
modulation.

The observed two-peak behavior can be qualitatively ex-
plained by considering lateral heat conduction in the plasma.
When a laser beam irradiates a planar target, initially a local
region of hot plasma is formed. Due to the high tempera-
ture in this plasma, thermal diffusion is important. The
scale length for thermal diffusion Lr is given by J4Dt,
where D is the thermal diffusivity and t is the time to estab-
lish the steady flow pattern. When LT & R, one would ex-
pect the heated zone to increase in radius until it reaches a
dimension of the order of LT. " However, the increased
effective size of the heated region results in a smaller tem-
perature, which in turn makes further diffusion less impor-
tant. 29 This results in a steady-state three-dimensional (3D)
flow structure in the plasma with an effective size larger
than the initial focal spot. The plasma ablated in this state
would have characteristics corresponding to a reduced effec-
tive laser intensity. Under these conditions, a transition is
expected from the initial high-temperature flow to a lo~er-
temperature steady-state flow. On the other hand, if the in-
itial focal-spot size is much larger than LT, the flow will
remain essentially 10.

The thermal diffusion length can be estimated for the typ-
ical parameters of our experiment. For a laser intensity of
10' W/cm at best focus, T, =330 eV, n, =4.5&102' cm
Z&=11, the thermal diffusion length is =100 p, m, which is
much larger than the focal spot radius of 37 p, m. Thus, by
considering thermal conduction, lateral energy flow should
certainly be very important for best-focus (R = 37-p, m) and
the 2-mm out-of-focus (R =87-p, m) conditions and less
important for the 4-mm out-of-focus (R =170-p,m) condi-
tion.
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It is necessary, however, to include energy dissipation due
to ablation in the periphery, which ~ould have the effect of
reducing the size of the heated region. An estimate of this
modified thermal conduction length can be obtained by
comparing the lateral thermal conduction heat flux to the
outward convective energy flow in a manner similar to Ref.
27. By balancing the thermal heat flux ET,/Lr over a con-
duction length of L~, where K is the heat conductivity, and
the convective flow of energy in the periphery of the plas-
ma, 3 min&e, , ~here ml is the ion mass and nI is the ion
density, the conduction length is estimated to be —54 p, m
for an average temperature in the periphery which is half
that in the central region.

%e would expect the actual heated zone to lie somewhere
between the above two limits; a detailed 2D numerical cal-
culation ~ould be required to obtain a more accurate scale
length.

Thus, the ions in the first peak correspond to the initial
hot ablating plasma still undergoing 1D flow, awhile those in
the second peak correspond to the 3D plasma flow occurring
over an effectively larger area. The plateau region in the
velocity distribution would correspond to the transition from
1D to 3D flow. This picture is consistent with the following
experimental observations: (1) The angular distribution of
kinetic energy and momentum observed for the first ion
peak is confined to a narrow cone around target normal,
while those for the second ion peak are rather isotropic,
consistent with the spherical flow developing later in time,
after lateral spread has occurred; (2) the time required to
establish steady-state flow is determined by Lr/c, . Since
L&- T,5 and c, —T,' ', the time increases with increasing
temperature and laser intensity. Therefore, the transition
period will be longer at higher intensity consistent with the
increased extent of the plateau region observed in the ion
velocity distribution. (3) The first-peak velocity scales as

II02, in agreement with the predictions of a self-regulating
model. The second peak scales much slower as IL, in
agreement with that derived in Ref. 27 for strong lateral
conduction. A slower scaling is expected because the in-
cident laser energy for the second ion peak is shared over
an area which is increasing with laser intensity. (4) X-ray
streak pictures observed for best focus irradiation showed
that the x-ray emission (hv & 1 keV) occurs over a signifi-
cantly smaller duration of time than the incident laser pulse,
corresponding to the initial period of hot abating plasma. In
addition, the flow pattern for the second ion peak is ob-
served to correspond to an isothermal expansion which is
established as a result of thermal diffusion dominating.

In summary, we have presented a study of ion expansion
characteristics in aluminum plasma produced by a KrF laser.
Two groups of ions observed from the two-peak behavior
are qualitatively consistent with lateral energy transport pre-
dictions. However, as pointed out earlier, 2D numerical
simulations are required for a more detailed quantitative
analysis of the laser-plasma interaction. A substantial frac-
tion of the total ion energy is estimated to be invested in
the slower group of ions, and the first group of ions does
not show a sharp peak in the velocity distribution, as ex-
pected from a steady-state ablation. Thus, a careful analysis
of the ion measurements is required in order to properly
determine ablation parameters such as ablation velocity or
mass ablation rate.
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