
Energy spectra of Ag, Au, Sn, and Pb ions emitted from
laser-created plasmas determined from their implantation
depth profile in a metallic substrate

JOSEF KRÁSA,1 LEOŠ LÁSKA,1 KAREL ROHLENA,1 VRATISLAV PEŘINA,2
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Abstract

The energy spectra of heavy ions emitted from laser-produced plasmas were determined by the use of a technique relying
on the implantation of plasma ions into a substrate located close to the plasma. Ion energy spectra were reconstructed
from depth profiles of the implanted ions measured by the standard Rutherford back-scattering~RBS! technique
employing 2 MeV alpha particles scattered at 1708 laboratory angle. The energy spectra of Ag, Au, Sn, and Pb ions,
implanted into aluminum or steel foils, are presented.Areview of other techniques for ion energy spectrum measurement
is presented and their limitations are discussed.
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1. INTRODUCTION

Measurement of energy distribution of ions emitted from
laser-generated plasma is based on use of an electrostatic
ion energy analyzer~EIA! and of a Thomson parabola spec-
trometer~TPS; Láskaet al., 1996a; Woryna et al., 1996;
Clarket al., 1999; Mrózet al., 2000!. The velocity spectrum
is usually evaluated from a charge-integrated and time-
resolved current detected with an ion collector~IC; Zacharen-
kov et al., 1983!. All the methods need calibrated ion
detectors to determine number of ions carrying a chargeq
and moving with velocityvi or with kinetic energyEi . An
EIA is commonly equipped with an open electron multiplier
~EM! for its very high electron gain. Its disadvantage con-
sists in the dependence of its gain on the energy and charge
state of ions as well as on the impact position of ions on the
first dynode surface~Krásaet al., 1999!. Ions with lower
energy passing throughE 66 B fields of a TPS are usually
detected with a microchannel plate~MCP!, the gain of which
depends on properties of the detected ions, too~Stockli &
Fry, 1997!. Only very fast ions can be detected with a track
detector CR39 employed instead of a MCP~Clark et al.,
1999!. The etched pits on the CR39 surface can be counted

and an ion spectrum may be determined from the energy
dispersion along the parabola. Nowadays, MCPs, EMs, and
other ion detectors have been calibrated with well-defined
ion beams produced by ion sources like EBIS, CRYEBIS,
and so on~Stockli & Fry, 1997; Krásaet al., 1999; Mróz
et al., 2000!.

There is no universal technique able to measure the en-
ergy distribution over the full range of energy,E, as well as
charge state,q, of emitted ions. As was mentioned above,
the use of a TPS is limited by sensitivity and by dynamic
range of an employed ion detector. The track detector can
give the absolute number of ions hitting its surface with
kinetic energy higher than 100 keV0nucleon. Very sensitive
multichannel plates show nonlinear response to all param-
eters of impacting ions. Their calibration is a complex pro-
cedure and should also include a calibration of the optical
system that makes the computer reading of MCP response
possible. This technique should enable the determination of
dN~q, E!0dE to be done for a single laser shot. On the con-
trary, the determination ofdN~q, E!0dEby use of EIA needs
many laser shots of the same quality because the EIA must
be retuned for a large set of values of ion energy per charge
state,E0q, to measure over the whole range ofEas well as of
q. If a calibrated EM is used for detection of ions, the total
energy spectrum is a sum of partial distributionsdN~q, E!0
dE5 Sq~dNq0dE!. Nevertheless, the use of EIA makes the
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estimation of both the charge-state range and ion-energy
range possible~Laskaet al., 1996b!.

2. PRINCIPLES OF METHOD

A new technique for measurement of total ion energy distri-
butiondN~q, E!0dE5 Sq~dNq0dE! was based on an absorp-
tion technique relying on the implantation of plasma ions
into a light element target located close to the laser-produced
plasma. Ion energy spectra can be reconstructed from the
depth profile of implanted ions measured by some common
depth profiling techniques such as RBS or SIMS. In the
measurement presented, Al and steel substrates were ana-
lyzed by the standard Rutherford back-scattering technique
applying 2 MeV alpha particles scattered at 1708 laboratory
scattering angle~Peřinaet al., 1998!. The alpha particles are
back scattered with different energies depending on the kind
of scattering species as Figure 1 shows. It is evident that the
resolution of scattering elements by energy of back-scattered
alpha particles is very high if heavy ions are implanted into
a light material. The signal from alpha particles scattered on
Al substrate in a low energy region up to the edge of 1200
keV dominates. The peak at 1870 keV corresponds to the
scattering on surface silver atoms. The scattering of alpha
particles on the Ag atoms incorporated at different depths
under theAl foil surface is registered on the left-hand side of
the Ag peak by a long tail. From this part of the RBS spec-

trum, the depth profile of the amount of implanted ions can
be determined employing a customary procedure~Saarilahti
& Rauhala, 1992; Tesmer & Nastasi, 1995!. Figure 1 shows
an example of the RBS spectrum, plot~A!, and the depth pro-
file, plot ~B!, ofAg inAl foil, calculated by GISA3 code~Saa-
rilahti & Rauhala, 1992!. The energy of alpha particles was
transformed into the depth applying stopping powers calcu-
lated with the RSTOP subroutine adopted from TRIM~ver-
sion 91! code~Saarilahti & Rauhala, 1992; Ziegleret al.,
1995!. The depth can be converted into the initial energy of
implanted ions by use of the PRAL code~Biersack, 1982!.
This analytical code gives the projected range and the range
straggling of implanted ions as functions of the initial energy
of ions for any ion–target combination. The density of the
incorporated ions at a given depth gives relative fluence of
the ions with given initial energy.

3. EXPERIMENTAL SETUP

The iodine laser system PERUN operating at the fundamen-
tal wavelength~l 5 1315 nm! as well as at the second
harmonics~l 5 657 nm! was used as a driver~Láskaet al.,
1996a!. The available energy of 350-ps laser pulses was
45 J. The maximum power density delivered on a target was
slightly above 13 1015 W0cm2. The minimum diameter of
the focal spot was about 100mm.

The ion emission from the laser-produced plasma was
measured with collectors, a cylindrical electrostatic ion an-
alyzer, and a Thomson parabola spectrograph~Láskaet al.,
1996a; Krásaet al., 1998!. Drift lengths were 83–187 cm for
ICs, and around 210 cm for IEA and TPS. The schematic
diagram of experimental arrangement is shown in Figure 2.
The distance of the implanted samples S1 and S2 from the
irradiated target was usually less then 10 cm. From 10 to 30
laser pulses were applied in each experiment in order to
accumulate a measurable amount of ions implanted into
different samples.

Fig. 1. The RBS spectrum measured on the Al sample implanted with Ag
ions~A!. The depth profile of Ag atoms under the Al foil surface~B!. The
Al foil was located near the target normal~E2v ' 12 J, IL ' 1 3 1014

W0cm2!.

Fig. 2. Schematic diagram of experimental arrangement. IC and ICR: ion
collectors; IEA: ion energy analyzer; TPS: Thomson parabola spectro-
graph; S1 and S2: foils bombarded by ions escaping from the laser-
produced plasma on the target.
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4. RESULTS

Ion energy spectra determined from depth profiles of differ-
ent ions implanted into thick substrates are shown in Fig-
ures 3–7 for ion energies higher then 10 keV. This value is a
low energy limit of the used experimental technique. Fig-
ure 3 shows the energy distribution of Ag ions emitted from
plasma produced by laser pulses of average energy of 12 J
~IL ' 1 3 1014 W0cm2!. The confirmation of slow and fast
ion groups generation by the laser–target interaction can be
found on the E-axis at about 200 keV because the slowing
down of the decrease indN0dE is evident. The high-energy
ion group is detectable up to'2 MeV. The noisy shape of the
spectrum around 1 MeV corresponds to the stopping power
of Ag ions in the Al substrate and to the interference of the
Ag signal with the signal from the Al substrate below the Al
edge at 1.2 MeV~see Fig. 1A!. The relatively large portion
of high-energy ions can be explained due to the fact that by
this technique all ions are registered with proper energy
regardless of their charge state or of possible recombination
on the way to the substrate.

The energy spectrum of Au ions produced by the second
harmonics~EL ' 28 J,IL ' 5 3 1014 W0cm2! of the iodine

laser is shown in Figure 4. The highest energy of Au ions
determined from the maximum depth of implantation into
Al is 2 MeV. The corresponding depth of Au implantation
into Al substrate was about 460 nm. One can compare this
energy spectrum with Au ion charge state–ion energy distri-
bution shown in Figure 5 that was measured under similar
experimental conditions with use of IEA~Láska et al.,
2000a!. This measurement presents the upper range of ion
energy of about 7 MeV while the implantation technique
gives only a 2-MeV upper limit. It may be due to the higher
sensitivity of IEA given by the negligible “dark” current of
the EM and the starting interference of the RBS signal at
'1 MeV mentioned above. Two ion groups emitted from the
Au plasma can be distinguished in Figure 5. The slow group
dominates in the energy range up to about 250 keV, as la-
beled by the arrow, and the fast group consists of ions with
energy up to 7 MeV. Nearly at the same value of energy, the
critical point, from which the slowing down in the decrease
in dN0dE starts, can be found in Figure 4.

The ions of Pb plasma, generated by the fundamental
laser frequency~EL ' 22 J, IL ' 5 3 1014 W0cm2! of the
iodine laser, were implanted into a Ck-45 steel substrate to
modify the surface properties of the steel~Láska et al.,
2000a!. The maximum depth of implantation was about
250 nm. The corresponding maximum ion energy is about

Fig. 3. Energy distribution of Ag ions emitted from a plasma generated by
power density of about 131014 W0cm2 and implanted into theAl substrate.
The distribution was derived from the RBS spectrum; see Figure 1.

Fig. 4. Energy distribution of Au ions emitted from laser-produced plasma
~IL ' 5 3 1014 W0cm2! and determined from the depth profile of Ag
concentration incorporated into the Al substrate.

Fig. 5. Charge state–kinetic energy distribution of ions emitted from plasma
created by a 27-J laser pulse focused on an Au target and measured with a
cylindrical electrostatic ion energy analyzer~Láskaet al., 2000b!.

Fig. 6. Energy distribution of Pb ions determined from a RBS spectrum
measured on a steel sample implanted with Pb ions emitted from a laser-
produced plasma~EL ' 22 J,IL ' 5 3 1014 W0cm2!.
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3 MeV as Figure 6 shows. The number of detected Pb atoms
decreased from 1.43 1016 cm22 near the surface to 6.53
1014 cm22. The energy separating the fast ion group from
the slow one is about 400 keV. It is possible to assume that
the slow group consists of ions carrying a charge state up to
'151 and the fastest ions have a charge state of'501 as it
was presented in~Kráskaet al., 1998a! for similar experi-
mental conditions.

Figure 7 shows the energy distribution of Sn ions gener-
ated by the fundamental laser frequency~EL '22 J,IL '53
1014 W0cm2! of the iodine laser. Sn ions were implanted
also into a Ck-45 steel substrate to modify the surface prop-
erties of the steel to reduce the friction coefficient~Láska
et al., 2000a!. The number of Sn atoms near the surface is
4.9 3 1015 cm22 and 0.653 1015 cm22 in the depth of
175 nm corresponding to the impact energy of about 4 MeV.
The group of fast ions dominates over the range starting
from '250 keV.

5. CONCLUSION

The presented method for determination of the initial energy
distribution of particles implanted into a substrate opens the
way to determination of the ion energy distribution up to
5 MeV with the energy resolution of 10–20% for higher ion
energy~.200 keV!. The main advantage of this technique is
the possibility of operating with extremely high ion fluxes.
Thanks to this, the ion energy distributions can be measured
at a distance of several centimeters from a target irradiated
with a focused high power laser beam.
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