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Abstract

The energy spectra of heavy ions emitted from laser-produced plasmas were determined by the use of atechnique relying
on the implantation of plasma ions into a substrate located close to the plasma. lon energy spectra were reconstructed
from depth profiles of the implanted ions measured by the standard Rutherford back-scaf®&Bi®gtechnique
employing 2 MeV alpha particles scattered at Li&boratory 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 and an ion spectrum may be determined from the energy
Measurement of energy distribution of ions emitted fromOIISperSIon along the parabola. Nowadays, MCPs, EMs, and

. ?ther ion detectors have been calibrated with well-defined
laser-generated plasma is based on use of an electrostatic

ion energy analyze(EIA) and of a Thomson parabola spec I0n beams produced by ion sources like EBIS, CRYEBIS,

trometer(TPS; Laskaet al, 1996; Worynaet al., 1996; and so on(Stockli & Fry, 1997; Kraszet al, 1999; Mr6z
o ; et al, 2000.

Clarketal, 1999; Mrézet al., 2000. The velocity spectrum . . .

. . . There is no universal technique able to measure the en-

is usually evaluated from a charge-integrated and time-

resolved current detected with an ion collec¢i@; Zacharen- g;%; désértﬁ)tutlogfog/r?]ri tttzz filéIL;ar,L?seveggr:r?;ﬁi’gr?ev(\;egl\lbaosve
kov et al, 1983. All the methods need calibrated ion 9 &, ) ’

. . . the use of a TPS is limited by sensitivity and by dynamic
detectors to determine number of ions carrying a charge .
. ) : e range of an employed ion detector. The track detector can
and moving with velocity; or with kinetic energyg;. An

ElAis commonly equipped with an open electron multiplier E;xgtit:(énaé?so'mehglrjrt?lt;irlc())folol an[ 2:22? {;erigigﬁixth
(EM) for its very high electron gain. Its disadvantage con- gy g - Very

multichannel plates show nonlinear response to all param-

state of ions as well as on the impact position of ions on th(%?ers of impacting ions. Their calibration is a complex pro-

. . . cedure and should also include a calibration of the optical
first dynode surfacéKrasaet al,, 1999. lons with lower X
; : system that makes the computer reading of MCP response
energy passing throudh || B fields of a TPS are usually : . . o oh
: . . . possible. This technique should enable the determination of
detected with a microchannel pldtdCP), the gain of which dN(q, E)/dE to be done for a single laser shot. On the con
depends on properties of the detected ions,(8tockli & 4 9 '

Fry, 1997. Only very fast ions can be detected with a track:fgz’ tlf;esg:e:tse;}rcr)rtusng; '&ngéﬁqé E)u/ gllizt bﬁgszuosfeEtlﬁenE?: ?nust
detector CR39 employed instead of a MChark et al,, Y d y

1999. The etched pits on the CR39 surface can be counteBe retuned for a large set of values of ion energy per charge
State E/q, to measure over the whole rangeeads well as of

. i e F If a calibrated EM is used for detection of ions, the total
Address correspondence and reprint requests to: J. Krasa, Institute g

Physics, ASCR, Na Slovance 2, 182 21 Prague 8, Czech Republic. E-maifN€rgy Spectrum is a sum of partial distributiatié(q, E)/
krasa@fzu.cz dE = 34(dN,/dE). Nevertheless, the use of EIA makes the
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estimation of both the charge-state range and ion-energyum, the depth profile of the amount of implanted ions can

range possibléLaskaet al., 1996). be determined employing a customary procedSearilahti

& Rauhala, 1992; Tesmer & Nastasi, 1995igure 1 shows

an example of the RBS spectrum, plad, and the depth pro-

2. PRINCIPLES OF METHOD file, plot (B), of Ag in Al foil, calculated by GISA3 codéSaa-

Anew technique for measurement of total ion energy distririlahti & Rauhala, 1992 The energy of alpha particles was

butiondN(q, E)/dE=34(dN,/dE) was based on an absorp- transformed into the depth applying stopping powers calcu-

tion technigue relying on the implantation of plasma ionslated with the RSTOP subroutine adopted from TRr-

into a light element target located close to the laser-producesion 91 code(Saarilahti & Rauhala, 1992; Zieglet al,

plasma. lon energy spectra can be reconstructed from thE995. The depth can be converted into the initial energy of

depth profile of implanted ions measured by some commonmplanted ions by use of the PRAL codBiersack, 1982

depth profiling techniques such as RBS or SIMS. In theThis analytical code gives the projected range and the range

measurement presented, Al and steel substrates were arsiraggling ofimplanted ions as functions of the initial energy

lyzed by the standard Rutherford back-scattering techniquef ions for any ion—target combination. The density of the

applying 2 MeV alpha particles scattered at 1[&oratory  incorporated ions at a given depth gives relative fluence of

scattering angléP€inaet al,, 1998. The alpha particles are the ions with given initial energy.

back scattered with different energies depending on the kind

of scatt.ering specie; as Figure 1 shows. It is evident that th§_ EXPERIMENTAL SETUP

resolution of scattering elements by energy of back-scattered

alpha particles is very high if heavy ions are implanted intoThe iodine laser system PERUN operating at the fundamen-

alight material. The signal from alpha particles scattered oiial wavelength(A = 1315 nm as well as at the second

Al substrate in a low energy region up to the edge of 120(harmonicg A = 657 nm was used as a drivéLaskaet al,

keV dominates. The peak at 1870 keV corresponds to th&996a). The available energy of 350-ps laser pulses was

scattering on surface silver atoms. The scattering of alph&5 J. The maximum power density delivered on a target was

particles on the Ag atoms incorporated at different depthslightly above 1x 10' W/cm? The minimum diameter of

under the Al foil surface is registered on the left-hand side othe focal spot was about 1Qm.

the Ag peak by a long tail. From this part of the RBS spec- The ion emission from the laser-produced plasma was
measured with collectors, a cylindrical electrostatic ion an-
alyzer, and a Thomson parabola spectrogrd@skaet al,,

w w w w w 1996; Krasaet al, 1998. Drift lengths were 83—187 cm for

= 1500 | 1
*g (A) ICs, and around 210 cm for IEA and TPS. The schematic
8 RBS 2504 diagrgm of experime_ntal arrangement is shown in Figure 2.
2 1000 Exp 1 The distance of the implanted samples S1 and S2 from the
£ k —  ThSum irradiated target was usually less then 10 cm. From 10 to 30
% ] Al laser pulses were applied in each experiment in order to
5 S0t Ag 1 accumulate a measurable amount of ions implanted into
< different samples.
° o
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Fig. 1. The RBS spectrum measured on the Al sample implanted with AgFig. 2. Schematic diagram of experimental arrangement. IC and ICR: ion
ions(A). The depth profile of Ag atoms under the Al foil surfad. The collectors; IEA: ion energy analyzer; TPS: Thomson parabola spectro-
Al foil was located near the target normé,, ~ 12 J,I. ~ 1 X 10* graph; S1 and S2: foils bombarded by ions escaping from the laser-
W/cm?). produced plasma on the target.
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E [keV] 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
Fig. 3. Energy distribution of Ag ions emitted from a plasma generated bycylindrical electrostatic ion energy analyAéraskaet al., 200().
power density of aboutt 101 W/cm? and implanted into the Al substrate.
The distribution was derived from the RBS spectrum; see Figure 1.
laser is shown in Figure 4. The highest energy of Au ions
4. RESULTS determined from the maximum depth of impllantation !nto
' Al is 2 MeV. The corresponding depth of Au implantation
lon energy spectra determined from depth profiles of differ-into Al substrate was about 460 nm. One can compare this
ent ions implanted into thick substrates are shown in Figenergy spectrum with Au ion charge state—ion energy distri-
ures 3—7 for ion energies higher then 10 keV. This value is &ution shown in Figure 5 that was measured under similar
low energy limit of the used experimental technique. Fig-experimental conditions with use of IEA.4skaet al,
ure 3 shows the energy distribution of Ag ions emitted from200Qa). This measurement presents the upper range of ion
plasma produced by laser pulses of average energy of 12ehergy of about 7 MeV while the implantation technique
(I~ 1 x 10" W/cm?). The confirmation of slow and fast gives only a 2-MeV upper limit. It may be due to the higher
ion groups generation by the laser—target interaction can beensitivity of IEA given by the negligible “dark” current of
found on the E-axis at about 200 keV because the slowinghe EM and the starting interference of the RBS signal at
down of the decrease miN/dE is evident. The high-energy ~1 MeV mentioned above. Two ion groups emitted from the
ion group is detectable up te2 MeV. The noisy shape ofthe Au plasma can be distinguished in Figure 5. The slow group
spectrum around 1 MeV corresponds to the stopping powedominates in the energy range up to about 250 keV, as la-
of Ag ions in the Al substrate and to the interference of thebeled by the arrow, and the fast group consists of ions with
Ag signal with the signal from the Al substrate below the Al energy up to 7 MeV. Nearly at the same value of energy, the
edge at 1.2 MeV\(see Fig. 1A. The relatively large portion critical point, from which the slowing down in the decrease
of high-energy ions can be explained due to the fact that byn dN/dE starts, can be found in Figure 4.
this technique all ions are registered with proper energy The ions of Pb plasma, generated by the fundamental
regardless of their charge state or of possible recombinatiolaser frequencyE, ~ 22 J,I, ~ 5 X 10** W/cm?) of the
on the way to the substrate. iodine laser, were implanted into a Ck-45 steel substrate to
The energy spectrum of Au ions produced by the seconehodify the surface properties of the stdklaskaet al,
harmonicg E, ~ 28 J,I, ~ 5 X 10 W/cm?) of the iodine  20008). The maximum depth of implantation was about
250 nm. The corresponding maximum ion energy is about

10 , ,
Au ions 10"
3l RBS 2203
5 10 Pb ions
_25‘ _ 102 RBS A2022R
m s
g 107 E g
Z 10
el
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040 100 1000 '3 100 1000
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Fig. 4. Energy distribution of Au ions emitted from laser-produced plasmaFig. 6. Energy distribution of Pb ions determined from a RBS spectrum
(I = 5 X 10" W/cm?) and determined from the depth profile of Ag measured on a steel sample implanted with Pb ions emitted from a laser-
concentration incorporated into the Al substrate. produced plasméE, ~ 22 J,I. ~ 5 X 10 W/cm?).
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