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ABSTRACT

We report on an experiment performed at the FLASH2 free-electron laser (FEL) aimed at producing warm dense matter via soft x-ray iso-
choric heating. In the experiment, we focus on study of the ions emitted during the soft x-ray ablation process using time-of-flight electron
multipliers and a shifted Maxwell-Boltzmann velocity distribution model. We find that most emitted ions are thermal, but that some impu-
rities chemisorbed on the target surface, such as protons, are accelerated by the electrostatic field created in the plasma by escaped electrons.
The morphology of the complex crater structure indicates the presence of several ion groups with varying temperatures. We find that the ion
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sound velocity is controlled by the ion temperature and show how the ion yield depends on the FEL radiation attenuation length in different

materials.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0157781

I. INTRODUCTION

Experiments devoted to laser-matter interaction have provided
characteristics of various mechanisms of generation and acceleration
of ions, which have not only stimulated ideas for many applica-
tions, but also contributed to the understanding of laser-matter
interactions. Despite the small number of free-electron laser (FEL)
x-ray facilities around the world, they are very attractive areas of
research such as the science of warm dense matter (WDM) and
high energy density,'” multiphoton ionization,’ coherent diffrac-
tion imaging,” femtosecond x-ray holography,® and cluster physics.”
Although many diagnostic techniques have been introduced for the
probing of WDM, as presented by Falk,® comprehensive research on
ion emission seems to remain in the background.

The ablation of thick targets by femtosecond laser pulses and
the associated ablation rates have been elucidated using models
considering the thermal dependences of the optical and thermal
parameters of the irradiated materials.””'" It is evident that ultra-
short laser pulses can create a very high temperature within a very
small volume of both metal and polymer targets. In some exper-
iments, it is important to show that they provide negligible heat
diffusion into the material. In such cases, the profile of the crater cre-
ated on the surface of the target can be used to characterize focused
soft x-ray laser beams.'”"”’

On the other hand, when plasma is produced by the inter-
action of a femtosecond x-ray laser with a target, the obtained
dependence of ion emission on the focus position can determine
the optimal focus position, which has a strong dependence on peak
intensity.""'® In this case, the position of the focal plane refers to
the position where the highest proton energy is measured. However,
when the crater created does not have a single-hole shape with a
smooth surface, as shown in Refs. 12 and 13, but a complex struc-
ture of discrete, clearly outlined circular holes and shallow lobes at
the bottom of the ablated craters, as shown in Ref. 14, then the sec-
ondary craters can become secondary sources of ions expanding into
the vacuum with different velocity distributions.

In this paper, we apply a simple model of a signal from
time-of-flight (TOF) detectors, which is based on the shifted
Maxwell-Boltzmann distributions, to quantify the parameters of ion
currents emitted by plasma produced with the use of an FEL. Appli-
cation of this model makes it possible to reveal partial currents of
ionized species, j, which form the total current of ions detected
with the use of an ion detector located outside the critical zone,
where the charge states of ions of the expanding plasma are frozen."”
This model allows us to determine the temperature T; and center-
of-mass kinetic energy Ecm.; of ions. The value of Ecy.i indicates
whether the ion groups are accelerated by an electrostatic potential
((pef = Ecm.i/e) generated by the release of fast electrons from the
plasma (Ecm-i > 0) or whether they are only a part of thermal plasma
(Ecm-i = 0) freely expanding into vacuum.

The remainder of this paper is organized as follows. Section II
describes the experimental station at the soft x-ray free-electron laser
FLASH2 at DESY, Hamburg and the TOF detector that was used,
as well as a method for determining the morphology of the crater
surface. Section III presents an analysis of TOF signals and char-
acteristics of ion emission, which are based on a three-dimensional
model of the TOF signals detailed in the Appendix. To conclude,
we discuss the correlation between the revealed currents of singly
charged ions and the complex morphology of the crater surface.

Il. EXPERIMENTAL ARRANGEMENT

Foil targets of Al, Cu, Fe, Ni, Si, GaAs, and poly(methyl
methacrylate) (PMMA), ranging in thickness from 0.1 to 1 mm, were
irradiated with the soft x-ray FEL FLASH?2 using a Kirkpatrick-Baez
focusing system with a focal length of 200 cm to focus 100-fs pulses
with energies between 10 and 100 yJ and a wavelength of 13.5 nm
(91.8 eV photon energy) to a 36 ym-sized spot surrounded by shal-
low lobes, resulting in intensities reaching 10 W/cm? on targets.'®
Since the x-ray attenuation length Ly < 2 ym for the targets used,
the target thickness does not affect the laser—target interaction. The
pulse energy was obtained from an in-line gas monitor detector
(GMD), prior to arrival of the pulses at the interaction region."” The
crater characteristics were obtained with the use of Nomarski-type
microscopy. The angle of incidence of the laser beam on the target
was 22.5°, as shown in Fig. 1. The fluctuation of the laser energy
from pulse to pulse was below 10%. Exposures were done at vari-
ous focal positions (FP) relative to the target surface to determine
the focus position FP = 0, which corresponds to a coincidence of the
minimum focus with the front target surface. The convention used
is as follows: FP < 0 means the focus position is in front of the tar-
get surface and FP > 0 means it falls inside or behind the target. The
FP was moved in the range from —20 to 20 mm. The samples were

FIG. 1. Experimental setup of the ion experiment at FLASH2. The FEL beam hits
the target from the right at a 22.5° angle. lons are detected along the target normal
with an open electron multiplier located 24 cm from the target.
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further inspected by Nomarski optical microscopy and white-light
interferometry.

The produced ions were detected with the use of an open elec-
tron multiplier (EM) type 119EM along the target surface normal at
24 cm from the target. This windowless electron multiplier equipped
with Be-Cu dynodes was manufactured by Thorn EMI Electron
Tubes, UK. It has a Venetian blind structure, with a ten-slat entrance
dynode with radiation aperture of 2.16 cm diameter and a total of
17 dynodes. The initial amplification of electron current certified by
the manufacturer was 6.26 x 10° with an operating voltage of -3 kV
applied to the first dynode, while the input grid was grounded. The
cross-section of a measured ion beam overlapped the input (radia-
tive) aperture of the 119EM. Calibration of electron multipliers is
needed for ion detection, because the ion-induced emission of elec-
trons from the first dynode depends not only on the quality of the
dynode’s surface but also on the intercepted ion species and their
potential and kinetic energies.”’ The calibration has shown that the
EM gain depends mainly on the charge state of detected ions, with

RESEARCH ARTICLE pubs.aip.org/aip/mre

a weaker dependence on the impact velocity. Since the we were
unable to calibrate the gain of the open EM during this experiment,
we used previous data’' for the range of low ion kinetic energies
encountered in our experiment to determine the value of this gain as
5% 10°.

For the analysis of the EM signal, it is necessary to find out how
this signal depends on the velocity, energy, and number of ions inci-
dent on the first EM dynode. This dependence is characterized by a
parameter «, the value of which affects the shape of the TOF signal
according to the three-dimensional model of an ion detector signal
recalled in the Appendix:

S(L,t,a)dS dt o< vy f(V)d, (1)

where f(¥) is the three-dimensional velocity distribution function,
vx = L/t is the ion velocity in the detector direction, L is the distance
of the ion detector from the target, and

0 ifthe response is proportional to the number (density) of incident particles,

a=11

if the response is proportional to the stream (current) of incident particles,

2 iftheresponse is proportional to the energy deposited by particles.

Thus, it is necessary to know the dependence of the current gain
(amplification factor) G = jem/ji on the velocity of detected ions. In
our experiment, multicharged ions before impact on the first dynode
were accelerated by an applied EM bias of —3 kV, which increased
their impact velocity. Figure 2 shows the EM signal induced by
Ni?" ions and three calculated dependences for g = 1-3 of their
impact velocities enlarged by this bias. This calculation shows that
the impact velocity of ions on the first dynode of the detector is
almost time-independent for TOF > 3 us, i.e., the detector signal is
almost independent of the velocity and energy of ions at the input

- 150 1 T T T 1.5x10°
7
L SRR £
= - 1004 N T
€ ----3 5
KT > S
s [
o 1 >
@ 504 B
— Nish00 1k :g"
0 T T y 5x10°
0 5 10 15

Time-of-flight [us]

FIG. 2. Signal of the 119EM electron multiplier induced by ions produced by inter-
action of FEL beam with Ni target (solid line) and TOF dependence of impact
velocity of Ni?* ions on the first dynode affected by an EM bias of —3 kV, which
was calculated for charge states g of 1-3 (dashed lines).

(

grounded grid of the detector, and therefore & = 0. However, the
energy of ions whose TOF is ~0.5 to 3 ys is comparable to the energy
they additionally acquire when accelerated by the bias of -3 kV.
Thus, the detector signal is affected by the velocity of the incom-
ing ions, and « = 1. Whether the value of « is equal to 0 or 1 can also
be verified by finding the best fit of Eq. (1) to the EM signal for these
values.

The fluence profile of the 13.5 eV FEL beam focused on the
target and the corresponding spot size were determined using the
fluence scan (F-scan) method and the nonlinear response function
recovery (NoReFry) algorithm.””*’ Both methods use laser-induced
ablation in PMMA to determine the profile of the non-Gaussian
energy distribution of the focused laser beam, which can signifi-
cantly affect the experimental characteristics of ion emission. While
the fluence scan method'” exploits microscope images of PMMA
ablative imprints created on the target surface by the focused laser
beam, the NoReFry algorithm”’ works with two-dimensional depth
profiles of ablated craters acquired using atomic force microscopy
(AFM). The F-scan method recovers beam iso-fluence contours at
various fractional levels with respect to the maximum, from which
the fluence curve is derived. The NoReFry algorithm retrieves a gen-
eral two-dimensional fluence profile. The effective areas A of the
foci as determined using the F-scan method and NoReFry algorithm
are 1027 + 123 ym?® and 952 + 247 um?, respectively. The calibra-
tion curve, which determines the dependence of the crater depth on
the pulse energy of the 13.5 nm radiation, allowed us to determine
the radiation attenuation length Lax = 178 + 5 nm for the PMMA
target that was used. The normalized fluence profile, obtained by
converting the AFM-measured imprints on the PMMA target to
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FIG. 3. Normalized fluence profile of the focused laser beam obtained by converting the measured imprints, i.e., the depth profile of the crater created on the surface of the
PMMA target, to laser fluence. The black solid curve indicates an iso-fluence contour encircling an area equal to the effective area of 1027 um?, which corresponds to an

effective beam radius of 36 um.

laser fluence with the use of the calibration curve, is shown in Fig. 3.
The reconstruction of the laser energy profile shows two intense
peaks surrounded by wide, low-intensity lobes. The black solid curve
drawn in the iso-smooth contour (see Fig. 3, right) encloses an area
equal to an effective area of 1027 um?, corresponding to an effective
beam radius of 36 ym.

lll. EXPERIMENTAL RESULTS AND DISCUSSION
A. lon sound velocity

The TOF spectra of ions produced by focusing the soft x-ray
FLASH2 beam on thick Al, Fe, Ni, GaAs, PMMA, and Si foil targets
had to be detected with the use of an electron multiplier because of
their very small current at the nanoampere level. Figure 4 shows typ-
ical TOF spectra of ions emitted by irradiated targets. These spectra
show similar behavior in each material, since they have two dom-
inant maxima corresponding to fast and slow ions. Thus, we can
assume that the TOF spectrum consists of a series of individual,
overlapping currents of various ionized species. The fastest ions,
which form the front of the expanding plasma plume, are hydrogen
ions produced from chemisorbed impurities, such as hydrocarbons,
on the target surface."”'” These protons should be accompanied by
carbon and eventually oxygen ions that again have been produced
from impurities. In addition to these ionized impurities, the TOF
spectrum may also contain currents of slowly propagating charged
clusters of the heavier target atoms."*

Separation of the laser-produced plasma into fast and slow
groups is a common phenomenon observed in other experiments

performed in various laboratories using both FEL and standard fem-
tosecond lasers. """ Another way to demonstrate the separation
of fast and slow ions is to transform the ion detector signal into the
spatial distribution of the ion charge density Q; at a selected time
7 that has elapsed since the laser-target interaction. This is made

—Ni

100+

ISg,l [mV]

104

Time-of-flight at 24cm [us]

FIG. 4. Signals from the 119EM electron multiplier induced by ions produced by
interaction of the soft x-ray FLASH2 beam with Al, Fe, GaAs, Ni, PMMA, and
Si targets. The TOF spectra were measured at 24 cm from the targets. The
intensity on the targets was 2.8 x 10" W/cm? and FP = 0.
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possible by a method based on transformation of the TOF signal
acquired by the detector into a DOF (distance-of-flight) dependence
of the ion charge density Qi(z, 7). This method was derived and
experimentally verified for ions that have passed a critical distance
beyond which recombination of ions is negligible; in this case, the
charges are non-interacting and thus the ion charges are “frozen”.
The similarity relation for the ion current density measured at
different distances from the target is j(z, T)z3 = j(L, t)L3, where
z/t = L/t = v, which follows from the assumption of conservation
of the charge carried by ions far from the target, whose density
decreases as L2. This can be also derived from Eq. (1) by mod-
ifying the term L/t* to v*/L* in dv = (L/t4)dS dt, where dS is the
area element of the ion detector, as provided in the Appendix. As
a result, the detector signal decreases with distance as L3, The TOF
t is transformed to the DOF z using the relationship z = L1/t, where
L is the detector distance from the target. The values of 7 and L are
kept fixed. On substituting ¢ by z, the ion current density j(L, t)
= Q(L, t) v can be transformed to the space-resolved ion charge
density at 7 as”®

Qi(z, 1) :j(Z)TLS/Z4. (2)

Since the relationship (2) corresponds exactly to the three-
dimensional ion expansion, which results in the ion rarefaction
observed at longer distances from the target, as mentioned above,
the actual changes in the density gradient in the near zone, where
the recombination occurs, are greater than the changes determined
by the method used in Ref. 17.

DOF spectra are presented in Fig. 5 for 7 = 1 us. These spectra
also show how far from the target the ion front has spread within
1 ps. Since the ion expansion is closely related to the electron distri-
bution, the ion density should decrease exponentially with distance.
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FIG. 5. DOF spectra obtained by transformation of signals from the 119EM electron
multiplier induced by ions produced by interaction of the soft x-ray FLASH2 beam
with Al, Fe, GaAs, Ni, PMMA, and Si targets for a time of 1 us that has elapsed
since the laser—target interaction. The intensity on the targets was 2.8 x 10™
W/cm?. The inset shows two fits of Eq. (3) to the DOF spectrum of Cu ions to
estimate the ion sound velocity associated with slow (red line) and fast (blue line)
ions.
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This can be expressed in the form n;(z, t) = ng exp(-v/cs), where
ni(z, t) is the density of those ions traveling at velocity v, np is the
density at the emitting surface, and ¢ is the ion sound velocity.”’
Substituting v = z/T gives

ni(z,7) = no exp (—5), (3)

S

where 7 is the above-mentioned chosen time and ¢, = (chf/mi)l/2
is the ion sound velocity. kT is generally a function of the charge
state g of ions, their temperature T}, and the electron temperature T.
If T,r does not change during the ion expansion, this curve follows
a single-exponential decrease over the whole range. Assuming that
the mean charge state of ions is g, and e is the elementary charge,
then the expansion function n;(z,t) = Qi(z,t)/eq can be fitted to
the DOF spectrum. However, Fig. 5 shows that the rate of decay
varies with distance, and thus only short sections of the DOF spec-
trum can be considered as a simple exponential decay, manifesting
as linear on a semi-logarithmic scale. It can be assumed that in this
short section, the values of g and T change only slightly. Then, the
fitted value of 7 ¢, allows us to calculate the corresponding values
of kTef.

A fit of the exponentially decreasing function ag exp (—z/7cs)
to the DOF spectrum of Cu ions shown in the inset of Fig. 5 gives
kT, values of ~40 and ~840 eV. These values can be interpreted
as the kT, corresponding to slow and fast ions.”’ In summary,
the analysis of the DOF spectra of all studied elements using Eq.
(3) shows that kTef of fast ions reaches hundreds of eV (i.e.,
200-1000 eV), while for slow ions it is tens of eV (10-90 eV).

The two-temperature model still does not fit the data exactly,
and therefore we use a multitemperature model with partial cur-
rents. Ions are not only separated into two basic groups of fast and
slow ions, but into several groups with different expansion veloci-
ties. In addition to temperature, the expansion velocity of ions is also
affected by the center-of-mass velocity that the ions acquire by accel-
erating in an electrostatic field created by escaping fast electrons, as
will be discussed below. This fact should also be reflected in the para-
meters of partial currents revealed by decomposition of TOF spectra.
A break in the exponential decrease in density with increasing dis-
tance from the target should also occur at the front of the plasma,
which contains fast hydrogen ions, i.e., the lightest species. How-
ever, owing to the high velocity of H* ions, this break should occur
at DOF ~ 20—50 cm for 7 = 1 s, where their density is quite negligi-
ble. The decline in the rate of decrease of charge density, located at
a distance of 5-10 cm from the target, corresponds to the minima of
the TOF spectra, occurring at 3-5 us after the pulse (see Fig. 4). In
this location, no hydrogen impurities can occur, and hence the rate
drop can be interpreted as a significant change in temperature of Cu
ions.

B. lon velocity distribution

Since the use of an ion mass analyzer was not possible in
this experiment, the number of partial ion currents could only be
estimated by fitting the TOF spectra with a composite function S
consisting of variable number of currents. For revealing these partial
currents, we used a signal function recalled in the Appendix, which
is based on the shifted Maxwell-Boltzmann distribution:

Matter Radiat. Extremes 9, 016602 (2023); doi: 10.1063/5.0157781
© Author(s) 2023

9, 016602-5

£0:Z1:GL £20 J8GUWSNON G


https://pubs.aip.org/aip/mre

Matter and

Radiation at Extremes

0 e o
(a)
¢ Observed
_ 10+ Fit
Z —P1(H")
= -=-P2
o 20 --—-P3
..... P4
---P5
304 ¢ meeee- P6
T T T
0 10 20 30
Time-of-flight [us]
1001_\‘ + G, Qbserved (b)
\ —— Gy, Fit
3 '
S,
S
]
Q)
10-6 T T T T T T T
0 1x10° 2x10° 3x10° 4x10°

Velocity [m/s]

FIG. 6. (a) Fitting of TOF spectrum of ions to partial currents P1-P6. (b) Gaussian
parts Ggy of P1-P6 currents of the TOF signal function in (a). P1 and P2 peaks of
beam-like ions (Ucppt ~ 2.3 x 10° and ugy.pp ~ 6.7 x 10* m/s) and P3, . . ., P6
peaks of thermal ions emitted by Ni target irradiated with 1.4 x 10" W/em?.

L m; L 2
S=53s; (=~ uermig) | 4
i eXp[ 2kT,-,q(t Hem "1) ] )

where i denotes the ionized species with mass m; and charge state g,
which form a partial current density j;4 with amplitude Sig, ucm.ig
is their center-of-mass velocity directed to the ion collector, k is
the Boltzmann constant, and T;, is the temperature. An example
of fitting of (4) to an EM signal induced by Ni ions is shown in
Fig. 6(a). Since the ion population is equilibrated at the time of
observation and ion charge states are “frozen”, the relationship (4)
can be used to describe the ion momentum distribution. Obviously,
fitting the shifted Maxwell-Boltzmann distribution to the TOF spec-
trum is a phenomenological choice that allows us to make a simple
quantitative comparison between different shots.

Figure 6(b) shows the Gaussian part of the decomposed
detector signal defined as

4

=) 5)

Ggm =

which represents the sum of Gaussian distributions corresponding
to currents of groups of ions in Eq. (4). If the ucm.iq value of an i,g-
group is nonzero, then the maximum of the corresponding Gaussian
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function is shifted from zero. These ion groups can be considered as
beam-like ions.

Along with the ionized target species, ionized surface impuri-
ties are also emitted from the irradiated target surface.'”'"” A typical
contaminant is hydrogen, whose ions emitted from the periphery of
the crater can expand at a velocity comparable to that of the slower
ions forming the group of fast ions, and therefore can cause signal
smearing. However, their contribution to signal smearing depends
on their amount, which tends to be negligible compared with the
amount of ionized target species. Thus, although a very small num-
ber of slow H" ions can be detected using a mass analyzer, the fitting
(4) to the detector signal may not identify them because, for exam-
ple, the second derivative of the detector signal that should indicate
them does not show a clear change.”’

Fitting of Eq. (4) to the ion current emitted from the irradiated
Ni target reveals six groups of ions. Consistent with other experi-
ments, the fastest group, labelled P1, can be considered as a group
of fast H* ions.'"”" These ions are accelerated to the highest veloc-
ity and move at the front of the expanding plasma. The following
peaks should correspond to multiply charged ions of the irradiated
target elements. In a plasma with several ion species, each with a
different value of gq/m;, the ambipolar electric field that appears in
the collisional regime tends to accelerate these different species rela-
tive to each other.” This leads to their observable separation during
expansion, where their charge gradually decreases with decreasing
expansion velocity.” "’

Figure 6(b) shows two ion groups P1 and P2, which consist of
beam-like ions accelerated by escaped electrons, because their Gaus-
sian distribution has a maximum at velocities of 2.3 x 10° m/s for
hydrogen ions and 6.7 x 10° m/s for Ni ions. The potential cor-
responding to the acceleration of H* ions was about 300 V. This
indicates that in the plasma front layer there are fast electrons escap-
ing from the plasma and a potential barrier accelerating the ions.
This process is influenced by collisions of electrons before their
escape, the ratio of the height of the potential barrier to the tem-
perature of fast electrons, oscillations of the potential barrier, etc.
This potential partially shielded by H* ions also accelerated the P2
group of Ni?* ions to a center-of-mass energy of 1.3 keV. This allows
us to estimate the charge state of these ions to be 5. The charge
state of the slower groups should gradually decrease to 1, as men-
tioned above. Conversely, the other four ion groups have Gaussian
distributions GemP3, . . ., GEmP6 centered around zero because their
ucm ~ 0. Therefore, they can be considered as thermal ions. The kT
parameters of the P1 and P2 currents reached values of about 20 eV
and 2.2 keV, respectively, while the slower thermal ions forming the
P3-P6 groups reached lower values of about 1.5 keV, 300, 65, and
30 eV, respectively.

Numerical simulations of the plasma produced on bulk sam-
ples, for example, of niobium and vanadium, by the FLASH laser
have shown that the plasma reaches temperatures between 100 and
400 eV at a power density above 10'® W/cm?®.'* Although the inten-
sity in our experiment was three orders of magnitude lower, the
observed temperature of the fastest ion groups was comparable or
higher, as shown in Fig. 7, where the temperature is related to the
relative atomic mass A,. [The term m;/kT in Eq. (4) is substituted by
my/(kT/A;), where m, is the atomic mass constant.] The tempera-
ture of the fastest ion group (labelled as P1) can be interpreted as the
temperature of H ions in all TOF spectra.
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FIG. 7. Temperature per relative atomic mass kT/A, for irradiated targets vs order
of ion groups (partial peaks). Numbering of the revealed ion groups starts from the
fastest one.

The best fits showed that all ion currents except the Si ion cur-
rent consisted of six partial currents, while for Si ions seven partial
currents were revealed. The seventh group represents the slowest
ions forming the long tail of the TOF spectrum, which is not found
in other plasmas, as shown in Fig. 4. Some experiments have shown
that there are groups of the slowest singly charged ions forming very
long tails of TOF spectra, which can be interpreted as the sum of two
groups.” Therefore, both groups P6 and P7 could be formed only by
Si* ions.

As shown in Fig. 7, kT/A, values of Cu ions (P2-P6 peaks)
decrease with the peak number almost exponentially from ~26 to
0.4. Comparison of the relevant values of kT ~ 1600 and 30 eV with
the kT ~ 840 and 40 eV evaluated using the ion sound model (3)
indicates (i) T, represents the average temperature of correspond-
ing ion groups, (ii) the contribution of T, to the ion sound velocity
¢, is negligible.

The temperature per relative atomic mass kT/A, of the first two
ion groups of the Si plasma shown in Fig. 7 reaches the highest values
of all five irradiated target materials, even though their total current
is the lowest. It is evident that the decrease in temperature of H*
ions is influenced by the properties of the target, such as electrical
conductivity, which affects the energy distribution of laser-excited
electrons between chemisorbed and target atoms. Figure 7 helps to
recognize the gradual temperature decrease from Si to Al and Cu tar-
gets, as the electrical conductivity of Al and Cu increases. However,
Ni and Fe targets show the lowest temperature of H* ions, indicat-
ing that the H" ions have not been thermalized, because they gained
center-of-mass energy. Conversely, all groups of Si, Al, and Cu ions
have ucym ~ 0 and are therefore thermal ions. The slower groups of Ni
and Fe ions, i.e., groups 3, 4, etc., also have ucm » 0. Compared with
the properties of ions produced by IR-UV lasers, this is an excep-
tional case, because usually all ion groups have a nonzero ucm.**
This result could indicate that the value of the applied fluence is close
to the threshold at which enough fast electrons are produced capa-
ble of contributing to the acceleration of Ni and Fe ions expanding
into the vacuum, at the expense of their complete thermalization.
It can be expected that a similar phenomenon would occur with
other materials if the device used could provide more energy. It is
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interesting that of all the materials used, it is the Ni and Fe tar-
gets that emit the largest number of fast ions from the total number
of produced ions. This could also be related to the morphology of
the craters, which varies from one material to another in a strong
dependence on the properties of the laser pulse, specifically on their
periphery which is the source of slow ions. This fact would indicate
that chemical bonds of impurities on the target surface, defects in the
surface, and the amount of disorder usually present on surfaces also
affect the energy distribution of excited electrons. Thus, the results
need further theoretical and experimental investigation to be fully
understood.

The formation of slower groups of ions may be related to a
secondary process triggered by an imperfection of the laser beam,
which can be determined from the crater morphology. In our case,
there would have to be several secondary ion sources, possibly as
many as seven, as can be inferred from the number of sub-craters
shown in Fig. 8 for the Si and Cu targets. The observed crater mor-
phology follows the power density distribution in the beam profile,
which is affected by astigmatism and other aberrations of the laser
beam originating predominantly from the beamline optics and the
undulator source. The created sub-craters can emit ions because the
resolidification of the surface layer takes about 100 ns.*

(@)

20 Hm

FIG. 8. Ablative imprints in (a) Si and (b) Cu created by 13.5-nm FLASH2 beam
delivering energies of 100 and 50 uJ, respectively, on the targets.
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In an ideal experiment, the crater formed around the circular
focus acts as the sole source of ions. However, the high number of
ion groups with ucm ~ 0 indicates that the crater formed on the
Si target, as Fig. 8(a) shows, can be understood as a complex of at
least four sub-craters whose morphology corresponds to the power
density distribution in the laser beam profile. This can provide
an explanation for the observed multiple temperature phenomena.
Figure 8(b) shows the threshold contour surrounding two circu-
lar craters localized at the intensity maxima of the laser beam (see
Fig. 3) and an imprint of the peripheral surroundings of the cen-
tral laser beam on the front surface of the Cu target. This beam
imprint is larger than the imprint on the Si target, although the
energy supplied was halved, i.e., 50 uJ, which indicates that the
ablation threshold of Cu is lower than of Si at the wavelength of
13.5 nm.

The difference in the morphology of the craters on Si and Cu
target surfaces may be due to different material properties, such as
the attenuation length La of the FEL radiation in the surface layer,
where the Ly in Cu is about 40 times shorter than that in Si,”® as
well as different material responses at applied FEL intensities,” the
surface roughness height, etc. The absorption length is also related
to the ablation threshold. More-penetrating radiation usually has a
higher ablation threshold in terms of threshold fluence. Since the
FEL (92 eV) is tuned close to the L-edge of silicon (99 eV), the radi-
ation absorption is very low. In conclusion, the complex structure of
discrete, clearly outlined circular/oval holes and shallow lobes at the
bottom of ablated craters can act as a series of almost independent
ion sources producing mostly thermal ions with various tempera-
tures. Thus, the morphology of the crater surface can be interpreted
as an assemblage of several separate sub-craters that reflect the flu-
ence profile of the focused laser beam and that act as separate ion
sources. This fact could be detected thanks to the imperfect profile
of the laser beam.

In contrast to the presented single-element materials, the sep-
aration of GaAs plasma into fast and slow groups is the largest.
However, owing to the mass proximity of Ga and As ions, there
is no significant spatiotemporal separation between the expanding
*'Ga and ** As ions, for both slow and fast ions. This proximity does
not allow the currents of Ga and As ions to be distinguished from
each other. The sum of their currents can be interpreted as a cur-
rent of jons with an atomic mass equal to the average mass of the
participating elements.

The fast bunch of GaAs plasma expands into vacuum at a peak
velocity of 1.5 x 10° m/s, which is 4.75 times the expansion veloc-
ity of the slow plasma. The fast plasma manifests as a pair of partial
peaks P1 and P2, where the peak P1 corresponds to beam-like H*
ions because their Ecm ~ 25 eV and kT » 80 eV. The second peak P2
is composed only of thermal ions with kT/A, ~ 49 eV and Ecum = 0.
The slow thermal ions forming peaks P3-P5 have kT/A, < 3 eV. This
is the real reason for their separation during their expansion into
the vacuum and the corresponding discontinuity in the exponential
decrease in the DOF spectrum of the ion charge density. Since the
Fig. 9 shows that the highest energy density supplied by the FEL onto
the target surface was concentrated in two paraboloidal craters, we
can assume that the fast plasma, i.e., the P1 and P2 peaks, originates
from this pair of craters, while the slow plasma forming the P3-P5
groups of thermal ions comes from the shallow lobes. The deep min-
imum in the TOF spectrum [see Fig. 9(b)] between the groups of
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FIG. 9. (a) Ablative imprints in GaAs and (b) TOF spectrum of ions emitted by the
GaAs target irradiated with energy 100 pJ (2.7 x 10" Wicm?).

peaks P1-P2 and P3-P5 proves that there is a difference between
their acceleration mechanisms.

As an example, Fig. 10 shows the laser energy dependence of
the peak energy Epca/A; of partial currents of expanding Ni plasma.
The numbering of the partial current is related to the highest energy
Epeak/Ar, where the fastest group of H' jons is labelled P1. The nov-
elty of this experiment is that increasing the energy from 10 to 50 uJ
creates a new fast ion peak, while the number of slow partial ion
groups is preserved. This new peak (P2) could be interpreted as a
group of Ni** ions, while the highest charge state of the Ni?* ions
produced at 10 4J is 4 (here, the group of Ni** ions is also labelled
P2). A further increase in laser energy only increases the magnitude
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FIG. 10. Peak energy per relative atomic mass Epea/Ar of partial ion groups
revealed from TOF spectra. Epeax corresponds to the peak current of ions forming
the nth group. The inset shows the corresponding TOF spectra of ions produced
on a Ni target exposed to laser energies of 100, 50, and 10 pJ.
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of the current and the temperature of the ions, while the number of
ion groups does not change. Since the ion current and the ion expan-
sion velocity increase with increasing laser energy, the dependence
of the Niion emission on laser energy does not bring any unexpected
changes.

C. Energy and charge carried by ions

To gain a more comprehensive understanding of the produc-
tion of fast and slow ions, we will consider the energy Eic of the
ion collector signal as represented by the output voltage Uic that is
induced by the current of the captured ions:

UIZC dt
Re(Z) ™~

(6)

where the oscilloscope input impedance Z = 50 Q. In this experi-
ment, where an open electron multiplier is used, the corresponding
ion current gain must be accounted for.

Applying this method, we can determine the amount of laser
pulse energy that has been transferred by ions to the ion collector cir-
cuit, as shown in Fig. 11. Evident separation of fast ions from slow
ions makes it easy to identify their gradual contribution to energy
transfer. In the first period after laser interaction with a target, last-
ing 4 ys, only fast ions transfer energy into the electrical circuit of
the ion detector. Then, the fast ions are replaced by slow ions, which
transfer energy for another 15 us. Figure 11 shows that from the
laser energy of 100 uJ, only 7 x 1072 J was transferred into the ion
collector circuit. Thus, the efficiency of this energy transfer is only
~7 x 1078, The contribution of slow ions to the energy transfer is
~3.8 times higher than that of fast ions, as estimated from the par-
tial ion currents revealed in Fig. 10. We note that the group of fast
ions consists of partial currents of P1 and P2 groups, and the partial
currents P3-P5 form the current of slow ions.

In general, H" ions followed by target ions having the high-
est kinetic energy and charge state form the front of the expanding
plasma.”””* Since the ion mass analyzer could not be used in this
experiment, the highest charge g state of the dominant jonized
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FIG. 11. Calculated time course of the energy Ec transferred by current jic flowing
through the input impedance of the oscilloscope. The solid line is for “all ions,” for
which jic = Sew/1.25 x 10" A, where Sgy is the EM signal (see Fig. 9). The other
two lines show the hypothetical cases of generation of either fast or slow ions by a
GaAs target irradiated with the 13.5-nm FLASH2 FEL.
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species can only be estimated. At lower intensities of the FLASH2
FEL, multiple charged ions were observed in Refs. 14-16. In our
experiment, the highest value of q could reach 5, depending on the
target element, as already experimentally demonstrated for the same
photon energy in Ref. 16. Recombination of ions gradually reduces q
as they become neutralized. In addition, ionized clusters and neutral
particles can be produced. Because the electrostatic field accelerat-
ing the ions was very small in our experiment and affected mainly
ionized hydrogen (see Figs. 5 and 6), there was no force to visi-
bly separate the ions with different charges as observed in other
experiments.””* The presented decomposition of the TOF spectra
using the Maxwell-Boltzmann distribution shows that the ions were
separated according to their temperature. This separation of ions
by temperature, but without the presence of a field, does not mean
that the revealed partial currents are composed only of ions hav-
ing the same charge and mass. In the case of PMMA, the current
of slow ions coming from the shallow lobes of the craters exposed
to low intensity can be composed of ionized fragments, for exam-
ple, C,H;*, COH" and/or C;Hs", C3H3*, COCH" and/or C3Hs™,
COCH;* and/or C3H;*, COOC* and COOCH", as observed by
photon-stimulated desorption of ions from a solid PMMA target
irradiated with synchrotron radiation.”

A specific feature of our experiment is the very short attenua-
tion length of the FLASH2 radiation in irradiated target materials,
which ranges from tens to hundreds of nanometers. By irradiating
the surface of different materials with the same laser intensity, we
can obtain the dependence of the charge carried by ions (i.e., the
time integral of the observed ion current) on the attenuation length
Latt, as shown in Fig. 12 for optimal focusing (FP = 0). We note that
the attenuation length was not corrected for the angle of incidence in
this case. The values of the penetration depth indicate that the laser
intensity is absorbed in the first atomic layers, leading to ablation
and plasma production in the upper surface layer. The increasing
Latt leads to a decrease in the deposited energy density heating the
irradiated volume, which causes a decrease in the energy efficiency
of the laser in ion production. The experiment apparently shows that
less energy is stored in the sharp circular focus than outside because
the fast ions carry less charge than the slow ions from the shallow
lobes of the crater.
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FIG. 12. Dependence of the charges Q;,st and Qg0 carried by fast and slow ions,
respectively, and their sum on the attenuation length of 13.5 nm laser radiation
in different targets. Attenuation lengths were calculated for all the target materials
used using the Henke method. 6
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Determining the magnitude of the charges carried by the
revealed currents shows that ion emission is affected by various
interactions between laser-accelerated electrons with surface and
lattice atoms. In the case of fast ions, the charge decreases with
increasing penetration length of the 13.5 nm radiation. However, the
charge of Ni and Al ions is about 2.5 times higher than that of the
other fast ions. Higher charge yield is shown by slow ions. There are
also two groups of material that differ in charge yield. The charge of
slow ions emitted from Ni, Cu, Al, and GaAs materials is about four
times greater than that from Fe, PMMA, and Si targets.

Since the laser intensity is more than ten times lower on the
crater periphery than in the crater center (see the “effective area” in
Fig. 3) and the charge yield is higher from the peripheral surround-
ings, the similarity in ion charge yields related to laser intensity
or fluence is not relevant here. Thus, it can be assumed that the
area of the crater periphery and post-interaction surface processes
control the emission of slow ions whose temperature per relative
atomic mass kT/A, $ 10 eV, as shown in Fig. 7, and the charge
state of ionized fragments is low, mainly 1. The charges of Ni, Fe,
PMMA, and Al fast ions are comparable to the charge of slow ions,
while the charges of GaAs, Cu, and Si slow ions are about 3.5 times
higher than that of fast ions. Other phenomena such as rapid surface
pyrolysis of GaAs and other thermodynamic properties of GaAs®
also contribute to the complexity of surface processes. It is evident
that relaxation processes such as heat transfer from irradiated vol-
ume to target during the ablation period also play an important
role.

The peculiarity of this experiment is that the ion emission orig-
inates from the surface layer, the submicrometer thickness of which
depends on the attenuation length of the 13.5 nm FEL FLASH2
radiation in the irradiated targets. Although the results presented
here require further theoretical and experimental investigation for
their full understanding, it is possible to estimate the differences
between the properties of plasmas produced using 100 fs FLASH
and 23 ns KrF lasers at comparable fluences of 10-30 J/em? 28313
The fundamental difference between these experiments lies in the
different mechanisms of energy dissipation in the irradiated tar-
gets. Whereas the nanosecond laser pulse interacts with the ablated
material that remains in contact with the target, the femtosecond
laser pulse does not interact with the ablated plasma, because the
energy transfer time of the electron gas excited by the femtosecond
laser to the lattice through collisions and the initiation of material
ablation is about 10 ps. The interaction of the 23 ns KrF laser with
the ablated plasma results in acceleration of ions, mainly by escap-
ing electrons,”””* while the expansion of the ions produced by the
FLASH?2 laser is primary determined by the temperature of the ion
component. Accordingly, the temperature of the ions produced by
the soft x-ray laser is two orders of magnitude higher than that of the
ions generated by the UV nanosecond laser. Conversely, nanosec-
ond UV ablation of bulk targets produces ~10 times more ions than
femtosecond soft x-ray ablation.

By contrast, a comparison of our extreme ultraviolet (XUV)
experiment with an experiment devoted to the ablation of ionized
silicon with 160 fs pulses delivered by a Ti:sapphire laser (800 nm,
600 uJ)* shows that the maximum kinetic energy of ions pro-
duced with the XUV laser is about 20 times higher. Numerous
other authors’' "’ working with ultra-short pulses of UV-Vis-IR
laser radiation obtained similar results as Roeterdink’s group.””**
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The basic characteristics of ions and electrons produced and acceler-
ated by UV-Vis-IR lasers are scaled using the similarity parameter
A in W ecm™ pm?.>* To achieve a comparable value of max-
imum ion velocity, the Ti:sapphire laser experiment needs about
10000 times higher I1?, mainly because of the very high value of
the square of their wavelength ratio of ~3500. It is obvious that
the properties of ions produced by these lasers cannot be compared
using this similarity parameter, and therefore the model of interac-
tion of UV-NIR lasers with matter is not applicable to XUV laser
interaction experiments.

Changing the wavelength from 248-800 to 13.5 nm not only
reduces the value of IA? by a factor of ~300 to 3500, respectively,
but also results in direct ionization by XUV photons whose energy
is above the first ionization potentials of the target atoms. Each of
these events also releases an energetic photoelectron. A portion of
the photoelectrons can escape from the target into vacuum, carrying
with them a cloud of secondary electrons, which are photoelectrons
released from the basic atoms or ions of the solid target by collisional
ionization. As result, a cloud of electrons is formed above the target
surface, while there is a high excess of positive charge in the near-
surface layer of the target, and the constitutional ions begin to be
ejected from the material by Coulomb repulsion to be further accel-
erated after ejection by the electric field associated with the cloud of
electrons previously released into the vacuum above the surface of
the target. Other photoelectrons, however, transfer XUV energy to
the target lattice by collisions with subsequent formation of multiply
charged ions,"” which contributes to material ablation. Our analysis
also shows that the velocity of the fastest ions may contain a compo-
nent that corresponds to the center-of-mass velocity caused by hot
electrons escaping from the plasma, which were captured by the ions
and formed a double layer with them.

Although little experimental data have been published to date,
and it is therefore not possible to fully characterize XUV ion
production, our analysis suggests that direct ionization of target
atoms by high-energy XUV photons represents the primary pro-
cess that distinguishes experiments with XUV lasers from those with
UV-Vis-IR lasers.

IV. CONCLUSIONS

Ablation of solid films by ultrashort x-ray pulses delivered by
the FLASH2 laser leads to the emission of multiple charged ions and
ionized clusters. The proportion of both components can be influ-
enced by changing the irradiation conditions and the target material.
These conditions are affected by the aberrations of the laser beam
and the attenuation length of the delivered 91.8 eV (13.5 nm) pho-
tons in targets, which determines the depth of the heated volume,
where WDM can be transiently generated at ion temperatures of
~1 eV.” Because the number of charged species produced in our
experiments was very small, an open electron multiplier with a gain
of 5 x 10° had to be used to detect them. We observed that the
emission of ions by single-element materials is intense when the pen-
etration depth of radiation is around 10 nm. The plasma expanding
into vacuum consists of two ion parts: slow and fast ions, which vary
greatly in temperature. The expansion of fast ions, including ion-
ized hydrogen chemisorbed on the target surface, is influenced by
the acceleration potential produced by fast electrons escaping from
the plasma. Unlike fast ions, slow ions carry a substantial portion of
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the charge generated by the laser pulse and transfer more energy to
the ion collector circuit. We have estimated that the slow ions form-
ing a substantial part of the plasma were emitted by the shallow lobes
of the crater formed by the aberrations of the laser beam. Finally, a
comparison of two different methods that allow determination of
the ion sound velocity and the parameters of partial ion currents
have allowed us to show that it is primarily the ion temperature that
determines the ion sound velocity.

The transfer of laser energy by excited electrons to the submi-
crometer surface layer of the target depends not only on the target
material, but also on the chemical bonds of contaminants on the tar-
get surface, defects in the surface, and the amount of disorder usually
present on the surface. It is therefore difficult to draw undisputable
conclusions from experiments in which the production of hot elec-
trons and the transport of their energy to surface atoms varies from
one target to another.
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APPENDIX: THREE-DIMENSIONAL MODEL
OF TOF SIGNAL

The detection of ions has its particular features due to the
mechanism of ion interaction with the detector, which also deter-
mines the minimum detectable signal level. In addition, the velocity,
energy, and charge of ions are measured far from the irradiated
target. As a result, the ion characteristics obtained are affected by col-
lisions and recombination during the post-interaction phase. These
processes end at the latest with plasma rarefaction, where ion charges
“freeze” at a critical distance L. from the target. Moreover, ions of
different species i form partial currents ji 4, which are separated from
each other according to their charge state g:

(L) =3 jig(Lo1), (A1)

where L is the distance from the target and ¢t is the TOF.

Revealing the partial currents by decomposition of measured
TOF signals and evaluation of Thomson parabolas makes it possi-
ble to identify ions with the same mass-to-charge state ratio m/q
and also determine their temperature T;4, center-of-mass veloc-
ity ucm.ig> corresponding kinetic energy Ecm.ig, and maximum
energy Emax.
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The signal S of a TOF detector measuring the impacted ions
of the same charge in the z direction of the source-detector axis
depends on the detector’s response to the number of ions and their
velocity or energy expressed by the parameter a:

RESEARCH ARTICLE pubs.aip.org/aip/mre

S(L,t,a)dS dt o< vy f (¥)dV, (A2)

where f (V) is the three-dimensional velocity distribution function
and

0 ifthe response is proportional to the number (density) of incident particles,

a=41

if the response is proportional to the stream (current) of incident particles,

2 iftheresponse is proportional to the energy deposited by particles.

Substituting L/t into f(V)dV we get the number of particles
hitting the detector’s surface area element dS per time interval dt.
Since the dv = (L/t4)ds dt, f(¥)dv in Eq. (A2) is proportional to
FLIOLE* and S(L, t, &) ~ L 74 £(L/t) dSdt."" If the motion
of ionized species can be approximately described by the shifted
Maxwell-Boltzmann distribution, then the detector signal can be
expressed as

La+1 m L 2
S(L, t) = KW eXp [_M(t - UCM) ], (A3)

where x is a normalizing factor, m is the mass of species constitut-
ing the current j, ucm is the velocity of their center-of-mass motion
directed to the ion detector, k is the Boltzmann constant, and T is
the ion temperature.

Equation (A3) gives the velocity dependence of the magnitude
of the ion current through the term L**'/t*** = +***/* Tt also
explains the significant influence of the type of detector expressed
by the term v*, as well as the effect of the fastest ions on the detector
signal through their velocity as v***.

The relationship (3) enables us to determine the time fpc, at
which the detector’s signal reaches a maximum:

L m muéM \/muéM
—\/ == 2 4 - . (A4
araV sz(\/ (@) er ar | AY

Equation (A4) reveals that the term (« + 4)7! determines the
value of f,ck as well as the ion energy Epc.x at the amplitude peak,
which is related to T and Ecm = %muéM as follows:

tpeak =

2
Epeak = lm( L ) = i(\/z(a+4)kT+ECM + \/ECM)Z. (A5)

2 Tpeak

This relationship gives Epeak ~ Ecm for T « Ecm and
Epeak = (%(X +2)kT for Ecm = 0. The relationship (A4) also allows
us to determine Vpeak = L/ tpeak-

Determination of Ecym of ions is important, since the this cor-
responds to the potential generated by the release of fast electrons
from the plasma through which the ions are accelerated. Previous
experiments have shown that in many cases the Ecy value is greater
than the T value. In these cases, it is no longer production of thermal

(

ions that is taking place. Ecm and T values can be determined by
decomposition of the TOF detector signal using Eqs. (A2) and (A3)
or by corresponding analysis of the experimentally observed energy
spectra.

Since the ion current j(L, t) is composed of a certain number
of partial currents [Eq. (A1)] of all produced ionized species,”’ the
response function of a detector can be expressed as

th+l

mi L 2
S= W Z Si,q exp I:_ZkT(t - MCM_i,q) ], (A7)
Lq

where i denotes the ionized species with mass m; and charge state g,
which form a partial current ji4, Sig4 is the corresponding response
of the detector, ucm.iq is their center-of-mass velocity directed to
the ion collector, k is the Boltzmann constant, and T4 is the cor-
responding temperature. Decomposition of the TOF detector signal
using Eq. (A7) allows us to determine the temperature and center-
of-mass velocity of all distinguishable ionized species. Obviously,
while decomposition may reveal partial currents, it does not allow
us to directly identify the corresponding ionized species. Therefore,
for decomposition to be used, it is appropriate to relate tempera-
ture to relative atomic mass and to determine the kT/A, ratio. This,
however, does not concern the velocity ucwm.

The center-of-mass energy that the ions acquire is due to a
potential that is generated by the formation of a double layer caused
by the escape of the fastest electrons from the plasma into vacuum.”’
The static electric field E, related to the acceleration potential ¢, sat-
isfies Poisson’s equation based on the local difference in electron
density n, and ion density n;:

2
% = —2725 = —4me(n, — qn;), (A8)
where e is the electron charge and g is the average degree of ioniza-
tion. We can assume that this potential ¢, accelerates ions to energy
Ecm ((/)ef = Ecwm/e). The accelerated ions at the front gain maximum
energy, while those from the deeper layers of the plasma are accel-
erated to lower energies owing to shielding of ¢.¢.”* The measured
value of Ecy is the result of the whole evolution of the double-layer
structure in time and space followed by changes in the electric field.
This process ends at the latest with plasma rarefaction, where ion
charges “freeze” at a critical distance L., far from the target, where
the observed plasma expansion into the vacuum can be considered
collision-free, and therefore ions are detected at L > L.."”
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