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We investigate, both experimentally and theoretically, how the spectral distribution of laser accelerated
carbon ions can be filtered by charge exchange processes in a double foil target setup. Carbon ions at
multiple charge states with an initially wide kinetic energy spectrum, from 0.1 to 18 MeV, were detected
with a remarkably narrow spectral bandwidth after they had passed through an ultrathin and partially
ionized foil. With our theoretical calculations, we demonstrate that this process is a consequence of the
evolution of the carbon ion charge states in the second foil. We calculated the resulting spectral distribution
separately for each ion species by solving the rate equations for electron loss and capture processes within
a collisional radiative model. We determine how the efficiency of charge transfer processes can be
manipulated by controlling the ionization degree of the transfer matter.
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Ion projectiles traveling through solid, cold matter reach
an equilibrium charge state achieved after a short distance.
The projectiles charge states are mainly a function of its
velocity. The evolution of charge states for ions moving in
ionized, warm dense matter (WDM) and with it the energy
loss remains an unsolved fundamental problem [1-6].
Since the energy loss of ions in matter scales approximately
proportional to the square of its charge state, a predictability
of the charge states is essential for the nuclear fusion
processes, e.g., the impact of ion heating or, in general, the
investigation of laser induced fusion [7-11]. Moreover, the
underlying cross sections and dynamics are bound to
fundamental astrophysical questions that relate on high
density warm and hot dense matter [12—14]. The study of
ion charge transfer processes and energy loss in heated
matter has important applications, as, e.g., pulsed ion
sources for medical applications [15-18] and plasma
stripper foils for the ion acceleration technology [19,20].
Up to now, there exist only few experimental data in order
to verify different theoretical predictions and a wide range
of parameters [21-26], which is insufficient for the vali-
dation. Presently, a large number of experiments are in
preparation that investigate the interaction of ion beams
with laser ionized matter [10,11,27], as the laser illumina-
tion enables an ionization and heating of a transfer matter
even at a high density. Laser accelerated ion beam sources
were proposed to provide a compact experimental setup in
which the charge evolution in the needed parametric range
can be investigated: it can deliver moderate to high ion
velocities, high particle numbers, a short ion pulse duration,
and low emittance [26,28-32]. The present research on
laser ion acceleration itself searches for a compact solution
that could narrow the spectral bandwidth, a necessary
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prerequisite for its possible future applications [17,33-35].
In this Letter, we investigate experimentally and theoreti-
cally the interaction of a laser accelerated carbon ion beam,
with an ionized ultrathin foil and show how this affects
the final charge distribution. For the ion pulse, a second
transfer foil acts like a charge depending spectral filter, as
the underlying processes scale with the velocity and charge
state. Our findings show that this WDM filtering process
led for some charge states to a significant reduction of their
spectral bandwidth. We explain the experimental findings
by numerical calculations of the rate equations using the
cross-section model of Ref. [2]. We show that our calcu-
lations reproduce each particle distribution in good agree-
ment when a partial ionization of the transfer foil is taken
into account. With this, we introduce a novel and
very compact method for spectral shaping of laser gen-
erated ion beams that can directly manipulate its impact
on a particular spectral range by the ionization of the
transfer foil.

In the relativistic laser plasma acceleration schemes, like
TNSA (target normal sheath acceleration) and radiation
pressure acceleration [28,36], usually the resulting ion
beam spans a broad range of kinetic energies (0.1-
100 MeV) and multiple charge states [32,37]. The accel-
erated ion bunch is always accompanied by an emission of
extreme ultraviolet (XUV) radiation, transmitted laser light
[38,39], and a comoving, diverging electron sheath [28,40].
This makes it possible to ionize and heat a close to the
target placed foil shortly before the ion beam arrives. Such
a setup provides a compact, built-in plasma stripper foil.
We realized this experimental condition with a double
foil target that consists of two ultrathin polymer foils with
a separation distance of about 500 ym. Our laser ion
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FIG. 1. Scheme of the experimental setup with a double foil
target. The first foil serves as target (F1) and the second foil (F2)
as transfer matter. The separation distance between the foils is
about 500 ym and allows a partial ionization of the second foil
due to transmitted laser light, emitted high energy photons, and
the expanding electron sheath.

acceleration experiments were performed at the former high
field laser of the Max Born Institute. The system was a Ti:
sapphire laser system with a pulse duration of 35 fs and
Ar = 800 nm, at ultrahigh laser contrast (prepulse free,
ASE to peak level 10'* in a few ps time scale by the use of a
double plasma mirror [32,41]). The laser pulse reached
an averaged intensity of 5 x 10! W/cm? FWHM of the
focal area, which was about 4 ym in diameter. The double
foil target system consisted of two steel hole plates on
which ultrathin polymer foils, poly-vinyl-formal (CsH,O,,
1.23 g/cm?®), were attached [42]. This target system
enabled freestanding foils on a diameter of 600 ym that
were separated by about 500 ym due to the target holder
construction. The laser interacted with the first foil (F1)
at normal incidence. The ions were detected in the laser
propagation direction by a Thomson spectrometer (static
magnet and an applied high static electric field) and a
Hamamatsu microchannel plate as detector, with a 100 mm
diameter. The detector was calibrated concerning the
particle sensitivity with the help of alpha particles emitted
from an Am204 source [43]. A schematic of the setup is
depicted in Fig. 1. Partly the second foil F2 was removed to
measure a reference ion distribution from a single foil
configuration.

In Fig. 2, the ion raw spectra obtained by a single foil
with a thickness D(F1) =14 nm is compared to the
spectra obtained in the presence of a D(F2) =35 nm
transfer foil. According to their thickness and density, the
energy loss of ions in F?2 is very small and is neglected in
the following.

The carbon ion spectra we obtained from the single foil
configuration are distributed over a broad kinetic energy
(0.1-18 MeV) range. In such a single foil configuration, the
dominant carbon species with the highest kinetic energy
and highest overall particle number is C®*. It is followed
by C3*, C**, and then C37, which is already close to the
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FIG. 2. Change in the ion particle numbers per charge state
versus velocity by using a two foil target setup with first foil F1 at
thickness 14 nm and second foil F2 at 35 nm. Detector image of
the ions after having passed a Thomson spectrometer (a) from
single foil configuration and (b) from double foil configuration,
both in the same color scaling.

detector threshold value. In the presence of the second foil,
a significant change in the spectral distribution of each
charge species becomes apparent: while the overall particle
number remains constant within 5%, the particle number of
each charge state does not (cf. Fig. 2). Here, a significant
redistribution of the particle number for each charge state in
dependency on their velocity is observed. Figure 3 dem-
onstrates the relative change of the particle number of
each carbon ion as a function of the kinetic energy between
the double and single foil targets. Clearly, one can see that
up to a particular velocity the particle number of the highest
carbon charge states declines in the same way as it raises
for the lower charge states. As a consequence, the energy
distribution of C%* and C>* ions is detected with a
narrowed spectral bandwidth at the high kinetic energy
range of about AEpwuv/E(C®T) =0.35 at 12 MeV and
AEpwum/E(C°T) = 0.67 at 7 MeV (cf. Figs. 2 and 4 for
the corresponding evaluated spectral distribution). For the
here considered ion kinetic energies, electron capture and
loss processes in the second foil affect the spectral
distribution of the carbon ions similar to a charge and
velocity dependent filtering process. This remarkably
reduces their spectral bandwidth.
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FIG. 3. Ratio of particle numbers N,,,(Z) between double and
single foil measurements [Ny, (F1F2)/N,y, (F1)] (cf. Fig. 3) for
each carbon charge state as a function of their kinetic energy.
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FIG. 4. Evaluated kinetic energy spectrum of each charge state for the ion beam of Fig. 2. The spectral distribution detected from the
single foil setup (black dotted line) is compared to the one from the double foil interaction (straight red line). The initial ion beam
spectral distribution and foil parameters were used for calculating the charge transfer for each single carbon charge state when passed
through a transfer foil according to (2). Blue squares give the result from a nonionized transfer matter, red dots from the calculation

assuming a 15% ionization, and green triangles for a 25% one.

When the ion beam travels through a transfer matter, its
charge state is determined by a dynamical equilibrium
established by charge exchange processes, namely, the
electron loss and capture processes. In general, these are
determined by the particular cross sections, which are
themselves a function of the projectiles velocity v, the
atomic number A, plasma temperature 7', density n,, and
ionization degree Z;.

The charge state distribution of the ion beam F,,
normalized according to 22236 F,(t) = 1, can be obtained
by solving the rate equations

dF (1)

dt = Cq+1Fq+1(t) + Lq—qu—l(t) - (Cq + Lq)Fq(t)v

(1)

where C, and L, are the ratios of the projectile electron
capture and loss, describing the number of transitions from
the charge state ¢ to the charge state ¢’ per unit time.
Further details about (1) can be found in [4]. The C, and L,
ratios used in our study based on the work by Peter and
Meyer-ter-Vehn [2] take into account the cross sections for
the projectile ionization by Coulomb collisions with the
target ions or target free electrons and for the projectile
recombination by radiative electron capture, three-body

recombination, dielectronic recombination, and bound
electrons capture.
The mean charge state of the ion beam is given by

0(1) =Y qF,(1). (2)

In the stationary case dF,(t)/dt= 0, the model for a
resulting mean charge is usually simplified by the descrip-
tion of an equilibrium charge state Q(t.,) = Qeq [3.4]. The
equilibrium state provides a good approximation for the
projectile charge for a sufficient long traveling length in
the transfer matter. If this is not fulfilled, we have to
consider that the ions have a different, instantaneous charge
during their traveling through the transfer matter, just
before reaching the equilibrium [4].

Taken into account the complex situation of the multi-
species charge and energy distribution our experiment
provides, we calculated the charge state distribution as a
function of projectiles kinetic energy for the particle
numbers of each carbon species for C3*, C**, C3*, and
C* using Eq. (1). For this calculation, we used for
the initial distribution the experimentally obtained one
(cf. Figs. 2 and 4) and implemented the same foil parameter
as in the experiment with and without partially ionization.
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The results of our calculations are shown in Fig. 4 and
compares the ion charge and kinetic energy distribution
without the second foil, with the one that passed through
the transfer foil, respectively. The comparison reveals how
the ionization of the transfer foil affects the efficiency of
charge exchange processes. The overlay in Fig. 4 highlights
the connection between each single carbon ion spectrum
and the equilibrium charge Q.

Apparently, the particle numbers of the lower charge
state (C3*) are raised about one order of magnitude over the
whole spectral range. This leads to a higher cutoff energy
and has to be attributed to the electron capture processes of
ions with a higher charge state. Here, Q4 is higher than
3+ in most of the energy range and indicates a strong
tendency for ionization of C3* that would lead to a decrease
of the particle number. The particle numbers of C3* are
comparatively small, and this explains why the higher
charge states predominate over its ionization processes. The
case is similar for C**: the particle number raises in the
whole energy range due to the electron capture of higher
charge states of C3* and C®" or the electron loss of C3*.
The sum of all these latter processes from the higher and
lower charge states raise the particle number of C** and
exceed the ion numbers of the capture and loss processes
for C*.

For C3*, the particle number declines < 8 MeV due to
electron capture processes in the second foil. This corre-
sponds to Q. which lies below 5+ in this energy range. For
higher energies > 10 MeV, the number of C>* particles
increase, as Q. reaches values > 5+. Similar to lower
charge states, the maximum kinetic energy of C>* reaches
higher values by passing through the transfer foil. This
effect can only result from the electron capture processes
of the C" ions, which solely reached such high kinetic
energies. Finally, concerning C*, for the lower kinetic
energy range, the equilibrium charge is far below 6+
leading to efficient electron capture processes and enabling
the strong suppression of the low energetic spectrum. For
energies > 12 MeV, the C%F particle distribution remains
more or less the same as in the case of the distribution
obtained from the one single foil measurement, because
here Q. is close to the value of 6+.

In Fig. 3 and the comparison of the resulting spectral
distributions with Q. in Fig. 4, it becomes clear that the
model of Q. cannot be easily transferred to an ion bunch
consisting of different charge states. Moreover, with the
ionization degree of the second foil, one can manipulate
the resulting charge and with it spectral distribution of a
particular charge state.

Because of the dependency of the rate equations (cross
sections) on the ion charge state and velocity, the impact of
charge exchange processes is very different for each charge
state in the discussed kinetic energy range. Moreover, with
ionizing the transfer foil, the efficiency of electron capture

processes is decreased for the highest charge states. In
consequence, a higher ionization degree of the transfer
foil leads to corresponding lower particle numbers for the
lower charge states (C**+ and C**). Our measurements and
theoretical calculation extend the former investigation of
Ref. [26] with an ion beam distribution that provided fully
ionized carbon as the dominant species and a higher kinetic
energy range. For kinetic energies below 7 MeV, the
electron capture processes dominate the highly charged
carbon ions, while the electron loss processes set in for
higher kinetic energies. The contribution of electron loss
processes from lower charge states is small, which can be
explained by their comparable small particle number. Our
theoretical calculations demonstrated how the efficiency of
the charge exchange processes can be manipulated by the
degree of ionization of the transfer matter. A higher degree
of ionization for the second foil delivers a better agreement
with our experimental data. Such an ionization is reason-
able for our experimental setup. It can be caused by a few
percent of laser light leaking through the first foil [38,39],
emitted XUV radiation, and by the electron sheath (few
keV) foil that accompanies the ions in the late TNSA stage.
Our findings showed that charge transfer processes in the
ionized transfer foil have different impacts on the spectral
distribution of each charge state. For complex charge and
spectral distributions, as found in our experiments, viewing
each single charge state reveals a detailed insight and
prediction in comparison to a summarized picture of Q4. In
view of the acceleration mechanisms of multi-ion species
by a laser and ultrathin foil interaction, here the question
arises of how the acceleration itself could be influenced by
charge transfer processes inside the plasma.

In conclusion, we have presented experimental data for
charge transfer processes in a wide kinetic energy range
(0.1-18 MeV) for a laser accelerated carbon ion beam with
a thin and partially ionized transfer matter. Our experiments
showed that for some charge states of the ion beam the
charge transfer processes act like a velocity dependent
charge selective filtering process. In the kinetic energy
range (0.1-0.6 MeV/u), electron capture processes are
dominant. This redistributes the ions towards lower charge
states. For higher kinetic energies, electron loss processes
become dominant. As a consequence, this filters the
spectral distribution of the highest charge states of carbon
and results in a remarkable narrow spectral bandwidth in
the high kinetic energy range. The complex evolution of
carbon ion charge states in the transfer matter we calculated
for the ion beam distribution from the single foil meas-
urement. We used a collisional-radiative model and solved
the rate equations. Our calculations reproduced the result-
ing spectral distribution of each single charge state in good
agreement for a partially ionized and ultrathin transfer
matter. The efficiency of the charge exchange can be altered
by a partial ionization of the transfer foil, and this affects
the ion distribution for each charge state. lonization of the
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transfer foil can be used in order to manipulate the resulting
ion distribution of a single charge state. The used double
foil target system provides for the laser ion acceleration a
built-in plasma stripper foil device, which benefits from
ionization by the help of the transmitted laser light, emitted
XUV light, and electrons from the target. Either by
different separation distances or by an additional preheating
of the second foil at its backside with a second strong laser
pulse, the ionization and plasma temperature of the second
foil can be easily accessed. A detailed parametric exami-
nation of the ion beam and transfer foil (mass number,
energy and charge distribution, foil separation distance,
ionization degree) remains as promising objectives for
future investigations.
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