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In many modern heavy-ion accelerator facilities, gas strippers are used to increase the projectile charge
state for improving the acceleration efficiency of ion beams to higher energies. For this application, the
knowledge on the behavior of charge state distributions of heavy-ions after passing through dilute gases is
of special interest. Charge state distributions of uranium (>*3U), bismuth (**Bi), titanium (°°Ti), and argon
(*°Ar) ion beams with energies of 0.74 MeV/u and 1.4 MeV/u after passing through hydrogen (H,),
helium (He), carbon dioxide (CO,), nitrogen (N,), oxygen (O,), neon (Ne), and argon (Ar) gases were
measured. Gas stripper target thicknesses up to 100 xg/cm? were applied. The observed behavior of the
charge state distributions, including their width and mean charge state, are discussed. The measurements
show the highest equilibrium charge state at 1.4 MeV /u for 28U on H, gas of 29.2 4 1.2. Narrow charge
state distributions are observed for 23U and 2*Bi on H, and He gas, which are highly beneficial, e.g., for
the production of beams of high intensities in accelerators.

DOI: 10.1103/PhysRevAccelBeams.20.043503

I. INTRODUCTION

Charge stripping is a key technology for heavy-ion
accelerator facilities, as the output charge state, the efficiency
to produce ions in the selected charge state, and the beam
quality after stripping are directly effecting the performance
of the accelerator. Therefore, the charge state distribution of
heavy ions passing through matter is of special interest in
heavy-ion accelerator physics. Many modern accelerator
facilities such as the Radioisotope Beam Factory (RIBF) at
RIKEN, Wako, Japan [1], the future Facility for Rare Isotope
Beams (FRIB) at MSU, East Lansing, MI, USA [2], the
High Intensity heavy ion Accelerator Facility (HIAF) at
HIRFL, Lanzhou, China [3], and the future Facility for
Antiproton and Ion Research (FAIR) at GSI, Darmstadt,
Germany [4], aim at providing high-intensity, heavy-ion
beams with energies beyond 200 MeV /u. For the accel-
eration of high-intensity heavy ions to such energies, ions
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generated in an ion source at comparatively low charge states
are initially accelerated only to a few MeV/u. They are then
guided to a charge stripper, where they pass through matter
of a target to increase the average charge state of the ions in
charge-exchanging collisions between the ions and the atoms
or molecules of the target. Behind the charge stripper, one or
several ion charge states are selected for further acceleration.
This enables a more efficient acceleration up to the final
beam energy, compared to acceleration of ions with a lower
charge state.

For charge stripping of high-intensity heavy-ion
beams, using gas targets is usually preferred to using solid
targets. Heavy ions, like U, have a significantly larger
energy deposition per unit length than light projectiles.
For example, the energy deposition of an 2*®U ion at
1.4 MeV/u in a C-foil is about 27 MeV/um, while a
proton with the same energy deposits only about
0.041 MeV/um [5]. The much higher energy deposition
of heavy-ion beams significantly increases radiation dam-
age in solids and also leads to thermal effects in the target
[6]. In addition, such beams can induce density variations
in solid target foils, which may result in an increased energy
spread of the beam. Altogether, this can result in the
destruction of the foil (see, e.g., [6]). In contrast, gas targets
have a practically infinite lifetime. However, the use of gas
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targets generally results in comparatively lower average
charge states, due to the reduced density in gases compared
to solid materials [7].

The charge state distribution of heavy ions passing
through gases is governed by charge-exchanging collisions
between ions and gas particles. Many theoretical and
experimental investigations of charge-exchanging proc-
esses have been performed, starting already decades ago
[8,9]. These processes are divided into electron-loss and
electron-capture depending on the change of the charge
state of the ion traveling through the gas. As a result of a
sequence of charge-exchanging collisions, the ion charge
state approaches a state of dynamic equilibrium around a
mean charge state, depending on the ion energy, the ion
type, as well as the target type and density [9]. In this
equilibrium, the number of electron-capture processes
equals the number of electron-loss processes per unit
pathlength on average. The mean charge state of the resulting
equilibrium charge state distribution, which is independent
on the initial charge state of the ions, is the so-called
“equilibrium charge state.” The charge state distribution is
of special interest in charge strippers for accelerator facilities,
as it relates to a maximum achievable charge state and beam
intensity behind the stripper, using a certain ion-target
combination at a fixed ion energy. Because of this, the gas
target and the applied target density are a key for improving
the charge stripper performance.

Despite their importance for accelerator performance,
experimental data on the charge state distribution of heavy-
ions for particular beam parameters and gases are surpris-
ingly scarce. This may be due to the large number of
combinations for ion projectiles, target media, and relevant
parameters for the stripping process, e.g., beam energy and
target density.

The GSI Universal Linear Accelerator (UNILAC) [10] is
a heavy-ion accelerator with a maximum output ion energy
of 11.4 MeV/u. A modified setup for the gas stripper at
1.4 MeV/u ion energy was recently developed, in the
context of an UNILAC upgrade program toward the future
FAIR facility [11]. The previously existing gas stripper is
based on a continuous N, gas-jet. In the new setup, this was
replaced by a pulsed gas stripper cell, exploiting the low
duty cycle operation of FAIR (<200 us-long beam pulses,
<3 Hz repetition rate) [12]. The gas injection is synchron-
ized with the pulsed timing of the accelerator. Thanks to the
low duty cycle, the effective gas load for the differential
pumping system is significantly reduced compared to the
N, gas-jet based setup. Thus, it is possible to increase the
effective gas density for the stripping process significantly,
without exceeding the limitations of the pumping system.
The increased gas densities allow for using low-Z targets,
like H, and He, which were presumed to be promising
stripper targets based on theoretical predictions [13] and
similar measurements at higher beam energies at RIKEN
[14]. Their use was strongly limited before due to the high

gas load of the jet-based gas injection [15]. In recent
measurement campaigns applying the new setup, charge
state distributions of 233U, 209Bi, 59Tj, and “°Ar ion beams
after passing through different gas targets, including H, and
He, were measured at two different beam energies
(0.74 MeV/u and 1.4 MeV/u) [15-19].

II. EXPERIMENTAL SETUP

The GSI UNILAC is able to accelerate ion beams from a
wide range of elements, up to >3¥U, bunched in beam pulses
of ~20 us to 5 ms duration at repetition frequencies of up to
50 Hz. The ion beams are delivered by one of several
available ion sources [20]. For this measurement campaign
high-intensity U-beams from a Vacuum ARc Ion Source
(VARIS) [21] were used. A Penning ionization gauge was
used for Bi- and Ti-beam operation. The ion beams are
accelerated in the high current injector (HSI) [22] up to
1.4 MeV /u (f = 0.054) before they reach the gas stripper
section [23]. The HSI mainly comprises a radio-frequency
quadrupole (RFQ) and two inter-digital H-mode accelerat-
ing cavities. The short-pulsed ion beams require high gas
densities to be present only during transit through the
stripper. Using a pulsed gas injection enables increased
stripper target densities and, therefore, the use of low-Z gas
targets. With this, measurements over a wide range of target
thicknesses up to 100 ug/cm? can be performed.

A. Gas stripper

The GSI UNILAC gas stripper section is shown in Fig. 1.
The ion beam is focused by two quadrupole doublets and a
dipole magnet onto a horizontal analyzing slit (Slit 2),
positioned in the charge state separation system behind the
gas stripper, to enable for an optimal separation [10].
In front of the gas stripper a beam transformer (Beam
transformer 1 in Fig. 1) enables the measurement of the
beam current before stripping. In the gas stripper the
average charge state of the beam ions is increased due
to the charge-changing processes occurring in collisions
between ion projectiles and gas particles.

A schematic view of the GSI UNILAC gas stripper is
shown in Fig. 2. The gas inlet is mounted on a flange on top
of the main stripper chamber. A roots vacuum pump
(pumping performance: 2222 1/s) is mounted at the bottom
of the main chamber. The adjacent chambers are each
connected to a turbomolecular pump (pumping perfor-
mance: 1200 1/s). Together with additional vacuum pumps
in the adjacent beam line, they compose a four-stage
differential pumping system to maintain the required
vacuum conditions (<1073 Pa).

Two pulsed gas valves are used as a gas inlet, diverted
from their intended use in automotive applications. Their
opening time can be adapted from a few microseconds up
to several milliseconds at repetition frequencies up to
10 kHz. The valves are mounted on top and at the bottom
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Schematic of the gas stripper section at the GSI UNILAC: The charge state separation is achieved using a system of three

dipole magnets. The ion beams are horizontally focused through the stripper by two quadrupole doublets onto the second analysing slit
(Slit 2) behind the first dipole magnet. The beam current can be measured by several beam transformers along the beam line. The beam
energy is measured with time-of-flight measurements using phase probes.
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FIG. 2. Schematic cross-sectional views of the main gas-
stripper section: (a) vertical and (b) horizontal. The gas cell
for the stripping process is fed by two pulsed gas valves (red)
positioned on top and on the bottom of the beam line in the main
stripper chamber, which are supplied through the top flange.
A four-stage differential pumping system is used, comprising a
roots vacuum pump (RVP) below the main stripper chamber and
four turbomolecular pumps (TPU) on the sides of the adjacent
chambers. A piezoelectric pressure gauge is attached to the side
of the gas cell to enable pressure measurements.

Main stripper
chamber

of the beam line with the gas outlets pointing at each other
(see Fig. 2, top). A more detailed view of the core setup is
shown in [18]. The gas outlet of both valves is slightly tilted
against the beam direction (approximately 10° from the
vertical axis). A cross-fitting is used to hold both valves. This
arrangement creates a windowless gas cell with high target
density. The tube-shaped, enclosed interaction zone is 44 mm
long in beam direction with a diameter of 22 mm. For high-
intensity 2**U beam operation, the beam diameter fills the
whole aperture of the stripper-chamber orifices. In this case,
the beam diameter at the gas injection is approximately
20 mm. A piezoelectric pressure gauge is mounted at the side
of the gas cell to enable pressure measurements.

The opening of the gas valves is controlled by a
customized power supply, including a timing option for
the control signal. Both valves are controlled separately to
be used in combination or independent from each other.
The trigger signal for the opening of the valves is generated
by a fixed time delay to an artificial timing signal from the
accelerator main control unit, indicating the exact time of
the beam pulse transit through the stripper.

A separate gas supply for each valve enables for high
flexibility in beam operation at the UNILAC [24]. The gas-
supply system before the stripper can be evacuated by a
piston pump. In between operation with different gas
types the gas system is repeatedly evacuated to about
1 x 1072 hPa, then flushed with the gas to be used, to ensure
the purity of the applied gas. Gases of high purity were used
(99.999% for H,, 99.996% for He, 99.5% for CO,, 99.999%
forN,, 99.999% for O,, 99.99% for Ne, and 99.998% for Ar).

The valves open shortly before a beam pulse enters the
gas stripper to ensure the maximum gas density for
the stripping process and close directly after to keep the
effective gas load as low as possible. This time offset
depends on the applied back-pressure and the gas type. For
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higher back-pressures, the maximum gas density in the
interaction zone is reached faster. For this measurements,
an offset of 300 us was chosen, which was found to provide
sufficient time to reach a maximum gas density for the
different gas types in the applied back-pressure range.
The total opening time of the valves is set to 400 us for the
100 ps-long beam pulses for all ion projectiles. A repetition
frequency of 1 Hz was applied for all measurements.

B. Charge state separation

After passing the gas stripper, the charge state of the ions
is distributed over a wide range. For charge state separation
behind the stripper, a system of three dipole magnets is
used in combination with two slits between the first and the
second magnet (see Fig. 1). In the first dipole magnet, the
ions are separated according to their magnetic rigidity:

Bp = mv/qe. (1)

B denotes the magnetic flux density, p the radius of
curvature of the ion trajectory, and m and v are the mass
and velocity of the ion, respectively. ¢ is the charge state of
the ion and e is the elementary charge. At the present beam
energies the magnetic rigidity is written in a relativistic
way as

Bp = 3.1071 Tm-%- Br), 2)

with

1
= 3

and f# = v/c, where A denotes the atomic mass number of
the ion. The nominal deflection angle of the first dipole
magnet to the subsequent beam line is 15°. The magnetic
field of the dipole magnet can be adjusted to deflect ions up
to a maximum magnetic rigidity of 1.98 Tm. This corre-
sponds to A/q <11.5 at 1.4 MeV/u. Therefore, the
deflection of heavy ions is limited to those having a
minimum threshold charge state, depending on the mass
of the ions. The magnetic field is too weak to sufficiently
bend ions with lower charge states.

The setup for the charge state separation and the mea-
surements of the charge state fractions can be seen in Fig. 1.
Behind the first dipole magnet, two slits (Slit 1 and 2) are
used to select ions with a specific charge state. Slit 1
gradually reduces the beam load on Slit 2. The width of
Slit 2 is adjusted to match the full width of the chosen charge
peak. For this, grid measurements on both sides of the slits
are used to obtain the width of the charge peak. This concept
is shown in Fig. 3 by grid measurements using an 233U beam.
Ions with the same charge state have an intrinsic horizontal
width due to the horizontal beam emittance, which is also
affected by the energy and angular spread from collisions in
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FIG. 3. High-current grid measurements of an 2¥U beam

before (top) and after (bottom) passing Slit 2 (see Fig. 1) in
horizontal (left) and vertical (right) plane. The desired charge
peak is selected by adjusting the width of the slit, as indicated in
panel (a) [16].

the stripper target. The separation of 233U ions by the
analysing slitis indicated in Fig. 3(a). On the grid behind the
analyzing slits, only ions with the selected charge state are
observed. The slit width is typically adjusted in the range of
3-8 mm, depending on the type of ion and gas, the selected
charge state, the beam current, as well as the target density.
The beam current of ions with the selected charge state is
measured behind the second dipole magnet using Beam
transformer 2 (see Fig. 1).

The stripping efficiency 7, into the charge state g; is
calculated using

Iq,-/Qi

’ (4
Iqin-l/qini )

a4
where I, =~ denotes the current of the ions with the initial
charge state g;y; in front of the stripper and /,, the current of
the ions for charge state ¢; behind the charge state
separation. During the measurements it was confirmed,
that for optimal charge state separation the measured total
efficiency ) ;n,. through the stripper is 100%, within the
error range of +4%. In some measurements not all major-
populated charge states could be measured, e.g., due to
limitations of the magnetic field of the dipole magnet for
heavy-ion beams, as mentioned above. This leads to a
reduced apparent beam transmission. Additionally, a sys-
tematic effect was observed during the measurements, and
is described in Sec. III. To obtain the fraction F, of the
charge state ¢, the stripping efficiencies are therefore
normalized:

_ ’7%‘

" Zir]qi '

The charge state distribution can be obtained by plotting the
charge state fractions as a function of the corresponding
charge state. In case not all charge states could be
measured, the missing efficiencies were estimated by

F (5)
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applying a fit to the measurement data as described in detail
in Sec. IIL

C. Target thickness calibration

The gas density inside the stripper is changed by
adjusting the back-pressure on the gas valves. During
the measurement campaign, both valves were used sepa-
rately or in combination, as described in Sec. I A. For each
set of valve combination and back-pressure the beam-
energy loss through the stripper was measured.

For this, the beam energy was measured by time-of-flight
measurements using pairs of adjacent phase probes along
the beam line [22]. In these measurements the beam is
directed in a straight line without separation of charge state,
with the first dipole magnet switched off. From the
measured time-of-flight #1gr the velocity v of the ion beam
is calculated using v = Y/tror, where Y is the distance
between the probes. The kinetic energy E of the beam is
then calculated from

E=931.4941 MeV-A-(y—1). (6)

The distance between the two phase probes is 1630.12 mm.
To measure the energy-loss through the gas stripper, the
beam energy is measured by the two phase probes behind
the stripper (see Fig. 1) both with and without running gas
injection.

In Fig. 4(a), the deduced energy loss is depicted
exemplary for *°Ti on H, at 1.4 MeV/u, using both gas
valves simultaneously. The error bars show the estimated
uncertainties for the measurement of the beam energy
(£5 keV/u). The energy-loss is increasing linearly within
the measured back-pressure range.

The thickness of the gas target was estimated with the
SRIM2013 computer code [5] by using the energy-loss
measurements, taking into account the ion energy as well as
the type of ion projectile and target. This is depicted in
Fig. 4(b) for >U, 3°Ti, and “°Ar ions. The error bars for the
vertical axis represent the measurement uncertainty from
the energy-loss measurement. A linear increase of the target
thickness with increasing back-pressure can be seen for all
three ion projectiles. However, the linear fits to the data,
especially for Ar, are in rather poor agreement with each
other. This might be caused by a systematic error in the
energy measurements or the uncertainties of the SRIM
estimations. For the thickness calibration, comparing the
measured charge state distributions, a mean value is used.

Measurements of the gas pressure in the gas cell, for
increasing back-pressures on the valves, are shown in
Fig. 4(c) for H, gas. The pressure in the gas cell was mea-
sured with the piezoelectric pressure gauge at the side of the
gas cell (see Fig. 2). The uncertainties of this measurement
are mainly caused by noise due to physical shock on the setup
from the fast gas injection. In the applied back-pressure
range, the pressure at the gas cell increases linearly.

Ti+H,, 2 valves
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@
S 40-
>
20
g
m 204
(a)
0 T T T T T T
754 = U+H, i
S
£
2
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254 H,, 2 Valves
20
5
=% 154
=
=1
% 10
o
~
5
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0 4 8 12 16 20 24
Back-pressure [MPa]
FIG. 4. (a) Energy-loss measurements for *°Ti on H, gas at

1.4 MeV/u as a function of the back-pressure, using both gas
valves. The red line represents a linear function fitted to the
measurement data. (b) Estimated thickness of the H, gas target at
1.4 MeV/u depending on the back-pressure on the gas valves.
The different lines represent linear functions fitted to the
measurement data with corresponding equal color. (c) Pressure
measurement using the piezoelectric pressure gauge near the
interaction zone of the stripper with H, gas. The pressure
increases linearly with increasing back-pressure on the valves.
The red line represents a linear function fitted to the measurement
data.

As both trends observed in the energy loss and pressure
measurements are linear, it is assumed that the effective gas
density in the gas cell is also increasing linearly with the
back-pressure on the valves within the applied back-
pressure range. As the setup is a windowless gas cell,
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the gas is expected to be distributed along the beam line.
From the conducted measurements, it is not possible to
deduce the density distribution along the gas target. An
estimation of the effective gas target length L was made
using the measured pressure and obtained target thickness
shown above, assuming the effective gas density to be
constant along the beam line:

L=—-. (7)

X denotes the target thickness and p(P) the density of the
H, gas depending on the pressure P, which is converted
from the gas density of H, at normal conditions (89.9 g/m?
at 1 bar). From this, a target length of about 35 mm is
estimated, which seems reasonable compared to the length
of the fitting enclosing the interaction zone of the gas cell,
which is 44 mm. The corresponding effective gas density
during the measurements is then in the order of 10 g/m?
(10** molecules/m?), depending on the back-pressure on
the valves.

III. EXPERIMENTAL RESULTS
A. Charge state distributions

Charge state distributions were measured, as described in
Sec. 1B, for 38U, 209Bj, Ti, and “°Ar ion beams at
0.74 MeV /u and 1.4 MeV /u beam energy passing through
H,, He, CO,, N, O,, Ne, and Ar gas targets for various
target thicknesses. The systematic uncertainty of the charge
state fractions is +4% due to measurement uncertainties of
the stripping efficiency. Additionally, a systematic error
was observed at the charge state separation. At highest
measured target thicknesses, the sum of the stripping
efficiencies is reduced, dropping below 100%. The reduced
total efficiency may be caused by a loss of ions before
entering the charge state separation system due to increased
angular straggling in the dense gas target. This effect would
influence the charge state distributions in a similar way for
all ion projectiles. Additionally, it is independent of the
charge state of the ions. For the heavy projectiles U and
209Bi, reduced total transmission could be caused by an
insufficient resolution of charge peaks of higher charge
states (>30-+) behind the dipole magnet. However, the
charge peak resolution for °Ti and “’Ar beams was
sufficient to clearly separate all charge states for all applied
target thicknesses. This effect is not included in the
depicted error bars for the charge state fractions shown
here.

1. Measurements at 1.4 MeV/u

In Fig. 5, the charge state distributions of >3%U, 2Bi,
0Ti, and “°Ar ion beams at 1.4 MeV/u after passing
through H, and He gas are shown. With increasing target
thickness the charge state distributions shift to higher

charge states. For U on He (b), *°Ti on H, (d), and
Ti on He (e), also the shape of the charge state
distribution is changing for different target thicknesses.
Beyond a certain threshold target thickness, the charge state
distribution is saturated and does not significantly change
anymore.

For some ion-target combinations, especially at low
target thicknesses, the stripping efficiencies could not be
measured for all charge states of the charge state distribu-
tion, as described in Sec. II B. Therefore, the normalization
to obtain charge state fractions will not give accurate
values. To obtain the missing stripping efficiencies, the
distributions were fitted with a Gaussian function including
a skewness correction, as used in [25]:

2
Fa(CI):Fc'eXP(—m» (8)

with

q_QC‘ 9)

F - denotes the maximum height of the distribution, g, the
charge state at the maximum height of the distribution, and
o the distribution width. e, is a factor describing the
asymmetry of the distribution. For a standard Gaussian
function e, is equal to zero.

For 238U, 3Ti, and “°Ar on H, and He gas, the charge
state fractions for all measured charge states plotted as a
function of the target thickness are shown in Fig. 6. The
charge state fractions reflect the behavior of the charge state
distributions in Fig. 5. A saturation can be observed after
passing a certain target thickness. At highest target thick-
nesses, the charge state fractions show again slight changes,
e.g., for Tion H, gas (b) and Ar on H, gas (c) in Fig. 6. This
effect will be discussed in Sec. IV.

In Fig. 7, the charge state distributions of **U ion beams
on O, as well as 2**Bi on He and Ar gas and *°Ti on N, gas
are shown. For these measurements, the energy-loss data
were insufficient to provide a calibration to the target
thickness. Therefore the charge state distributions are
shown in dependency on the applied back-pressure on
the pulsed gas valves. For ?Bi on He gas [Fig. 7(b)], the
applied back-pressure range was small and did not allow us
to determine if saturation was reached.

For 28U on N,, CO,, Ne, and Ar gas only measurements
at high back-pressures, in the saturated charge state dis-
tribution regime were performed. This was inferred from
the observation that the charge state distribution was not
changing in the applied back-pressure range. The corre-
sponding saturated charge state distributions are shown in
Fig. 8. Missing charge state fractions were estimated using
the fit described above, to show charge state fractions that
can be compared to the other data.
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FIG. 5.

various target thicknesses. The lines are added to guide the eye.
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FIG. 6. Measured charge state fractions for 233U, °Ti, and “°Ar at 1.4 MeV/u on H, and He gas for increasing target thicknesses,
corresponding to the charge state distributions shown in Fig. 5.

In Fig. 9, charge state fractions are shown for *U on O, charge state fractions reach saturation, before slightly
gas depending on the back-pressure on the pulsed gas  changing again to lower charge states when going to
valves, corresponding to the charge state distributions  highest target thicknesses. Charge state fractions were
shown in Fig. 7(a). At the back-pressure of 1 MPa, the  plotted only for 33U on O, gas, because the other ion-target
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FIG. 7. Charge state distributions for 22U on O, (a), 2**Bi on He (b), and Ar gas (c) as well as *°Ti on N, gas (d) at 1.4 MeV /u for
different back-pressures on the valve. For (a) and (c) the fit is shown, which was used to obtain missing charge fractions, as described in
the text. For (b) and (d) lines were added to guide the eye.
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FIG. 8. Saturated charge state distributions for >*U on N,,
CO,, Ne, and Ar gas at 1.4 MeV /u. The saturated charge state
distributions for >*U on H, and He (see Fig. 5) are shown for
comparison.

0.15

T T | Charge state:
—a—23

] _ T $
0.121 1‘7*/ —e—24
,/‘f\q. —A—25

. ok |—v—26
e 27
—<—28

0.09 +

=
S ]
s / 29
E 0.06+ @ —e—130
. —x—31
0.03 32
’ —o—133
~ o B | —+—34
0.00 : . . . : . - .
0.0 0.5 1.0 L5 2.0

Back-pressure [MPa]

FIG. 9. Measured charge state fractions for 2**U on O, gas at
1.4 MeV /u, corresponding to the charge state distributions
shown in Fig. 7(a).

combinations lacked a sufficient number of measurements
before a saturated charge state distribution was achieved.

2. Measurements at 0.74 MeV/u

Measurements with 233U and °Ti ions at 0.74 MeV/u
were performed by turning off the rf-power of the second
IH cavity of the HSI. The experimental setup behind the
HSI remained unchanged. Due to the reduced beam energy
the target thickness, required to achieve saturated charge
state distributions, is reduced. Therefore, mostly saturated
charge state distributions were measured in the applied
range for the target thickness. This was verified by
measuring the charge state distribution of each ion-target
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—A— N2
03 —v—Ne
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0.2 1
0.14
%
Mg
£ 00 . V¥ry
g " —T T L B — |
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FIG. 10. Saturated charge state distributions for 2¥U on H,, He,
N,, Ne, and Ar gas (a) and °Ti on H,, He, and N, gas (b) at
0.74 MeV /u beam energy.

combination for at least three different target thicknesses.
In Fig. 10 the measured saturated charge state distributions
are shown for 28U on H,, He, N,, Ne, and Ar gas and *°Ti
on H,, He, and N, gas. Compared to the measurements at
1.4 MeV/u the average charge states are reduced, as
expected.

B. Mean charge state and distribution width

Using the charge state fractions shown above, the mean
charge state g of the charge state distribution [9] can be
obtained by:

q= ZFq[ g (10)

In Fig. 11, g is plotted against the estimated target thick-
ness for 238U, °Ti, and *°Ar ion beams at 1.4 MeV/u.
A saturation is observed at transition to higher target
thicknesses. Exponential fits were added for an improved
distinguishable visibility at higher target thicknesses. For
ion-target combinations where a thickness calibration
could not be conducted, the saturated mean charge states
(compare with Fig. 7 and Fig. 8) obtained from the
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FIG. 11. Mean charge states g for 23U (a), °Ti (b), and *°Ar (c) ion beams at 1.4 MeV /u. Exponential fits are added to the data points

to guide the eye. Saturated mean charge states, measured for ion-gas combinations without thickness estimation, are added as solid lines.

measurements are shown as a line. For 2Bi ions, the data
was insufficient to plot the mean charge states in this way.

The width d of the charge state distribution [9] is
obtained by:

d= [Z@,» -q)* F] (11)

qi

depicted for 238U, *°Ti, and “°Ar ion beams on H, and He
gas in Fig. 12. A saturation of the distribution width is
observed with increasing target thickness.

IV. DISCUSSION

Asdescribed in Sec. II1, saturation of the mean charge state
could be measured for all ion-target combinations, except for
2Bi on He gas. Before saturation the charge state fractions
are rapidly changing (see Fig. 6 and 9) and the charge state
distribution is shifting. The width of the charge state
distribution reaches saturation at about the same target
thickness as the mean charge state or is observed to be
unchanged in the applied range for the target thickness. This
can be seen when comparing the evolution of the mean
charge state (Fig. 11) and the distribution width (Fig. 12)

as a function of the target thickness for 2*3U, °Ti, and “°Ar
ion beams on H, and He gas. For higher target thicknesses the
charge state distribution does not change anymore.
Therefore, it is assumed that a charge state equilibrium was
reached.

For increasing target densities, the time between two
successive collisions is decreasing. When this time interval
becomes smaller than the lifetime of ions in an excited
state, e.g., due to previous collisions, the probability that an
electron is lost from the ion is increasing significantly. This
is the so-called “density effect” and describes the change of
cross sections for charge-changing processes in ion-atom
collisions with increasing target densities [9,26]. As
described in Sec. II C, it is not possible to make accurate
predictions for the density distribution of the pulsed gas cell
along the beamline. Only the effective target thickness can
be estimated. Therefore, it is not attempted to make an
estimate of the contribution of the density effect to the
resulting equilibrated charge state distribution, as a suffi-
cient description is beyond the scope of this paper.

For the charge state fractions of different ion-target
combinations, a slight shift back toward lower charge
states was observed when increasing the target thickness
further. This has been observed, e.g., for *°Ti and “°Ar on

1.8
274@) = U+H, (b) = Ti+H, () = Ar+H,
! . 1.6 1
n U+He16 m Ti+ He e Ar+He
2.44 } 1.4
1.4 %
o= 2.1 I 1.24
I 1.2+ % + % HH ,H% +
1.8 T ow 104 ﬁ%’% 1.0 %
1.5 T T T T — 0.8 T T T T T 0.8 T T T T
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FIG. 12. Width d of the charge state distributions of 2*3U (a), °Ti (b), and *°Ar (c) ion beams on H, and He gas at 1.4 MeV/u.
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H, gas [Fig. 5(b,c) and Fig. 6(b,c)]. The obtained energy
loss for *Ti and “°Ar ion beams for thicknesses of
32.9 um/cm? and 53.3 ym/cm? is about 76 &5 keV/u
and 100 £ 5 keV/u, respectively. The equilibrated mean
charge state strongly depends on the ion energy (see, e.g.,
[27-29]). Therefore, this changes in the charge state
fractions may be caused by the reduction in ion energy
during the transition through the gas target when going to
highest target thicknesses. Another possible reason is a
broader distribution of the gas along the beamline by
increasing the back-pressure on the gas valves, going to
higher target thicknesses. If the ions are passing an
extended area with a less dense gas when leaving the
stripper, the equilibrium charge state is changing again.

The equilibrated mean charge state is of major interest
for various applications, for example in gas-filled recoil
separators, e.g., TASCA [30,31]. There, the aim is to make
accurate predictions of the mean charge state of ions after
passing a dilute gas, taking into account the density effect.
For the accelerator-related application in gas strippers, the
most abundantly populated charge state is of interest, as it
allows for highest beam intensities. Additionally, high
charge states are desired for the acceleration process to
higher beam energies. In Table I, the obtained mean charge
states g and the corresponding distribution widths d are
shown for all measured ion-target combinations for which a
charge state equilibrium was achieved. For H, gas at
1.4 MeV /u, the mean charge state is significantly increased
compared to all other gas targets. A similar behavior was
reported in [32] for '?C ions at 2-10 MeV /u and in [33] for
1271 ions, where increased equilibrium charge states were
measured for H, gas relative to He gas at an ion energy
of 0.87 MeV/u.

We note that lower equilibrated mean charge states were
observed for He and Ne, compared to the other gas targets,
independent of the beam energy. This is probably caused by
closed electron shells in the atomic structure, which result
in strongly-bound electrons. A similar effect was described
with the oscillation of equilibrium charge states with
increasing nuclear charge of the target Z; for Si and Cl
ions [34] as well as in [9].

The behavior of the equilibrium charge state among the
different gas targets changes at 0.74 MeV/u. The mean
charge state for 28U on H, gas is reduced, compared to N,
and Ar gas. This is similar for °Ti on H, and N, gas.
A shift of the equilibrium charge states of H,, and also
He, compared to heavier gas targets can also be seen
in measurements at different ion energies. Measurements
for 2¥U ions at comparatively low ion energies
(0.008 MeV /u-0.063 MeV /u), showed lower equilibrium
charge states for H, and He gas compared to heavier gas
targets [35]. At 10.8 MeV/u projectile energy, increased
equilibrium charge states were measured for >*U ions on
H, and He gas, compared to N,, Ne, and Ar gas [25,36].
This significant shift of the equilibrium charge states for

TABLE 1. Mean charge states g and distribution widths d,
obtained from the measurement data, and the calculated mean
charge state g,;,. using the Schiwietz formula, as described in the
text, for all ion-target combinations for which a charge state
equilibrium was achieved.

Ion Gas target Energy (MeV/u) q d G-
Wy H, 1.40 292+12 1.8+0.1 274

He 1.40 243+1.0 20+0.1 27.7

N, 1.40 267+1.1 3.7+£02 284

0, 1.40 265+1.0 3.0+£02 284

CO, 1.40 26.7+1.0 2.8+£02 284

Ne 1.40 244410 3.6+£0.1 27.7

Ar 1.40 258+1.0 34+0.1 289

20984 H, 1.40 202412 1.74+0.1 26.1
Ar 1.40 263+1.1 3602 274

0Ty H, 1.40 148+0.6 1.1 £0.1 12.8
He 1.40 129405 1.24+0.1 12.8

N, 1.40 126+0.5 12+0.1 12.9

4OAr H, 1.40 13.6+05 1.1 +0.1 11.3
He 1.40 11.7£05 1.24+0.1 11.3

238y H, 0.74 19.1+0.8 1.6+0.1 19.5
He 0.74 16.8+0.7 1.6+£0.1 19.9

N, 0.74 20.5+0.8 2.6+£0.1 204

Ne 0.74 19.1 £0.8 3.1£0.1 20.6

Ar 0.74 219409 334+0.1 209

0Ty H, 0.74 11.0+04 1.0£01 99
He 0.74 94404 12+01 99

N, 0.74 104+04 1.2+0.1 10.1

low-Z gases at higher ion energies is not fully understood
but may reflect the atomic structure of the target gas.

Consequentially, the choice of the gas target for a charge
stripper depends strongly on the beam energy, as the charge
state behind the gas stripper has to be matched with the
injection threshold of the adjacent accelerator structures.
Additionally, higher charge states behind the stripper
enable a reduced rf power consumption for adjacent
accelerator structures. With an increased mean charge state
of the charge state distribution, this becomes possible
without a loss of efficiency. However, for high beam-
intensity applications the benefit must be balanced against
the increase of space charge effects scaling with g°.

The mean charge state can be predicted with semi-
empirical formulas, e.g., by Schiwietz and Grande [37]. In
this approach, the mean charge state g,, is estimated by

376x 4 x°
Zp: _ 0.5 6’
1428 — 1206x"~ + 690x + x

(12)

i =
with the scaling parameter

0.03-0.017-Z;%5%-vp, /vo) 140.4/Zp (1 3)

x= (1},,/110 7027

Zp and Z; denote the atomic charge of the projectile ion
and the target atom, respectively. vp is the velocity of the
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FIG. 13. Measured data plotted as ratio of the mean charge state

to the atomic charge of the projectile ion against the scaling factor
x, as described in the text, and compared to estimations by the
Schiwietz formula [37].

projectile ion, and w», is the Bohr velocity
(vo = 2.19 x 10% m/s). Estimated mean charge states g,,
for ion-target combinations measured in this work are
shown in Table I. A graphical comparison with the
measurement data listed in Table I is shown in Fig. 13.
The formula generally describes the mean charge state of
the measured ions at both ion energies. For H, gas, except
for 28U at 0.74 MeV /u, the estimated equilibrium charge
states are lower compared to the measurements (see
Table I), with a maximum discrepancy of 17%. The formula
estimates slightly reduced equilibrium charge states for He
and Ne at both ion energies compared to all other gases,
which was also observed in the measurements. In general,
the values estimated by the formula describe a different
behavior of the mean charge state depending on Zg,
compared to the measurements.

For the heaviest projectiles, >3¥U and 2*’Bi, the shape of
the charge state distribution becomes broader and asym-
metric after passing heavier gas targets. This is shown in
Fig. 7(c) for 2°*Bi on Ar gas, Fig. 8 for 28U on Ar gas, and
also for the equilibrated charge state distributions in Table I
for all applied gas targets. This behavior is known for
charge state distributions of ions passing through heavy gas
targets, as described in [9,38]. It is caused by an increasing
contribution of so-called “multi-electron processes" in the
charge-changing collisions. In these processes, more than
one electron is lost or captured by the ion. The cross
sections for multi-electron loss are increasing for higher Z.
By using low-Z gases like H, and He for stripping of 28U
and 2%°Bi, the cross sections for multi-electron processes
are decreased and narrower charge state distributions result
(see Fig. 8). This effect was also observed in [25],
measuring the distribution width of 8Kr on H,, He, and
N, gas. Due to the narrow charge state distributions, the

charge state fractions of the populated charge states are
increased. Therefore, the use of H, and He gas enables for
increased stripping efficiencies and, thus, increased beam
intensities behind the gas stripper when utilizing these
charge states.

For broader charge state distributions the charge state
fractions are more widely distributed around the mean
charge state as the average number of collision-transferred
electrons increases. Additionally, the contribution of
multi-electron processes on the total cross sections vary
depending on the charge state of the ion, different to single-
electron processes. The resulting increased charge state
fractions at higher charge states are accountable for forming
the elevated tail in the otherwise Gaussian-shaped charge
state distributions [see, e.g., Fig. 7(c)]. For the charge state
distributions of °Ti and “°Ar ions, an equally significant
effect on the shape of the charge state distribution was not
observed. A possible reason could be the lower number of
electrons in the atomic shell of the projectile, resulting in
reduced cross sections for multi-electron processes.
Therefore, the charge state distribution becomes more
narrow as the average number of electrons, transferred in
charge-exchanging processes, is decreasing.

A sudden shift in the shape of the charge state distribution
at higher target thicknesses were observed for >°Ti on H, and
He gas (Fig. 5d,e). This effect is caused by so-called ““shell
effects” [39]. The cross sections of charge-changing proc-
esses change significantly when the ionization energy of ion
changes. For 3°Ti, this is seen in the transition from charge
state 12 to 13 in the change of the shape of the charge state
distribution and the change of the distribution width [see
Fig. 5 and Fig. 12(b)]. The distribution width increases
again after reaching a minimum at the target thickness cor-
responding to the stated charge state transition. After losing
12 electrons the Ti ion has the electron configuration
15%2522p%3593p%3d°4s°, a magic number of remaining
electrons, and, therefore, has strongly-bound outer electrons.
The ionization energy of Ti'** is 787.67 + 0.04 eV com-
pared to 291.5 & 0.005 eV for Ti!'* [40]. For 23U a less
significant shell effect can be seen at the transition from
charge state 24 to 25 [see Fig. 5(a) and Fig. 12(a)]. **Bi and
40Ar do not have a shell transition in the measured charge
state range. Similar observations were reported in [33,36,41].
The ionization energy of the ion when passing through gas
has to be taken into account when calculating charge-
changing cross sections (see, e.g., [31]). These shell effects
can be utilized to acquire increased beam intensities behind
the gas stripper, especially for ion beams, where a high
charge state is not essential for further acceleration due to a
low Zp or a desired, reduced final beam energy, e.g., for **Ti
projectiles.

For the application in accelerators it is important to note
that an increased target thickness affects the ion-beam
energy, as mentioned above, as well as the beam emittance.
The ion-beam energy is an important parameter for the
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injection of the beam into the adjacent accelerator struc-
tures, like the Alvarez DTL accelerator [11] at the GSI
UNILAC. Therefore, the energy loss in the pulsed gas
stripper cell has to be taken into account when increasing
the applied target thickness. The beam emittance is a
crucial parameter for the accelerator performance and is
influenced by the angular straggling of the ions in the gas
target as well as increased space charge forces due to charge
stripping. However, the behavior of the beam emittance for
ion beams passing the pulsed gas stripper cell is not
discussed here. Previous works have already reported on
this [16,19].

V. CONCLUSION

The charge state distributions for 28U, 2%Bi, °Ti, and
40Ar ions at 0.74 MeV/u and 1.4 MeV/u beam energy
passing through H,, He, CO,, N,, O,, Ne, and Ar gas
have been measured for target thicknesses in the range
of <100 pug/cm?. Measured charge state distributions,
including mean charge states and distribution widths, are
presented. For most ion-target combinations a charge
state equilibrium was reached. The observed behaviors,
including broadening of the distribution and shell-effects,
and their importance for gas stripper applications have
been discussed. At 1.4 MeV /u, the use of H, gas results
in increased mean charge states for all used ion projec-
tiles. H, and He gas targets provide for more narrow
charge state distributions compared to heavier gases and,
thereby, enable increased beam intensities behind the
stripper.
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