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Recoil separator ERNA: ion beam specifications?
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Abstract. For improved measurements of the key astrophysical reaction 12C(α, γ)16O in inverted kinemat-
ics, a recoil separator ERNA is being developed at the 4 MV Dynamitron tandem accelerator in Bochum
to detect directly the 16O recoils with about 50% efficiency. Calculations of the ion beam optics including
all filtering and focusing elements of ERNA are presented. Since the 12C projectiles and the 16O recoils
have essentially the same momentum, and since the 12C ion beam emerging from the accelerator passes
through a momentum filter (analysing magnet), the 12C ion beam must be as free as possible from 16O
contamination for ERNA to succeed. In the present work, the 16O contamination was reduced from a level
of 1×10−11 to a level below 2×10−29 by the installation of Wien filters both before and after the analysing
magnet. The measurement of these and other beam specifications involved other parts of the final ERNA
layout – sequentially a Wien filter, a 60◦ dipole magnet, another Wien filter, and a ∆E-E telescope. The
setup led to a measured suppression factor of 5×10−18 for the 12C ion beam. The experiments also indicate
that an almost free choice of the charge state for the 16O recoils is possible in the separator.

1 Introduction

The capture reaction 12C(α, γ)16O (Q = 7.16 MeV) takes
place during the helium burning stage of Red Giants [1]
and is a key reaction of nuclear astrophysics. The cross
section at the relevant Gamow-energy, E0 ≈ 0.3 MeV, de-
termines not only the nucleosynthesis of elements up to
the iron region, but also the subsequent evolution of mas-
sive stars, the dynamics of supernovae, and the kind of
remnants after supernova explosions. For these reasons,
the cross section σ(E0) should be known with a precision
of at least 10%. In spite of tremendous experimental ef-
forts over nearly 30 years [2–9], one is still far from this
goal. All previous efforts have focused on the observation
of the capture γ-rays, including one experiment [5] that
combined γ-detection with coincident detection of the 16O
recoils produced in the reaction. Due to the low radiative
capture cross section and various backgrounds depend-
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ing on the exact nature of the experiments, γ-ray data
with useful, but still inadequate, precision were limited to
center-of-mass energies 1.2 MeV ≤ E ≤ 3.2 MeV, where
E = Ecm throughout this paper.

To improve the situation, a new experimental approach
is in preparation at the 4 MV Dynamitron tandem acceler-
ator in Bochum, called ERNA (European Recoil separator
for Nuclear Astrophysics). In this approach, the reaction
is initiated in inverted kinematics, 4He(12C,γ)16O, i.e. a
12C ion beam is guided into a windowless 4He jet gas-
target and the kinematically forward-directed 16O recoils
are detected downstream on the beam line. The direct
observation of the 16O recoils requires an efficient recoil
separator to filter out the intense 12C beam particles from
the 16O recoils: the number of 16O recoils per incident
12C projectile is 1× 10−18 for σ = 1 pb and a target den-
sity n(4He) = 1 × 1018 atoms/cm2. The recoil separator
must also filter out beam contaminants, small-angle elas-
tic scattering products, and background events from mul-
tiple scattering processes leading to a degraded tail of the
projectiles. If the filtering of the separator is sufficiently
effective (with a beam suppression factor of the order
Rrec = 1× 10−14 at E = 0.7 MeV), the 16O recoils can be
counted directly in a ∆E-E telescope placed in the beam
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line at the end of the recoil separator, where the telescope
allows for particle identification. Previous measurements
[10] have shown that a suppression factor for the telescope
alone of Rtel = 1×10−4 can be achieved leading to a com-
bined suppression factor of Rtot = RrecRtel = 1 × 10−18

at E = 0.7 MeV for the planned separator.
Since the 12C projectiles and the 16O recoils have es-

sentially the same momentum and since the 12C ion beam
emerging from the accelerator passes a momentum filter
(analysing magnet), a nearly complete elimination of any
16O beam contaminant in the 12C ion beam incident on
the 4He gas target is of utmost importance for the new
approach: the 16O beam contaminant and the 16O recoils
cannot be distinguished in the recoil separator, since both
have the same momentum. In a first ERNA report [11],
a Wien filter (WF) and a ∆E-E telescope were used to
investigate the 16O beam contamination accompanying a
momentum-filtered 12C beam: the intensity ratio of 16O
to 12C was found to be about P0 = 6 × 10−10, i.e. much
higher than the intensity ratio 1× 10−18 between the 16O
recoils and the 12C projectiles at E = 0.7 MeV, or even
5× 10−14 at E = 2.45 MeV with maximum radiative cap-
ture cross section σ ≈ 50 nb.

In recoil separators that include momentum analysis, it
is necessary to make a charge state selection of the recoils,
causing a reduction in the number of recoils transmitted
through the separator. However, since there is usually – in
the equilibrium charge state distribution – a charge state
representing about 50% of the total recoils produced, this
reduction is not too serious. Since the 16O recoils are pro-
duced in the 4He jet gas-target, their charge state distri-
bution depends however on the geometric location within
the target: those 16O recoils produced in the upstream
part of the target will most likely reach an equilibrium
charge state distribution in the passage of the remaining
target length, while those 16O recoils produced near the
downstream end of the target will not. Thus, not all 16O
recoils produced will be characterized by an equilibrium
charge state distribution and this feature can lead to sig-
nificant uncertainties in the cross section determination.
It was found previously [10], that the charge state distri-
bution of the recoils also depends on the incident charge
state of the projectiles, called a memory effect. A possi-
ble solution for these problems lies in the installation of
an additional gas stripper (e.g. Ar gas) shortly after the
jet gas-target, which is presently in the stage of technical
development.

Although the 16O recoils – produced in the 4He jet
gas-target via the reaction 4He(12C,γ)16O – are kinemat-
ically forward-directed, the emission of the capture γ-
rays (energy Eγ) leads to an emission cone of half-angle
θ = arctan(Eγ/pc), where p is the momentum of the 16O
recoils and c is the velocity of light. Associated with the
γ-ray emission there is also a spread ∆p/p in momen-
tum. For example, at E = 0.7 MeV (Eγ = 7.9 MeV) one
finds θ = 1.8◦ and ∆p/p = 6.2%, and at E = 5.0 MeV
(Eγ = 12.2 MeV) one finds θ = 1.0◦ and ∆p/p = 3.6%. At
E = 0.7 MeV, the cone has reached a diameter of 3.1 cm
at a 0.5 m distance from the jet gas-target. Thus, shortly

after the jet gas-target there must be a focusing element
followed by filter elements and other focusing elements up
to the site of the telescope, where all elements must have
an angle acceptance of at least θ = 1.8◦ and a momentum
acceptance of at least ∆p/p = 6.2%, in order to transport
the 16O recoils with 100% transmission to the telescope.
This requirement demands a compact design of the jet gas-
target system involving several pumping stages, where the
present technical plan involves an extension of 35 cm on
both sides of the jet gas-target.

In summary, the high detection efficiency of the 16O
recoils and the negligible contribution of cosmic-ray events
in the ∆E − E coincidences of the telescope probably al-
low a measurement of the 4He(12C,γ)16O cross section to
as low as E = 0.7 MeV (σ ≈ 1 pb), if the following re-
quirements can be fulfilled: (i) a 12C beam suppression
Rrec = 1 × 10−14 in the separator, (ii) a free selection of
the charge state for the 16O recoils in the separator, (iii) a
relative 16O beam contamination of Ptot ≤ 1×10−20 in the
incident 12C beam, (iv) a 100% beam-energy-independent
separator detection efficiency of all 16O recoils of the se-
lected charge state emerging from the jet gas-target, and
(v) an equilibrium charge state distribution of the 16O
recoils after the jet gas-target. In the present work, we
report – in Sect. 2 – on calculations of ion beam optics
for the filtering and focusing elements of ERNA needed
to fulfill the requirement (iv) and – in the subsequent sec-
tions – on experimental studies of the requirements (i) to
(iii).

2 Ion beam optics

The 16O recoils are produced in the jet gas-target and form
nearly a point source. Due to the considerable emittance
cone and momentum spread of the 16O recoils (θ ≤ 1.8◦
and ∆p/p ≤ 6.2%), the recoils need to be focused to a
nearly parallel beam at the entrance of the telescope which
has a 40 mm-diameter foil window. To fulfill this condition
and to have economical and easy tuning of the 16O recoil
beam as well as of simulating pilot beams [10], a minimum
of focusing elements and apertures of 50 mm maximum
diameter should be used. Note that the bulk of the 12C
ion beam will be swept out by the first Wien filter after
the jet gas-target into a beam stop off the beam line.

The calculations of ion beam optics for the recoil sep-
arator ERNA were performed up to third order using the
program COSY INFINITY [13]. They showed that the
above requirements can be fulfilled with the setup indi-
cated in Fig. 1. After the jet gas-target, the separator
will consist sequentially of the following elements: (i) a
magnetic quadrupole triplet (QT; length L = 1050 mm,
inner diameter Φ = 106 mm), (ii) a Wien filter (WF3;
Sect. 3), (iii) a magnetic quadrupole singlet (QS1; L = 52
mm, Φ = 77 mm), (iii) a Faraday cup (FC3), (iv) a 60◦
dipole magnet (Sect. 3), (v) a magnetic quadrupole dou-
blet (QD; L = 508 mm, Φ = 77 mm), (vi) a Wien filter
(WF4; Sect. 3), (vii) a magnetic quadrupole singlet (QS2;
L = 52 mm, Φ = 77 mm), (viii) a Faraday cup (FC4), and
(ix) the ∆E − E telescope [11].
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Fig. 1. Schematic diagram of the complete ERNA setup (WF
= Wien filter, FC = Faraday cup, QS = quadrupole singlet, QD
= quadrupole doublet, QT = quadrupole triplet). The given
drift lengths between the components are in units of meters

The calculations were performed assuming a parallel
12C ion beam of 3 mm diameter and a pointlike 4He jet
gas-target with a density of 1 × 1018 atoms/cm2. To cal-
culate the emittance of the 16O recoils, the energy loss of
the 12C projectiles and the 16O recoils in the gas target
as well as the recoil from the capture γ-rays to the 16O
ground state (for assumed isotropic emission) were taken
into account; the effects of angle and energy straggling in
the target have also been included. The calculations were
performed over the planned energy region, E = 0.7 to
5.0 MeV, where at each energy the most probable charge
state q0 was selected for the 16O recoils (e.g. q0 = 3+ for
E = 0.7 MeV and q0 = 6+ for E = 5.0 MeV).

The optimum drift length between each pair of ERNA
elements was calculated with results given in Fig. 1 (e.g.
0.40 m between the jet gas-target and QT). Samples of
the resulting 16O3+

trajectories in the two orthogonal di-
rections perpendicular to the beam axis, are shown in
Fig. 2a for E = 0.7 MeV, where the following magnetic
field strengths have been assumed: BQT/1 = 0.136 T,
BQT/2 = 0.150 T, BWF3 = 0.080 T, BQS1 = 0.058 T,
BQD/1 = 0.149 T, BQD/2 = 0.140 T, BWF4 = 0.120 T,
and BQS2 = 0.025 T. The resulting 16O6+

trajectories for
E = 5.0 MeV are shown in Fig. 2b for the magnetic field
strengths BQT/1 = 0.192 T, BQT/2 = 0.211 T, BWF3 =
0.110 T, BQS1 = 0.074 T, BQD/1 = BQD/2 = 0.210 T,
BWF4 = 0.110 T, and BQS2 = 0.025 T. The trajectories
emitted within the entire cone are 100% transmitted to
the telescope, where they enter the telescope within a di-
ameter of about 30 mm and are nearly parallel.

3 Equipment and setup

The measurement of the setup specifications was per-
formed with the layout shown in Fig. 3 including a large
part of the elements of the ERNA separator.

Fig. 2. Samples of 16O trajectories are shown for (a) E =
0.70 MeV (q0 = 3+, θmax = 1.9◦, ∆E = 0.13 MeV) and (b)
E = 5.0 MeV (q0 = 6+, θmax = 1.0◦, ∆E = 0.44 MeV).
The trajectories start at the jet gas-target (4He target density
= 1× 1018 atoms/cm2) and are followed through the filtering
and focusing elements of ERNA (indicated by square boxes) up
to the telescope (WF = Wien filter, QS = quadrupole singlet,
QD = quadrupole doublet, QT = quadrupole triplet, MD =
magnetic dipole)

The 12C and 16O ion beams were provided by the 4 MV
Dynamitron tandem accelerator at the Ruhr-Universität
Bochum. Briefly, a negative ion beam was produced with
a sputter ion source at 130 kV potential, then selected
by a 90◦ injection magnet, focused by a gridded lens, and
accelerated to the high voltage terminal of the tandem
(Fig. 3). After electron stripping within the terminal in
nitrogen gas, the positive ions, further accelerated and
emerging from the tandem, were focused by a magnetic
quadrupole doublet, filtered with respect to momentum
and charge state by a 52◦ analysing magnet, and guided
into the 75◦ beam line by a switching magnet. Finally, a
magnetic quadrupole doublet was used to focus the beam
for its desired application.

In order to reduce the 16O contamination to a level
Ptot ≤ 1 × 10−20, we have installed two identical WF
[11], WF1 before and WF2 after the analysing magnet
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Fig. 3. Schematic diagram of the 4 MV Dyna-
mitron tandem accelerator with relevant com-
ponents and of the experimental setup (WF =
Wien filter, FC = Faraday cup, A = aperture)
representing to a large extent the ERNA setup.
The given distances are in units of meters

(Fig. 3). The resulting level of 16O purification was mea-
sured using (Fig. 3) the combination of a third WF (WF3),
a 60◦ dipole magnet, and a ∆E−E telescope (ionisation-
chamber with an entrance window of 40 mm diameter
[11]). For the measurement of the beam suppression factor
Rrec, a fourth WF (WF4) was also involved, which was in-
stalled between the dipole magnet and the telescope (not
shown in Fig. 3) completing to a large extent the planned
ERNA setup (Fig. 1).

The third Wien filter (WF3, DANFYSIK) contains
two electrostatic plates (120 mm width, 500 mm effective
length, 70 mm apart), which are installed on the right and
left sides of the beam axis. The electric field is produced by
positive and negative voltages applied to the plates (power
supplies with analog remote control: GLASSMAN, model
PS/EL50N; 50 kV/0.8 mA, voltage stability < 1 × 10−4

over 8 hours). The Wien filter also involves two separate
pole faces (320 mm width, 500 mm effective length, 160
mm apart) installed above and below the beam pipe. The
lateral uniformity of the magnetic field is 0.1% over a dis-
tance of 16 mm on both sides of the beam axis; along the
beam axis, the magnetic field is homogeneous within 1%
and drops sharply near the edges of the pole faces. The
power supply for the magnetic field (DANFYSIK, model
858; 120A/42V) has a current stability of 1× 10−5 over 8
hours.

The fourth Wien filter (WF4, from Caltech) contains
two electrostatic plates (63 mm width, 578 mm effective
length, 70 mm apart), which are installed on the right
and left sides of the beam axis and driven by a power sup-
ply identical to that for WF3. The two pole faces (77 mm
width, 578 mm effective length, 95 mm apart) are installed
above and below the beam pipe. The lateral magnetic field
uniformity is 0.1% over a distance of 25 mm on both sides
of the beam axis; along the beam axis, the magnetic field
is homogeneous within 1% and drops sharply near the
edges of the pole faces. The power supply for the mag-
netic field (FUG, model MCN1400/650; 2A/650V) has a
current stability of better than 1× 10−5 over 8 hours.

The 60◦ dipole magnet (also from Caltech) of 400 mm
radius of curvature and 76 mm gap spacing is driven by
a power supply with analog remote control (DANFYSIK,
model 853; 150A/150V, current stability (1× 10−6 over 8
hours).

The magnetic fields of all relevant elements were mea-
sured using commercial or home-made tesla meters [11].

4 Experimental procedures and results

With all Wien filters switched off, the momentum-filtered
12C beam was first focused through aperture A1 (Φ = 40
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mm) on Faraday cup FC1 (Fig. 3), then through A2 (Φ =
8 mm) on FC2 and through A3 (Φ = 8 mm) on FC3, and
finally through A4 (Φ = 7 mm) on FC4, where in the last
step the magnetic field of the 60◦ dipole magnet was set
appropriately. Note that both the 12C ion beam and its
16O beam contamination – having the same charge and
momentum – will arrive at FC4. Variation of the incident
12C energy (momentum) and observation of the resulting
current on FC4 led to a momentum acceptance ∆p/p =
1.1% for the dipole magnet, for the given apertures.

Each Wien filter was then turned on separately, and
for the chosen value of the electric field (i.e. the voltages
+U and U applied to the plates: Umax = 20, 20, and 40
kV for WF1, WF2, and WF3, respectively), the corre-
sponding value of the magnetic field B was determined for
optimum beam transmission, which did not change sig-
nificantly (≤ 10%). The observed velocity acceptances are
∆v/v = 1.6, 0.6, and 3.0% for WF1, WF2, and WF3,
respectively.

The projectile suppression factor R is defined as the
ratio of the number of beam particles Nt transmitted
through both WF3 and the 60◦ dipole magnet, when both
are on, to the number of incident particles Ni, i.e. with
WF3 off. In these measurements, WF1 and WF2 were
both off. The incident flux Ni was determined by the beam
current at FC4 preceding the telescope. With the voltage
producing the electric field set at UWF3 = 40 kV, the
transmitted flux Nt after WF3 was determined as a func-
tion of the magnetic field strength BWF3, either via cur-
rent measurement at FC4 (for high Nt values) or with the
telescope (for low Nt values). The resulting suppression
factor for a 12C3+

ion beam with Elab = 10 MeV is shown
in Fig. 4, where the nearly flat part with Rrec = 1×10−10

represents the degraded tail of the projectiles. The 12C
peak at B(12C) = 137 mT has a FWHM ∆B = 3.2 mT
(∆B/B = 2.4%).

A field strength B(16O) = 4/3B(12C) = 182 mT cor-
responds to the velocity of a contaminant 16O beam which
could – in the planned 4He(12C,()16O experiment – cor-
respond to the velocity of the 16O recoils. The ∆E − E
identification matrix of the telescope [11] (Fig. 5a) ob-
tained at this field strength verifies the presence of a con-
taminant 16O beam, whose peak intensity drops at other
field strengths (Fig. 4) with a FWHM ∆B = 3.2 mT
(∆B/B = 1.8%), similarly to that of the 12C projectiles.
The energy of the contaminant 16O beam is about 3

4 the
energy of the 12C incident beam, as expected from the
momentum filter for equal charge states, and corresponds
to a section of a degraded 16O tail produced in the tan-
dem accelerator. The intensity ratio of the 16O peak to
the 12C peak (Fig. 4) is P0 = 1 × 10−11, a value similar
to that reported previously. It was found [11], that the
main source of the 16O beam contamination lies in the
ion source setup, arising from the presence of oxygen in
the sputter material and the finite mass resolution of the
injection magnet. In order to minimize the intensity of the
contaminant 16O beam, we used nitrogen (rather than the
usual oxygen) as the stripper gas in the terminal of the
tandem.

Fig. 4. Suppression factor R of a 10 MeV momentum-filtered
12C3+

ion beam achieved with the Wien filter WF3 and the 60◦

dipole magnet. The 12C peak at BWF3 = 137 mT has a FWHM
of 3.2 mT. Another peak – observed at 182 mT (FWHM = 3.2
mT) with the telescope – is identified as a contaminant 16O
beam in the incident beam from the accelerator, with the same
momentum and charge state as the incident 12C ion beam

As a next step, the beam-purifying WF1 (Fig. 3) was
set at the velocity v(12C) to transmit the 12C ion beam.
After 2 hours of running, the ∆E−E identification matrix
of the telescope showed no 16O events leading to a purifi-
cation factor for WF1 of PWF1 < 1× 10−7 with regard to
the number of 16O counts in Fig. 5a. In order to measure
the actual value of PWF1, the 16O flux had to be increased.
For this reason, an 16O3+

ion beam of Elab = 7.50 MeV
(i.e. with the same momentum as the 10.0 MeV 12C3+

ion beam) was produced leading to a 5.9 µA current at
FC4, with WF1 off. The WF1 was then set at v(12C) and
the identification matrix showed an 16O3+

peak (Fig. 5b),
whose count rate relative to the 5.9 µA 16O3+

current
led to PWF1 = 1.0× 10−12 (Fig. 6a) The same procedure
was repeated for the other beam-purifying WF2 (but with
WF1 off) with the result PWF2 = 1.4× 10−12 (Fig. 6b). If
one assumes the validity of a multiplication of the purifica-
tion levels for WF1 and WF2, one arrives at PWF1+WF2 =
PWF1PWF2 = 1.4 × 10−24. A direct measurement showed
no events after 14 hours of running and led experimentally
to PWF1+WF2 < 2× 10−18. We arrive therefore at a resid-
ual 16O contamination of Ptot = PWF1+WF2P0 < 2×10−29

(and most likely Ptot = 1.4×10−35) for the ERNA project
setup.

The identification matrix (Fig. 5a) shows events along
the expected location for 12C ions, which arise from the
degraded tail of the incident 12C ion beam (e.g. due to
multiple scattering on the apertures). The number of
counts of all 12C events leads to the suppression fac-
tor Rrec = 1 × 10−10 quoted above. A closer inspection
of Fig. 5a reveals two 12C peaks corresponding to the
velocity- and momentum-filtered sections of the degraded
tail of the 12C beam: the peak to the left has Elab ≈ 5
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Fig. 5. The ∆E−E identification matrix for a 12C3+
ion beam

of 10 MeV is shown with (a) WF3 tuned to v(16O) = 3
4
v(12C)

and (b) WF2 tuned to v(12C) and WF3 tuned to v(16O). In the
case (a), the injection magnet of the ion source was set at mass
12, and in the case (b) it was set at mass 16: the contaminant
16O beam appears at the same point in the matrix. Another
identification matrix for the above 12C ion beam is shown in
(c) with WF1 and WF2 off while WF3, the dipole magnet, and
WF4 were tuned to v(16O). The dashed curves correspond to
the expected locations of 12C and 16O ions in the matrix

MeV and charge state qC = 2+ and that to the right has
Elab ≈ 10 MeV and qC = 3+. Since ERNA will involve
an additional WF (WF4) after the 60◦ dipole magnet, its
filtering action will only pass a small section near the 2+

12C peak. To measure the beam suppression factor for this
final ERNA layout, we installed WF4 (Fig. 1 and Sect. 3)
and an additional Faraday cup after WF4. The resulting

Fig. 6. The 16O purification factor is shown as a func-
tion of magnetic field strength BWF3 for (a) WF1 alone and
(b) WF2 alone. The solid curves are fits assuming Gaussian
functions

identification matrix (Fig. 5c) leads to a beam suppression
factor ofRrec = 1×10−13. The count rate was 0.25/s, while
the telescope can handle a count rate of about 5 kHz, thus
Rtel = 5× 10−5 and Rtot = RrecRtel = 5× 10−18, a value
close to the ERNA requirement.

5 Discussion

The 16O beam contamination relative to the incident
momentum-filtered 12C ion beam (with Elab = 10 MeV)
could be reduced from P0 = 1× 10−11 to Ptot < 2× 10−29

(and most likely to Ptot = 1.4 × 10−35) by the installa-
tion of Wien filters both before and after the analysing
magnet. It should be pointed out that the purification
level of each Wien filter as well as that of their combina-
tion could be measured only with an intense 16O beam
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of Elab = 7.5 MeV, where the beam optics up to Fara-
day cup FC4 (Fig. 3) was nearly identical to that of the
12C beam (Elab = 10 MeV) with the same momentum.
Since the 16O beam contamination represents a section
of a degraded 16O tail, it may have a somewhat different
purification level than an 16O beam. However, assuming
an uncertainty of several orders of magnitude, the purifi-
cation level is still far better than the level required by
ERNA (Ptot ≤ 10−20).

The setup used for the measurement of the beam sup-
pression factor is nearly identical to that in the final
ERNA layout, where a compact jet gas-target system will
be installed between WF2 and WF3 (Fig. 3). Between
WF3 and the dipole magnet there will be a sizable side
port used as a 12C beam dump, whereby the intense 12C
beam – deflected by WF3 – will be removed effectively
from the beam axis. We have simulated this side port in
the present studies by the installation of a 30 cm-long pipe
(Φ = 17 mm, otherwise completely closing the beam pipe)
in the 4′′ beam pipe at a 1.5 m distance downstream from
WF3, where the deflected 12C beam was hitting the 4′′
beam pipe at a point downstream of the entrance of the
30 cm-long pipe.

The experiments indicate that a free choice of the
charge state for the 16O recoils is possible (here: qC =
qO = 3+). The exception is the charge state combination
qC = 3+ and qO = 4+, for which the momenta and ve-
locities of 12C and 16O are identical (due to their mass
ratio 3

4 ) and thus no filtering is possible with ERNA.
However, this represents no serious problem: at high en-
ergies (say Elab ≥ 5 MeV) one may choose qC = 3+ and
q0 = 5+ (or 6+) or qC = 4+ and q0 = 5+ (or 6+), while
at low energies one can choose qC = 2+ and q0 = 3+ (or
4+). In all these cases, the charge state probability for
the 16O recoils is of the order of 50%: e.g. at Elab(qC =
4+) = 20 MeV one finds [12] a probability ϕ(q0 =
6+) = 49%, and at Elab(qC = 2+) = 4.0 MeV one finds
ϕ(q0 = 4+) = 45%.
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