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Abstract

Studies of the charge state distribution of low energy (o1.5MeV/u), low Z (o13) heavy ions passing through

hydrogen and helium gas of varying target pressure have been performed using separate windowless gas target systems

at TRIUMF and the University of Naples. Semi-empirical relationships have been deduced to estimate the equilibrium

charge state distributions as a function of beam energy. From these distributions, cross-sections for the relevant charge

changing reactions have been deduced.

r 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The distribution of charge states that results
when a heavy ion passes through matter is of
interest for a number of applications including
nuclear physics, gas filled recoil separators, and
accelerator designs. While many related studies
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have been performed, nevertheless, few studies
are available involving low energy, low Z heavy
ions moving through gas. In situations in
which a device only accepts a single charge state,
this is an important contribution to the device
acceptance.

We report herein a study of the charge state
distributions resulting from the passage of heavy
ions through a gas. These studies are relevant to a
new facility located at the new TRIUMF-ISAC
Radioactive Beams facility in Vancouver, Canada.
This facility is called DRAGON (Detector of
Recoils And Gammas Of Nuclear reactions) and
consists of a windowless, differentially pumped,
gas target coupled to a recoil mass separator to
separate reaction products from incident beam,
followed by a series of charged particle detection
systems to detect and identify the resultant heavy
ions. Further description of the full DRAGON
facility can be found elsewhere [1–3]. The fusion
reactions to be studied are of interest to nuclear
astrophysics and involve low A ðAo30Þ projectiles
in the energy range of interest from 0.15 to
1.5MeV/u.

A windowless, gas target is preferred to a
hydrocarbon or adsorbed helium solid target
because it gives higher yield with less background
for the low yield, narrow resonance reactions of
interest. Furthermore, a gas target is thin (approx-
imately1018 atoms/cm2), uniform, stable over long
periods of irradiation, and essentially indestructi-
ble.

The overall detection efficiency of DRAGON
depends upon the transmission of a single charge
state from the charge state distribution produced
in the gas target. This distribution results both
from the reaction itself and the further passage of
the reaction products through the gas target. The
fraction of a particular charge state is a parameter
that must be known to perform an absolute
measurement of cross-sections as it determines
the overall detection efficiency. Further, if the
charge state distribution has not reached equili-
brium given the gas pressure utilized, the beam
energy and the effective length of the chamber, the
charge state distribution as a function of thickness
and initial projectile charge state distribution has
to be measured. Given the paucity of data [4–7] on

the charge distribution resulting from passage of
the low energy, low Z ion beams through
hydrogen and helium gas, studies were performed
to measure these for the energy range of interest
and are reported herein.

The experimental studies described herein uti-
lized the facilities located at the University of
Naples, Italy, and at the TRIUMF laboratory in
Vancouver, Canada.

2. Description of the experimental setups

2.1. NABONA in Naples

2.1.1. Overview

Initial studies were performed using the NA-
BONA (Napoli Bochum Nuclear Astrophysics
Collaboration) windowless gas target system
coupled to their 3MV Tandem accelerator. Details
of this system can be found elsewhere [8–10].

The charge state distributions of 16O and 23Na
beams passing through a windowless gas target
with an effective target length of 376mm, longer
than at the DRAGON facility, have been mea-
sured. A schematic diagram of the facility with
details of the target provided in the inset is
displayed in Fig. 1. Positive ions of certain charge
states were selected by the 901 analyzing magnet,
and then focused by a quadrupole doublet onto
the center of the gas target. The resultant ion beam
exiting the target is transported through a 301
switching magnet. The use of a post stripper
(carbon foil, 5 mg/cm2) at the object slits just before
the analyzing magnet allowed the production of a
wide range of beam charge states with the same
energy. Electron suppressed, Faraday cups (FC)
positioned before and after the gas target, and
after the switching magnet, were used to measure
the intensity of the passing beams. FC3 measured
the total intensity of the incident beam charge
states, FC4 measured the beam current (mixture of
several charge states) exiting the target, and FC5
provided the intensity of a selected charge state.
The vacuum in the beam line (with no gas in the
gas target) was of the order 10–6mbar near the
target. The intensity of the transmitted charge
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states was measured for values of the gas target
pressure and for different heavy ion beams.

2.1.2. Gas target system

At Naples the windowless, NABONA gas target
is run in a flow-through mode and the pressure in
the chamber is measured by a baratron capaci-
tance manometer to an accuracy of 4%. The disk
shaped chamber has an outer radius of 175mm,
and the distance between the centers of apertures
A and A0 is 24872mm. Further details can be
found elsewhere [8–10]. Using the p(7Li,g)8B
reaction, the target pressure profile was deter-
mined to be constant inside the central chamber
with a fast drop beyond its apertures. The effective
target length was determined to be 37678mm
[10]. The target thickness can be calculated from
the ideal gas law using

x ¼ NALP=ðRTÞ ð1Þ

¼ 2:46� 1016 LðcmÞPðmbarÞ

½molecules=cm2� ð2Þ

¼ 3:24� 1016 LðcmÞPðTorrÞ

½molecules=cm2� ð3Þ

where NA is Avogadro’s number, L the effective
length of the inner gas cell, P the pressure in the
cell, R the gas constant and T the temperature in
the cell (assumed to be constant at 251C).

2.2. The DRAGON facility

2.2.1. Overview

Studies of the charge state distributions for
projectiles exiting the DRAGON gas target were
performed using stable heavy ion beams acceler-
ated with the new ISAC accelerator located at
TRIUMF [11,12]. An off-line ion source injects
beams of 2 keV/u into the LINAC accelerator,
which is composed of an initial RFQ (Radio
Frequency Quadrupole) accelerator, followed by a
stripper system (between two 451 magnetic di-
poles) and then a standard room temperature DTL
(Drift Tube LINAC). Beams with Ao30 of
energies from 0.15 to 1.5MeV/u are available for
studies. More detailed information can be found
elsewhere [11,12]. DRAGON receives the beam
following an achromatic bend section (two 22.51
magnetic dipoles) and various focusing devices as
shown in Fig. 2. The vacuum in the upstream
beam line is o 2� 10�6 Torr.

Fig. 2. Layout view of the ISAC accelerator at TRIUMF,

located in Vancouver, Canada (FC=Faraday cup, MD=mag-

netic dipole, RFQ=radiofrequency quadrupole LINAC,

DTL=drift tube LINAC, OLIS=off-line ion source, MEBT

and HEBT are medium and high-energy beam transport

systems).

Fig. 1. Beam system at the University of Naples with the side

view of the disk-shaped target chamber [10] (S ¼ X2Y steerers,

SL=slits, FC=Faraday cup, MQPD=magnetic quadrupole

doublet, MQPT=magnetic quadrupole triplet).
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Isotopic heavy ion beams of the desired energy
and charge state were delivered to DRAGON with
typical intensities of 10–100 enA. The observed
transmission of the incident charge state through
an evacuated target cell is >98%. Studies of the
charge state distribution were performed again
using a FC (FC4) upstream of the target, a FC
(FC1) after the target, and after a charge selecting
501 magnetic dipole (FCCH). The outputs of the
FCs were integrated by the current integrators set
at 10�10 C/pulse. The complete charge state
distribution was observed by scanning the mag-
netic dipole, following tuning at the first two
quadrupoles. Again, measurement of several pres-
sures was performed at each energy.

2.2.2. Target system

The extended gas target system consists of a
central, trapezoidal, inner target cell (Fig. 3) with
its pumping system, and in addition, three stages
of differential pumping upstream and down-
stream. The pumping system consists of a combi-
nation of 5 Roots blowers, 7 turbo pumps and a
large mechanical pump. The inner gas target
chamber has a geometrical length of 11.05 cm
and can be operated at a maximum pressure of
6 Torr. Apertures of 6mm upstream and 8mm
downstream result in a restricted gas flow
(0.3 atm 1/s) out of the cell. Outside of the target
chamber, pressure reduction was achieved (in these
studies) by a series of small diameter tubes
separating further pumping stages with dimension
shown in Fig. 4. Turbo-molecular pumps
(V 1000HT) on the differential stages reduce the
end pressures to 1� 10�6 Torr; this was only
achieved for hydrogen when a trapezoidal shape
was introduced [3].

In these measurements the DRAGON gas target
operated without a cryotrap. To limit accumula-
tion of gas impurities (o5%) in this recirculation
mode, the gas was refreshed every 4 h.

A more complete and detailed description of the
gas target including operating parameters can be
found elsewhere [3].

In order to have a quantitative measure of the
beam passing through the gas target, solid state Si
detectors were installed at fixed angles of 301 and
571 to monitor scattering events. The detectors do
not observe the same path length in the chamber
due to structural constraints. An alpha source is

Fig. 3. Detailed view of the DRAGON inner gas target

chamber.

Fig. 4. Details of the inner apertures of gas target system used in the present study.
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mounted permanently in a position that is visible
to the 571 detector. In addition, there is also a
temperature measuring device in the chamber. The
pressure in the chamber is measured to 4% using a
capacitance manometer.

In separate studies of the energy loss as a
function of gas pressure, the effective length
of the gas target was determined to be 12.3
(70.5) cm [3].

3. Experimental results and discussion

3.1. Results and uncertainties

A selection of some of the data (fractional
charge states as a function of pressure) obtained at
both laboratories are displayed in Figs. 5 and 6
while the complete set of results are available upon
request [13].

Table 1 presents the equilibrium charge state
distributions measured at Naples for O and Na,
and at ISAC for N, O and Mg beams with a

variety of incident energies and incident charge
states. These were extracted from the data above
using a least-squares analysis.

Reproducibility of the equilibrium charge state
distribution has been checked by comparing the
result of 16O beam of 0.325 and 0.500MeV/u
passing through a hydrogen target at Naples and
Dragon. There is good agreement between two
measurements at 0.500MeV/u, but a small differ-
ence at 0.325MeV/u, which might be attributed to
gas impurity.

In order to minimize the effect of beam
instability during the measurements, Iq; the mea-
sured charge intensity, was converted to particle
intensity, nq; and normalized to the scattering rate,
C; in the elastic monitor, namely,

nq ¼
Iq

qC
: ð4Þ

The fraction, Fq; of charge state q; was calculated
as

Fq ¼
nqP

nq

: ð5Þ

Fig. 5. Fractional charge states distributions measured using the NABONA facility at the University of Naples as a function of target

thickness (atoms/cm2) and incident projectile charge state.
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The uncertainty, Dnq; in nq can be estimated as

Dnq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qnq

qIq

� �2

ðDIqÞ
2 þ

qnq

qC

� �2

ðDCÞ2

s
ð6Þ

¼ nq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DIq

Iq

� �2

þ
DC

C

� �2
s

: ð7Þ

The uncertainty, DFq; in the charge state fraction
was estimated to be

DFq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qFq

qnq

� �2

ðDnqÞ
2 þ

X
q0aq

qFq

qnq0

� �2

ðDnq0 Þ
2

s

ð8Þ

¼ Fq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1�2FqÞ

Dnq

nq

� �2

þ
X

q0
F 2

q0
Dnq0

nq0

� �2
s

: ð9Þ

Assuming that each measurement has the same
percent error, i.e., all Dnq=nq are equal to each
other, we have

DFq

Fq

¼
Dnq

nq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� 2FqÞ þ

X
q

F2
q

q
: ð10Þ

Table 2 presents a more complete error budget.

3.2. Critical thickness

A useful parameter in charge exchange studies
with gases is the critical thickness, namely, the
target thickness, defined here as where fractions of
all charge states are within 75% of its equilibrium
value as listed in Table 1. Table 3 presents these
critical target thicknesses and the corresponding
pressure. The pressure data from the Naples
measurements have also been converted to the
pressure of the DRAGON target of the same
thickness.

The critical thickness increases as the energy of
the projectile increases. Also, comparing the
critical thickness xc of different projectiles with
the same velocity passing through hydrogen
gas, we noticed that with the increase of
the projectile’s atomic number, xc increases
slightly. It can also be observed on the growth
curves for projectiles of the same species and
velocity but different incident charge state
that equilibrium is reached relatively faster
when the incident charge state is closer to the
dominant state at equilibrium. However, addi-
tional data is needed to achieve a quantitative
empirical description of xc as a function of Zp, Zt,
and E.

Fig. 6. Fractional charge states distributions measured using the DRAGON target at TRIUMF as a function of target thickness

(atoms/cm2) and incident projectile charge state.
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3.3. Equilibrium charge state distribution

3.3.1. Gaussian distribution

Fig. 7 presents some of the measured equili-
brium charge distributions as a function of
different beams and beam energies. These dis-
played a remarkable symmetry and are well
described by a Gaussian distribution dependence
as indicated by the solid lines.

Two important parameters, the average equili-
brium charge state %q and distribution width d; are
defined as

%q ¼
X

q

qFq ð11Þ

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

q
ðq � %qÞ2Fq

q
: ð12Þ

And as a measure of the degree of asymmetry,
skewness is introduced and defined as

s ¼
X

q

ðq � %qÞ3Fq=d3: ð13Þ

These parameters calculated from experimental
data are tabulated together with those from the

Gaussian fits in Table 4. The skewness presented
indicates the quality of symmetry.

3.3.2. Semi-empirical formulas for %q and d

The good agreement between experimental
results and the Gaussian fits encouraged us to
look for semi-empirical equations to describe the
average equilibrium charge state and distribution
width. In the literature there are several semi-
empirical approaches to estimate these average
values including [14,15] for solid targets, and the
rather complex approach of [16]. The best result
(smallest w2 value) for our data is based upon on
the formulation of Betz et al. [14], which is
rearranged here as

%q ¼ Zp � 1� exp �
A

Z
g
p

ffiffiffiffiffi
E

E0

r
þ B

 !" #
ð14Þ

where Zp is the projectile ion atomic number with
energy E (MeV/u). To be more comparable with
other results, we took v=ðv0Zg

pÞ as the reduced
velocity with v0 ¼ 3:6� 106im/s, instead of
v=ðv0Zg

pÞ; where v0 is the Bohr electron orbital
velocity. A was treated as a free parameter along
with B and g (Betz et al. fixed A ¼ 1 [14]). A value
of E 0 ¼ 0:067635MeV/u corresponding to
v0 ¼ 3:6� 106 m/s was used.

The best fit for hydrogen gas targets is reached
with g ¼ 0:44515; A ¼ 1:4211; B ¼ 0:4495; and
for Helium gas target g ¼ 0:44515; A ¼ 1:1326;
B ¼ 0:3449; as shown in Fig. 8(a) and (b). Our
experimental data fall nicely on a line with a non-
zero y intercept.

Also plotted in Fig. 8(a) are the average
equilibrium charge states of low energy 16O
passing through hydrogen gas target taken from
literature [5]. Despite the good agreement in our
energy range, it is clear that for reduced velocity of
less than 0.5, which corresponds to a beam energy
of less than 0.1MeV/u for 16O, the experimental
data deviate from a linear relation. This indicates
that the expression determined cannot be extra-
polated to a very low energy region, where %q goes
to zero at zero velocity.

It is not clear why the data point for the data for
15N beam is considerably lower 2+, and 3+ states
were not measured. It may be necessary to

Table 2

Experimental and data analysis uncertainties

Experimental uncertainties—Naples

Source Equipment

Uncertainty

Pressure Manometer 4%

Effective target length Gas cell 3%

Beam charge intensity Faraday cup 2–10%

Charge state analyzing Magnet+tuning 2–5%

Experimental uncertainties—DRAGON

Source Equipment

Uncertainty

Pressure Manometer 4%

Effective target length Gas cell 10%

Beam charge intensity Faraday cup+current

integrator

3%

Charge state analyzing Magnet+reference file 1%

Gas impurity Target system 5%

Analysis uncertainties

Naples DRAGON

F ðqÞo1% 10–20% 10%

1%oF ðqÞo10% 6–10% 5%

F ðqÞ > 10% 4% 3%
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remeasure this point at a later time when the
DRAGON facility and the beam are available. It
is interesting to mention that none of the existing
semi-empirical formulae in the literature can be
used to fit our experimental data without mod-
ification.

The distribution width is a very sensitive
parameter and no theoretical prediction is avail-
able yet.

The charge state distribution width is constant
over a wide range (Table 4). Approximately, for
the reduced charge state %q=Zp in the range of 0.3–
0.7, the distribution width can be fitted with the

expression

d ¼ d1Zw
p ð15Þ

with d1¼0:23675 and w ¼ 0:54772; respectively.
While plotting the reduced width d=Z0:54772

p

versus the average number of electron %neð¼ Zp �
%qÞ as suggested by Shima et al. [17], the presence of
atomic shell effects become apparent as shown in
Fig. 9.

One of the applications of these data are to
estimate average charge state distributions for
other projectile and target combinations. Fig. 10
displays the measured distribution widths as a

Table 3

Critical target thickness xc and the corresponding pressure at Naples and DRAGON gas target, with* and w referring to data from

Naples and DRAGON measurements, respectively

E (MeV/u) qin xc (10
16 atoms/cm2) PNAPLES (mbar) PDRAGON (Torr)

15NþHw
2 0.435 4+ 48.6 0.610

16OþH

2 0.138 2+ 7.0 0.038 0.088

3+ 8.1 0.044 0.102

4+ 10.2 0.055 0.128
16OþH


2 0.200 3+ 11.6 0.063 0.146

4+ 17.0 0.092 0.214

5+ 19.7 0.106 0.246
16OþH


2 0.325 3+ 50.7 0.274 0.637

5+ 44.6 0.241 0.56
16OþHw

2 0.325 4+ 10.7 0.134

16OþHw
2 0.500 4+ 77.2 0.969

16OþHw
2 0.800 4+ 338.1 4.242

23NaþH

2 0.200 3+ 14.6 0.079 0.183

5+ 18.3 0.099 0.230

6+ 20.4 0.110 0.256
23NaþH


2 0.374 4+ 85.4 0.461 1.071

6+ 63.8 0.341 0.792
23NaþH


2 0.478 4+ 140.1 0.757 1.758

7+ 120.6 0.651 1.512
24MgþHw

2 0.200 6+ 13.2 0.165

24MgþHw
2 0.500 6+ 71.5 0.897

24MgþHw
2 0.800 6+ 184.2 2.312

16OþHe
 0.138 2+ 6.47 0.070 0.162

4+ 7.49 0.081 0.188
16OþHe
 0.200 3+ 3.60 0.039 0.091

4+ 6.29 0.068 0.157

5+ 7.97 0.086 0.20
16OþHe
 0.325 3+ 8.69 0.094 0.218

5+ 11.7 0.127 0.295
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function of average equilibrium distributions and
can be used to interpolate such values. Extrapola-
tion would be less accurate (Fig. 11).

3.4. Charge-changing cross-sections

3.4.1. Least-squares methods

The variation of the charge state distribution
during the passage through the target can be
expressed by a system of linear coupled differential
equations as

dFq

dx
¼
X

q0;q0aq

ðFq0sq0;q � Fqsq;q0 Þ ð16Þ

where Fq is under the restrictionX
q

Fq ¼ 1 ð17Þ

Eq. (16) assumes that the ion collisions always
occur in their ground state, Eq. (16) assumes that
the ion collisions always occur in their ground
state, which is appropriate for low energy ions
passing through dilute hydrogen and helium gas.
The additional restriction to allow only single
electron capture and/or loss is also imposed. The
least-square method has been adopted to fit the
cross-sections from the measured non-equilibrium
and equilibrium charge state distributions since the
measured fractional distribution curves showed
significant deviation from linearity at very low
target thickness.

Basically, the least-square sum w2 is calculated
as

w2 ¼
Xqmax

q¼1

WqðFq � YqÞ
2 ð18Þ

Fig. 7. Equilibrium charge state distribution of 16O, 23Na, 24Mg beam passing through hydrogen gas and 16O beam passing through

helium gas, with symbols representing the experimental data and the line indicating the Gaussian distribution fits.
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where Fq and Yq are the experimental charge
fractions and those from numerical integration of
Eq. (16). Wq is the weighing factor chosen with
respect to the experimental uncertainty in Fq. The
sum runs over the charge fractions measured for
all charge states and target thicknesses for specific
projectile and target combination. The cross-
sections are determined by minimizing w2; regard-
ing all cross-sections as free parameters.

All fitted cross-sections with uncertainties are
tabulated in Tables 5 and 6. Figs. 5 and 6 display
some of the fits which are in excellent agreement
between the calculated growth curves and the data
point. In cases when w2 per degree of freedom is
larger than 1, the uncertainties have been multi-
plied by the square root of w2 per degree of
freedom. Since the non-equilibrium charge state
distribution depends on the target thickness, an
additional error was introduced by the uncertainty

of the target effective length. This affects all the
fitted cross-sections by 710%. The agreement of
the growth curves calculated from these cross-
sections with the experimental data indicates that
the model of a single electron capture and loss is a
reasonable assumption. In the growth curves
corresponding to large differences between inci-
dent and equilibrium charge states (see, e.g., Mg
beam of 0.2MeV/u and 6+ charge state passing
through hydrogen gas as shown in Fig. 6) the
sharp peaks observed for intermediate charge
states nicely indicate the multistep one-electron
exchange nature of the process.

The fitted charge-changing cross-sections related
to charge states with low fraction Fq (say, less than
1%) have large uncertainties because of the large
uncertainties associated with the measured Fq.

This occurs mainly for charge states well removed
either from the incident charge state or the

Table 4

Experimental %q; d; and s versus %q and d from Gaussian fit, with * and w refer to data from Naples and DRAGON measurements,

respectively

E (MeV/u) Experimental data Gaussian distribution

%q d S qmax d

15NþHw
2 0.435 5.6370.10 0.62970.007 �4.00E-5 5.6970.01 0.60370.011

16OþH

2 0.138 2.4470.05 0.78470.010 9.52E-5 2.4370.01 0.79670.004

16OþH

2 0.200 3.2070.06 0.76270.010 1.45E-5 3.1870.01 0.80070.009

16OþH

2 0.325 4.2670.08 0.77570.009 �1.49E-5 4.2970.01 0.78170.006

16OþH

2 0.500 5.3670.10 0.69970.008 �4.40E-5 5.4870.02 0.71970.029

16OþH

2 0.500 5.3870.08 0.69170.008 �5.37E-5 5.5470.04 0.71870.046

16OþH

2 0.588 5.6570.10 0.62570.009 �5.38E-5 5.7170.02 0.58870.017

16OþHw
2 0.800 6.1670.08 0.60070.008 1.32E-5 6.1770.01 0.58670.001

23NaþH

2 0.200 3.5370.07 0.77970.011 1.87E-5 3.4870.01 0.78070.011

23NaþH

2 0.374 5.4070.10 0.89370.011 6.55E-6 5.3870.01 0.89770.007

23NaþH

2 0.478 6.2870.11 0.92670.012 �6.01E-6 6.3070.01 0.93770.008

24MgþHw
2 0.200 3.8070.05 0.71170.006 4.95E-5 3.6870.02 0.75870.021

24MgþHw
2 0.500 6.7370.09 0.94070.009 �7.30E-6 6.7570.01 0.94970.006

24MgþHw
2 0.800 8.4270.12 0.84370.008 �1.84E-5 8.4470.01 0.83970.005

16OþHe
 0.138 2.2070.04 0.84870.010 3.24E-5 2.1270.02 0.88570.011
16OþHe
 0.200 2.9070.05 0.76870.009 4.68E-5 2.7770.03 0.83870.024
16OþHe
 0.325 3.6670.07 0.84870.010 9.37E-7 3.6670.01 0.87770.005
16OþHe
 0.371 3.8970.08 0.85170.010 �5.95E-6 3.9270.01 0.84170.008
16OþHe
 0.588 4.9370.09 0.81370.010 �2.10E-5 4.9870.01 0.84270.008
16OþHe
 0.750 5.5070.10 0.73570.011 �2.68E-5 5.6270.03 0.73570.034
16OþHe
 0.875 5.8170.10 0.60770.009 1.23E-5 5.7870.01 0.63570.005
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equilibrium state. Improvement of this situation
requires further studies with incident beams in
these charge states, which were not available for
this study. However for practical purposes these
oases are not important. Further, in situations in

which insufficient non-equilibrium distributions
were measured, the charge exchange cross-sections
are not well determined.

Limited by little published data available for
direct comparison, we extrapolated data from
Montenegro et al. [18] on s5;6 and s5;4 of oxygen
beam passing through hydrogen, as shown in
Table 7. Their data of cross-sections have been
fitted to single power law, e.g.,

s5;6 ¼ aEb ð19Þ

where a and b are free parameters. Then,
corresponding cross-sections for 0.138 and
0.200MeV/u 16O beam passing through hydrogen
and helium gas have been calculated and are listed
in Table 7 with our experimental data. Their cross-
sections with hydrogen gas in units of cm2/
molecule have been converted to units of cm2/
atom, as a hydrogen molecule contains two atoms.
Comparison with our data indicates good agree-
ment. Other than this, we are not aware of any
published data with which to compare the present
measurements.

3.4.2. Scaling rules for charge-changing cross-

sections

Charge-changing cross-sections are functions of
projectile atomic number Zp; target atomic num-
ber Zt; ion charge state q and energy E: Following
the application of a simplified theoretical model,
which gives simple power functions for the
dependence of cross-sections on these parameters,
we checked the dependence of the cross-sections
on q and E; respectively, as shown in Fig. 11 for
oxygen beam passing through hydrogen for
example.

Because of the diversity in the dependence of
these cross-sections on the all the parameters, no
universal fit as that described by Berkner et al. [19]
can be achieved from our data.

4. Summary/conclusions

A windowless gas target followed by an analyz-
ing magnet has been used at the University of
Naples and at TRIUMF to study the charge state
distribution of ions passing through hydrogen or

Fig. 9. Reduced width d=ðZw
p Þ plotted as a function of mean

number of electrons neð¼ Zp � %qÞ:

Fig. 8. Presented here is lnð1� %q=zÞ plotted as a function of

reduced velocity for different beams in hydrogen and helium. In

(a) the data (solid circles) for the O beam at low velocities are

taken from the literature [5].
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helium gas. The data will be essential in the
interpretation of radiative capture experiments at
energies of interest in nuclear astrophysics.

We have measured charge state distributions not
presently available in the literature, and also
developed semi-empirical formulas for estimating
average equilibrium charge states and distribution
widths for low energy heavy ion passing through
hydrogen and helium gas targets. These formulas

are useful in predicting equilibrium charge state
distributions within the energy range from 0.138 to
0.875MeV/u. Extrapolation beyond this range is
not recommended.

Charge changing is a complicated many-body
collision process, and a theory is not yet available
to predict the distribution accurately. In such a
situation, semi-empirical formulas have been
developed and are useful but are limited to a

Fig. 10. Distribution width d plotted as a function of relative average equilibrium charge state. The errors are the size of the points.

Fig. 11. Single electron capture (on left) and single electron capture cross-sections of 16O beam passing through H2 gas as a function of

charge state, q; and projectile energy, E; respectively.
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certain range. We found that none of the empirical
or semi-empirical formulas published previously
can be applied to our case directly.

Charge-changing cross-sections provide the ba-
sis for a complete description of the charge state
distribution resulting from ion–atom encounters.
While some cross-sections have been estimated
from our distribution data, further studies would
be required to understand completely the charge-

changing processes of low energy heavy ions
passing through hydrogen and helium gas.
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Table 5

Single electron capture and loss cross-sections for heavy ions, with * and w referring to data from Naples and DRAGON

measurements, respectively

E (MeV/u) Single electron capture Single electron loss

q q0 sq;q0 (10
–18 cm2) q q0 sq;q0 (10

218 cm2)

16OþH

2 0.138 2 1 19.675.2 1 2 81.0720.8

3 2 29.474.1 2 3 26.573.6

4 3 68.173.3 3 4 12.271.9

5 4 126.6746.3 4 5 5.970.7

16OþH

2 0.200 3 2 10.071.0 2 3 27.873.5

4 3 17.172.3 3 4 10.671.5

5 4 69.5711.2 4 5 7.970.8

6 5 150.17105.5 5 6 2.170.7

16OþH

2 0.325 3 2 2.171.1 2 3 25.178.0

4 3 3.170.3 3 4 11.270.6

5 4 7.570.6 4 5 5.470.5

6 5 14.875.8 5 6 2.070.6

16OþHw
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6 5 3.670.6 5 6 4.170.3

7 6 6.373.8 6 7 0.0670.03

16OþHw
2 0.800 5 4 0.2770.04 4 5 6.870.2

6 5 0.3870.03 5 6 2.770.2

7 6 0.5070.07 6 7 0.2370.02

8 7 0.5470.22 7 8 0.0370.01

23NaþH

2 0.200 3 2 4.870.4 2 3 27.772.5

4 3 15.770.8 3 4 15.170.8

5 4 37.771.7 4 5 8.170.5

6 5 66.874.3 5 6 4.670.5

23NaþH

2 0.374 4 3 1.470.4 3 4 17.975.7

5 4 2.170.2 4 5 6.770.4

6 5 5.370.5 5 6 4.870.4

7 6 1072.4 6 7 2.770.5

8 7 15.1710.2 7 7 0.8470.14

Uncertainties of the cross-sections have been normalized to make w2 per freedom be 1.0. Additional normalization of all the cross-

sections with respect to the uncertainty in the target effective length are not included here.
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Table 6

Single electron capture and loss cross-sections for heavy ions, with * and w referring to data from Naples and DRAGON

measurements, respectively (continued)

E (MeV/u) Single electron capture Single electron loss

q q0 sq;q0 (10
–18 cm2) q q0 sq;q0 (10

–18 cm2)

23NaþH

2 0.478 4 3 0.6770.26 3 4 14.878.1

5 4 0.7270.17 4 5 6.770.6

6 5 1.870.2 5 6 4.470.6

7 6 3.670.6 6 7 2.770.2

8 7 4.371.9 7 8 1.170.2

9 8 11.9710.8 8 9 0.6470.2

24MgþHw
2 0.200 4 3 17.770.2 3 4 24.170.3

5 4 55.270.6 4 5 16.170.6

6 5 97.270.6 5 6 7.170.2

24MgþHw
2 0.500 5 4 3.070.6 4 5 37.676.6

6 5 4.870.9 5 6 18.376.0

7 6 4.871.6 6 7 6.970.9

8 7 10.170.6 7 8 4.470.3

9 8 12.570.6 8 9 1.771.4

24MgþHw
2 0.800 7 6 1.170.3 6 7 8.170.5

8 7 1.270.4 7 8 4.870.5

9 8 2.670.5 8 9 2.470.5

10 9 3.072.0 9 10 0.7570.30

16OþHe
 0.138 2 1 15.574.5 1 2 33.5711

3 2 12778 2 3 7876

4 3 218.0775 3 4 50718

5 4 3607200 4 5 15710

16OþHe
 0.200 3 2 48.876.0 2 3 68.4710.8

4 3 69.8712.3 3 4 28.174.8

5 4 154729 4 5 1673

6 5 292.17173.9 5 6 10.078.9

16OþHe
 0.325 3 2 16.071.5 2 3 69.777.0

4 3 31.072.2 3 4 38.072.2

5 4 41.076.3 4 5 14.271.9

6 5 136.1710.4 5 6 6.870.5

Uncertainties of the cross-sections have been normalized to make w2 per freedom be 1.0. Additional normalization of all the cross-

sections with respect to the uncertainty in the target effective length are not included here.
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