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Abstract

Recent results for charge-changing collisions of
interest for cyclotrons and other particle acceler-
ators are presented. Scaling rules, where available,
are emphasized.

Introduction

Information on atomic charge-changing collisions
is important for the design and operation of cyclo-
trons and other particle accelerators. »2  Colli-
sions can occur in an external ijon source, during
beam transport and injection, and during acceler-
ation. Particles which change their charge are
lost, thereby attenuating the output  beam.
Particles which are lost to the beam may strike the
cyclotron and cause radioactivation3 with
attendent health hazards. As heavier ions are
accelerated in cyclotrons, the vacuum requirements
become more stringent, and additional
charge-changing information is required.

The purpose of this paper is to review recent
results of charge-changing processes relevant to
cyclotrons and other particle accelerators. The
energy range included is from eV/u to hundreds of
MeV/u, projectiles from the entire periodic table
(Li to U), and the total range of charge states for
which information is available. Various targets are
considered, especially H, Hp, and He; although
these are not predominant in the background gas in a
cyclotron, they have been more thoroughly studied
than CO, COp, Hy0, 0p, Nz, and hydrocarbons
1ikely to be found in the residual gas in a
cyclotron. I shall be especially concerned with
scaling rules applicable for a wide variety of
projectile-target systems, as data for a particular
collision system of interest are normally not
available.

Two processes dominate charge-changing col-
lisions 1in accelerators: single-electron capture
(electron pickup)

A% + g 5 ale-1)* + [8%] (1)
and single-electron loss (stripping)
A% 4B 5 Al*1)* 4 [B + -] (2)

where A and B are projectile ion and target atom,
and g+ is the charge state of the ion before the
collision. The brackets dindicate that the target
charge state is undetermined. Cross sections for
two-electron transfer are generally an order of
magnitude smaller than for one-electron transfer;
two-electron-loss cross sections can be appreciable
for very fast projectiles in low charge states.

Electron Capture at Low Energies

Low energy 1is wused here to mean that the
projectile velocity v is much less than the orbital

velocity of the electron being captured - usually
from the outer shell of the target. For the
hydrogen-atom ground state the velocity of the
electron is vy, = 2.2 x 108cm/s or about 25

keV/u. Electron-capture cross sections for
low-energy multiply charged ions have been
extensively studied, especially by Salzborn's
group4 in Giessen. Cross sections are generally
independent of velocity, and directly proportional
to the charge of the projectile. An approximate
scaling rule® can be used for this velocity range:

oq,q-1 = 1.43 * 10712 % ¢1.17 % 1-2.76 cm2 (3)
where oq g1, 1s the electron-capture cross sec-
tion in cmz, q is the projectile charge state, and
I is the first ionization potential of the target in
eV. The same experimenters4 subsequently extended
the range of target I, finding an I-2 behavior for
smaller values of I. Typical results® are shown
in Figs. 1 and 2.
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Fig. 1 Electron-capture cross sections for low
energy Xe ions in a Kr target from
measurements by Salzborn and MU]]er.4s§

Measurements have been carried to lower energies
by use of special sources of ions: a laser-produced
plasma,® and recoil ions produced by a fast ion
beam and stored in an ion trap. Phaneuf6 has
measured electron capture for Fed* ions
(g <3< 14) in H and Hg at energies in the range
10-95 “eV/u. For Fed* and Feb*, for which
higher-energy data exist, the cross section for
electron capture 1is essentially independent of
velocity over the _energy range 17-2000 eV/u. Vane,
Marrus, and Prior/ at LBL have measured electron-
capture cross sections for highly stripped Ne ions
stored in an electrostatic trap. They found that
the electron-capture cross section for 7-45 eV
NelO¥  in Ne s velocity independent; however,
other collision partners, e.g., Ne in Ne and Xe,
showed a cross section decreasing with increasing
velocity in the energy range 1-70 eV.

*This work was supported by the Director, Office of Energy Research, Office of Fusion Energy, Applied Plasma
Physics Division, of the U.S. Department of Energy under contract Number DE-AC03-76SF00098.
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Fig. 2 Scaled one-electron-capture cross sections

for various 30-keV projectile-target
combinations (Eq. 3), by Salzborn and
Miller.4,

Electron Capture at High Energies

Electron capture for fast projectiles (v > vg)
has been extensively studied. Recent measurements
with cyclotrons and linacs have extended the range
of projectiles studied to high energies and charge
states. Most measurements are at energies Tlower
than 10 MeV/u; a notable exception is a recent
measurement at 962 MeV/u using the LBL Bevalac.

An  apparatus used by the LBL group8 for
measuring charge-transfer cross sections (electron
capture and loss) is shown in Fig. 3. A beam of
ions from the LBL SuperHILAC 1is incident on a thin
carbon foil. Ions in a single charge state are
selected by a magnet located downbeam from the foil,
and, after suitable collimation, pass through a
differentially pumped gas target in which the
pressure is measured with a capacitance manometer.
Ions in the initial charge state as well as those
which capture or lose one or two electrons are
analyzed in a second magnet and are detected with
solid-state detectors. Cross sections are
determined from the rate of growth of the signals
for ions which change charge in the gas cell. Cross
sections are readily detemined to an approximate
accuracy of 20 percent. Sample cross
sections8:10 are shown in Figs. 4 and 5.
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Fig. 3 Schematic diagram of apparatus used by the
LBL groug to measure charge-transfer cross
sections. A beam of ions from the Super-
HILAC was incident from the left.

A considerable number of cross sections for
electron capture have been measured for multiply
charged ions incident on H and Hy at intermediate
energies, i.e., typically at velocities up to 3

vg. For example, the Oak Ridge group!! has made
measurements for a variety of ions, including Fed*
(4 <q< 15). The Belfast group has also
reported!2  many measurements in H and Hp
targets, _e.g., B and C ions. Olson and
co-workers13 ~ have had considerable success in
calculating electron-capture cross sections at
intermediate velocities using the classical
trajectory Monte Carlo method.
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Fig. 4 Electron-capture cross sections for 1.1 MeV/u
Fed* (q = 12-22) ions in_an Hp target,
measured by the_ LBL group.8 The 1line is
o = 2.6 x 10-22 ¢3.15,
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Fig. 5 Electron-capture and -loss cross sections for
Cal’* jons in a He target, measured by the

LBL group.!0
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Cross sections for electron capture by a fast
projectile are rarely available for the desired
projectile specie and charge state in the desired
target over a large energy range. There has
therefore been considerable interest 1in scaling of
electron-capture cross sections with these
parameters. Berkner et al. found a scaling ruled
for electron capture by fast highly charged iron
ions in an Hy target. The electron-capture cross
section ¢ was described by

o = 1.2 x 10-8 g3.15 g-4.48 2 (4)

for projectile energies greater than 275 keV/u,
where E is the energy of the iron projectile in
keV/u and 2 is the projectile charge state. Alonso
and Gould] found, for fast lead and xenon ions in
No, a q dependence of approximately 2.9-3.3; in
addition, these authors found a velocity dependence
of about v-5-8 or E-2.9, based on data over a
limited range of velocities. Knudsen et al.lb
found that electron-capture cross sections scale in
reduced coordinates ofq and E/q} in a given
target; based on the Lenz-Jensen atomic model, cross
sections could be described. in reduced coordinates
0Z2/31q  and E/(q*/7 716/21), where Z is the
target atomic number. Ryufuku]6 has found that
cross sections in atomic hydrogen could be scaled in
the reduced coordinates c/ql- %nd E/q0-35,
while Janev et al.l7  found E/qo- to be a
suitable scaling parameter for electron capture from
inner shells of Ar atom targets.

Schlachter et al.18  took a generalized
approach to scaling electron-capture cross sections
for a large variety of projectiles and targets. A
non-linear least-squares fitting routine was used to
adjust a multi-parameter formula to selected
electron-capture cross-section data.8,19-21  The
best values for the reduced parameters were found to
be

3= o 71.8 q0.5

- (5)
E = E/(71.25¢0.7)

where o is the electron-capture cross section in
c, q is the projectile charge state, E is the
projectile energy in keV/u, and Z is the atomic
number of the target. The best fit to the data in
reduced coordinates is

-8
5= LLxX10 hexp(-0.07 B2-2)]
’E4.8 (6)

*[1—exp(—2.44 X 10'5E2'6)].

Cross-section data in reduced coordinates for a
wide variety of targets are shown in Figs. 6 and 7;
the curve is the representation of Eq. 6. Approxi-
mately 70 percent of all data tested lie within a
factor of 2 of the curve, subject to several
restrictions:

10 < E (7a)
where E is defined in Eq. 5, with energy E in keV/u;
qg>3 (7b)
and £ < 1000. (7¢)

It is possible that the curve will continue to bend
with increasing steepness for higher values of E.

At high reduced energies, Egq. 6 asymptotically
approaches

o = 1.1 *10-8 ¢3.9 74.2 ;g4.8 (8)

in normal coordinates. The target atomic-number
dependence allows prediction of electron-capture
cross sections for many targets.

Crothers and Todd22 have shown that semiclas-
sical theory accounts for g2 scaling in electron
capture in atomic hydrogen at intermediate energies,
and that semiclassical O0BK, eikonal, continuum
intermediate-state and_ continuum distorted-wave
theories all lead to g¢3 scaling. In the limit of
high velocities, O0BK and more modern theories
predict a q5 dependence. The asymptotic charge-
sgage dependence observed in the present result is
g--7.
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Fig. 6 Reduced _ plot of electron-capture cross
sections!8 for fast highly charged ions in
gas targets, in scaled coordinates (Eq. 5).
The 1ine is Eq. 6.

Eichler and NarumiZ4 have compared the Born
approximation with the classical-trajectory eikonal

approximation: _ the second Borp approximation gives
rise to a_ v-11 term (g-5.5), which will dominate

the first Born term, which varies as v-12 (E‘6),
while the c]assica]—traj?ctory eikonal approximation
only predicts the v-12 (E-6) velocity depen-
dence. The scaling rule shows a v=9.6 dependence
on velocity for Tlarge velocities, rather than the
theoretically expected v-11 or v-12, 1t seems
likely that, were data to exist for much higher
reduced energies, the asymptotic behavior observed
(Eq. 8) would have to be modified. The g dependence
may approach q° and the velocity dependence v—12,

Application of the scaling rule to molecular tar-
gets is not clear. Data for Hp and Ny were fit
successfully by dividing the molecular cross section
by 2 and then using the atomic number Z. This
procedure 1is approximate at best, and is probably
not applicable to molecules such as COp or
hydrocarbons. The projectile charge state and
velocity or energy  scaling, however, will
nonetheless probably scale successfully.
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Fig. 7 Reduced =~ plot of electron-capture cross
sections!8 for fast highly charged ions in
gas targets, in scaled coordinates (Eq. 5).
The line is Eg. 6.

Electron Loss

There are considerably Tess data for electron
loss than for electron capture. This renders more
difficult the task of calculating the attenuation of
a beam, especially for high velocities or low charge
states, where electron loss generally exceeds elec-
tron capture. Furthermore, electron loss is sensi-
tive to the binding energy of the electron to be re-
moved, hence to the shell structure of the ion.

The electron-loss cross sections for a given ion
has only a weak energy dependence. Measurements show
a broad maximum with energy, peaked at a velocity of
1 to 2 times the velocity of the electron being
removed,20,21,25-27 35 predicted by Bohr and
Lindhard. The cross section is predicted by the
Born approximation to decrease as 1/v¢ for very
high ve]ocity,28 although a slower decrease is
often observed, perhaps because the velocity is
not sufficiently high. The energy at which the
maximum in the cross section occurs increases with
increasing charge state of the ion. Sample data are
shown in Figs. 5 and 8.10,

A very strong charge-state dependence s
observed in electron Toss. For a charge-state
dependence

O'q’q+]_ =09 Q¢ (9)

the LBL group8 has observed values of a as large
as 9-12 for g > 10 for fast Fe, Nb, and Pb ions;
values of 234 are observed for different
projectg1e—target systems. Sample data are shown in
Fig. 9.

Alonso and Gould8 have found a semiclassical
model, based on Bohr's formula. Agreement with
experiment 1s roughly within a factor of 2. Alton
and colleagues25 discuss a different modified Bohr
formula, which agrees quite well with experiment.

2
2\ _ 13.6\ /vo 1/3 1/3\2 2
q,qﬂ(cm } = Nj<—T3—> (VT) * (Z1 + 1, ) mag (10)

where Nj is the number of electrons in a given
subshelT.

Discontinuities are observed in electron 1loss
when a new shell is reached,® as in Fig. 10, which
shows data for highly stripped iron ions in Hp;
the abrupt decrease in cross section is due to the
greatly increased binding energy of the K-shell
electron to be removed, relative to the ease of
removal of electrons from the L-shell.
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Fig. 8 Electron-capture and -loss cross sections for
C, N, O, and F jons_in a He target, measured
by Dillingham et al.2!

Theoretical calculations which can be compared
with experimental results for fast highly stripped
projectiles are generally restricted to hydrogen-
like ions. Calculations based on the Born
approximation for  atomic-hydrogen targets are
generally in agreement with _experimental cross
sections for high velocities. Born calculations
for non-hydrogen-like ions generally underestimate
experimental results by more than an order of
magnitude.

The Bohr theory33 often overestimates single-
electron-loss cross sections. It doess however,
provide a good first-order estimate.Zd Cross
sections for electron loss generally increase with
increasing atomic number Z of the target. Knudsen
et al. have shown that, for heavy gas targets at
low energies and charge states, the Bohr theory
gives quite good target-gas dependence. For targets
heaxier than nitrogen, measurements for 4.66 MeV/amu
Pb54+  show _a 70-47 * 0. dependence.8  The

Bohr theory33 predicts a 20: dependence  at

higher eneg ies. Other discussions of Born
calculations and comparison with experiment have
been presented.s-?4,§{a§ga29 Target gas

dependence is shown in Fig. 11.35
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Fed* djons in_ Hp, from measurements by
the LBL group,8 illustrating the effect of
shell structure in electron loss.

Knudsen et al.34 have shown, for 20 MeV Fed*
in gases, that multiple electron 1loss can be an
important process for a fast, low-charge-state,
heavy projectile.

Transfer Ionization

An interesting collision process which has

received considerable attention recently is transfer
ionization: a collision in which more electrons are
lost by the target than are captured by the
projectiie. In its simplest form, it <can be
represented by:

AGH + B Alg-1)* + B2+ + o-, (11)

The effect is that two-electron transfer to an auto-
jonizing state appears as single-electron capture,
rendering comparison of theory and experiment
difficult.
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Fig. 11 Electron-loss cross sections for 20-MeV

Fe4* in  various target ases, from
measurements by Alton et al. The line
is Eq. 10.

Transfer ionization can be very important in
sTow (v < vo) collisions of multiply charged ions in
multi-electron targets. 5,36 These  collisions
have been studied by coincidence techniques, in
which the target recoil ion is detected in
coincidence with the charge-transferred projectile.
The charge state of the recoil ion is genera]]i
determined by its time-of-flight. A slow KrlO
ion can produce Xe recoil ions four- and five-times
ionized. These collisions generally depend upon the
internal potential energy of the collision system
rather than on the projectile kinetic energy.
Capture by the projectile of two or more electrons
can produce even higher-charge-state recoil ions,
because more potential energy is available for the
release of additional target electrons.

Transfer ionization is also important in fast
collisions,37,38  in  which  projectile kinetic
energy does play a role. For high-charge-state
projectiles, transfer ionization can be of the same
magnitude as single-electron capture, and much
larger than double-electron capture. Thus
single-electron capture accompanied by ejection of a
second electron from the target is an important
collision process.

Additional Data

Results for charge-changing collisions have been
summarized 1in several references. The review of
Betz!9 is useful, although it is no longer up to
date. Considerable current information can be found
in publications39,40 by the Institute of Plasma
Physics, Nagoya University. Electron capture by
multiply charged ions has been discussed in a

CH1996-3/84/0000-0567 $1.00 © 1984 IEEE 567



Symposium

and

ions h
meetinq.AL
extensive

of

information can be found

Proceedings of the Tenth International Conference on Cyclotrons and their Applications, East Lansing, Michigan, USA

at the Kyoto ICPEAC meeting in 1979,41
symposium on collisions of multicharged

atoms at the 1981 Gatlinburg ICPEAC

Janev and Presnyakov have published an
report entitled "Collision processes
multiply charged ifons with atoms." Additional
in the proceedings of the

in a
with

1982 Stockholm conference on production and physics

of
revi

J.
cycl

charged jons,44 or in  deHeer's

high]y
ew?d on electron capture and jonization.
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