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Abstract
Energy loss spectra of Au+ ions produced from Au" ions by
electron stripping in He, Ar, Kr and Xe have been measured in
the impact energy range of 24-44 keV. The energy broadening of
the Au+ beam increases as the beam energy increases, and the
spectrum shows a narrower energy width for heavy target atoms.
The dependence of the spectrum width upon the beam energy and
that upon the target mass are well described by the calculation
based on the unified potential and semi-classical internal energy
transfer model of Firsov's.
Keywords: energy broadening, energy loss, negative gold ion
beam, positive gold ion beam, tandem acceleration, electron
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§1. Introduction
When a highly collimated ion beam is utilized for practical
application, the forward scattering of a beam in a gas is thought to
be one of the key problems. Especially, the energy spectra of
positive ions produced from negative ions have lately attracted
attentions of researchers in accelerator physics. Together with the
recent progress on high voltage generators, the development on
negative ion sources makes it possible to generate a high intensity
and highly collimated beam by the use of a tandem acceleration
system. Here a small energy spread is required on the positive
beam generated in the charge exchange gas cell on the high
voltage terminal [1].
There have been many studies done on the angular
distribution and the energy spectrum of the scattered secondary
particles in heavy ion collisions at a small impact parameters, and
various information on the intrinsic structures of atoms has been
obtained [2]. The change of energy spectra of the incident ions
resulting from forward angle atomic collisions at a large impact
parameter should be also affected by the effective potentials
between atoms, and/or atomic excitations.
One of examples of a highly collimated beam generated by
a tandem acceleration system is the Heavy Ion Beam Probe (HIBP)
for the Large Helical Device (LHD)|3].

The LHD is a

magnetically confined fusion plasma device under construction in
National Institute for Fusion Science, Japan. A singly charged
positive ion beam of gold (Au+) produced from a Air beam with
a 3 MV tandem acceleration system, will be used to measure
plasma potentials |4|. Here, the energy spread of output beam

must be small enough to measure a plasma potential as small as a
few keV.
A tandem acceleration test stand has been constructed in
order to measure the charge state fraction, the beam profiles and
the beam energy spectrum of Au+. The energy spectrum has been
measured when the charge stripping gas is thin enough so that the
+

two-electron stripping process (Au" -» Au ) is dominant and the
multiple collision processes are negligible.

In the following

section, the experimental setup is briefly shown. The theoretical
model to treat the energy broadening due to the electron stripping
process is described in the section 3. In the section 4, the results
of calculation using this model are presented and compared with
experimental results. The conclusion is given in the section 5.
§2. Experimental Apparatus
Figure la shows a schematic view of the tandem
acceleration test stand, which consists of a plasma-sputter-type
gold negative ion source, a tandem acceleration system and an
energy analyzer (5|.
The energy spectrum of negative ions produced from this
type of source has been extensively studied |6||7|. It has an
average energy of the target bias voltage (typically 300-400 V)
plus a few eV, and its full width half maximum (FWHM) is less
than several eV. This is confirmed in the present experiment.
The negative ions from the ion source are preaccelerated
with an typical energy of 4 keV, and injected into the accelerator
column. The stability of the power supply for the preacceleration
4

and that for the tandem acceleration are lxlO' .
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The charge stripping gas cell of a 14 mm diameter and 700
mm length is installed on the high voltage terminal. The cell is
contained in a 900 mm length cylinder with an entrance and exit
cylindrical tubes of the 14 mm diameter. An inert gas, such as
He, Ar, Kr or Xe is introduced into the cell. The gas pressure is
directly measured by an ionization gauge near the cell. The
effective target thickness is determined by measuring the
attenuation cross sections of a H" beam in an Ar gas target
measured at 4, 5 and 7 keV and comparing with those of the
empirical fitting curve [8]. It was (70±15) % of the measured gas
density times the cell length.
The positive ions produced in the cell are accelerated again
to the ground potential and their energy spectra are measured by a
90 degree cylindrical electro-static analyzer (see Fig. lb). A slit
of 0.4 mm at the exit of the accelerator column restricts the beam
entrance angle and improves the resolution of the analyzer. Two
slits, a 0.015 mm slit at the entrance and a 0.03 mm slit at the exit
are set. The two electrodes are biased with the same voltages of
opposite polarity. The first power supply generate o a fixed
voltage, and the second power supply adds variable voltage of ±
100 V. A pair of samarium-cobalt magnets are installed to sweep
out the impurity ions in the beam.

It was experimentally

confirmed that the effect of this magnetic field on the resolution
of the analyzer was negligibly small. An energy spectrum is
obtained by sweeping the positive and negative bias voltages on
the electrodes in every 0.1 V step with a personal computer, and
counting the number of pulses from the secondary electron
multiplier that detects beam particles passing through the exit slit.
Typical spectra of a Air beam (a) and a Au+ beam (b) are shown
-
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in Fig.2.

The overall energy resolution was calibrated by

analyzing the direct Ar+ beam from the source, and turned out to
be 4.1x10-4.
§3. A Theoretical Model of Energy Transfer during
Electron Stripping Process of Negative Heavy Ions at a
Forward Angle
The energy loss mechanism of a projectile in collision with
a neutral atom can be considered through the elastic and inelastic
processes which occurring simultaneously.
The elastic process corresponds to the scattering by the
potential between two atoms, whereas, the inelastic process
corresponds to that accompanied by a energy transfer into an
internal energy, such as electron loss, ionization, and/or excitation
of projectile and target atoms.
3.1 Energy Loss in Elastic Process
For the elastic energy transfer, classical theory can be used.
The scattering angle 0 [rad] in center of mass frame is expressed
by an impact parameter b , and an impact energy £ , as follows,
e(b,E)-n-2(

,

b

£

(1)

_

H-7-T
here, ro is the closest distance during the collision, and it is the
solution of Eq.2.
r

0

E

V (r) is the potential between the two atoms, and here we use the
unified potential which was proposed by Ziegler et al. [9].
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a 0: Bohr radius.
When Z number of the two atoms are different, the effective
potential is
Vn(r)-^t)V (r)

(4).

2

This potential gives good approximation for large Z atoms. The
energy loss 7V/ by elastic process can be expressed,
2
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>s the maximum energy transfer from the projectile to

the target atom,
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Mj : mass number of the projectile
Mi : mass number of the target atom.
The largest scattering angle observed in the experiment, £W , is
V

limited by the apparatus geometry.

The minimum impact

parameter, b j , is determined from this angle 6Wv
m n

3.2 Energy Loss in Inelastic Process
During the inelastic process, a part of the kinetic energy is
transferred into an internal energy of projectile and target atoms.
The minimum energy required to produce a Au+ ion from a Au'
ion is a sum of the electron affinity and the first ionization
potential of a Au atom,
-- 6 -
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Firsov proposed a theoretical model to describe an inelastic
energy transfer [ 1 0 ] , which can be expressed as a function of an
impact parameter b [A] and velocity v [cm/s],
4
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2

where
Z/ : atomic number of the projectile
22 : atomic number of the target atom,
under the condition of
-^T"*
4 Z

4

(9).
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In this model, the two-electron stripping process can occur when

by which the maximum impact parameter b

max

is determined.

3.3 Total Energy Transfer and Energy Broadening
The amount of energy loss due to elastic and inelastic
processes depends upon the impact parameter. The sum of elastic
and inelastic energy losses causes the energy broadening of a Au+
beam.
T (b)-T ,(b)
m

+ T (b)

e

lu

Figure 3 shows the elastic scattering angle 0 [rad] in the
center of mass system, the elastic energy loss 7"w [eV] and the
inelastic energy loss Tin [eV] as a function of impact parameter b
[A], when an Air ion is injected with an impact energy of 44 keV
into the Ar target. The elastic energy loss T \ dose not affect the
e

energy broadening in the energy range of the present experiment.

-
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The energy spectrum which is observed in the experiment
can be expressed as
F(e)-2Kb(e)f(e)

,

where the b (e) is the inverse function of T (b ), and / ( 0 ) is the
efficiency of particle detection for the present experimental
system. The latter is also a function of an impact parameter,
which becomes zero at b =b in (or Q=d .x )• As a measure to
m

ma

compare with the experimental results, here we consider an
impact parameter b//2 and an energy transfer Ti,>t (bi/2 ) as the
following,
b

+b

( m.x mm)
2

h

*l/2 "

T,„,{i>m)-T {i>in)+T {b )-n.5
d

in

in

[eV].

In Fig.4. are shown the energy loss Tu,t (bit! ) as a function of
impact energy E [keV] in He, Ne, Ar, Kr and Xe , where b/a is
a half value of the observable impact parameter. The T

m

(bu2 )

increases as an impact energy increases, and it is larger for light
target atoms.
§4. Experimental Results and Discussion
As is shown in Fig.2, the spectrum of the two-electron
stripped Au+ shows a broader peak than that of the original Au~
beam. Here we call the value of FWHM of this peak as an energy
width. The energy width is constant in the region of the target
gas thickness less than 2 x l 0

l s

2

cnr , and it is broadened by

multiple collision at a larger gas thickness. In the present paper,
we deal with widths in the region where the multiple collision
processes are negligible. We also measured the attenuation curve
of the Air beam, and selected a gas thickness region where the
-

two-electron stripping process(Au -» Au+) was dominant.
-
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Several kinds of inert gases, He, Ar, Kr and Xe were introduced
into the stripping cell as the target gas. Figure 5 shows the energy
width, as a function of an impact beam energy for those gases
15

-2

when its thickness is smaller than 2 x l 0 cm .
The dependence of the energy width upon an impact energy
and that upon the target mass show the tendencies as the
theoretical prediction. In order to compare them, the calculated
energy spectra are convoluted with energy resolution of the
analyzer. The result is shown in Fig.5, here, the experimental
data points are the measured FWHM before the corection of the
resolution. The energy dependence and that upon the target mass
are well reproduced and the absolute values are close each other.
Because the scattering angle is a steep increasing function for
decreasing impact parameter, the increase of the observation solid
angle should not severely affect the spectrum. Especially, the peak
shape is mostly determined by the inelastic energy loss near

b .
max

Some discrepancies are seen in comparisons of the measured
energy width with the theoretical prediction. The discrepancy in
case of He target, might be due to the unsatisfactory condition of
Firsov's theory (see Eq.9). The inelastic energy transfer model of
Firsov uses an electron distribution function of the semi-classical
Thomas-Fermi model. This model is widely accepted to describe
an overall structure of collisions between heavy particles at low
velocity, but the modification of electron distribution function in
an atom might affect the shape of T {b).
65. Conclusions
Energy broadening due to the two-electron stripping
+

process of gold ions (Au- -» Au ) in He, Ar, Kr and Xe is
-
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measured at a forward angle in the impact energy range of 24-44
keV. The FWHM are typically 20-80 eV, and they increase as the
impact energy increases. Stripping with low Z target atoms
results in a broader energy width.

In order to explain the

measured energy dependence and the target mass dependence of
the spectrum widths, a simple model using the semi-classical
internal energy transfer function of Firsov's, and the scattering by
the unified potential is proposed. Theoretical prediction of the
present model reproduces the energy and mass dependencies of
the broadening. The absolute values of the theoretically predicted
width are close to the observed FWHM.
Applying the present theoretical prediction to estimate the
+

energy width of the 6 MeV Au beam generated by a tandem
acceleration system on LHD, the energy broadening due to the
electron stripping will be less than 100 eV. If the pressure of the
stripping gas cell is well controlled to avoid multiple collision
processes, the energy spread will be small enough for the
measurement of a plasma potential of a few keV.
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Figure Captions
Fig.l. The schematic view of the tandem acceleration test stand
(a). Negative ions extracted from a plasma-sputter-type negative
ion source are injected in to the tandem acceleration system, and
converted into positive ions in a gas cell on the high voltage
terminal.

Positive ions are accelerated again to the ground

potential and analyzed with a cylindrical energy analyzer (b).
Fig.2. Typical spectra of (a) the original Air beam, and (b) the
Au+ beam from the tandem acceleration system. An Ar gas of
_

2.3xlO 3 Torr was introduced to the charge stripping cell. The
preacceleration and tandem acceleration voltages were 4 kV, and
35 kV, respectively. Here, one channel corresponds to 1.04 eV.
The oxygen component has the same energy as the gold beam, but
it is swept by the magnets by 30 channels (O), or by 80 channels
(0+).
Fig.3. Elastic scattering angle 0 [rad] in the center of mass
system, the elastic energy loss T i [eV] and the inelastic energy
e

loss Tin [eV] plotted as functions of impact parameter b [A], when
-

an Au ion is injected with an impact energy of 44 keV, into the
Ar target to produce a Au+ ion beam. The elastic scattering angle
and energy loss are calculated by classical theory with Ziegler's
unified potential between two atoms, the inelastic energy loss is
calculated by Firsov's theory. A B .x is largest observable angle
ma

in center of mass coordinate determined by experimental
geometry.
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Fig.4. The numerically calculated energy losses, T , ( 6 / / 2 ) ,
to

plotted as functions of impact energy, E [keV], for target gases
He, Ne, Ar, Kr and Xe. The impact parameter bi/2 is a mean of
bmin and b„utx-

Fig.S. The dependence of the measured energy width on the
impact energy, for target gases of He, Ar, Kr and Xe.

Solid

curves indicate the calculated energy width of T t 0>U2 ) (Fig-2.)
to

convoluted by the energy resolution of the analyzer.
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Fig. 1. The schematic view of the tandem acceleration test stand (a).
Negative ions extracted from a plasma-sputter-type negative ion
source are injected in to the tandem acceleration system, and
converted into positive ions in a gas cell on the high voltage
terminal. Positive ions are accelerated again to the ground
potential and analyzed with a cylindrical energy analyzer (b).
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Fig.2. Typical spectra of (a) the original Au- beam, and (b) the Au
beam from the tandem acceleration system. An Ar gas of
2.3x10-3 Torr was introduced to the charge stripping cell. The
preacceleration and tandem acceleration voltages were 4 kV,
and 35 kV, respectively. Here, one channel corresponds to 1.04
eV. The oxygen component has the same energy as the gold
beam, but it is swept by the magnets by 30 channels (O-), or by
80 channels (0+).
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Fig.3. Elastic scattering angle 8 [rad] in the center of mass system,
the elastic energy loss T / [eV] and the inelastic energy loss 7",„
[eV] plotted as functions of impact parameter b [A], when an
Air ion is injected with an impact energy of 44 keV, into the Ar
target to produce a Au+ ion beam. The elastic scattering angle
and energy loss are calculated by classical theory with Ziegler's
unified potential between two atoms, the inelastic energy loss is
calculated by Firsov's theory. A 0 x is largest observable
angle in center of mass coordinate determined by experimental
geometry.
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