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Abstract

A heavy ion beam probe (HIBP) is used as a reliable method to
measure plasma potential and its fluctuation in a magnetically confined
fusion plasma. A singly charged positive ion beam of mass about 200 amu
with energy of 6 MeV is required in order to apply the HIBP to a large and
strong magnetic field device such as the Large Helical Device (LHD) which
is under construction at National Institute for Fusion Science, Japan. A
primary beam with a small energy spread and of a current larger than
10 pA is required to measure the plasma potential as small as a few keV.

The origins of the energy spread on a tandem acceleration system are:

1. the fluctuation of acceleration voltage,
2. the energy spread of negative ions produced in an ion source,
3. the energy broadening caused in a charge stripping gas cell.

In the present work, I have carried out experimental and theoretical
studies mainly on the second and the third problems.

In order to study energy loss mechanism on a tandem acceleration
system, a tandem acceleration test stand has been constructed, and the
charge state fraction, the beam profiles and the beam energy spectrum of an
Au+ beam have been measured. The test stand consists of a negative gold
jon source, a tandem acceleration system, a movable Faraday cup and an
energy analyzer.

The energy spectrum of an Au- beam extracted from the ion source
was measured. The energy width was less than 6 eV when Cs vapor was

introduced to reduce the surface work function of the gold target. The



dependence of the energy width on the work function was well explained by
the theory of the surface production of a negative ion.

The energy shift between the primary negative ion beam and a
positive ion beam converted in a gas cell at small gas thickness was
measured and found to be about 12 eV. The shift is caused by the two-
electron loss process, and amounts to the sum of the electron affinity and
the first ionization energy of the projectile.

Energy loss spectra of Aut ions produced from Au- ions by electron
stripping in He, Ar, Kr and Xe have been measured in the impact energy
range from 24 to 44 keV, under the condition that the charge stripping gas
thickness is thin enough so that the two-electron stripping process (Au- —
Aut) is dominant and the multiple collision processes are negligible. The
full width at half maximum (FWHM) is typically 20 to 80 eV, and it
increases with the impact energy. In general, a broader width is observed
with a target of a lower mass number.

The energy broadening of the Aut beam is caused by elastic and/or
melastic loss processes. The amount of energy loss due to the elastic and the
inelastic processes depends upon the impact parameter. The range of the
impact parameter, which contributes to the energy loss spectrum is
determined by the apparatus geometry (b min) and by the threshold energy
for charge stripping (b max). The sum of elastic and inelastic energy losses
causes the energy broadening of an Aut beam. There is no significant
contribution of the elastic energy loss to the energy broadening in the
energy range in the present experiment (24 keV ~ 44 keV).

A simple model is proposed using the semi-classical internal energy
transfer function of Firsov's and the scattering by the unified potential of
Ziegler's. The theoretical prediction of the present model reproduces the
energy and mass dependence of the broadening. However, the absolute

values of the theoretically predicted width are much smaller than the
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measured widths. The present model predicts that the energy spectrum in
the higher energy region saturates with a FWHM of less than 10 eV, and the
target mass dependence disappears.

In the target density region that the multiple collision is not
negligible, the energy straggling of a beam is generally explained by the
L.S.S. (J. Lindhard, M. Scharff and H. E. Schigtt) theory. In this theory,
the squared energy straggling is given by an integral of the squared energy
loss function over the impact parameter from zero to infinity. However,
when an energy loss spectrum of a singly-charged component of a beam is
measured at forward angle, the energy loss function in a small impact
parameter region does not contribute to the straggling. Therefore, a lower
limit of integral region is taken into account. It is determined by the
minimum impact parameter, b min, or the impact parameter which
corresponds to the inelastic energy transfer to produce an Autt. Energy
straggling of the present calculation is closer to the measured value than that
calculated by the original L.S.S. theory.

The energy broadening of an Aut beam produced by a tandem system
can be estimated by the present theoretical prediction. The gas cell of the
3 MV tandem accelerator of LHD will have the same geometry as that of
the present test stand. The energy broadening due to the electron stripping
can be calculated to be 7 eV, and it does not depend upon the target mass.
The calculation of the charge fraction predicts that the optimum gas
thickness for Aut beam production is about 6x1014 cm-2. Together with
the energy broadening due to the multiple collision at this target thickness,
the total energy width of the Aut beam produced by a tandem system might
be less than several tens eV. The voltage ripple of the tandem power supply
is also about several tens eV, therefore, the total energy spread of an Aut
beam is about a hundred eV. It will be small enough for a HIBP diagnostics
on LHD where the plasma potential is a few keV.
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§1. Imntroduction

- A Heavy Ton Beam Probe (HIBP) has been used as a reliable method
to measure a plasma potential and its fluctuation on a magnetically confined
fusion plasma [1]. On the Large Helical Device (LHD) [2], which is a
magnetic confinement fusion plasma device under construction in National
Institute for Fusion Science, Japan, a singly charged beam of mass 200 amu
with the energy of 6 MeV is required in order to explore into a large and
strong magnetic field region of 3 T [3]. The primary beam will be injected
from a bottom port. The secondary beam will be analyzed after escaping
from a radial port that is toroidally displaced by a half section (Fig.1).

For the production of the particle beam of this energy region, two
different methods can be considered. One is a 6 MV single stage
acceleration of a positive ion beam, and the other is a 3 MV tandem
acceleration starting with a negative ion beam. Figure 2-(a) shows a 6 MV
single stage system and Fig. 2-(b) shows a 3 MV tandem acceleration
system. In the case of the LHD project, the size of the 6 MV tank is almost
intolerable. The maintenance of single stage acceleration system is another
problem. The ion source, which is installed on the high voltage terminal,
should be changed frequently because the life time of a thermionic-type
heavy metal source is not long. On the other hand, a negative ion source is
usually set on the almost ground potential level in the tandem acceleration
system. The maintenance of a plasma-sputter-type negative ion source is
simple; only the change of the target material or Cs for lowering the target
work function is required. In general, a tandem acceleration system is
compact in size and easy to maintain.

The stability of a high voltage power supply system is also important.
A small energy spread of the primary beam is required for accurate

measurement of the plasma potential. The higher the voltage is, the worse
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Fig.1. A schematic view of a Heavy fon Beam Probe (HIBP) diagnostic
system on the Large Helical Device (LHD).
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its stability 1s. Although remarkable progress on a rapid feedback system
using a charge sprayed high voltage terminal has been developed, more than
200 V fluctuation is anticipated at 6 MV. On a tandem system of 3 MV
terminal voltage, an electrostatic high voltage system with a ripple ratio less
than 10-5 can be realized. The comparison of the two systems is outlined in
Fig. 3.

Taking these points into account, a tandem acceleration system is
more attractive, provided that enough negative ion current with a small
energy spread can be extracted from the ion source, and the energy
broadening of the beam can be minimized in the process of charge
exchange.

A negative ion source of high-energy-ion-beam-sputter-type has a
large energy spread, a large beam emittance and a small beam current.
Hence it is not considered to be useful for the application to HIBP. A
plasma-sputter-type negative ion source can produce a beam of heavy
elements with a current of more than several hundred micro amperes [4,5].
This type of ion source produces negative ions with a sputtering process
using low energy plasma ions, and the energy spread of the produced
negative ions can be small.

On LHD, a singly charged positive ion beam of gold (Aut) produced
from an Au- beam with a 3 MV tandem acceleration system will be used to
measure plasma potentials. Here, the energy spread of output beam must be
small enough to measure a plasma potential as small as a few keV. If the
mechanism of the energy broadening is understood, we will be able to
design the stripping cell and optimize it for the potential measurement.

Thus, it is necessary to study the mechanism of the energy
broadening, energy shift of the beam in the cell and the stripping efficiency
to a singly charged positive ion beam. Especially the energy spectra of

positive ions produced from negative ions have recently attracted attentions
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Fig. 3. A comparison between single stage and tandem acceleration

configurations for Heavy Ion Beam Probe diagnostic system.



of researchers in accelerator physics. Here a small energy spread is
required on the positive beam generated in the charge exchange gas cell on
the high voltage terminal [6].

As one of important research subjects on the atomic physics, 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 [7]. The change of energy spectra of
the incident ions resulting from forward angle atomic collisions at a large
impact parameter should also be affected by the effective potentials between
atoms, and/or atomic excitations.

In the present work, a tandem acceleration test stand has been
constructed in order to study these problems. An Au- beam from a
plasma-sputter-type negative ion source is injected into the charge exchange
gas cell, and the charge state fraction, the beam profiles and the beam
energy spectrum of Aut are measured.

Information on the energy broadening can be obtained by the
measurement of energy spectrum. When the charge stripping gas is thin
and the multiple collision processes are negligible, the energy transfer
function of double charge stripping process (Au- — Aut) is obtained. In
the region where the multiple collision is not negligible, the dependence of
the broadening of an Aut beam upon the gas thickness is also measured.

The mechanism of energy broadening resulting from the stripping
process has been theoretically studied considering the elastic potential
scattering process and the semi-classical inelastic process. This model gives
the energy broadening for thin gas target and the electron stripping cross
sections. Then, the energy straggling, which is the effect of multiple
collisions, is studied on the same bases of collision theory. The theoretical

prediction has been compared with experimental results.



Finally, using these results such as the energy broadening, the energy
straggling and the cross sections, the energy width and the charge fraction
of the beam are estimated on 3 MV tandem acceleration system for HIBP
on LHD.

In the following section, the experimental setup is shown. The
theoretical model to treat the energy broadening due to the electron
stripping process and the cross section are described in the section 3. In the
section 4, the experimental results are presented and compared with
calculations using the model, and the charge fraction and energy width on

3 MV accelerator are considered. The conclusion is given in the section 5.




§2. Tandem Acceleration Test Stand

Figure 4 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, an energy analyzer and movable Faraday cup.

2-1 Au- Ion Source

A. Structure and Operational Principle of Plasma-Sputter-Type Au - Ion

Source

A compact plasma-sputter-type Au- source was fabricated to study its
characteristics for the application to HIBP. As shown in Fig. 5, it consists
of a 80 mm diameter 90 mm long cylindrical stainless steel plasma
container, a gold disk target of 18 mm diameter brazed on a copper rod, a
pair of tungsten filaments of 0.35 mm diameter, an extraction electrode, an
einzel lens, a cestum oven, and Sm-Co magnets for plasma confinement. A
typical filament current was about 16~20 A, the discharge voltage and the
current were 40 V and 50~100 mA. An argon gas was introduced as the
discharge gas.

The gold target surface, which was biased at a negative voltage (V 1)
with respect to the discharge chamber, was sputtered by plasma ions such as
Art or Cst, and produced a flux of Au- ions directed to the extraction hole.
The target voltage could be controlled in the range from 0 to 400 V, which
was operated typically 350 V. In order to reduce the surface work function
of the gold target, and hence, to increase the Au- production, Cs vapor was
introduced from an external Cs oven. The Cs quantity introduced into the

discharge chamber was controlled by the oven temperature, operated in the
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range of about 180~250 °C. For enhancing the recycling of Cs vapor in the
ion source, a heat shield was placed in the discharge chamber.

The negative ions produced on the target were accelerated in the
plasma sheath region and were extracted by the bias voltage between the
discharge chamber and the extraction electrode of ground potential.
Extraction of electrons in the plasma were suppressed by negative bias
voltage on the front end plate of the discharge chamber, and the magnetic
field produced by Sm-Co magnets around the extraction hole.

It is desirable to reject the impurity ions before injection to the
tandem accelerator by the magnetic and/or the electric field, because the

impurity ions such as H- and O- are often extracted from this source.

B. Au- Energy Spread

The energy spectrum of negative ions produced from this type of
source has been extensively studied [8,9]. It has an average energy of the
target bias voltage (typically 300~400 V) plus a few eV, and its full width at
half maximum (FWHM) is less than several eV. This is confirmed in the
present experiment.

The energy distribution of Au- ions from a plasma-sputter-type source
can be determined by the energy distribution of particles ejected by the
sputtering, f(E 2,0 ), and the negative ion production probability,
P (E2,0),ast he following,

I"(E)= |' F(E,,0)-P~(E,,6)dQ (1)

E=¢eVy +E200826,



where E 2 and O are the energy of the ejected particle and the angle from
the normal to the surface, respectively. The negative ion production
probability, P~ , depends upon the surface work function, ¢, the electron
affinity of the ejected particle, € A, and its escaping velocity normal to the
surface, v, = m cos@. In low energy limit, there are

approximate formulae {10,11].

P~ (Ez,e)——-—exp{ (¢ A)} when ¢ > £, 2)
VIl

P~ (E2,6)—1—exp{ (- A)} when ¢ < £€5,, (3)

where ¢ 1s constant. Figure 6 shows some examples of calculated spectrum
for different work functions. Here the parameter & represents ¢ (¢ -£ A),
and the Thompson formula is used as the energy spectrum of the ejected
particles [12].

The measured energy width of the Au~ beam from the source of this
type is shown in Fig. 7 as a function of the target voltage. The instrumental
width was much smaller than the measured spectrum width in this beam
energy range. The width shows a weak energy dependence, and those for a
high work function surface without Cs(circles) were a little larger than
those for a low work function surface with Cs(triangles), as expected from
the theory. However, measured minimum energy widths are much smaller
than the value of the theoretical prediction of 7.4 eV. Present values of the
energy width, W org, are in the range from 4 to 5 eV, and smaller than
those of previous experimental works [8], because of the better resolution of

the energy analyzer.
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C. Operating System

Because the ion source is operated on the high terminal as shown in
Fig. 8, its power supplies and instruments to measure the operation
parameters should be shielded and be operated by a personal computer
through an optical fiber for insulation. This system can control voltages of
the ion source such as the filament, the discharge, the target voltage and two
Cs oven heater powers by using GP-IB controller units. The parameters
such as the discharge current, the target current, the Cs oven and the valve
temperature are monitored with an interval of one minute by SYSTEM
DMM/SCANNER MODEL 199 (KEITHLEY). In Fig. 9, the block diagram

of the operation program and an example of the control panel are shown.

2-2 Acceleration System

Figiu'e 10 shows a schematic diagram of the tandem acceleration
system. 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 and that for the
tandem acceleration are measured by a high voltage probe, and both are
around 1x104.

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 reading of the gauge has been calibrated for various gases prior to

the experiments.
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The target thickness, n/ , is defined by

nl = [n(x)dx =3.5x 10'° [ pa)dx . )

where
x : the position in a gas cell
n (x ) : the particle density in cm3 at position x

p (x) : the gas pressure in Torr at position x .

The gas pressure, p (x ), in the cell and its vicinity can be roughly
estimated by a calculation of conductance, and the target thickness is
obtained by the following relation,

L
nl=3.5%x10' -% (5)

where

pm [Torr]  : gas pressure measured by the gauge

L g=90[cm] : the geometrical cell length.

The detail is discussed in appendix A.

The thickness is also estimated by measuring the aftenuation cross
sections of an H- beam in an Ar gas target at 4, 5 and 7 keV, as is shown in
Fig. 11. They are compared with those of the empirical fitting curve [13],
as is shown in Fig. 12. Then, the target thickness, n/ , is obtained by

L
n1=3.5x1016-% [em-2] . 6)

In the present experiment, the effective target thickness calculated by
Eq.(6) is used. Considering the accuracy of the conductance calculation and
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that of the empirical fitting curve, both estimations result in the same values

within their margins of uncertainty.

2-3 Energy Analysis System
A. Structure of Energy Analyzer

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. 13). Two slits are set; a 0.015
mm slit at the entrance and a 0.03 mm slit at the exit.

The two electrodes are biased with the same voltages of opposite
polarity. The first power supply generates a fixed voltage, and the second
power supply adds variable voltage of £ 100 V. It is desirable to sweep out
the impurity ions in the beam before injection to the tandem accelerator.
In this experiments, a pair of samarium-cobalt magnets are simply installed
on the analyzer in order to keep alignment of the beam trajectory. Because
the broadening effect by the magnetic field separation has been confirmed
to be negligibly small by comparing the Au peak's with the magnetic field
and that without it, when the impurity peaks are not seen. The spectra with
(a) and without (b) the magnetic field are shown in Fig. 14. The spectrum
with the magnetic field is separated into different atomic components by the
magnetic field.

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. The
effect of the slit at the tandem acceleration exit is shown in Fig. 15.

Practically, the resolution does not change much, and the slit width of 0.4
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and that in (b) is separated for different mass numbers by the magnetic
field.
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mm seems to be sufficiently small to eliminate the deterioration due to the
entrance angle.

| An energy spectrum 1s 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.

B. The Resolution of Energy Analyzer

In this thesis, the energy width is defined by a full width at half
maximum of the energy spectrum. The measured value of the energy width
includes an experimental width caused by the resolution of energy analyzer
and that caused by the ripple of the power supplies. The resolution of an
ideal cylindrical energy analyzer, R an, can be expressed by the following

relation,

Rp=—=—, (7)

E : the particle energy
w : the slit width
r : the particle orbit radius.

In the present case, the slit width is 0.02 mm, and the particle orbit
radius is 105 mm, then the resolution of the analyzer, R ap, is about 104,
The catalog values of the ripple of the power supplies on two electrodes,
AV/V, are less than 10-4. Then, the experimental resolution is expected to
be in the order of 10-4.



The energy width of an Art ion beam has been measured as a
function of the beam energy in order to calibrate the energy resolution of
the analyzer as shown in Fig. 16. Because these ions are directly extracted
from the plasma volume of the source, the energy spread of the beam is
expected to be around the plasma temperature that is less than a few eV. By

fitting the experimental energy width with a following equation,

/ 2
Werp (E) =\ Worgar? +Wan? = Worgar” +(Ren B> ®)
where
Wexp :the measured energy width
W org,Ar : the original energy width of the Art beam from the

volume production source
W an : the energy broadening due to the analyzer

R an : the energy resolution of the analyzer,

the resolution of the analyzer, R an, is experimentally determined to be

R, =(3.9£0.4)x10™* .

C. Operating System

Figure 17 shows the operating system of the energy analyzer. Each
electrode of the analyzer is biased by two voltage power supplies connected
in series. One voltage output 1s variable and is swept in every 0.1 V by a
personal computer. A Secondary Electron Multiplier (S.E.M.) 1s used for
counting the beam particles passing through the exit slit. The front face of
S.E.M. 1s at the ground potential, the electron exit side is biased at +2.3 kV

and a signal detector made of silver is biased at +2.7 kV. The pulse
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Fig. 16. The energy resolution of the analyzer measured by Ar+ beams.
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counting is taken by a multi-channel scaler TN7200 (Tracor Northern). In
Fig. 18, the block diagram of the operation program and an example of the

control panel are shown.

2-4 Beam Current and Profile Measurement System

The beam current is measured by Faraday cup at 50 cm away from
the exit of the tandem acceleration, which can travel perpendicular to the
beam line as is shown in Fig. 19. This system can measure the beam profile
and the current. By applying the magnetic field at a place of 25 cm upper
stream of the beam line from the cup, impurity components of the beam can
be swept out. The beam current is measured by programmable
electrometer, (KEITHLEY Model 617), which can measure down to 0.01
nA.
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Fig. 18. A block diagram of the diagnostic operation system and an

example of the confrol panel.
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§3. Energy Loss Processes

The energy loss mechanism of a projectile in collision with a neutral
atom can be considered through the elastic and inelastic processes which
occur simultaneously.

The elastic process corresponds to the scattering by the potential
between two atoms, whereas, the inelastic process corresponds to that
accompanied by an energy transfer into an internal energy, such as electron

loss, ionization, and/or excitation of projectile and target atoms.

3-1 Elastic Process

For the elastic energy transfer, the 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 E , as follows,

B(b,E)=n—2J b & ©
o \/l_fi_V(")’
2 E

here, r ¢ is the closest distance during the collision, and it is the solution of

Eq. (10).

l-—=-——"=0. (10)

Here, V (r ) is the potential between the two atoms, and the unified

potential which was proposed by Ziegler et al. [14] is used in the present



work, because it is known that it well describes collisions between large Z

atoms.
Z%e? B}
V() == (9 (=274, (1)) (an
6 (r) =0.09¢71%% +0.61e 7 40367
1Y> R (R\?
=0.07expl-| —| -==[=
%) eXp{ (7R) 4 (4) }
where,

x=R/a_ a=0.8853ay2"" R=27",
a o : Bohr radius.

When Z number of the two atoms are different, the effective

potential can be given by
Vlz(r)=—\/V1(r)V2 (r) . (12)

This potential gives good approximation for large Z atoms. The

energy loss T g] by elastic process can be expressed,
) 6
Ty (6) =T, sin® (5) (13)

where T is the maximum energy transfer from the projectile to the target
atom,
4MM
T, = 2 _E (14)
(M +M,)

M 1 : mass number of the projectile

M 2 : mass number of the target atom.



The largest scattering angle observed in the experiment, 6 max, is
limited by the apparatus geometry. The minimum impact parameter, b min,
is determined from this angle & max. In the present case, assuming that the
incident beam to the cell is parallel to the cell axis, the largest scattering
angle, @ max, in laboratory coordinate is determined by two lengths. One
is the distance from the analyzer entrance slit to the exit position of a gas
cell, L , and the other is a sum of the cell radius, r cell, and the radius of

aperture placed on the analyzer slit, 7 sp. Then, © max can be expressed by

r +r
O,y = arctan[—c?g) . (15)

In the present apparatus, r cellis 7 mm, r ap is 1 mm and L is 1400

mm. The maximum scattering angle in center of mass system is given by

Oy = Omax +arcsin(%sin@max) i (16)
M,

3-2 Inelastic Process

During the inelastic process, a part of the kinetic emergy is
transferred into an internal energy of projectile and target atoms. The
minimum energy required to produce an Aut ion from an Au- ion is a sum
of the electron affinity and the first ionization potential of an Au atom.

in(Au"—>Au*)



Firsov proposed a theoretical model to describe an inelastic energy
transfer [15], which can be expressed as a function of an impact parameter

b [f\] ‘and velocity v [em/s],

(2,+2,)7 - 4.3x1078v

Tin (b,V) = 3
[1+0.31(2,+2,)"* -2 ]

[eV], (18)

where

Z 1 : atomic number of the projectile

Z 2 : atomic number of the target atom,
under the condition of

Z
%s—1s4. (19)

Z,

In this model, the two-electron stripping process can occur when

To(b)2T, (20)

(Au"—>Au")

by which the maximum impact parameter b yqx is determined as the

following,

4 in(Au"—>Au*) Tin (b ) - @1)



3-3 Total Energy Loss

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 an Aut beam.

Tyt (B) =T (b)+ T3, (D) (22)

Figure 20 shows the elastic scattering angle 6 [rad] in the center of
mass system, the elastic energy loss 7 ¢] [eV] and the inelastic energy loss
T in [eV] as a function of impact paramneter b [A], when Au- ion is injected
with an impact energy of 44 keV into the Ar target. The elastic energy loss
T ¢1 does not affect the energy broadening in the energy range of the
present experiment.

The energy spectrum which is observed in the experiment can be

expressed as

db(e)
de

F(e)=-2rb(e) -£(6), (23)

where b (g) is the inverse function of T tot(b ) defined in the region of
b min £ b < b max, and f (0) is the efficiency of particle detection in the
present experimental system. The latter is also a function of an impact
parameter, which becomes zero at b =b pip(or 0=0 max); Figure 21 shows
an example of spectrum, F (¢). To compare with the experimental results,
here we consider the energy width, F 172, which is FWHM of the energy
loss spectrum, F (g ).

Figure 22 shows the energy width, F' 172, as a function of the impact
energy, E < 50 keV, in He, Ne, Ar, Kr and Xe. In the lower énergy
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Fig. 20. The elastic scattering angle 6 [rad] in the center of mass system
(solid line), the elastic energy loss T ¢ [eV] (dashed line) and the
inelastic energy loss 7 in [eV] (dotted line) 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 an Aut ion beam. The
elastic scattering angle and the energy loss are calculated by the
classical theory using the Ziegler's unified potential between two atoms,
and the inelastic energy loss is calculated by the Firsov's theory. The 0
max 18 the largest observable angle in center of mass system determined

by the experimental geometry.
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Fig. 21. An example of spectrum, F (g ), at an impact energy of 44 keV for
an Ar target.
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region, the energy width increases as an impact energy increases, and it is
larger for lighter target atoms. But in the higher energy region, the
energy broadening is saturated at about 7 eV, and there is very weak
dependence on the energy and the target mass. The spectra, F (g ), for Xe
target are shown in Fig. 23, where the impact energy is 40 keV, 100 keV,
500 keV, 1 MeV, 2 MeV and 3 MeV. These FWHM of those spectrum are
always the same about 7 eV, and the reason is analytically explained in

appendix B.

3-4 Energy Straggling

In the target density region that the multiple collision is not
negligible, the energy straggling of a beam is generally explained by the
L.S.S. theory [16]. In the energy region higher than a few MeV/nucleon,
the elastic energy transfer is not negligible. But in the energy region less
than that, like in the present case, the inelastic energy transfer is dominant.
Therefore, the inelastic energy loss function, T in, can be used to estimate

the energy straggling. Equation (18) can be expressed in a simplified form

as follows,
T (B)=———— [eV] 4
(2) [1+A-B) )
A=3.1z, +2Z,)"” 107
C=(2,+2Z,)" 4.3x107% vy

b [cm] : Impact parameter

v [cm/s] : Particle velocity.
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Fig. 23. The energy spectrum, F (g ), for Xe target at some impact
energies. The FWHM does not depend upon the impact energy.



In the L.S.S. theory, the squared energy straggling is given by an
integral of the squared energy loss function over the impact parameter from

zero to infinity [17].

Q2 =nl JO [T (b)+ Ty (b)) -27bdb
27C?nl

25
72A% )

=~ nl.[(;m{Tin(b)}2 -2 nbdb =

However, when an energy loss spectrum of a singly-charged
component of a beam is measured at a forward angle, the energy loss
function in a small impact parameter region cannot contribute to the
straggling. Therefore, the lower limit of the integral region, & s-min, should
be considered. The geometrical configuration of the gas cell and the tandem
acceleration system limit the maximum observable scattering angle, which
determines the minimum impact parameter, b g=b min, as is described in
section (3-3). Another limit is the impact parameter, b 4, which

corresponds to the inelastic energy transfer to produce an Aut+. The lower

limit of the integral, b s-min, is the larger of the two, b g or b 4.

(=]

@y =ni[ T (b)) - 27bdb
» 1494b_
(14 Ab_in )’

- =20

(26)

Figure 24 shows the calculated energy straggling, Q, and the impact

parameter b g and b 1 as a function of the impact energy when the Aut

beam passes through the Xe target of 1016 cm-2. The straggling given by
the L.S.S. theory, £ ¢, is also shown for comparison. The energy

straggling of present calculation is smaller than that calculated by the
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Fig. 24. Energy straggling for a Xe target of 1016 cm2 calculated by
integrating from zero to infinity (2 o) and that from b gmjn to infinity
(). The minimum impact parameter b gmip is determined by the

larger value of that defined by geometry and reionization.



original L.S.S. theory by factor of more than 5. In Fig. 25, the straggling
in various target gases are compared at the thickness of 1016 cm-2. When
the impact energy is relatively low, the straggling is restricted by the
maximum observable angle, but it is limited by the ionization at the higher
energy. In the latter region, the difference due to the target gas is small.
Figure 26 shows the increase of the straggling when the target thickness

increases.

3-5 Cross Sections

Some cross sections can be calculated by the inelastic energy loss
function of Firsov (Eq.18), and scattering angle, 8 , (Eq.9) calculated with
the unified potential of Ziegler's. Here the electron loss cross section is
defined as o; s where the suffix 7 "and f ' denote the initial and the final
charge state. In this thesis, the electron stripping and the scattering cross
sections are mainly considered.

A differential cross section g (6 ) is described with an impact

parameter, as the following,
2nbdb =2rq(6)sin6d0o . (27)

Then, the cross section, o; s, measured under a certain geometrical

condition, can be expressed as

o= [ g(0)dw = [ [ g(0)sin 0dBde

bmax
=27rjq(6)sin6d6=2njb bdb (28)

= 7 bonax = Prmin” ) -

min
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Fig. 25. The energy straggling as a function of impact energy for He, Ne,
Ar, Kr and Xe gas target of 1016 cm2,
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The cross section is determined by the minimum impact parameter,
b min, and a maximum impact parameter, b max, defined in the section (3-1)
and (3-2). Figure 27 shows the double charge stripping cross section,
o -1,+1, as a function of the impact energy for He, Ne, Ar, Kr and Xe
target.

Assuming that the potential between an Au and a target atom is not
affected much for changing the charge state of the Au atom, and the same
energy loss function can be used for various charge states, then, the
minimum impact parameter is again determined by experimental geometry,
and the maximum impact parameter is determined by the energy loss
required for each electron loss process. Consequently, some cross sections
such as 0 .10, 0 -142, 0 -1,+3 and so on can be calculated. Singly charge
stripping cross section, ¢ -1,0, 1s calculated using the maximum impact
parameter, b max0, determined by the electron affinity only. Figure 28
shows the cross section, G-1,0, as a function of the impact energy for various
target atoms. Some cross sections can be calculated as shown Fig. 29 for
some inert gases at 3 MeV. The scattering cross section, o s , 1s calculated
as,0 g = b min2.

These cross sections are used to estimate the charge fractions. The
detail is discussed in the paragraph 4-6. An example of the calculation code

is shown in appendix C.
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§4. Results and Discussion
4-1 Energy Width of Negative lon Beam

Figure 30 shows a typical spectrum of negative ion beam extracted
from the plasma-sputter-type negative ion source with the extraction
voltage, V ext, of 4 kV. Here two peaks are seen. One corresponds to the
peak of negative ions produced by the surface production and the other
corresponds to those by the volume production. The peak by the volume
production contains mainly O- and H-, the peak by the surface production
contains mainly Au-. The difference of energy between the two peaks
agrees with the target voltage, V T.

The measured Au- energy width as a function of the target voltage is
shown in Fig. 31. The energy width at small acceleration voltage indicates
an original Au- epergy width, because the instrumental width is much
smaller than the measured spectrum width for a low energy beam. Thus,

the original Au- energy width is regarded to be 4~5 eV.

4-2 Aut Energy Shift without Tandem Acceleration

An example of the energy spectrum of the positive ion beam produced
by a charge stripping process is shown in Fig. 32 together with that of the
original negative ion beam. An energy shift, a peak energy difference in
positive and negative ion beam spectra can be seen clearly. Changing the
acceleration voltage from 1 to 5 kV, the difference is always arcund 10~14
eV in the low gas cell pressure region. The energy shift is caused by the
charge stripping process and the gas scattering. The latter is negligible

because the target thickness is small. The former is caused by the two
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electron loss process, the energy of which is a sum of the electron affinity
and the first ionization energy of the atom. In the spectra of Fig. 32, the ion
beam contains gold, oxygen and hydrogen ions. The table inserted in the
figure shows the electron affinity, the first ionization energy and its sum for
these atoms. These values are about 12 eV and it explains the energy shift

due to the two electron stripping process.

4-3 Estimation of Energy Width and its error;

In the present work, an energy width is determined by fitting the
energy spectrum with a Gaussian distribution. For example, Fig.14(b)
shows the energy spectrum separated by magnetic field on the entrance drift
space on the analyzer. Three peaks are shown in Fig.14(b), which
correspond to Aut, O+ and H+ ion species, respectively. Fitting this
spectrumm with a combination of three Gaussians, these energy widths,

W Gauss, are determined as the following,

2
y= Zexp{_((x"xﬁ,i)/WGauss,i) } (29)
i=Au,0,H
where
X : a parameter corresponding to energy

(horizontal axis in Fig.14(b))
x0,i :the central value of x of Gaussian
y : the counts of ion (vertical axis in Fig 14(b))
W Gauss,i - a half value of 1/e width of the 7 -th peak.

Therefore, the width, W Gauss, 18 converted to the FWHM by,



WFWI-IM,Au = 2WGauss,Au vVIn2 . (29)

In the analysis of the energy width, the error, o w, is estimated by
taking the fitting error, o £, and that of the analyzer resolution, & a5, into

account as the following,

2

Oy =052 + 0y (30)
Then, the measured energy width (FWHM) is expressed by
Wxo, . 3I)

The energy width at small target thickness, W g, is determined as the
mean energy width in the region where the thickness, n/ , is less than

1.0x1015 ¢m2. When an each value in this region is expressed as the

following,

Wi + ag;, (32)

then, the mean value, W s, and its uncertainty, o s, are denoted as,

(w;W;)

W, = 33

g Y, (33)

1

O = (34)

Z(Wz’)
where
w; = — : the weighting factor




Finally, the measured energy width at small target thickness is
expressed by

W,to,. (35)

4-4 Energy Width of Positive Ion Beams Produced at
Small Target Gas Thickness

As is shown in Fig. 33, the spectrum of the two-electron stripped
Aut shows a broader peak than that of the original Au- beam. The energy
width is constant in the region of the target gas thickness less than 1x1015
cm-2, and it is broadened by multiple collision at a larger gas thickness. In
this paragraph, the widths in the region, where the effect of multiple
collision processes are negligible, are dealt with. We also measured the
attenuation curve of the Au- beam, and selected a gas thickness region
where the two-electron stripping process (Au- — Aut) was dominant.
Several kinds of inert gases, He, Ar, Kr and Xe were introduced into the
stripping cell as the target gas. Figure 34 shows the energy width of the
beam as a function of an impact energy for those gases when its thickness 1s
smaller than 2x1015 cm2,

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 and the stability of the tandem accelerator
power supply. The result is shown in Fig. 34, here, the experimental data
points are the measured FWHM before the correction of the resolution.
The energy dependence and that upon the target mass are well reproduced
but the calculated values are much smaller than the measured width.
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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 comparison 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.19). 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 eleciron distribution function in an atom
might affect the shape of T (b ).

If the positive ions are produced from Au® in the two step process
(Au-— Au0, Au0— Au+), the energy width of Aut beam is mainly
determined by the second process, because the first step occurred at the
large impact parameter and the energy broadening is small. Then the two
step process might results in a little bit less energy width than that of the
single step, because the internal energy change of the former process

(Au0—Aut, 9.2 eV) is less than that of the latter (Au—Aut, 11.5 eV).

4-5 Energy Width of Positive Ion Beams Produced at Large
Target Gas Thickness

In this paragraph, the widths in the region where the multiple
collision processes are not negligible are dealt with. The energy width as a
function of target thickness are shown in Fig. 35, Fig. 36, Fig. 37 and
Fig. 38 when the target is Xe, Kr, Ar and He, respectively. The energy



800 -I LR I L L L Il L L IA. 800 ml P L L Il L L L L l IR L L IH
700 [ 44 keV Au’ -> Xe target 200 E 39keV Au’ -> Xe target ]
- W ; i W ]
600 |- s0 . 600 | =
5 - ] > - ]
2 500 |- \j - 2500 |- -
g - 3 % ¥ 1
= F ] = [ N
- 400 | -] o, 400 |- -]
of) - . ah B _
5 - ] g - ]
m 300 | - M 300 |- -
5 Voo 5 i
200 |- 3 200 |- .
100 —: 100 § =
o oo 4 5 o o : oc o o o [o; Q -
0 B IO 0 A U O T I T ] I T i I T T T T I 0 LI T T I 4 ‘ I S T Y T I ' ] I O O S T P 1 r—

0 0.5 1 1.5 0 0.5 1 i.5

Target thickness nl [x10*®cm™] Target thickness nl [x10*%cm™?]

800 IR UL LR LN LN 800 LN N N L N LB B LI L R RO

[ 34 keV Au -> Xe target [ 20keV Au” -> Xe target

700 "] 700 & 3

- w . - W ]

600 |- s0 — 600 sO ]

= | 1 = | ;
= 500 F - 2 500 | 3
=} C ] 2 C ]
3 - ] = [ ]
>, 400 ] = a00 |- >
&8 C ] B - ]
g N ] 3 - ]
M 300 | -] g 300 | -
200 | = 200 | =
100 } — 100 | E

o) c_o S S E D o C. o O O .
0 I I | I S I ] W I I A I ) 0 = T T 11 1 T+t L 011 } 111 1 41i1

0 0.5 1 1.5 0 Q.5 1 1.5

Target thickness nl [x10'5cm™] Target thickness nl [x10'%cm™?]

Fig. 35. The measured energy width and the theoretically calculated one
plotted as a function of Xe target gas thickness for impact energies of
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width, W, is calculated as the following from the energy loss, F' 1 /2, original
width of Au-, W org, and the energy straggling, Q,

W= Q% +Fp? + Wo? . 37)

org

is also shown in these figures.

In the region of target thickness smaller than about 2.5x1016 cm-2, the
energy width increases gradually as the gas thickness increases. The energy
straggling calculated by considering minimum impact parameter, Q p, is
closer to the measured value than that calculated by the original L.S.S.
theory, £ o.

Because the condition of Eq.(19), on which the Firsov's theory can be
used, is not satisfied on a He target, the calculated curve is not shown for a

He target.

4-6 Cross Sections by Beam Attenuation Measurement

The electron detachment cross section, & p, can be mainly determined
by two processes, that are two electron stripping (o -1 +1) and one electron
stripping (o -1,0) processes. Then, the electron detachment cross section,

O D, is expressed as,

Op =0_10+0_141 - (38)

The differential equation for a negative beam current, I -, is expressed

as the following,



a-

E=—-n(0'_1,0 +O'_1,+1 )1_ . (39)
Then,
I =1 exp{—(cr_l’o +0_1.41 )nl} , (40)

where [/ is the initial current of the negative beam and n! denotes the
target thickness. The o p can be determined by beam attenuation curve,
where the higher 1onization is considered to be negligible in the present
energy range.

Suppose that the beam intensity is uniform in the profile, the electron
stripping cross section can be measured by the energy analyzer. Figure 39
shows the Au- beam intensity as a function of target thickness of Ar at the
impact energy 35, 30 and 20 keV by energy analyzer. The electron
stripping cross sections calculated by Eq.(39), are 9.4x10-16, 6.5x10-16 and
8.3x10-16 ¢cm?2, respectively. Figure 40 shows the Au- beam intensity as a
function of target thickness at the impact energies of 44 and 24 keV
measured by the movable Faraday cup. The electron stripping cross section
are 7.2x10-16, 1.6x10-16 cm?, respectively.

Figure 41 shows the measured electron detachment cross sections and
the theoretical one calculated by using Eq.(28), as shown in Fig. 27 and
Fig. 28. They are consistent with the latter in order. The difference of the
cross sections measured by two methods is due to the beam scattering effect.
The measurements by the energy analyzer give a larger cross section than
that by the Faraday cup, because the beam attenuation due to scattering is

include.
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4-7. Energy Width and Charge Fraction on 3 MV Tandem
Acceleration System

In this section, the 3 MV tandem accelerator system is considered
which will be applied to the 6 MeV HIBP for LHD. The performance of
this system can be considered from two aspects, the energy width and the
beam current.

At first, the energy width can be estimated from

1. the original energy width of an Au- beam

2. the energy broadening on an Aut beam produced
from an Au- beam

3. the energy straggling by the multiple collisions

4. the voltage ripple of tandem power supply

The original energy width of Au- beam is measured and it is about
5 eV as shown in Fig. 31.

Because the gas cell of the 3 MV tandem accelerator of LHD will have
the same geometry as that of the present test stand, then, the restriction on
the 6 max is assumed to be same as in the present case. Therefore, the
energy broadening due to the electron stripping, F 172, can be calculated to
be 7 eV, and it does not depend upon the target mass as has been discussed in
the paragraph 3-3.

The energy straggling, Q2+, is a function of target thickness, n/ , and
it can be estimated as the paragraph 3-4.

The voltage ripple ratio of the 3 MV tandem power supply will be
less than 2103, Then, the broadening of the 6 MeV beam due to the ripple
will be

W ropte <2°(3%108)x(2-1075) =120 [ev1 . @1)

1




Consequently the energy width of 6 MeV Aut beam, W 3Mv, can be
estimated by the following equation,

' 2
Wimv = \/{Q (D} +Fipp® + Wor® + Wi [eV1 . (42)

The second, charge fractions can be calculated from the cross
sections. These cross sections are described in paragraph 3-5. In this
paragraph, the electron loss and the scattering cross sections are considered,
but electron capture is not considered. The electron loss cross sections,
o; s, and scattering cross section, o s , for Ar target are calculated as the

following,

0-1,0 =35.6x10"16 [cm?2], o©.141 =158x10-16 [cm?],
o-142 =9.1x10°16 [cm?], o©.143 =5.7x1016 [cm?],
co+1 =17.8x10°16 [cm?2], o442 =9.4x1016 [cm2],

o043 =64x10°16 [cm?], (43)
o +1,42 = 11.6x10-16 [cm2], o443 =64x10-16 [cm?],
G 42,43 =83x10°16 [cm?], o = 0.04x10-16 [cm?].

The charge fractions can be calculated by the following rate equation,

dai— - - - - -
e —o_10l" =0 14l —0_1 0l —0_ 317 —ogl

ar° - 0 0 0 0

w 10l =004l —0pl” —0ogu3l” -0l

dl+ - 0 + + +
= Ol +0g 4l ~04 401" ~0yy 317 —o 7 (44)
dI++

_ - 0 + ++ ++
=0_ 1l +0gpl" +o ] —0p 307 —0l



d]+-l—l-
dx

under the condition of
I-(0)=1, I9(0)=0, I+(0)=0, I++0)=0, 1+++(0) =0,

where parameter, x , represents gas thickness, nl .

- 0 + ++ +++
=0_j43l +0g3l" +0, 37 +0, 307 —0d

Figure 42 shows the energy width without power supply ripple and
the charge fractions. From this figure, the tandem acceleration should be
operated where target thickness is around the 6x1014 cm-2. Together with
the energy broadening due to the multiple collision at this target thickness,
the total energy width of the Aut beam produced in a gas cell of a tandem
system might be less than several tens eV. The energy broadening due to
the voltage ripple of the tandem power supply is about a hundred eV.
Therefore, the total energy spread of an Aut beam is mainly determined by
the voltage ripple. It will be small enough for a HIBP diagnostics on LHD

where the plasma potential is a few keV.
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42. The charge fractions and the energy width as functions of the
target thickness at impact energy of 3 MeV for the Ar gas. The charge
fractions are calculated by the rate equation, Eq.(44), and the energy
width is calculated by energy broadening on the double charge

stripping, F 12, and the energy straggling, Q .



§5. Conclusion

In order to study the feasibility of a tandem accelerator system for
the application to HIBP, a tandem acceleration test stand was constructed
and the charge stripping mechanism and the tandem acceleration
performance were studied. The energy width of an Au- beam extracted
from the plasma-sputter-type negative ion source is small enough to be used
on a tandem accelerator for HIBP. When two electrons are stripped from a
negative ion, the beam energy shift is about 12 eV. This can be explained
that the sum of electron affinity and first ionization potential is lost from
the initial energy.

Energy broadening due to the two-electron stripping process of gold
ions (Au- — Au*t) in He, Ar, Kr and Xe is measured at a forward angle in
the impact energy range from 24 to 44 keV. The FWHM is typically
20~80 eV, and it increases 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 width, 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 dependence of the broadening. The absolute values of the
theoretically predicted width are much smaller than the measured width.

In the region that multiple collisions are not negligible, the energy
straggling is found much less than the prediction of the original L.S.S.
theory. By imposing restriction on the integral over the impact parameter,
the theoretical values approach to the measurement drastically.

The electron detachment cross sections are measured by beam

attenuation method, and they are in the range of 1~10x10-16 cm?2 and




increase as the impact energy increases. The absolute values and the
dependence on the impact energy are roughly explained by the theory.

Applying the present theoretical prediction to estimate the energy
width of the 6 MeV Aut beam generated by a tandem acceleration system
on LHD, the energy broadening due to the electron stripping will be less
than that due to the ripple of the tandem accelerator power supply. Various
electron loss cross sections and scattering cross sections have been estimated
with the present theory, and the charge fractions have been calculated with
them at 3 MeV. The optimum gas thickness is around 6x1014 cm-2
(2x10-4 Torr), and the energy spread including the multiple collision effect
will be small enough for the measurement of a plasma potential of a few
keV.

Finally, the cross sections and the energy spread of the output beam
can be estimated for beams in a wide energy region by the present model.

Those information are useful for a design of a tandem acceleration system.
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Appendices

A. Conductance Calculation for a Gas Cell

In order to estimate the target thickness in a gas cell roughly,
conductance calculation is done here. Fig. A-1(a) shows the geometry of the
gas cell and its vicinity. Three simple columns are considered in this
calculation, and those conductance are c 1, ¢ 2 and ¢ 3, respectively. Two
ionization gauges are placed at the point A and D in the system, and the
pressures at the point A, B, C and D are denoted p o, p 1,p 2 and p 3,
respectively.

Assuming that a gas flow rate Q at the point A is divided into two at the
point B, then, the relations between the conductance and the pressure are

expressed with the following equations,

Q=ci(py—-py) (A1)
% =¢p,3(P2 —p1) (A2)
% =cy(py — P3) (A3)
where
1 1 1

Coay3 €y O3
The ratio, p 2/p o, is obtained by Eq.(A1) and Eq.(A2) as the following,
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Fig. A-1. A schematic view of vacaum chamber at the gas cell and
the acceleration columns (a). The gas pressure distribution
in the cell is a function of the position, x , (b).



and the ratio, p 3/p ¢, is also obtained by Eq.(Al) and Eq.(A3) as the

following,

&=(1+c_1J&_0_1 | 43
Po 2¢c0)py  2¢y

In this experimental system, the ratio, p 1/p ¢, is directly measured by

two gas gauges,

P1_568x1073 . (A6)
Po

The conductance, ¢ 1, ¢ 2 and ¢ 3 for Ar gas are calculated to

¢, =8.5[£/s] , cy =0.65[£/s] and c;3 =24[¢/s].

Then, putting these values into Eq.(A4) and Eq.(AS), the ratios are
obtained as the following,

P2 _o.87 (A7)
Po
P3_o0m . (AS)
Po

The gas pressure in the cell is proportional to the position, x , as shown

in the Fig. A-1(b), and is expressed as the following,



(P2_Ps )

plxy=| P Loy P p0=(2 0'85x+0.02\pO
Le Po L Ly J
2
o=e=3)
for [0<x<—*. (A9)

Therefore, the gas thickness can be calculated as the following,

2L, _Aarls _ pOLg
J, p(dx=2 |, p(x)dx= TN (A10)
L
nl=35x1016.20 "2 [em™2] . (A1)

This result is not accurate because this estimation is not taken the

fringing effect into account.



B. Saturation of the Energy Broadening

Elastic and inelastic processes result in the energy loss of an ion. In this
experiment, the elastic energy loss is negligibly small because the scattering
angle is restricted by the geometry of the experimental set up and the impact
energy is small. Then, only the energy loss due to the inelastic process is
considered in this section.

Firsov's inelastic energy transfer equation is simply expressed as the
following,

T ] (B1)

T[+AbP v
A=3.1(Z; +Z,)" 107
C=(Z,+2Z,)"-43x1078 v
b [cm] : Impact parameter

v fcm/s] : Particle velocity.

The inverse function of Eq.(B1) and its derivative are,

1 )
b= Z{(Cv)lls 75 _ 1} ®2)
db (€’ s

-- 755
dar 54 (B3)

Then, the energy spectrum which is observed in the experiment, F (¢),
is proportional to multiplication of Eq.(B2) and Eq.(B3),

db
F(g) & -b—
(&) =bir




_ (CS' :1)21/5 76/ {(CV)US 75 _ 1}
=f(e) (B4)

The maximum value of F (£), f max, is taken at T =T in,

C 15
where
Toin =11.5 [eV] (B6)

Considering the full width at half maximum, f 1,
1
f1/2 = 5 S max (B7)

Putting Eq.(B4) and Eq.(B5) into Eq.(B7), we obtain

1/5
(C; :1)2 7-6/5 {(Cv)lls 715 _ 1}

- Tmin-—6/5 {(Cv)1/5 Tmin—lls - 1} ) (BS)

The function, g (T'), is

g(T)=(CVPTP -1
1 _ 1
—E(CV)IIS Tmm 715 + ETmm—6/5 . (Bg)



Consequently, the solution of g (T 9)=0 gives the energy loss at FWHM.
Figure B-1 shows the function, g (7' ), for the impact energy of 10 keV, 100
keV, 1 MeV and 10 MeV for a Xe target. All solutions of g (T ¢)=0 are about
T =18 ¢V, the energy broadening is represent to 7 ¢ -T mijn = 7 €V. Thus, the

energy broadening does not depend on the impact energy.
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C. The Calculation Code for the Elastic and the Inelastic Process

OHONONONONONSO NG NGRS

Q

BMIN AND BMAX CATCULATION PROGRAM
AKTRA TANITKE

BEI=BMAX

BIN=EMIN

> CROSS SECTION CAIC

THTS PROGRAME USE SSL2 SUBROUTINE
(FCR FUJITSU S-4/IX)

TMPLICIT REAL*S (A-H,0-Z)
COMMON /PAR/ROQ, B, EN, Z1, 72, DML, DM2
PARAMETER (ZERO=0 . 0D0)

PARAMETER (TWO=2. 0DO0)

PARAMETER (ONE=1 . 0D0)

PAT=DATAN (ONE) *4. 0D0

Z NUMBER

ZA=T79.0D0
ZRN=86.0D0
ZXE=54.0D0
ZKR=36.0D0
ZAR=18.0D0
ZNE=10.0D0
ZHF=2.0D0

MASS NUMBER

DMAU=196. 9665400
DMRN=222D0
DVXF=131.29D0
DMKR=83.80D0
DMAR=3%.948D0
DMNE=20.1797D0
DMHE~4 . 002602D0

ENMIN=4.35D3
ENMAX=54.35D3
ENDIV=0.5D3

CPEN (S, FILE="Ar.dat")
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A~ —> AR TARGET

Z21=71U
22=7AR
DM1=DMAU
DM2=TMAR

WRITE (6,100) -
100 FORMAT (1H , '-1 —> +1 CROSS SECTION CAIC')

MULTT=ONE

DO 200, EN=ENMIN, ENMAX, ENDIV
V=4, ODO*DML*DM2*EN/ (DML+DIM2) **TWO
CALL INEL(TIN,BIN)
DLTH=DATAN (8.0D0/1.4D3) *MJLTI
O1= (DM1/DM2) *SIN (DLTH)
02=01/DSORT (NE—O1**THO)
THMAX=DLTH+DATAN (O2)

CALL EIAS (TM, THVMAX, TEL, BEL)
IF ( (BIN-BEL) .LT.ZFRO) THEN
SIQMA=ZERO
EISE
SIGVA=PAT* (BIN**TWO-BEL**TWO)
ENDIE
WRITE (6,160} EN,SIGVA
WRITE (9,170) EN,SIGA
200 CONTINUE
160 FORMAT (1H , 'EN=',D18.10,"' SIQR=",D23.15)
170 FORVAT (1H ,D18.10, ', ',D23.15)
STOP
END

BMAX CALC

SUBRCUTINE ELAS (TM, THVAX, TEL, REL)
IMPLICIT REAL*8 (A-H,0-Z)

COMMON /PAR/RO, B, EN, 71, Z2, DML, DM2
EXTERNAI, FUNL

DIMENSION DIV (5)

PARAMETER (ZERO=0 . 0DO)

PARAMETER (ONE=1 . 0DO)

PARAMETER (TWO=2 . 0DO)
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100

30

10

PARAMETER (TEN=1.0D1)
EPSA=1.0D—4
EPSR=0.0D0

NVOIN=20

NVAX=689

PAT=DATAN (ONE) *4 . 0DO

DIV(1)=1.0D-1

DO 106,1=2,5

DIV (I)=DIV (I-1) /TEN
CONTINUE

S—ONE
B=3.0D0

DO 10,I=1,5
CONTINUE
B=B+ (S**I) *DIV(I)
RO=CAIRO (B, EN, Z1, Z2)
CATI, DACEH (FUN1,EPSA, EPSR, NMIN, NMAX, SSS, FRR, N, ICON)
TH=PAT-TWO*SSS
TF { (TH-THMAX) * (S**I) .GT.ZERO) GO TO 30
CONTINUE
BEI~B
TEL=TM* ((DSIN (TH/TWO) ) **TWO)
RETURN
END

BMIN CALC

SUBRCUTINE INEL (TTN, BIN)

IMPLICIT REAL*8 (A-H,0~7)

COMMON /PBAR/RO, B, EN, Z1, 72, DML, DMD
DIMENSICN DCS (10)

PARAMETER (ZERO=(0 . 0DO)

PARAMETER (ONE=1 . 0DO)

PARAMETER (THREE=3. 0DO)

PARAMETER (FIVE=5 . 0DO)

PARAMETER (TEN=1 .0D1)

-1 >0
DCS (1)=2.3086D0
-1 > +1
DCS(2)=11.52D0
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-1 = +2
DCS (3)=32.12D0
-1 — 43
DCS {4)=69.52D0
0—=> +1
DCS (5)=9.21D0
0= +2
DCS (6)=29.81D0
0—=> +3
DCS{(7)=67.21D0
+1 > +2
DCS (8)=20.6D0
+1 —> +3
DCS (9)=58.0D0
+2 > +3
DCS (10)=37.4D0

Q013=(21+22) ** (ONE/THREE)
QQ53=(Z1+22) ** (FIVE/THREE)
VEL~=9. 89D4 *DSORT (EN)
CCC=0N53*4 . 3D-8*VEL
AAARQO13*3.1D-1

NO=2

BIN=( (CCC** (ONE/FIVE) ) * (DCS (NO) ** (-ONE/FIVE) ) -ONE) /AAA
RETURN

END

POTENTTAL

REAT*8 FUNCTION FUNL (X)

IMPLICIT REAL*8 (A-H,0O-Z)

COMMON /PAR/RO, B, EN, Z1, Z2, DML, IM2
PARAMETER (ZERO=0.0D0)

PARAMETER (ONE=1 . 0DO)

PARAMETER (TWC=2 . 0D0)

R=X+RO
FUN1=ZERO
IF (R.NE.ZERO) THEN
VP=CAIV1 (Z1, Z2,R)
FUN1=B/ (DSQRT (ONE— (B/R) **TWO-VP/EN) * (R**TWO) )
ENDIF
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Qa0

ReETURN

PCTENTTAL

100

REAT*8 FUNCTICN CALV1 (Z1,72,R)
IMPLICIT REAL*8(A-H,0-Z)
PARAMETER (ZERO=0 . 0DO)

VI=WV (R, Z1)

V2=WV (R, Z2)

IF ((V1*V2) .LT.ZERO) THEN
WRITE (6,100) R,V1,V2
STOP

ELSE
CALVI=DSQRT (V1*V2)

ENDIF

FORMAT (1H , 'ERRCR’', ' R=',D23.15, 'V1=',D23.15, 'V2=",D23.15)

RETURN

END

UNIFIED POTENTIAL BY ZIEGLER

REAL*8 FUNCTION WV (SR, Z)
IMPLICIT REAL*8 (A-H,0-7)
PARAMETER (ZERO=0 . 0D0)
PARAMETER (CNE=1.0D0)
ARAVMETER (TWO=2.0D0)
(THREE=3. 0DO)
(FOUR=4.0D0)
(
(

!

SEVEN=T . 0D0)
FIFP2=14.4D0)

ZLR=(Z** ((NE/THREE) ) *SR

X=71R/0.295D0

Q1=0. 09DO*DEXP (—0.19D0*X)

Q2=0. 61DO*TEXP (-0.57D0*X)

03=0. 3D0*DEXP (—TWO*X)

FAT1=01+02+03

IF (X.EQ.ZFRO) THEN
V=Z*Z*ELEP2/SR

ELSE

— 100 —
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FATNI=(SEVEN*ZIR) ** (-TWO)
FATN?=ZTR/FOUR
FATN3= (ZLR/SEVEN) **TWO
FAT2=0.07D0*DEXP (-FAIN1-FAINZ-FAIN3)
V=Z*Z*E1EP2* (FAT1- (Z** (~TWO/THREE) ) *FAI2) /SR
ENDIF
IF (V.GI.0) THEN
VW=V ’
FLSE
VW=
ENDIF
RETURN
END

RO CAIC

REAL*8 FUNCTION CALRO(B,EN,Z1,Z2)
IMPLICIT REAT*8 (A-H,0-Z)
DIMENSION DIV (9)

PARAMETER (ZERO=(.0DO)

PARAMETER (ONE=1 .0DO}

PARAMETER (TWO=2 . 000}

PARAMETER (TEN=1.0D1)

DIV(1)=1.0D-4
DO 100,1=2,9
DIV(I)=DIV(I-1)/TEN
100 CONTINUE

S=ONE
R=B
DO 10,1=1, S
30 CONTINUE
R=R—(S**I) *DIV(I)
V=CALV1 (Z1,Z2,R)
F=1-{B/R) **TWO-V/EN
IF (F* (5**T) .GT.ZERO) GO TO 30
10 CONTINUE
CAIRO=R
RETURN
END

—101—
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