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Abstract

The Het ™t beam transport system of the SNU 1.5-MV Tandem Van de Graaff accelerator is
analysed by ion optical approach. The program OPTRANS is developed to determine the
optimum operating conditions of each ion optical component and to simulate ion beam
transport. First order matrix formalism is used and the space charge effect is neglected.
Optimum operating conditions for the transport of 0.5~3.0 MeV He™ * beam are determined
by the use of the program OPTRANS. Initial ion beam emittance is assumed to be 0.5X80.0
mm-mrad from the structure of the extraction electrode and the experiment of ion beam
extraction. lon beam transport characteristics of each ion optical component according to the
variation of the operating conditions are investigated, and operating conditions to minimize the
beam size at each slit, stripping foil, and target are calculated. Optimum operating conditions
obtained from the experiment of ion beam transport show a discrepancy of less than 15 %
compared with the calculated ones. From the simulation and experiment of ion beam trans-
port, the validity of the calculated optimum operating conditions and the usefulness of the
program OPTRANS are verified.
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1. Introduction

To improve the quality of ion beam in the pro-
cess of ion beam transport, optimum operating
condition must be determined through the inves-
tigation of the characteristics of each ion optical
component that constitutes the ion beam transport
system. Since electric and magnetic field distribu-
tion in each component are obtained by finite
element method or finite difference method, the
behavior of ion beam passing through the ion
beam transport system can be exactly described
by solving each particle’s equation of motion by
either of these numerical methods. However,
since this approach needs a lot of calculation time
and memory, the motions of particles forming ion
beam are analysed by the approximation method
with the assumptions as the follow :

1. Most particles move near the beam axis
which is set up as the reference trajectory.—Para-
xial Ray Approximation

2. The force perpendicular to the direction of
jon beam passage is linearly proportional to the
distance from the reference trajectory.—Linear or
Gaussian Optics

The approximate solution by these assumptions
is represented as a vector in the phase space, and
the equation of motion for the particles can be
described as matrix formalism. The ion optical
properties of each component of ion beam trans-
port system are represented as matrix, which is
called transport matrix, and the overall information
on the ion beam transport process, especially opti-
mum operating condition, is obtained through the
manipulation of transport matrix.

In the present work, the jon beam transport
system of the SNU 1.5-MV Tandem Van de
Graaff accelerator was analysed by ion optical
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approach. The program OPTRANS was de-
veloped to determine the optimum operation con-
ditions of each component and to simulate ion
beamn transport. First order matrix formalism
through the paraxial ray approximation was used
because the ion beam transport system was de-
signed so that the beam size might be sufficiently
smaller than that of ion optical component. The
space charge effect which perturbs the electric and
magnetic field configuration of ion optical compo-
nent was neglecter' because the ion beam current
in this accelerator is less than several tens of

#A(1). By the use of the program OPTRANS,
optimum operating conditions for the transport of
0.5~3.0 MeV He* ' beam were calculated, and
the validity of the calculated values was verified
from the simulation and experiment of ion beam
transport.

I. Theory
A. First order matrix formalism

If the relativistic effect is neglected (in the case
of v/c<0.1)(2), the motion of charged particle in
electric or magnetic field is expressed by the New-
ton’s equation of motion,

le:=q(E+vXB). (1)

Where, p is the linear momentum of the particle,
q is its charge, and v is its velocity. If the axis of
beam line is set up as reference trajectory, the
coordinates of particles can be expressed in terms
of moving coordinate system whose origin is al-
ways on the reference trajectory. Moving coordin-
ate system is shown at Fig. 1. Then Eq.(1) becomes

2T T
-TST =§v—(E+v?TT><B). (2)
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Where, vector T denotes the position of the parti-
cle along the reference trajectory.

Arc Length
T:{(0-C)ot

Arbitrary

Trajectory
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z=]{0-A) ot
o]

Central
Trajectory

Fig. 1. Moving coordinate system.

The vector and scalar differential elements of T
are

dT=x dx+y dy+(1+hx) zdz, 3
dT=(1+hx) dz. @

Where, x, y and z are the orthonormal unit vectors
of moving coordinate system and h is the curva-
ture of reference trajectory. Using Eq.(3) and (4),
Eq. (2) becomes

aT _ > q v dT
—CEZ‘—(l'*‘hX) };(E'{"m _d—z'XB), (5)

and, d?T/dz? in Eq. (5) is expressed as

4T d%x
dzZ X [ dz? —h(l+ hx)]
2 dx dh
o el + g ©

Generally, ion optical components used in ion
beam transport system have midplane symmetry
about x—z plane, then scalar potential ¢ is an odd
function of y. The only terms which contribute to
the first order expansion are at most linear in x or
y. Therefore only the quadratic terms in ¢ are

considered.
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# (x,y)=Ay+Bxy (7)

Using Eq. (6) and (7), Eq. (5) can be first order
approximated as

d?x

4z +K(z)x= 0. (8}
Where, z is a coordinate that represents the axial
motion of particle on the reference trajectory, x is
a coordinate perpendicular to z axis ( in Eq.(8), x
denotes both x and y coordinates) , and K is a
function of z. This equation is a second order
differential equation, therefore its solution is

[x ] _ [sz) S/(z) ] [xo’] ©)

X’ Clz S’ W' -
Where, the prime denotes differentiation by z, x,
and xg are initial conditions of x and x’, and C{(z)
and S(z) are functions of z. The characteristics of
ion optical component are caiculated from the
matrix of Eq.(9) and this matrix is called transport
matrix.

B. Ion beam envelope

To analyse the ion beam transport in the
accelerator, not the trajectory for a single particle
but the motion of an ensemble of particles shall
be investigated. For the effective description of the
collective behaviors of ion beam particles, the
concept of emittance is introduced(3). Emittance is
defined as area in the phase space, and is in-
variant for ion optical system in which no accel-
eration occurs. Generally ion beam envelope in
the phase space is expressed as ellipse, and emitt-
ance is the area of this phase ellipse. If vector X
and beam matrix ¢ are defined as follow

X=[:z,] (10)
g Ot S S

then the phase ellipse shown at Fig.2 is expressed
as Eq. (12).

XT o 71 X=1. (12)
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Fig. 2. Beam phase ellipse and twiss parameters.

Here € is emittance and «, g and 7 are
twiss parameters(4). The maximum values of x and

x’ are given by emittance and twiss parameters,

xmax: \ 4 //36 ’ <13>
X o= 7€, (14)

If ion beam passes through the optical component
whose transport matrix is R, twiss parameters and
emittance are transformed into

Bay | (B

_ (15)
{GZJ_NM[GI]
7, 7,

R, -2 RyRiz Rio”

M= (_RHRZI RiiRz2tR12Rz1  —RizRzz |(16)
Ro1® —2 RoiRoo Ry

€,=N €, (17)

where, N is the determinant of R and subscript 1
and 2 denote initial and final state, respectively.

Any phase space distribution of ion beams
which can be described in terms of an ellipse is
specified by twiss parameters and emittance.
These parameters are calculated by the matrix
transform Eq. (15), (16) and (17) only if the initial

values of those and transport matrix of corres-
ponding component are given. So the overall in-
formation on the characteristics of ion beam at
specific point of ion beam transport system can be
obtained from twiss parameters and emittance.

HE. Analysis of lon Beam Transport System

A. The ion beam transport system of the SNU
1.5-MV Tandem Van de Graaff accelerator

Fig. 3 shows the ion beam transport system of
the SNU 1.5-MV Tandem Van de Graaff accelera-
tor. In the case of He ion beam transport, He™
beam is extracted from the duoplasmatron ion
source and is passed through the Rb charge ex-
change cell that produces the He™ beam. He™
beam is accelerated in the lower energy accelerat-
ing tube and becomes the He™ ™ beam by strip-
ping process at carbon stripping foil. He' ™ beam
is re—accelerated in higher energy accelerating
tube. The He* ™ beam of specific energy is trans-
ported to target chamber by the action of 90
analysing magnet and used for RBS(Rutherford
Backscattering Spectrometry) or PIXE(Particle In-
duced X-ray Emission) experiment.

For the efficient ion beam transport, two einzel
lenses, two EQT(Electrostatic Quadrupole Triplet)
lenses, and a MQD(Magnetic Quadrupole Doublet)
lens are installed as adjustable ion optical compo-
nents in the ion beam transport system of this
accelerator. Einzel lenses are used for ion optical
matching between ion source and 90 deflection
magnet. The first and third electrode of einzel lens
are grounded. The diameter of einzel lens is 40
mm, the gap between electrodes is 4 mm, and the
length of lens action region is 40 mm. EQT lenses
are used for i~n optical matching between 90
deflection magnet and lower energy accelerating
tube and between higher energy accelerating tube
and 90" analysing magnet. For the first EQT lens,
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Fig. 3. Beam transport system of the SNU 1.5-MV Tandem Van de Graaff accelerator.

its diameter is 40 mm, the length of each compo-
nent is 40 mm, 80 mm and 40 mm respectively,
and the gap between each component is 20 mm.
For the second EQT lens, its diameter is 30 mm,
the length of each component is 130 mm, 180
mm and 130 mm respectively, and the gap be-
tween each component is 50 mm. MQD lens is
used for ion optical matching between 90° ana-
lysing magnet and target. Its diameter is 25 mm,
the length of each component is 180 mm, and the
gap between each component is 180 mm.

B. Program OPTRANS

The program OPTRANS, on the basis of first
order matrix formalism, was developed to analyse
the ion beam transport system of the SNU
1.5-MV Tandem Van de Graaff accelerator. The
input parameters of this program are design con-
stants of each component, plane coupling mode,
ion beam element to be transported, extraction
and terminal voltage, and initial emittance of ion
beam. In order for ion beam to be transported
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efficiently, beam size should be as small as it
could be at each slit, stripping.foil and target.
Thus beam size was to be minimized at slit 1 by
einzel lenses, at stripping foil by the first EQT lens,
at slit 3 by the second EQT lens and at target by
MQD lens. These constraints must be satisfied for
optimum transport of ion beam. The program
OPTRANS calculates the operating conditions that
satisfy those constraints for adjustable ion optical
components. This program also calculates the ion
beam envelope at each slit, stripping foil and
target according to the variation of operating con-
ditions. From the calculated ion beam envelope,
ion beam transport characteristics of each compo-

START

INPUT

~ Design constants

— Plane coupling

- lon beam type

~ Initlal emittonce
Extroction voltage
Terminal voltage

4

Sequentlal optimization of operating
conditlons

nent were investigated. The simulation of ion
beam transport was performed under the calcu-
lated operating condition. The validity of calcula-
tion was verified by the result of the simulation.
The program OPTRANS was written by the PAS-
CAL language and its flow chart is shown at Fig.4.

Table 1 shows the optimum operating condi-
tions for the transport of 2.0 MeV He'™* beam
calculated by the program OPTRANS. Fig.5 shows
the result of the simulation of He* * beam trans-
port under the condition of Table 1. Initial emitt-
ance of ion beam was assumed to be 0.5X80.0
mm-mrad from the structure of extraction elec-
trode and the experiment of He™ beam extrac-

- Elnzel lens 1
Elnzel lens 2
Electric quadrupole triplst 1
Elactric quadrupole tripiet 2
Magnetic quodrupofe doublet
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- Calculate beam envelope ot whole
beam tranaport line
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— Transport motrix elemenis of sach
component
— Optical porameters
— Optirmized operating conditions

4
‘ STOP )

{ Calculate beam envelope

! initiolize operating condition

‘ Calculate transport matrix elements

Constraints test OK ?

I Change aperating condition J

Fig. 4. Flow chart of the program OPTRANS.
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tion. The shape of the He* ™ beam transported to
target was upright ellipse of 4.2 mmX0.5 mm.

Table 1. Optimized operating conditions for 2.0
MeV He* * beam transport calculated by the
program OPTRANS.

Optical Components Figures
Extraction Electrode 572 kV
Terminal 664.76 kV
Einzel Lens 1 437 kV
Einzel Lens 2 293 kV
EQT1 Polel 0.695 kV
Pole 2 0.634 kV
Pole 3 0.695 kV
EQT2 Pole 1 330 kv
Pole 2 468 kV
Pole 3 330 kV
MQD Pole 1 205 A
Pole 2 1.84 A

V. Results and Discussion

By the use of the program OPTRANS, optimum
operating conditions for the transport of 0.5~3.0
MeV He™* beam from the SNU 1.5-MV Tandem
Van de Graaff accelerator were calculated at an
interval of 0.25 MeV. Calculated optimum operat-
ing conditions were fitted by the least square
method as functions of extraction and terminal
voltage, and used as guides in the experiments.
Experimental optimum operating conditions were
determined through fine adjustment near the
calculated conditions.

Fig. 6, 7, 8 and 9 show the optimum operating
conditions determined by calculation and experi-
ment. Extraction voltage was set to 5.72 kV by
considering the efficiency of charge exchange cell
and the bending ability of 90 deflection magnet.
Terminal voltage was set to 164.76~998.09 kV
for the production of 0.5~3.0 MeV He™* beam.
Figures show the discrepancy of less than 15 %

J. Korean Nuclear Society, Vol. 23, No. 4, December 1991

and good agreement of the trend of variation be-
tween calculated and experimental optimum oper-
ating conditions. The discrepancy is thought to be
caused by the errors from the paraxial ray approx-
imation and incorrect data for ion optical compo-
nent, especially the effective length of quadrupole.
For the case of the first EQT lens and MQD lens,
the consistent discrepancy is thought to be mainly
due to the incorrect data for effective length of

each component.

V. Conclusion

For the ion optical analysis of ion beam trans-
port of the SNU 1.5-MV Tandem Van de Graaff
accelerator, the program OPTRANS was de-
veloped. First order matrix formalism through the
paraxial ray approximation was used, and the
space charge effect was neglected.

By the use of the program OPTRANS, optimum
operating conditions for the transport of 0.5~3.0
MeV He'* beam were calculated, and the
simulation of He* " beam transport was carried
out to verify the validity of the calculated condi-
tions. Calculated optimum operating conditions
were used as guides in the experiments. Optimum
operating conditions obtained by experiments
agree well with the calculated conditions within
15%. The trend of variation of operating condi-
tions was nearly the same for calculation and ex-
periment. From the result, the usefulness of the
program OPTRANS for the analysis of the ion

beam transport system was certified.
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Fig. 5. He ion beam transport simulation by the program OPTRANS.
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Fig. 5. (continued).
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Fig. 5. (continued).
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Fig. 6. Optimized operating voltages of einzel
lenses calculated by the program OPTRANS.

Fig. 8. Optimized operating voltages of EQT2

calculated by the program OPTRANS.
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