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In the study we report the features and ideal stable operating conditions of the ion source and the accelerator’s
beam behavior of a nuclear microprobe at a laboratory for accelerator-based science (LABS) laboratory, i.e.,
iThemba LABS, South Africa. Since the aim is to improve the reliability and stability of ion beams used as a
probe, we optimize the beam characteristics along the Van de Graaff accelerator from the ion source through
the accelerator. Higher-order aberrations and non-ideal magnetic field profiles can induce complexities in
beam deformation that are frequently missed by conventional first-order linear approximations. Moreover,
the complicated nature and time commitment of trial-and-error methods make experimental adjustment alone
inadequate. To accurately model and optimize the transport and focus characteristics of the ion beam, including
effects from non-linear field components, dispersion, and alignment errors, a thorough mathematical framework
is therefore required, backed by simulation tools such as TRANSPORT, TOSCA, and IGUN.
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1. Introduction

Although dipole magnets can also be made to help focus,
quadrupole magnets are most frequently employed for
beam focusing in beamlines between accelerators and be-
tween accelerators [1, 2] and external targets. Dipole mag-
nets are utilized to change the direction of the beam. For
many purposes, it is sufficient to calculate and present the
behavior of particles with deviations in energy, position,
and transverse momentum with respect to the central par-
ticle, through the beamline, in phase space, rather than
calculating and studying the paths of numerous individual
particles, representative of the beam, through the complex
fields of beamline elements [3]. This has the advantage of

avoiding a large number of trajectories and only requiring
consideration of restricted regions in phase space [4, 5].
Due to Liouville’s theorem, phase-space trajectories do not
intersect, and initially bounded phase-space locations stay
that way along the beamline. The behavior of the beam’s
boundary in phase space is consequently all that is required
[6]. The six-dimensional phase space is typically used to
characterize beam behavior in accelerators and beamlines
[7]. The six dimensions are the longitudinal [1] position and
energy deviations with regard to the center particle, the
transverse (horizontal and vertical) [8] position deviations
and divergence. Several papers have described the math-
ematical formulation of beam transport [9] elements and
systems. The linear equations of motion and their applica-
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tion to drift spaces and quadrupole and dipole magnets are
first derived using the formulation of Carey [10, 11], and
then the second order terms in the equations of motion are
derived [12].

1.1. The linear equations of motion

The Lorentz force provides the time rate of change of mo-
mentum for a charged particle with velocity v and charge
q in a static magnetic field B in the following vector differ-
ential equation of motion:

ṗ = q(v × B) (1)

The magnitude of the momentum stays constant, and
the Lorentz force is always perpendicular to the direction
of motion. In order to remove time from Eq. (1), the center
particle is now added; nevertheless, the new coordinates
x, y, and t, respectively, define the position of an arbitrary
particle with respect to the central particle in the horizon-
tal, vertical, and longitudinal directions. The equation of
motion is as follows in the new coordinate system [13]:

d2T
dT2 =

q
p

dT
dT

× B (2)

Where the location and travel length of an arbitrary
particle are denoted by the vector T and the scalar t, respec-
tively. The particle’s trajectory’s unit vector tangent is dΓ

dT .
The three mutually perpendicular unit vectors x, y, t̂ along
the three coordinate axes satisfy the following relations:

x̂ = ŷ × t̂

ŷ = t × x̂

t = x̂ × ŷ

(3)

The derivatives of the unit vectors with respect to t are
given by:

x̂′ = ht̂

ŷ′ = 0

t̂′ = −hx̂

(4)

where the rate of direction change in relation to path length
is the definition of h, the curvature of a trajectory. Addition-
ally, the reciprocal of the central trajectory’s local radius
of curvature (ρ0) is the curvature h(t) [14]. For the az-
imuthal distance in cylindrical coordinates, the term ρdθ is
expressed as (1 + hx), where ( 1 + hx ) denotes the relative
sizes of ρ and ρ0. The differential line element along any
given trajectory can be found using [15]:

dT = xdx + ydy + (1 + hx)t̂dt (5)

The two transverse components of the equation of mo-
tion now become:

x′′ − h(1 + hx) =
q
p
(1 + hx)[y′Bt − (1 + hx)By]

y′′ =
q
p
(1 + hx)[1 + hx)Bx − x′Bt]

(6)

For the central particle x and y as well as their deriva-
tives are equal to zero and the following equation is ob-
tained:

h =
q
p0

By(0, 0, t) or Bρ0 =
p0
q

(7)

In any region of space containing no electric currents,
the field of a static electromagnet can be expressed in terms
of a scalar potential Φ so that:

B = ∇Φ (8)

Here, the typical negative sign is regarded as part of the
potential. The field component, the y -direction, which is
generated by differentiating the potential with respect to y,
can only include constant and even powers in y due to the
mid-plane symmetry [16]. Therefore, only unequal powers
should be present in an expansion of the scalar potential
in a power series, y. Additionally, only linear terms in x
and y contribute to the first-order equations of motion. As
a result, only quadratic terms in the equations above [17]
are taken into consideration.

F(x, y, t) = A10y + A11xy (9)

where t determines the values of the coefficients. Only in
second and higher orders does Laplace’s equation impose
relationships between the coefficients, thus the two can be
selected independently. Then, [18] provides the magnetic
field’s constituent parts:

Bx(x, y, t) =
∂Φ
∂x

= A11y

By(x, y, t) =
∂Φ
∂y

= A10 + A11x

Bt(x, y, t) =
1

(1 + hx)
∂Φ
∂t

= A′
10y +

(
A′

11 − hA′
10
)

xy

(10)

The coefficient A11 can be expressed in terms of a di-
mensionless parameter n so that:

A10 =
hpo

q

A11 = −hA10n
(11)

The field index n is given in terms of the vertical mag-
netic field component by:
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n =

[
1

hBy

(
∂By

∂x

)] x = 0

y = 0
(12)

The expressions for the components of the magnetic
field from Eqs. (10) and (11) can now be substituted into
the equations of motion. A new quantity δ =

∆p
p0

, the
fractional deviation of the momentum from that of the
central trajectory, is defined by:

p = p0(1 + δ) (13)

By making use of the equation of motion for the central
trajectory and by retaining only terms of first order the
following equations are obtained from Eq. (6).

x′′ + (1 − n)h2x = hδ

y′′ + nh2y = 0
(14)

The general solution of the differential equations 14 for
x and y as functions of t can be written in terms of sine-like
functions, sx(t) and sy(t), cosine-like functions, cx(t) and
cy(t) and their derivatives as well as a dispersion function
dx(t):

x(t) = x0cx(t) + x′0sx(t) + δdx(t)

y(t) = y0cy(t) + y′0sy(t)
(15)

where x0, x′0, y0, y′0 are the respective initial values. The
sine- and cosine-like functions are solutions of the homoge-
neous equations. The function dx(t) is a particular integral
of the first of equations 14 and can be obtained by means
of Green’s function G [19]:

G(t, t) = s(t)c(τ)− c(t)s(τ) (16)

dx(t) = sx(t)
∫ t

0
cx(τ)h(τ)dτ − cx(t)

∫ t

0
sx(τ)h(τ)dt (17)

Using equations 14 the solutions for x, x′, y, and y′ can
be expressed in terms of the following matrix equations:

 x(t)
x′(t)
δ

 =

 cx(t) sx(t) dx(t)
c′x(t) s′x(t) d′x(t)

0 0 1

 x0
x′0
δ


(

y(t)
y′(t)

)
=

(
cy(t) sy(t)
c′y(t) s′y(t)

)(
y0
y′0

) (18)

The total transfer matrix Rt for a beamline is obtained
by multiplication of the matrices R1, R2, . . . Rn for the indi-
vidual segments of the beamline:

R(T) = Rn . . . R2R1 (19)

The full six by six transfer matrix for linearized motion
in a static magnetic system with mid-plane symmetry now
becomes [20, 21]:


x(t)
x′(t)
y(t)
y′(t)
ℓ(t)
δ(t)

 =


R11 R12 0 0 0 R16
R21 R22 0 0 0 R26
0 0 R33 R34 0 0
0 0 R43 R44 0 0
R51 R52 0 0 1 R56
0 0 0 0 0 1




x0
x′0
y0
y′0
ℓ0
δ0


(20)

Since particles in the median plane experience no
force in the vertical direction the matrix elements
R31, R32, R35, R36, R41, R42, R45, R46 are zero. Because only
static magnetic fields and no electric fields are consid-
ered the particle energy remains constant [22]. R61, R62,
R63, R64, R65 are therefore zero and R66 is equal to one.
With the exception of bunches, which are not taken into
account here, forces acting on particles are independent
of their longitudinal location, so R15, R25, R35, R45, and
R65 are all zero. The vertical beam displacement’s con-
tribution to the longitudinal position is disregarded in the
linear approximation of the equations of motion. Thus,
R53 and R54 are both zero [14, 23]. The results show that
R36, R46, R13, R14, R23, and R24 are zero in the same approxi-
mation because the momentum spread does not contribute
to the vertical motion and the vertical motion does not con-
tribute to the horizontal motion. The path length difference
expressed in terms of the initial coordinates is given by:

ℓ = x0

∫ t

0
cx(τ)h(τ)dτ+ x′0

∫ t

0
sx(τ)h(τ)dτ+ δ0

∫ t

0
dx(τ)h(τ)dτ

(21)

The matrix elements related to path length in the six-by-
six matrices can be evaluated from:

R51 = (ℓ | x0) =
∫ t

0
cx(τ)h(τ)dτ

R52 =
(
ℓ | x′0

)
=

∫ t

0
sx(τ)h(τ)dτ

R56 = (ℓ | δ) =
∫ t

0
dx(τ)h(τ)dτ

(22)

The longitudinal separation, or the distance that the cen-
tral particle is behind a particle with momentum p traveling
a route length L , at the end of the beamline is determined
by the following formula for a length L0 of the reference
trajectory and the velocity v0 of the central particle:

ℓ = L − L0 − L0
1

γ2 δ (23)

Where γ2 = 1 − v2

c2 and c the velocity of light in vacuum.
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1.2. The transfer matrices of some beamline elements

Transfer matrices of a drift space. A drift space, a field-free
area in the beamline that is defined by a single parameter
L , the length, is the most basic beamline element. Both
n and h are 0 in such a region, and the longitudinal and
transverse momenta are conserved. Equations 14 and this
indicate that [4, 5]:

x′′ = 0, y′′ = 0, x′(t) = x′0, y′ = y′0, cx(t) = 1, cy(t) = 1,

sx(t) = t, sy(t) = t, dx(t) = 0
(24)

and at the end of the drift space:

x( L) = x0 + x′0L, y( L) = y0 + y′0L

x′(L) = x′0, y′(L) = y′0
(25)

Since h is equal to zero the only contribution to the
change in path length due to the momentum spread is:

ℓ = −L
1

γ2 δ

To follow the convention commonly used in the litera-
ture on beam transport [19] theory the minus sign is left
out in the following matrix R for a drift space [19, 20], to
indicate the distance that the particle with momentum p
is ahead of the central particle at the end of the drift space
[16, 19]:

R =


x(t)
x′(t)
y(t)
y′(t)
ℓ(t)
δ(t)

 =


1 L 0 0 0 0
0 1 0 0 0 0
0 0 1 L 0 0
0 0 0 1 0 0
0 0 0 0 1 L/γ2

0 0 0 0 0 1




x0
x′0
y0
y′0
ℓ0
δ0


(26)

1.3. Transfer matrices for a quadruple magnet

In quadrupole and dipole magnets the magnetic field is in
most cases constant along the path of the central trajectory.
In such cases the homogeneous form of Eq. (14) can be
written as [19, 20]:

q′′ ± k2q = 0 (27)

For the positive sign the functions c(t) and s(t) are now:

c(t) = cos kt

s(t) =
1
k

sin kt
(28)

For the negative sign in Eq. (27) the trajectory is diver-
gent [24] and the general solution can be expressed as:

c(t) = cosh kt

s(t) =
1
k

sinh kt
(29)

The dispersion function is given by:

dx(t) =
h
k2

x
(1 − cx(t)) (30)

The scalar potential of the field of a quadrupole magnet
can be obtained by conformal mapping and is in rectangu-
lar coordinates given by [11, 20]:

Φ =
B0xy

a
(31)

where B0 is the magnetic field on a pole tip at a point closest
to the optical axis x = 0, y = 0 and a is the distance from
the origin to this point. The magnetic field components can
be expressed as the gradient of the scalar potential [5]:

Bx =
Boy

a
= gy

By =
B0x

a
= gx

(32)

The magnitude of the field B as a function of the radius
r is given by:

B = gr (33)

The field has the following symmetry about both hori-
zontal and vertical planes:

Bx(x, y, t) = −Bx(x,−y, t) = Bx(−x, y, t)

By(x, y, t) = By(x,−y, t) = −By(−x, y, t)
(34)

In a quadrupole magnet the curvature h of the central
trajectory is zero and Eq. (36) become:

x′′ = − q
p

By

y′′ =
q
p

Bx

(35)

With the field components substituted from Eq. (35) the
following equations of motion for a quadrupole magnet
are obtained:

x′′ + k2
qx = 0

y′′ − k2
qy = 0

(36)

with:
k2

q =
qg
p0

(37)

Eqs. (32), (36) and (37) show that for positive field
strength the beam is focused horizontally and defocused
vertically [20]. The solutions to these Eq. (36) are given by
Eqs. (28) and (29) for the x - and y -directions, respectively.
Since the central trajectory has no curvature the change in
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path lengths due to the momentum spread is again given
by the same expression L 1

γ2 δ as for a drift space, with L
the length of the magnet. For the same reason the disper-
sion function dx is also zero. The transfer matrix R for a
quadrupole magnet [25].

2. The computer programs

2.1. Transport [10]

Input file for the TRANSPORT program from ion source to
the end of the accelerator tube (algorithm 1).

2.2. IGUN

This program (algorithm 2) has built in boundary process-
ing of PLYGON, which gives a CAD-like user interface
to set up the boundary, including definition of internal
electrodes, dielectric boundaries, and slanted Neumann
boundaries (field lines as boundary elements). The input
now is mesh independent and can use any coordinates
from a drawing, accepting any offset. The output of the
equipotentials, field line and trajectories ( to be used in a
further run) has the same offset and units, which greatly
eases the organization of concatenated runs Ext_106c.in
(90/65mA, Positive EE, EE by Dan).

2.3. TOSCA

The TOSCA program is not a traditional standalone "com-
puter program" you script directly like Python or For-
tran. Rather, TOSCA is a graphical simulation software
integrated into the Opera Simulation Suite (by Vector
Fields, now owned by Dassault Systèmes), and it’s used
mainly for 3D magnetostatic field analysis — particularly
in electromagnet design, such as ion sources, quadrupoles,
and beamline magnets. However, you can interface with
TOSCA computationally through input files, macro scripts,
and batch commands. Here’s how TOSCA works in a pro-
grammable or computational context (algorithm 3).

3. Results and discussions

TOSCA main role is 3D field computation (detailed B-
fields from magnet design) the sections on static magnetic
fieldsm, that is related to scalar/vector potentials. IGUN
main role is Ion beam extraction and early beam dynam-
ics that is related to the sections on Lorentz force, initial
equations of motion.

TRANSPORT main role is Beam transport optics
through magnets and drift spaces (matrix formalism)
and that is related to the sections on transfer matrices,
drift/quadrupole magnets, dispersion, Table 1 presents
the program and it is relation with the mathematical for-
malism.

Algorithm 1

/Ion Source+Lens+Accelerator tube. /
0 (Indicator card means the following describes a new problem
15. 11.0 /MEV/ 0.001; (Input-output units)
15. 1.0 /MM/ 0.1;
1. 17170.0.4.3323/BEAM/; (Guess of initial beam parameters)
16. 4.0 100.0; (Special input parameters)
16. 31837.7 /MASS/ (Mass of the particles comprising the beam,
in units of electron mass)
3. .061 /D/; (Drift Space)
6. 1.043 .04; (Transformation matrix update)
3. .02/D/;
11. 0.0 .0029;
11. 0.0021; (Electrostatic acceleration section)
11. .02 1;
11. 0.002 0.0;
3. .019/D/;
6. 1.043 .04;
3. .081;
6. 1131;
3. .002/D/;
3. .075/D/;
11. 0.0 .0028;
11. 0.0051 ;
11. .05 1;
11. .014 0.0;

3. .461/D/;
6. 1 15 3 15;
11. 0.0 0.0064,
11. .01 1;
11. .09 1;
11. .01 0;
3. .118/D/;
6. 1 15 3 15;
3. .012/D/;
11. .0 5.988;
11. .027 .0051;
11. .027 .0103 ;
11. .027 .0153;
11. .027 .0205;
11. .027 .0256;
11. .027 .0307;
3. 1.0 /D/ ;
13. 48 ; (Bending magnet input specification)
16. 7.0 .7 ;
16. 7.0 .45;
16. 8.0 2.8;
13. 1.0;
13. 3.0;
3. .109 /L1/;
5.01 .110 -1.5 22.5/QUAD1/; (First electrostatic quadrupole lens)
3. .085 /L2/;
13. 1.0;
5.01 .110 1.5 22.5 /QUAD2/; (Second electrostatic quadrupole lens)
3. .440 /L3/;
10. 1.0 1.0 .5 0.1 /FIT1/; (Fitting beam size to ymax=0.5 mm)
10. 3.0 3.0 .5 0.1 /FIT2/; (Fitting beam size to ymax=0.5 mm)
SENTINEL (Plotting the TRANSPORT run to view the fitted bean envelope)
/*PLOT*/
SENTINEL (First one signifies the problem is terminated)
SENTINEL (The second one signifies the end of the TRANSPORT run)
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Table 1. outlines the fundamental mathematical concepts underlying charged particle beam simulation and design. It
highlights how each formalism ranging from Lorentz force dynamics to matrix-based transport methods is implemented or
utilized within the TOSCA, IGUN, and TRANSPORT software tools, emphasizing their complementary roles in modeling

magnetic fields, beam optics, and particle trajectories.

Mathematical formalism It is relation with TOSCA, IGUN, and TRANSPORT

Lorentz Force, Equation of Motion All three programs rely on solving the Lorentz force equation,
either exactly (simulation) or approximately (matrix methods).

Coordinate System ( x, y, t ) IGUN and TRANSPORT especially use this formalism:
small displacements around a "central trajectory."

Curvature h(t), Radius of Curvature ρ0
Important for TRANSPORT - it uses curvature to define bending magnets
and how particles deviate from the reference path.

Static Magnetic Fields (Scalar Potential ϕ )
TOSCA computes detailed 3D magnetic field maps (using
finite elements), based on Maxwell’s equations (including scalar/vector
potentials).

Field Expansions (Taylor Series)
TRANSPORT uses Taylor series expansions of
magnetic fields to calculate beam behavior through magnetic elements
(dipoles, quadrupoles, etc.).

First-order Equations of Motion TRANSPORT uses the linearized version to construct
transfer matrices for different beamline elements.

Matrix Formalism (Transfer Matrices)
TRANSPORT is completely based on this. It calculates
how particle beams evolve through a series of magnets
using 6x6 transfer matrices.

Dispersion Function
TRANSPORT calculates dispersion (how particles with slightly
different momentum spread out spatially), important for
designing beamlines.

Drift Spaces, Quadrupoles IGUN can simulate simple spaces and electrodes, while TRANSPORT
models these beamline elements using their matrices.

Focusing/Defocusing (Quadrupoles) IGUN simulates initial extraction and focusing, TRANSPORT
handles subsequent beamline focusing using matrix methods.

The TRANSPORT software, which is frequently used
to compute ion beam transport, mainly uses matrix tech-
niques to represent and work with the ion beam’s phase
space. An ion beam is more than just a group of particles
at one location, according to phase space representation. It
has a distribution in momentum (or angle) as well as loca-
tion. Phase space is a six-dimensional space that has three
position coordinates and three momentum/angle coordi-
nates. This is simplified by TRANSPORT, which frequently
takes into account 2D slices of phase space (such as the x
and x’ angle). One way to depict the particle distribution in
this 2D space is via a matrix. The envelope (the boundary
with the majority of particles) of the beam is commonly
described using a second-order matrix (R-matrix).

Matrix transformations include the phase space distribu-
tion of the beam is impacted by optical components in the
beamline, such as quadrupoles, drift spaces, and bending
magnets. Mathematical matrices can be used to depict these
transformations. The impact of these components on the
beam is simulated by TRANSPORT using matrix multipli-
cation. The original beam-representing phase space matrix
is multiplied by a sequence of optical element-representing
matrices. Following its passage through the element, the

beam’s phase space is described by a new matrix. In order
to determine the beam’s characteristics (size, divergence,
and shape) at any given location, TRANSPORT [25, 26]
repeats this procedure for every element in the beamline.

With the σ-matrix formalism, the behavior of a beam of
particles in a beamline can be computed and displayed in
phase space using the transfer matrices for the linearized
motion of individual particles, which can be expanded to
include the vertical and longitudinal motion. The computer
software TRANSPORT [9] uses the linearized or first order
equations mentioned above for the fundamental beamline
design. The second-order differential equations of motion
individual particle trajectories can be computed by numer-
ically solving the full equations of motion using interpo-
lated field values from predicted or recorded magnetic field
maps in order to assess second and higher order effects in
a beamline. The computer software TOSCA, which will be
covered shortly, employs this technique. The data can also
be shown in phase space by choosing several particles that
are indicative of the entire beam. Another approach is to
add second order matrix elements to the matrix method
previously employed.

The software programs TRANSPORT models the mo-
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Algorithm 2

&INPUT1 RLIM=45,ZLIM=5285,POTN=4,
POT=0,4705,0,-8326, &END
3, 0, 0 (electrode No 3, and R, Z are polar coordinates)
3, 44, 0
2, 44, 5
2, 1, 5
2, 2.5, 7
2, 3.5, 9
2, 7.83309, 9
1002, 7.833095, 10.8
-1.8
2, 8.16406, 9.03069
2, 25, 22
2, 44, 22
1, 44, 34
1, 30, 34
1, 8, 13
1, 4, 76
1, 8, 95
1, 11, 95
4, 9.300003, 97
4, 9.300003, 118
4, 26, 1184, 31, 119
1, 38, 124
1, 38, 140
1, 12.3, 140
1, 12.3, 121
1, 9.300003, 121
1, 9.300003, 140
1, 4, 140
1, 4, 142
1, 44, 224
1, 0, 224
3, 0, 0
&INPUT5 MAXRAY=30, STEP=0.05, TE=4, UI=0, MASS=1,
RP=2, ZP=1, NS=15, HOLD=15, PDENS=5.7E11,
AMPSO=0.00050,NSCAN=2,SY=8,DSCAN=5,ZSCAN=0,
LASER=T,WRTEQU=-5000 &END

&BUNDLE RB2=4 &END

Algorithm 3

! Define model
BEGIN MODEL

NAME = ’solenoid’
UNITS = ’mm’

END
! Define material
DEFINE MATERIAL

NAME = ’Copper’
TYPE = ’Conductor’

END
! Define geometry
BLOCK

NAME = ’Coil’
SIZE = (50, 100, 50)
POSITION = (0, 0, 0)
MATERIAL = ’Copper’

END
! Apply excitation
CURRENT = 1000 ! Amps
! Set boundary
AIRBOX

SIZE = (500, 500, 500)
TYPE = ’open’

END
! Mesh
MESH DENSITY = ’fine’
! Run solver
SOLVE
! Export B-field map
EXPORT FIELD = ’coil_field.tab’

tion of beams of charged particles (such as ions, electrons,
etc.) via drift spaces and a sequence of magnetic elements
(such as quadrupoles, sextupoles, and dipoles). At different
places along the beamline, its main objective is to forecast
and regulate the beam’s characteristics (size, shape, and
divergence) [8, 9]. IGUN is a popular computer program
made especially for simulating and designing charged par-
ticle beam transport systems, including injectors and ion
guns. IGUN’s purpose is to use electromagnetic fields to
imitate the paths of charged particles, such as electrons or
ions. This enables users to design beam transport lines,
accelerating structures, and ion sources as efficiently as
possible. However, Specifically, TRANSPORT is used to
calculate the beam envelope based on the experimentally
applied voltages across different lens elements, as depicted
in Fig. 1. This helps visualize and assess how well the beam
is guided and focused through the system [21, 23] On the
other hand, Fig. 2 presents the results from a simulation
using IGUN, which models the beam extraction and ini-
tial acceleration at the high-voltage terminal of the Van
de Graaff accelerator. IGUN focuses particularly on ion
optics and beam formation near the ion source, providing
crucial initial conditions for downstream beam transport
simulations. Both the voltages on the electrodes and the
current at the second collimator downstream from Einzel
lens 2 were provided. Fig. 3 shows the beam envelopes
computed using the computer program TOSCA. The beam
profile was determined using the voltages on the electrodes,
which were obtained by optimizing the beam through the
Van de Graaff accelerator. Several particle trajectories with
varying angular deviations and the same initial position
are displayed. The voltages on the electrodes are the same
as those which have been used with the program IGUN
in Fig. 2. This presented the detailed investigation of the
beam optics as well as the modifications to improve the
transmission through the accelerator and the beam inten-
sity.

4. Conclusion

In order to calculate the accelerator’s beam optical proper-
ties, measurements and documentation of the electrodes’
sizes and separations were made. These calculations have
been performed using various computer programs, starting
from the ion source and continuing through the terminal
section, accelerator, beam line up, and Nuclear Microprobe
(NMP). For the beam optics in the terminal portion, the
results from the computer programs TOSCA and IGUN,
which account for space-charge effects, were comparable to
the experimentally found optimum voltages on the various
lenses. However, because the computer program TRANS-
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Fig. 1. Beam envelope calculated with the program TRANSPOR. The trajectories of two particles with the same starting
position but different angular deviations are shown. The voltages on the electrodes are the same as that which have been

used with the program IGUN and TOSCA.

Fig. 2. Transverse beam dimensions in mm, in the high-voltage terminal section of the Van de Graaff accelerator, calculated
with the program IGUN for a round ion source aperture of 3 mm diameter. The potential differences between the electrodes
in the figure are the same as in the accelerator, but the absolute values differ. The ion source, as well as the collimator after
the Wien filter, is at zero potential. The potential of the extraction electrode is 5285 Volt. The second electrode of the first

einzel lens is at 4705 Volt. The electrode of the gap lens is at a potential of –8325 Volt. The beam envelope up to and through
the second einzel lens is shown. The collimators intercept some of the particles.

PORT does not account for various lens forms, it is not ap-
propriate for precisely calculating beam profiles through in-
tricate electrostatic lenses. The voltage and the distances be-
tween a lens’s several portions are the only parameters that
can be set in TRANSPORT. However, the gap sizes of the
various lenses can be adjusted to produce the same beam
envelope with TRANSPORT as achieved with TOSCA and

IGUN if the beam envelope is known from calculations
made using those programs. With these adjusted gap sizes,
TRANSPORT, which is simpler and quicker to use, can
be used to perform additional computations for various
energies and lens settings.
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Fig. 3. TBeam envelopes calculated with the computer program TOSCA. The trajectories of a number of particles with the
same starting position but different angular deviations are shown. The voltages on the electrodes are the same as those

which have been used with the program IGUN in Fig. 2 above.
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