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1. Introduction

The programme library for numerical simulation of the charged particle beam
transportation lines realized on IBM PC in Visual Basic code is presented. A number
of computer codes has been developed earlier taking into account non-linear space
charge fields in numerical simulations of charged particle beams [1,2,3,4,5,6,7].

The presented programme library is purposed for the numerical calculation and
optimization of the beam dynamics in the transportation lines including various
magnetic and electrostatic elements. The space charge influence on transverse beam
dynamics is taken into account here. It is based on two different methods of
mathematical simulation: the method of the distribution function moments [8,9] and
the particle-particle method (PP-method).

This paper presents analysis and study of charged particle beams for sources of
multiple-charged ions and the averaged beam characteristics, such as the mean
velocity and root-mean-square dimensions. The main advantage of the moment
method is to describe beam dynamics faster in comparison with methods of
multiparticle description.

The PP-Method is successfully used in investigation of detailed beam
characteristics, distribution function of particles, ion transition from one charge state
to another. This method is also helpful to consider nonlinearity of eigenfields of
electrons and ions. It could be used to describe the motion of a dense medium,
electrodynamics of the dense media and beams of charged particles.

Earlier the methods were applied to calculate and optimize the high intensity
beam injection line for the Meson Factory of the Institute for Nuclear Research
(Troitsk) [10]. Those methods and codes were used as a background for the new
generation code library. The library is installed on the modern PC hardware and
software to extend a number of available transportation line elements and make it
comfortable in the interactive mode which provides an advanced graphical interface.
The programme may be used for numerical simulation of dynamics of
multicomponent beams with a real charged state distribution.

2. Moment Method Use for Beam Transportation Calculation

Let us define a second order moments matrix M of the distribution function



according to Ref [9] while considering the eigenfield nonlinearity:
MXV\ (1)

\M'» MJ

M'd= \fx,xjdxdv, M'il= j

M!;i = | / vf vjdxd v, /,y = 1,2. (2)

Here f is the beam distribution function, and x,, v, are particle coordinates and
velocities. The evolution of the matrix M under beam transportation through linear
electromagnetic fields is defined by a set of equations [10]:

•

—y— - B Mx, + M^ B' + A MXV + M„ A'
dz

where z=v; t and vz = fie are longitudinal coordinates and velocity, the matrix B
includes external and space charge forces, matrix A includes external forces only
(magnetic field defined by particle transverse motion is neglected), M',A',B' are
transposed matrices M, A, B. The matrices A and B for typical magnetic and
accelerating cavities have the following forms:
• Solenoid with axial magnetic field B:

Ze dBAz){0 I] ZeBt(z)(O
2pyAmpc

2 dz U oj ' J3yAmpc
2{-\ 0.

• Quadrupole with gradient G:

J, f-o, (5)
• Horizontal bending magnet (sector type):

f ZeBz \(i
(6)

Vertical bending magnet (sector type):



B"" = -

Accelerating cavity:

ZeBz 0
1/

m = 0,

A™ -
Y

(8)

The elements of moment matrix M for the horizontal bending magnet with the
pole face rotation a and bending radius p are transformed accordingly.

M = IV' MW,
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(9)
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Matrix elements for a vertical bending magnet are changed to -a.
In formulae (4)-(8) the values Ze and Amp are ion mass and charge,

respectively, y is a relativistic factor (for electrons Z=l and AITI->OT,, where m, is the
electron mass).

Space charge forces in (3) are considered to be linear f 10], [12]. In this case:

(10)

with Alfven current IA = PyAmp /Ze1. Matrix M'« is defined with conditions
M'l2 M*£ = Ma, M'l2 Mtn = E, E is the unit matrix. Direct calculations are reduced
to the elements of the matrices My2 and M~'/2-.

M\{2 = -
det

12 =

det(M' /2)'
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]2 - M{\ (11)
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The solution of set (3) could be used to define averaged values of the beam
(transverse beam sizes and velocities, cross term). The main advantage is a shorter
calculation time for the main beam characteristics due to the particleless approach.

The approach of linear forces is correct for long beams with the constant
transverse density of charged particles. Real particle distributions usually have
nonlinear eigenfields that could be described with high order moments and ,
according to this, a high order set of equations. The approach of effective
linearisation of transversal fields for a special kind of distribution function was
introduced to solve the problem in the frames of second order moments.

3. Equations of Particle Motion in PP-Method

The set of equations of the particle motion in various external fields has the
following form:

(12)

where xi ,y, are transverse coordinates for i's particle, Q = 2/ / /?y /„., I is the linear

current density of the beam, ft =vt / c is the relative longitudinal velocity of any

particle, c is the velocity of light, x = ( l - / ? 2 ) , ICr = mpc
3/e for ions and

/„ = mec
21 e for electrons. The distance r,, between particles I and j is:

( V ( \2-
r\ = I Xj - x j I +1 yi - y .•) 'f i"u ^ 2a0 and rv - 2 a0 if r,j < 2 a0, where a<> is the radius of
the particle, n is the particle number. The forces F% and F% determine the particle
interaction with external electromagnetic fields. In particular, when the external field
is an axial symmetric magnetic field of any solenoid with induction Bz(z), then
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All other elements of a typical transportation line could be written in the same
manner, for example:
for a quadrupole with the gradient of the magnetic field G(z):

Fyi
Q = -QlG(z)yl,



for a vertical bending magnet with the amplitude By (sector type):

F
FM =0

for a horizontal bending magnet with the amplitude Bx (sector type):

F" =0,

}

(15)

Here Q, = Ze / Ampc
2p for ions and Q, = e / mec

2p for electrons. In these equations
Ze is the total ion charge, mp mt are the masses of proton and electron, respectively,
A is the atomic number of the ion. The values of the forces are equal to Fxf = Ffi = 0
in the free space.

4. Beam Initial Data for the Distribution Function Moments and
PP-Methods

The initial data for the method of distribution function moments and PP-
method are related to each other. The beam initial data are determined by the values
of Twiss parameters x,ay,Px,Py and emittances of the beam ex,ey in transverse
phase planes xvx,yvy, respectively. To unify the initial data,the RMS-dimensions and
RMS-velocities of the beam are connected with the above parameters as follows:

al = expx,a
2
y = syPy,xvx = -sxax,yvy = -eyay,

The beam parameters:
• total current (microA);
• type of beam: electron or ion; the beam in the first case has a charge, which is

equal to the electron charge, in the other case, the beam is characterized by the
ratio of the ion charge to the atomic number; and it is necessary to set the atomic
number here.

• type of density distribution in the four-dimensional phase space; it is Kapchinsky-
Vladimirsky distribution in case if the method of distribution function moments is
used.

Fig. 1 shows an example of User interface to determinate the beam parameters.
This form appears in the monitor screen when User chooses the item "Inital Data" +



+ "Beam's Parameters+Initial Data" in the main menu.

« Beam Parameters HHE3I
Enter the Beam Parameters"

Twiss Parameter - alfa (Horizontal Plane)

Twiss Parameter beta (Horizontal Plane)

Accelerating Potential (KeV)

Beam RMS Horizonal Emittance (3.14*rad"cm)

Beam RMS Vertical Emitlance (3.14*rad"cm)

Beam Current (micioA)

Relation of Atomic Number to Charge A / Z

Atomic Number (For Electrons "Atomic Number"
is Equal to 1/1 B3B=0.00054461

T wiss Parameter - alfa (Vertical Plane)

Twiss Parameter- beta (VerticalPlane)

3.01

75

6U

0.00625

0.00625

60000

9.05

-3.01

75

Enter Cancel

Fig. 1. The form for choosing the beam parameters

The initial data in PP-method are determined by the same values. There are
four types of density distribution in the four-dimensional phase space: uniform,
gaussian, water bag and parabolic distributions.lt is possible to select one of them
according to the best approximation of the conditions to solve this problem. The
initial distribution of the particles in four-dimensional phase space, i. e. it's
coordinates and velocities are calculated by special programmes using the random
number generators. All of the above beam parameters are determined when the item
"Initial Data" + "Beam's Parameters+Initial Data" is chosen in the main menu. A
special form appears in the screen of the monitor as a result of choosing this item.
One can see this form in Fig. 2.

User can determine the beam data by focusing the screen pointer to the text
field and putting the needed values from the keyboard. The shift to the next text field
is produced by clicking the key "Tab". It is necessary to click button "Cancel" and
get rid of these data. The beam data will be inserted into the memory when User
selects the button "Enter". This data may be written in a special file (see below).



M Beam Parameters HHE3
"Enter Beam Parameters"

Count of Particles

Particle Distribution Type

Horizontal Beam Size

VerticalBeamSize

Alf»- Twisa Parameter inHorizontalDirection

Alfa- Twiss Parameter Vertical Direction

Beta- Twiss ParameternHorizontal Direction

Btta - Twist Paramtter n Vertical Direction

Acceleration' Voltage (KeV)

HorizontalBeamEmittance (3.14*im*mra4)

Vertical Beam Emittanee(3.14*im*m»d)

Beam Current (microA)

Atomic Number

ProtonMau (For electrons 1/1»36=I.«IO544«)

Enter Cancel

Fig.2. The form to select and insert the beam parameters

The PP-method makes it possible to take into account a charge distribution and
Coulomb interaction of all species. In this case the total current is distributed
between different species if the beam has more than one ion species. The total current
is distributed between different species, and the sum of their partial currents is always
equal to the total current in this case. The charge distribution is determined in a
special file under the name SPREAD.TXT and could be corrected with any text
editor. This distribution is plotted in the monitor screen and one can choose a number
of charge states and the lowest and highest states from the complete charge states
distribution according to the required accuracy of simulation. Simple mouse clicking
is used for all interactive manipulations. The text field with a charge number changes
the color when User clicks this field. The next mouse clicking makes the black color
over all the region of selected charges. User interface for choosing the charge state is
shown in Fig. 3.



Charge Distribution

8.70 8 80

For choosing down and up bounderies of ion charges place cursor on number and click
left button of mouse.

PRINT DISTRIBUTION EXIT TO MAIN MENU

Fig. 3. User interface for choosing the charge state

This picture could be printed by clicking the button "PRINT DISTRIBUTION"
(see Fig. 3). The beam parameters may be written in a special file with extension
"*.ind" (initial data) when User chooses the menu item "Initial data" + "Writing of
Initial Data". User is able to indicate a path to this file and it's name in the
WINDOWS dialogue regime is similar to "File" + "Save As". User can read this file
choosing the menu item "Calculation of Channel" + "Reading Initial Data From
Disk", if the initial beam parameters are invariable during the next programme runs.

5. User Interface for Setting Up Parameters of the Beam Transportation Line

Parameters of the transportation line are determined in the regime of a
dialogue. There are two main forms aimed at this.

The first of them allows one to set up the total length of the transportation line,
the total number of its elements, the diameter of the inner tube, the Z-coordinate and
radius of the diaphragm. This form is presented in Fig. 4.
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Cancel

Fig. 4. User interface for setting up the parameters of transportation line

User can determine the parameters of the line elements with the second form.
First of all, it is necessary to determine the type of elements. Both programmes can
work with the following types of elements:

• solenoids,
• vertical dipole magnets,
• horizontal dipole magnets,
• quadrupoles, acceleration cavities,
• free spaces.
When User clicks the button "Enter" (see Fig. 4), then the form which is seen

in Fig. 5, appears in the screen of the monitor and offers to User to set on a free
space length before this element, the length of the element, it's aperture and value of
the physical parameter of this element (the amplitude of the longitudinal field for the
solenoid, the value of gradient for the quadrupole and so on).

"Enter the next parameters"
Element Typel

:ree Space Length Before Element

Element Length I

ILongitudinal Field J C
|Apelturef.Piameter)

Enter INF0RMATI©N Cancel

Fig. 5. User interface to define element parameters



This dialogue continues until the number of the element is less than the total
number of the elements. User can turn down this parameters by clicking the button
"Cancel" if parameters of the element are wrong, else he can choose the button
"Enter". User can click the button "Information" to get more information about the
coincidence of the element parameters. The programme automatically returns to the
main menu when the parameters of the last element of the transportation line are
determined. User can write these data in a special file with extension "*.str"
(structure) choosing the item of the main menu "Channel's structure"+"Writing
channel's data". The transportation line structure could be restored by choosing the
item "Calculation of channel"+"Reading channel's parameters from disk", if it is not
necessary to change it during the next runs of the programme.

There are two possibilities for setting the external magnetic field of the
solenoid in the programme. The components of the magnetic field are executed
analytically when calculation of beam dynamics is fulfilled in paraxial
approximation, so it is necessary to set only the amplitude of the longitudinal
magnetic field. The components of the field can be set up while reading the file when
the components of the magnetic field are represented by the table of values
experimentally measured or calculated along the solenoid axis on different radii.
Then the dialogue box will appear in the screen of the monitor if User chooses the
item of the main menu "Reading data field from file". The file containing the field
data with extension "*.dat" (field data) has a structure shown in Table 1:

Table 1
R

r1
r2

M
r2

Z
z1
z1
Z1
22
z2
z2

Br
Br(r1,z1)
Br(r2,z1)

Br(r1,z2)
Br(r2,z2)

Bz
Bz(r1,z1)
Bz(r2,z1)

Bz(r1,z2)
Bz(r2,z2)

The procedure provides linear interpolation of the external magnetic field into
the point of a real particle position. The file with the field data is created and
corrected in any text editor.

The picture of the channel geometry appears in the screen of the monitor when
procedures of setting up parameters of the transportation line and initial beam data
are finished. The main initial beam parameters are shown in special windows.
Rectangular boxes in the top of this picture represent the elements of the
transportation line. The numbers disposed over these boxes show the values of
gradients, the amplitude of the magnetic field and so on. An example of this picture is
shown in Fig. 6:

10
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Fig. 6. Panel visualizing the beam dynamics calculation

6. User Interface for Transportation Line Calculations

User interface for the transportation line calculation with the method of
moments of the distribution function is described in this paragraph. The
transportation line could be calculated in two regimes:

• the transportation beam line is calculated for all it's elements without any
stops up to the last element,

• the transportation beam line is calculated element by element with the stop
after each element.
User has a possibility to exchange the position of the element along the line and the
amplitude of the physical field of this element in the last case. This case will be
realized if User chooses the item of the main menu "Channel's Run on Element". The
beam envelopes appear on the panel to visualize the beam dynamics calculation in
the both cases. The red line shows the envelope of the beam in horizontal direction,
the blue - in the vertical one. The green line shows the amplitude of the longitudinal
magnetic field via the distance.

The calculations go on until the right-hand end of the first element is reached.
Then the calculations are stopped and the box with the question "Will you continue?
Choose the answer!" and two buttons "Yes!" and "No!" appear. The calculations will
be continued up to the right-hand side of the next element if User chooses "Yes". The
background color of the top panel's part will be changed if User chooses "No". It
means that the programme is ready to get new data from User. User can click the
mouse pointer on the box of the elements and the foreground color of this box will be
red. If User clicks the button "Insert" on the keyboard, then the box with the number

11



of this element, the old value of the field amplitude in this element will appear in the
monitor screen. The empty string offers to User to set up a new value of the
amplitude. The calculations will be continued from the right-hand end of the previous
element or from the beginning of the transportation line when the first element
parameters vary then User clicks the mouse pointer in the position of the element.

User is also able to alter the position of any element changing it's field
amplitude. It is necessary to click the mouse pointer on the box of this element and
click the buttons "->" or "<-" for moving the element to the right or to the left. The
text box in the bottom of the monitor screen with the longitudinal coordinates of the
left-hand end of the element will appear in the last case.

7. The Output Data

As it was described above, the beam envelopes in horizontal and vertical
directions are shown in the monitor screen in the tempo of the transportation line
calculation, if the method of the moments is selected. The real beam dimensions
along the trace will be shown in the monitor screen if the PP-method is selected. In
this case User can see the output Twiss parameters, the number of lost particles and
emittances in the horizontal and vertical directions when the calculations are finished.
There are three possibilities for User:

• the particle losses along the trace of the transportation line,
• the phase portrait and dimensions in the horizontal and vertical dimensions,
• the output current distribution.
User clicks the button with the corresponding superscription to make a choice

(see Fig. 6).
The examples of the particle losses along the trace and phase portrait (the left

hand picture) with the cross section of the beam are shown in Figs 7 and 8,
respectively.

8. Conclusion

The programme library to calculate transportation lines of intense beam of
charged particles is developed. There are two different methods for these
calculations. The first of them, based on the method of moments for distribution
function allows one to define the mean square root characteristics of the beam in
interactive regime. Users can change the parameters of the transportation lines and
choose a quasioptimal variant of these parameters during calculations. User interface
in this case gives visualized results in the screen monitor in the real rate of
calculations. The detailed characteristics of the beam behavior along the line axes
may be calculated with PP-method when this variant of the transportation line is

12
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Fig. 8. The phase portrait of circular beam in horizontal plane and it's cross section in
the horizontal and vertical planes

chosen. The programme libraiy may be used to calculate the electron and ion beams,
the distribution of ion charge states and beam eigenfields could be taken into account.

Parameters of the transportation line and the main beam characteristics can be
written in special files and then read again, that allows one to calculate and optimize
the transportation line in a short period of time. The results of calculations can be
printed and written in files from the programme.

The main disadvantage of the presented PP-method codes is the way of
eigenfield calculation as a particle-particle Coulomb interaction. These eigenfield
calculation requires a very long calculation time and limits the number of the test
particles in the beam simulation. To introduce the Poisson equation into the
procedure means to improve the situation and develop the library.

13
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Александров B.C. и др. Е9-98-148
Библиотека программ для расчета динамики электронных и ионных пучков
в каналах транспортировки

Приводится описание библиотеки программ для численного моделирования транспортировки
пучков заряженных частиц, реализованной на персональном компьютере IBM в среде WINDOWS
на языке Visual Basic. Библиотека предназначена для моделирования и оптимизации динамики
пучков и основана на последовательном и согласованном использовании двух методов математи-
ческого моделирования: метода полных моментов функции распределения и метода крупных частиц.
Программа позволяет рассчитывать среднеквадратичные параметры электронных и ионных пучков,
проходящих через произвольную систему квадруполей, соленоидов, поворотных магнитов и уско-
ряющих секций. Метод моментов позволяет достаточно быстро найти параметры канала, обеспе-
чивающие нужное качество пучка. Контрольные прогоны осуществляются с использованием метода
укрупненных частиц, который требует значительно большего расчетного времени, но позволяет
более точно учесть влияние кулоновского поля пучка, а также потери частиц вдоль тракта
транспортировки. Особенностью этой программы является возможность моделирования ионного
пучка, состоящего из ионов различного заряда и массы, что особенно важно при расчетах транс-
портировки реальных пучков из ионных источников.

Работа выполнена в Лаборатории сверхвысоких энергий ОИЯИ и в Институте физических
и химических исследований (Япония).

Препринт Объединенного института ядерных исследований. Дубна, 1998

Alexandrov V.S. et al. E9-98-148
The Programme Library for Numerical Simulation of Charged Particle Dynamics
in Transportation Lines

The description of a PC codes library to simulate the beam transportation of charged particles
is presented. The codes are realized on IBM PC in Visual Basic common interface. It is destined
for the simulation and optimization of beam dynamics and based on the successive and consistent use
of two methods-, the momentum method of distribution functions (RMS technique) and the particle-
particle method (PP-Method). The library allows to calculate the RMS parameters of electron and ion
beams, passing through a set of quadrupoles, solenoids, bends, accelerating sections. The RMS code
is a fast code very suitable for the first test, design and optimization of the beam line parameters.
The PP code requires more time for execution but provides a high accuracy of simulation taking
into account the space charge effects, aberrations and beam losses. One of the main advantages
Of PP code presented here is an ability to simulate a real multicomponent beam of different masses
and charged states of ions from ion sources.

The investigation has been performed at the Laboratory of Particle Physics, JINR and Institute
of Physical and Chemical Research (RIKEN).

Preprint of the Joint Institute for Nuclear Research. Dubna, 1998
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