.64
<
¢ %/ﬁerian Branch of Russian Academy of Science

\\ BUDKER INSTITUTE OF NUCLEAR PHYSICS

] M.A. Tiunov

BEAM - 2D-CODE PACKAGE
FOR SIMULATION OF HIGH PERVEANCE
BEAM DYNAMICS IN LONG SYSTEMS

Budker INP 98-78

http://www.inp.nsk.su/publications

Novosibirsk

1998




- Beam — 2D-code package
for simulation of high perveance
beam dynamics in long systems

M.A. Tiunov

Budker Institute of Nuclear Physics
630090 Novosibirsk, Russia

- Abstract

A special code package BEAM developed for simulation of dynamics
of non-laminar cylindrical beams with high perveance in long electron-
optic systems is described. For this package the beam start conditions
may be defined by the user as well as imported from the output files of
two code packages SAM [1, 2] and SuperSAM [3] which are developed
and used in BINP for gun simulation. The thermal spread of initial
velocity of the beam particles induced by the cathode heating can also
be taken into account. The non-laminar model of pipes of current
is developed to describe space charge effects. This model allows to
calculate the transverse sagging of potential induced by the beam space
charge in cylindrical drift tube as well as in short accelerating gap
between two tubes with high accuracy. Paraxial approximation of a
high order is used for external electric and magnetic fields calculation.
Axial distribution of external fields may be defined by the user or
calculated with high accuracy by SAM code. The package runs on
IBM PC with using interactive dialogue and graphics. Examples of
real electron-optics systems simulation are presented.

© Budker Institute of Nuclear Physics SB RAS

1 | Introduction

Developers of electron-optics systems (EOS) often face the problem of high
accuracy simulation of high perveance (P, ~ 1) beams in electro- and(or)
magnetostatic systems, whose length L is many times longer than the beam
radius a (L >> a). Examples of such systems are the magnetic accompanying
system of a high-power RF source, accelerating tube for a high-power beam
forming, drift tubes section of EBIS etc. The high accuracy simulation of the
beam dynamics in such systems using standard FDM and FEM computer
codes is always a problem because of two reasons:

1. Both longitudinal and radial fields produced by a beam space charge
are calculated with a noise because of numerical differentiation of a potential
in FDM and FEM programs. This noise is collected in a long system.

9 The number of radial cells at the beam radius should be many times
larger than 1 to describe the beam transverse dynamics with enough good
accuracy. At the same time for standard FDM and FEM programs sizes
of radial and longitudinal subdivisions either are exactly the same (FDM)
or are values of the same order (FEM). Thus, because of the system length
(L > a), either the total number of subdivisions reaches a limiting value or
the calculation time becomes unacceptably long.

3. Attempts to avoid these problems by consecutive calculation of indivia-
ual shorter parts of the system lead to a necessity of additional non-physical
border conditions introduction at interfaces between segments and causes the
calculation accuracy decreasing. '

The presented paper describes the BEAM computer code, in which new
line of attack on the problem of high perveance beam dynamics simulation
for long systems is used. PIC method is used for describing beam transverse
electric and magnetic fields. Therewith a careful smoothing initial transverse
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distributions of beam velocities and current density is performed. These
distributions can be defined by the user or imported from SAM [1, 2] or
SuperSAM [3] computer codes which have been developed and now are suc-
cessfully used in BINP for electron and ion gun simulation. A heat spread of
beam particles velocities can also be taken into account for initial transverse
beam particles velocities distribution. This spread is determined by the size
and temperature of a cathode and by a beam radius. Such an action is often
associated with simulation of EOS with exacting requirements on a beam
transverse emittance, especially if high beam area compression is used. Lon-
gitudinal beam electric field is considered by simulation of sagging of beam
transverse potential in a drift tube. External electric and magnetic fields are
calculated in paraxial expansion of a high order using a cubic spline for sim-
ulation of axial field distributions as well as their derivatives. Values of fields
and derivatives are calculated by SAM code with an accuracy of ~ 1072,
Charged particle trajectories in PIC method are calculated by Runge-Kutta
method of the fourth order with an especially developed algorithm of auto-
matic step selection.

All the methods and algorithms listed above which allow to increase the
accuracy and decrease the time of a high perveance beam dynamics calcula-
tion for a long system are described in detail in section 2. Examples of real
EOS simulation by the use of BEAM code package are presented in section
3 as well as measurement results for comparison purposes.

2 Methods and algorithms used in beam code
package

2.1 Beam Initial Parameters Defining And Smoothing

Algorithms of beam initial parameters defining and smoothing essentially
depend on that if these parameters are defined by the user or imported from
SAM or SuperSAM programs, but in any case the beam voltage Up and the
total beam current Iy should be defined.

In the former case the user should also define the following initial beam

parameters:
— beam radius ag and current density distribution jo(r);

— maximal incline angle ag of the beam outer trajectory in the case of
absence of a cubic aberration;

— relative correction of the incline angle of the beam outer trajectory c3
through the cubic aberration.

Defined beam current density distribution jp is smoothed by the method
of least squares by a function, which can be displayed as a series:

-~ N:-
He= 3ok, (1)

where = r/aq, N; is the number of series terms defined by the user, j; are
series coefficients. At the same time function j(z) satisfies the normalization

1
2#&3[}(#)3: dx=1s, (2)

0

where I is the total beam current.

Radial trajectory incline angles distribution is described by the following
function:

&(2) = ao - (2 + 3 - 2°) (3)

Formulae (1-3) describe completely smoothed beam initilal conditions
when they are defined by the user.

Initial azimuthal velocities are calculated by the following formula:

vo =wp-(1-C,), i (4)

where vgp is an azimuthal velocity calculated from the Bush theorem (for
a start from the completely shielded cathode) and C, is a cathode shielding
coefficient defined by the user.

However, such an approach does not allow to describe a beam started
from a cathode with a shielding coefficient depending on a radius. It is also
impossible by this expedient to describe a non-laminar beam with intersection
of trajectories.

These problems vanish in the case when initial parameters are imported
from SAM or SuperSAM programs. Therewith a calculated current density
distribution at a gun emitter is used, which are smoothed by the method of
least squares by the formula (1). However, {/lnax ratio is used in this case
as z variable, where [ is the current value of a coordinate along the emitter
generating line, lhax is a limiting value for this coordinate. For example,
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for a spherical cathode z = 0/0max, Where fmax 18 cathodei apex angle.
Therewith normalizing j(z) function is performed in the following form:

1

f}{x)J(m) dz = I , (5)
0

where J(x) is a Jacobean describing an emitter area element.
Moreover, the following set of parameters calculated at a user defined
start plane at a gun exit, are imported from SAM or SuperSAM:

— slope radius of trajectories r(z;);

— trajectory slope angle a(:);

— trajectory azimuthal speeds vg(z;), where z; = li lnaz, li is a coordi-
nate along the emitter for trajectory number i.

All calculated distributions listed above are smoothed by the method of
least squares with functions which are written as following series:
Ny

F(z) = Z Tn gk

n=1

Ng
a(z) =Y Gn-2"7", (6)

n=l1
Ny

‘E‘g(.’ﬂ) = z 'E'ﬂﬂ ' 12“_1 )

n=1

where N,, No, Ny are limiting numbers for series terms defined by the user,
Fn, Gn, Ugn Bre series coefficients.

Note that functions (6) are unambiguous even for strongly non-laminar
beam with intersection of trajectories, for which a(r) and(or) ve(r) functions
may be ambiguous and cannot be smoothed by standard methods.

2.9 Simulation Of Transverse Velocities Heat Spread

The heat spread of transverse velocities for beam particles ensemble 1s sim-
ulated as the following random addition Avr to the transverse velocity for

each particle:
1 fZTﬂ Te ; - i 7
Avp; = e . a_.;] : f(Pa:—*z} - 8inl (2 Pas-l) ; - ( )
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m

where m is the particle mass, T, r. are cathode temperature and radius, ap
is the beam radius in the start point, i is the particle number, 0 < px <1
are numbers obtained from a random number generator, f(p) is Maxwell

21 £ Projections
m dq

distribution function normalized so that < Av} >=

of heat additions to the particle transverse velocity on z and y axes of the
laboratory reference system, z axis of which is directed along the beam axis,
are calculated by formulae:

Avpri = Avp; - cos(27 - pa;)

(8)

&t}]"y,' = ﬁUT,' . sin(21r . pgi]

2.3 Simulation Of Space Charge Effects

PIC method for simulation of space charge effects is used in BEAM code.
Therewith the user defines the total number N, of radial cells and the number
of particles in a cell Np.. Each particle in this model carries an uniform
current equal to:

i
IP:%’ (9)

where I, is the total beam current, Np = N X Np. is the total number of
particles.
Initial parameters of i-th particle are defined so that:

Ty

f}(z)J(m) dz = i-I,,

(10)

re =z;), oi=a(2), vei=7elzi),

where j(z) function is described by the formula (1) and 7(z) = ao-2, vg(z), a(z)
are either described by formulae (3- 4) in the case of user defining the beam
parameters or described by formulae (6) if the initial beam parameters are
imported from SAM or SuperSAM programs.

Calculation of a particle ensemble dynamics is performed simultaneously
so that the longitudinal coordinate z will be the same for all the particles.
Therewith at each step of integration for fixed value of z coordinate the

-



particle ensemble is renumbered by k index so that there will be k41 > Tk,
k=1,...,Np. Boundary radii of N, cells for space charge effects describing
are built-up from 0 to the beam radius a(z) and coincide with radial coor-
dinates of particles under the numbers k = Ny - m, where m = 1,..., N, 18
the cell number. Such an approach leads to crowding the cells at the radius
increasing and equalizing possible error for all the cells.

Values of beam radial electric field component and azimuthal magnetic
field component are determined at the cell boundaries by the formulae:

2y, 1
rm_??rrm. E By’
m=1,...,N; (11)
I, - - Ny
Bam:”t} gﬂ'f i

where Zo = 1207(f)) is the vacuum characteristic impedance, po = 47 -
10-7 H/m is the vacuum magnetic permeability, r, is the outer radius of

m-th cell, B = U;“ is the longitudinal speed of k-th particle related to the

speed of light, I, is the single particle current determined by the formula (9),
Ny is the number of particles in a cell. Radial distributions of beam electric
and magnetic fields are calculated by linear interpolation from node values
determined by the formula (11).

To describe transverse potential sagging effects at the cost of the beam
space charge one has introduced a concept of a drift tube contour on which
a potential relative to the emitter is defined. This contour is defined by the
user as a finite set of node points (Rpi, Zoi, I ="1,.."Np. Therewith
in each point (Rpi, Zpi) a voltage between the emitter and the drift tube
should be defined. The drift tube contour is represented in this case as a
set of straight line segments connecting defined node points consecutively. If
voltages at segment ends coincide, the segment corresponds to a drift tube
with constant potential. If the voltages differ, this contour element is con-
sidered as accelerating or decelerating gap. A potential distribution along a
contour of such an element can be either linear (accelerating tube model) or
determined by a formula:

$2 791 gin(2rz) , (12)

ris

pcul(z) = (L-z)pr+2z-p2—

where ¢; and @2 are potentials in node points at the edges of the element,
z = /L is a relative coordinate, [ is a distance from the segment’s edge with
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potential ¢, L is the total element length. Formula (12) describes with a
good accuracy a potential distribution on the axis of the short gap of the
length h many times shorter than the radius b of drift tubes adjacent to the

gap if the beam radius in the gap is a < b (a model of a gap between drift
tubes EBIS). .

A drift tube contour should be specified within the whole EOS area in
which the beam dynamics calculation is to be performed. In this case for any
coordinate z the following parameters can be determined: drift tube radius
b, voltage Ucy between a drift chamber and the emitter. Also beam radius
a and beam inherent electric field radial distribution E,(r) (see formula 11)

are known. That allows to determine the voltage between the beam center
and beam edge:

N,
! Zolp x— 1
.ar_;l:-f Py deh kood (13)

as well as between a beam edge and a drift chamber.

b

N
Zol, b1
foUz:m—‘/E,-'l"dr: Pln - —_— 1
) % (14)

2n a

&

As a result a voltage between the emitter and beam center can be found
for a given 2 coordinate:

N
i Zol P | :
AlUs =Upp — —= - E s
0 CH i (1+21n{1)k_1 ﬂk . (15)

A voltage between the emitter and a point on m-th radial cell boundary
can also be deduced:

r

- 4 = = E.i+ Eri-
aUm_aUn-_ﬂfE,(r}dr_ aUﬂ—E iy —ria) . (16)

A voltage between the emitter and an arbitrary point inside a beam 1is
computed by the formula:

(Erm o Erm-i) . (f S rm-l)
2 (f"m e rm—l}

ﬁU(T‘} = Al i~ (Erm~1 .



where rr_1 < 7 < 1k, AU, Erx are calculated by formulae (16) and (11).

By these means for an arbitrary radius the value of the kinetic energy
gained by a particle is W(r) = eAU(r). Note that the process of finding the
radial distribution of the beam particle energy is non-linear because beam
velocities in formulae (11) and (13- 15) depend on energy of particles. It is
especially difficult at particles’ start, when longitudinal velocities of all the
particles are defined to be identical and determined from the total particle
energy given by the user. However, as is often the case, several iterations
are enough to obtain the actual initial distribution of transverse velocities
in the beam with regard to the potential sagging effect due to space charge.
Decreasing relative particle energy variation between iterations down to a
value less than 10~9 is a convergence criteria. Hereafter beam particle energy
recalculation 1s performed at every intermediate step of the Runge-Kutta
method used for trajectory calculation (see section 2.5).

‘Note, that formulae given in this section for calculation of potential sag-
ging and an electrical field produced by the beam space charge are valid in
the case when the average radial velocity of beam particles is small as com-
pared with the average longitudinal velocity only < v, > < v, > . This
condition is usually satisfied for long EOS, exclusive for areas of the gun and
the collector.

2 4 Calculation Of External Fields

External electric and magnetic fields acting on a beam are calculated in
BEAM program as a paraxial expansion by the following formulae:

By (r2) = LB (2) +  B"(z) - 1= E®)(z)
r(n2) = —g& )+ qel %) = ggs

(18)

% ] £ (4)
E,(r,2) = E(z) — TE (z) + EEE (2) ,

where E(r) is an axial field distribution, EM) = %E(z)

Values of axial fields and their first five derivations are calculated for
finite set of node points by SAM program. A cubic spline interpolation is
used for calculation of these values in an arbitrary z coordinate. The required
calculation accuracy is provided by the high accuracy (~ 10~3) calculation of
fields and their derivatives by SAM program in which the boundary element

method is used.

2.5 Simulation Of A Beam Dynamics

The four-step Runge-Kutta method is used in BEAM program for a trajec-
tory analysis. Therewith all the beam particle trajectories are calculated
simultaneously with the same step along z axis, given in the process begin-
ning. This step can be decreased simultaneously for all the particles n the
following cases:

a) if the beam radius is less than Brillouin equilibrium radius rp for a high
perveance beam in magnetic field B:

a<rg=2rL maxv/j 5 : (19)

m tl' " = - -
where 'L max = EE is the maximum Larmor radius of a particle tra-

y Zol, ; ;
jectory, J = (o -—UI;JE' ) is a space charge factor, I is the total

beam current. Steps are divided by 2", where n is chosen so that the
restriction E_E <r< Q%B-:T is satisfied. This algorithm allows to simu-

late a dynamics of strongly pulsating beams in magnetic field, starting
from fully or partly shielded cathode, with good enough accuracy.

b) if the step exceeds some fixed part of the maximal Larmor circle for the
given value of magnetic field:

N ¥

§ > 8max =

(20)

where 2771 max i the maximal length of the Larmor circle, L max has
been introduced above, and N is an integer number, value of which are
chosen empirically according to the accuracy of a trajectory integrating
method. The step is also divided by 2" so that the following restriction
is satisfied:

Smaz Smaz
on W < Sarl.: (21)

The given algorithm allows to simulate dynamics in magnetic field for
beams which started from the fully magnetized cathode with a high
accuracy.
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2.6 Data Input And Displaying Simulation Results

Data input for BEAM program can be proceeded either from a console in
interactive mode or by reading data from a file.

Results of a calculation are displayed in interactive mode, at the same
time a graphical representation of the results are displayed in a special graphic
window. Therewith there is a possibility to get axial distributions of fields
and potentials as well as beam envelopes containing the desired fractions of
the total current. It is also possible to display transverse distributions of
beam current and a beam phase portrait at the given number of integration
steps.

30 L Colls nsstion
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[ oy &
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m e ’
» wmm—.

0 20 40 80 80 % (cm)
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- B (Ca)
ﬂ.l: :m
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Figure 1: Simulation results for 100 MW beam (430 kV, 230 A) dynamics
in the magnetic accompanying system of 7 GHz magnicon: a) general view
of system; b) axial distribution of magnetic field and beam envelopes for
different fractions of total beam current I/, = 0.25, 0.95, 1.
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3 Examples of actual system simulations
performed by beam profram

Simulation results for 100 MW beam (430 kV, 230 A) dynamics in a magnetic
accompanying system of 7 GHz magnicon amplifier [4] have been cited as the
first example. A general view of this system is shown in Fig.1la. A beam
radius in the center of the solenoid with length ~500 mm for an accompanying
magnetic field of about 4500 Gs is close to the Brillouin one (start from a
shielded cathode) and makes up ~1 mm. Figure 1b shows simulation results
for beam envelopes with the following fractions of the total beam current:
I/I = 0.25, 0.95, 1. A magnetic field axial distribution imported from SAM
program and interpolated by cubic spline 1s also presented on this figure.
A heat spread of beam particle transverse velocities has been taken into
account. The beam has been formed in the gun with the cathode of 120 mm
in diameter, a beam area compression is 1:3000. Transverse distributions
of the current density and the beam phase portrait at minimum (a) and
maximum (b) of beam envelope pulsating in the center of the solenocid are
shown in Fig.2. Results of a beam envelope simulation presented in Fig.1 are
in great agreement with measurement results published in [4].

One more example is simulation of electron beam dynamics within a drift
tubes area of Electron Beam Test Stand (EBTS), which is a quasi-stationary
prototype of Electron Beam Ion Source (EBIS) for Relativistic High Ion Col-
lider (BNL) [5]. Beam parameters are: voltage of 70 kV and current of
99 5 A. The feature of that system is a necessity for effective ion accumu-
lation of maximal beam deceleration near the main solenoid center down to
an energy close to a critical value for virtual cathode appearing. For this
purpose there is a set of isolated drift tubes with a diameter of ~30 mm
with ~ 6 — 10 mm gaps between them. The central superconductive solenoid
forms a magnetic field with B ~50 kGs, the beam radius in the center of the
solenoid is about 0.8 mm, the drift tubes area total length between the gun
and collector is about 2400 mm (see Fig.3a).

Originally simulation of this system was carried out by SuperSAM [3]
and EGUN [6] programs through dividing all the system into short sections.
However, the accuracy of the simulation was not good enough, so attempts to
decelerate the beam caused a virtual cathode appearing at an energy about
two times higher than the critical value. This problem has been overcome
by the use of the special edition of BEAM program, modified especially for
EBIS simulation (a model of short accelerating or decelerating gaps has been
added). : '
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Zimm )=360.80 Rimm )=1.7678 I(A )=289.06
WMIN(keU)=378.21 WMAX(k eV )=383.99

a)

JMAX(A/cnes2 1 =46820 EPN{mrad=mms 1=446.29
ALFMAX(mrad }1=198.9 UT-UB=0. 184

2imm )=340.00 Rimm )=2.9363 I(A )=289.86
WMIN(keVU)=369.95 WMAX(keVU)=371.80

JMAX( A cme*2 I=8875 EPNimrad#ma )=70,93
ALFMAX(mraod )J=119%.9 UT-UB=8. 241

Figure 2: Current density distribution versus radius and beam phase portrait
at minimum (a) and maximum (b) of beam envelope pulsating in the center
of solenoid of magnetic accompanying system of 7 GHz magnicon.

14

Rimm - -
2l1=0 12?3??F§§EE’ tuba contour
B CHE U DRI PR

[ T [ (N (N S

Figure 3: Results of simulation of the electron beam dynamics (70 kV, 22.5
A) within a drift tube area of EBIS prototype for RHIC (BNL): a) general
view of system; b) axial distributions of magnetic field and potential with
beam and without it and beam envelope at initial stage of ion accumulation;
c) the same results in ion ejection mode.
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Figure 3b shows results of simulation performed by BEAM program for a
beam envelope and axial potential distributions with a beam and without it
at beam decelerating in the center of the solenoid down to an energy no more
than 10% higher than the critical value (initial stage of ion accumulation).
Also this figure presents a magnetic field axial distribution. Figure 3¢ shows
calculated system parameters in ion ejection mode. Note, that the maximal
Larmor radius of particle trajectories for the given beam at the center of
the system does not exceed 0.2 mm and high accuracy integration is possible
by the use of step dividing algorithm only (see section 2.5). Figure 4 shows
calculated transverse distributions of the current density and the beam phase
portrait in the center of the system at the initial stage of ion accumulation.
The heat spread of beam particle transverse velocities has not been taken
into account in these simulations because in this situation it is many times
smaller than an angle spread gained by the beam in the electron gun.

Zlmm J)=35.9892 R({mm )=0.8303 I(A 1=22.517
WMIN(keVU)=11./89 WMAX(keU)=14.883

JMAX(Ascn*%2)=1291 EPN(mrad*mm )=34.55
ALFMAX(mrad )=319.3 UT/U2=0. 308

Figure 4: Results of current density versus radius and beam phase portrait

calculation in the center of supercondactive solenoid of EBIS prototype for
RHIC (BNL). -
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