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BEAMDULAC-BL 3D code is designed last years to study the beam dynamics in linac taking into account both
Coulomb and RF self field. The code versions for traveling and standing wave linacs are ready for operation. The
especially designed numerical methods and algorithms used for the code design are discussed. Specific computing
problems, abilities of the code and future design plans are presented.
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INTRODUCTION

One of the most serious problems of beam dynamics
simulation is to correctly treat the beam own space
charge influence. Coulomb field, beam radiation and
beam loading effect are the main factors of the own
space charge. Typically, only the Coulomb field are
taken into account for low energy LINACs and radiation
for higher energies. But both factors should be treated in
modern low and high energy high intensity LINACs and
both effects can sufficiently influence the beam dynam-
ics in bunchers. The mathematical model taking into
account both Coulomb field and beam loading influence
in stationary case and transient mode should be devel-
oped for self-consistent beam dynamics study. That is
why three-dimensional self-consistent computer simula-
tion of high current beam is very urgent.

Codes to study the beam dynamics taking into account
beam loading effect are been designed at the MEPhI De-
partment of Electrophysical facilities for many years. First
was the 2D axial-symmetrical DINUS code [1] designed
by V.I. Rashchikov. The 3D BEAMDULAC-BL codes
are been under development last few years [2 - 5]. The
theory of beam dynamics influence developed by E.S.
Masunov [6] is used in such code. Known Cloud-in-Cell
(CIC) technique is used to Coulomb field treatment.

Let us describe the beam loading effect briefly. The
beam dynamics in an accelerator should be studied self-
consistently taking into account both external field and
beam own space charge field. The RF field induced by
the beam in the accelerating structure depends on the
beam velocity as well as the current pulse shape and
duration. The influence of the beam loading can reduce
the external field amplitude and induce the irradiation in
the wide eigen frequency modes. Therefore we should
solve the motion equations simultaneously with Max-
well’s equations for accurate simulation of beam dy-
namics.

The method of kinetic equation and the method of
large particles are most useful methods for self-
consistent problem solving.

The beam dynamics can be calculated for only one
beam part that has the phase length equal to one period
of the external RF field in the stationary case. It is nec-
essary to calculate the dynamics for all beam particles
for the transient case. We have to take into account all
particles of short current pulse which are inside of the
accelerating structure in the moment of time. In this
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case the analyzed beam can be represented in 2D or 3D
phase space as a humber of the large particles. These
large particles would have the torus form (a ring with
finite-size) with a rectangular cross-section for 2D
simulation due to the axial symmetry of the task. The
parallelepiped large particles forms are conveniently
used in 3D case.

Let us consider the algorithm of beam dynamics
simulations taking into account the beam loading effect
in accelerators working on a traveling wave in the tran-
sient mode.

1. THEORETICAL BASIS OF THE BEAM
LOADING TREATMENT

The charge of any large particle is:

Q:qulse'Tpulse/N1 (1)
where Jyuse — the pulse beam current, 7,5 — the duration
of the current pulse, N — the number of large particles.

The dynamics of every large particle should be sim-
ulated in the external field and in the own space charge
field self-consistently.

The RF field distribution in the periodic structures is
independent of the time when the beam time-of-flight is
much smaller than the pulse duration. Only RF field
amplitude is varied in this case and we can intend that
such amplitude is varied slowly this time. The beam
excited RF field can be represented a series of the har-
monics (eigen modes) for all resonant structure frequen-
cies:

E€t ~ReY E, €te™. (2)

We can intend that the coefficients in the sum (2) are
slow functions versus the time in case when the fre-
guency vo is close to the own frequency of resonant
structure o," and

E€t=C"(OE, €, ®)
where E, €  is the own resonator function of r mode,

C™(t) can be defined in the frequency domain. The
Eg. (2) can be rewritten this case as

E=YC,(0)E, €, @

and

. (O]
C,(0) = -i———

1 ..
FIE AV, @)
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where N, — normalizing coefficient, V — volume of reso-
nant structure, o, is the eigen frequency of r mode,
“in,"=,'(~1/2Q, _is the complex frequency,
Q. =0,"/20," is loaded Q-factor. Loaded Q-factor
for high quality structures Q>>1 and N, =2W,/|C, |°,

here W, is the storage energy of r mode.
Function C, (w) should satisfy an equation

(v)
96 +igo-o,'CY =ﬁjj(,t,vm}rdv (6)

and can be defined easily with this equation. The current
harmonic j(,t,vm‘ will be expanded to the Fourier
series

O, =0,

j(,t,voa/:— Ti€t8 dot 0

when it is slow function of the time.

The RF field in the resonator can be presented as a
sum of direct and backward waves (the backward wave is
absent for travelling wave case) and the field components

are E,, =20 €* os€,,z, h,, =mn/N+2xl/D,
n=0,1...N —1 and here is intended that the L resonator

length consist of N periods, D=L/N.

Let We introduce the nonlinear  phase
o€ t,t, = h z(t) - ot +o,t,, where t, is the time of
particle mput into the resonator. Because of total beam
charge if the constant jdt = j, (OEjto we can define
the v-th beam current harmonic as

I (z)—— fn(oo“”% *do, (8)

where T1€, —wot, is the initial beam phase distribu-
tion. Now the Eq. (5) can be solved:
E=C, <E, >,

=0,

d 2QL v

[ = = jlv(z,t)e“‘" 3dz.

Here Ry, is the shunt impedance. Such equation is
the non-stationary excitation equation. It is written
without any assumptions and can be used to simulate
the self-consistent beam dynamics in resonator or
waveguide accelerating structure taking into account
beam loading effect.

It is easy to generalize this equation taking into ac-
count the field attenuation in the structure and the struc-
ture dispersion [5]. It should be remembered that for the
fixed time t and for the length Az the field value is addi-
tionally reduced by the small amount of

- a—i& E*. Here o is the RF power attenua-
2R, Az

tion. As the result we will finally have the equation of
beam motion in the point of bunch placement taken into
account the beam loading effect [6]:

1 1 |6E* OE* 1 dr, =,
= + +lo———E" £
VooV ) ot oz 2R, dz (10)
+R, 1, €t >0
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For system having positive dispersion sign “+”
should be used and “-” for structure with negative one.

There are no limitations on the value of the group
velocity in the derivation of non-stationary equations of
excitation (9), (10). So they will be used just like for
highly dispersed systems and for the weak dispersion of
waveguide systems. The transient mode field excited by
the beam with <, ,<T, can be calculated using
Eg. (9) and (10). Indeed the transient mode beam load-
ing problem can be solved for the resonant system for
different matching conditions at the waveguide section
ends and without any limitations to the beam current
values and the group velocities v,

The time dependence in Eq. (10) disappears for the
long pulse duration t,,.>T; and we can acquire the

equation:
dE* 1 dRy, =

+| o— SLET =FR, I, 11

dz [a 2R, dz ] T (1)

The stationary field distribution and the current har-
monics magnitudes along of the longitudinal coordinate
z could be calculated using this equation.

2. THE EQUATION OF MOTION IN SELF
CONSISTENT FIELD
FOR THE TRAVELLING WAVE

The motion equation can be written in 3D Cauchy
form and in addition equation defines the RF field am-
plitude variation during the beam loading. The Coulomb
field and the external focusing solenoid magnetic field
should be taken into account. We will consider the sta-
tionary case and only base RF field and beam current
harmonic for simplicity. Finally the motion equations are:

d . ~ AC
d_Z:Bzeo & Sy+b ,B,S, mB,—pB, +€,
d . R R
dth =6 & Sply+ by, & BySO_bM § B.Sim /y-
—éo é Bx BZSO+S(pB +T1[3y) /Y_
~2B(8)Z,sing/y by,
apg, . A °

d_‘ry:eo ESmly+ by, €BSp-by, EBS, Iy-
_éO é By BZSO+Sl(pr+nBy) /y_
~2B(E)Zsing/y—byn/y+& /7,

pulse

ply+€ 1y,

d d d

N NE R (12)
T

@_ ﬁ—l BX,

dT Bph (g)

de dinB R dé,

- F2BY +—m0
dé [Zdé Wjeo(‘:)-i‘ ¢t d
here =t is the normalized time;

& & =eE, z L/2nW, is the amplitude of RF field

taking into account it’s modification during initial dis-
tribution, beam loading and attenuation;

b’\o‘z a ZEBO,Z z )\'C/ZTCWO and BO,L a =EBO,J_ z }\.CIZTEWO
are normalized amplitudes of magnetic components of
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RF field; B, =v,/c, B,=v,/c, B,=v,/c and
Bon=Vyn/C is the phase velocity of the wave;
y=1/{1-B%; £=2nz/L, p=2nx/A, n=2ny/)
are normalized coordinates; 6 , =eB_Ac/2nW is nor-
malized amplitude of

solen0|d magnetic  field;
2+ 2
S, = Io{u CosQ,
Bphy

2+ 2
S, =- ! Il[ P+ sinp, lp and 1, are
ph

Vot +m® T By

modified Bessel functions; A; —eEfszZWWo are
normalized  components of Coulomb  field;

0= J‘g—é—r is the particle phase; w=aA/2xn is the
ph

normalized attenuation; B(z) = eJ, (z,t)A°Ry, (z)/ 4nW,
is the beam-wave coupling coefficient, J;(z,t) is the first

harmonic of the beam current;
, 2+ 2
ZC :iz% M cosQ, ,
N “ Bphy
’ 2+ 2
T, Z%Z%[M sing,, N is the number of
n th

large particles representing the bunch; part de, /dé& in

the last equation defines the dependence of RF field
amplitude in cold system; o and A are frequency and
wave length of the main RF field harmonics; Wy=mc’.
For system having positive dispersion sign “+” should
be used for Eq. for phase and “-“ for Eq. for amplitude
and opposite signs should be used for structure having
negative dispersion.

3. THE EQUATION OF MOTION IN SELF
CONSISTENT FIELD FOR THE STANDING
WAVE

The motion equations for standing wave operating
structure the motion equation are the similar to the trav-
eling wave ones:

d . ~ R
d_Z:BzeO & SO+bO,J_stl an_pBy +e§’
dp, . R .
dt =6 & Sply+ bO,z 3 BySO_bO,L EBSM /y-
—€ & B, B,Sy+S,(pB, +MB,) /v—
—B(E)Z,sing/y—bp/y+€ 1y,

ap, . - n
d_Ty:eO a Slnly+ bO,L a BZSlp_bOZ é BXSO /Y_
_é() a By BZSO+Sl(pr+nBy) /y_
-B(&)Z Sin(p/y—ﬁsoln/y+é§/y,
d d
LB, n—B E”—BZ, (13)

dt
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do _B, | B,

d‘t Bph _éO(E)),
dé, (dIinB dé, .
TR eren e
where S, =1, M co I a]com
Bphy Bph
S =- L Iy P 7T sin{jd—a]com and
,/pz +n? By B

other variables are the same as for traveling wave.

The algorithm of simulation for the transient mode is
mainly similar to the algorithm developed for the sta-
tionary case [1 - 2]. The method of Coulomb field
treatment used for BAMDULAC-BL and
BEAMDULAC-BLNS code was discussed in [3].

4. ALGORITHMS OF SIMULATION

The BEAMDULAC code is developed for self-
consistent beam dynamics investigation in RF LINACs
and transport channels as it is noted above [4, 7, 8]. The
2D (axial-symmetrical) and 3D (Cartesian) dynamics
beams can be studied by means of this code.

The BEAMDULAC code utilizes the cloud-in-cell
(CIC) method to accurate treat the quasi-statically space
charge effects (Coulomb field) that are especially im-
portant in the case of a high-intensity beam. The motion
equation for each particle is solved in the external fields
and the inter-particle Coulomb field simultaneously.
The charge density is deposited on the grid points using
the CIC technique. To determine the potential of the
Coulomb field, the Poisson equation is solved on the
grid with periodic boundary conditions at both ends of
the domain in the longitudinal direction. The aperture of
the channel is represented as an ideally conducting sur-
face of rectangular or circular cross-section. Therefore
the Dirichlet boundary conditions are applied at trans-
verse boundaries of the simulation domain. In such an
approach, the interaction of the bunch space charge with
the accelerating channel boundaries is taken into ac-
count. This allows consideration of the shielding effect,
which is sufficiently important for transverse focusing
in the narrow channel. The fast Fourier transform (FFT)
algorithm is used to solve the Poisson equation on a 3D
grid. The Fourier series for the space charge potential
obtained can be analytically differentiated, and thus
each component of the Coulomb electrical field can be
found as a series with known coefficients and the RF
field distribution on the grid can be calculated having
the same accuracy as the potential.

Standard fourth-order Runge-Kutta method is ap-
plied for integration of the motion equation. The exter-
nal fields in BEAMDULAC code can be represented
three different methods: analytically, as a series of space
harmonics (the field amplitude is represented as a poly-
nomial coefficient series) and in “real field” which is
defined on 2D or 3D grid by electrodynamics simulation
codes or experimental measurement [8].

A number of initial particles distributions (uniform-
ly, gauss and water bag) can be defined by user by
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means of Twiss-parameters or phase ellipses sizes and
initial emittances.

Two ways to define the structure parameters were
utilized at BEAMDULAC-BL code. The first is to de-
fine the structure as a number of slow varying variables
(versus longitudinal coordinate) as: RF field amplitude,
phase velocity, aperture size, RF field attenuation, shunt
(or series) impedance. Functions as shown at Fig. 1 are
used and they are represented by the series as

f (:: Za,@” at the varying stage. The step function
n=0

with user defined number of the series is used to simu-

late the solenoid field distribution.

fz
(]

oy

Fig. 1. General view of the function used to define struc-

ture parameters, f(0) and fy.x are minimal and maximal

function values, L, and L, are the matching and bunch-
ing parts of channel lengths respectively

The cell-to-cell parameters definition is the other
way to describe the structure. The view of the “struc-
ture” file is shown in Fig. 2. Main geometrical and field
parameters should be defined by user for all structure
cells. Such way allows easy describing the structures
operating in 7 or /2 modes.

@ Lister - [E:\Myprog\3D\BL\BL_t_3p\Debuglstructure]

dafin Mpaera Bra Cnpacka
betas D,m  GAP,H E_m,kU/cm H_1,A/m H_t,A/m Fi_E AM
[N ]

501,T ALFA_ATT R_p,
0.80 0.08 0.08 57.8 .

0.87 0.087 0.087 58.0
.94 8.004  0.89%  59.8
1.00 1 60.9
1.00 1 60.0
1
1

L}
[}
1.80 a 68.8
1.00 8.
[}
a
L}

60.9
60.8
a1 68.8

cEooooooDo
cosooooo
Zasssgag

cEooooooDo

8.
8.
a.
8.
1.88 8.

1.88
1.00

Fig. 2. General view of the “structure” file

But cell-to-cell structure definition way has one se-
rious difficulty. The merging of piecewise defined pa-
rameters should be done accurately. The two steps
merging algorithm is used in BEAMDULAC-BL. The
user defines the part of cell in which the structure pa-
rameter is constant and after that the parabolic interpola-
tion is used. An example of merging algorithm applica-
tion is illustrated in Fig. 3. The RF field amplitude dis-
tribution in biperiodic (/2 mode) DLW structure with
small drift tubes on diaphragms is shown.

Note that the time is used as the independent value
to solve motion equations. But the equation of RF field
amplitude variation taking into account beam loading,
RF field attenuation and etc. is defined using the longi-
tudinal coordinate. It was necessary to define the longi-
tudinal grid to solve such equation and the RF ampli-

1l
a.m
6.0

ScomNoVMIEBN ST

Bso
8.1
8.1
8.1
8.1
8.1
8.1
8.1
8.1
8.1
8.1

cosooooo
cosooooo

8.1 60.9 8. [}
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tude distribution is calculated every time step to correct
treat its variation during the bunch motion.

A number of standard tests were used to verify the
code: short bunch motion in external magnetic field
(without acceleration and with it); beam transverse size
enlargement along the Coulomb field influence (beam
drift test) and etc.

LT T

-005 —

015 —

-0.2

Fig. 3. An example of merging algorithm application
for cell-to-cell structure definition

The verification of the beam loading algorithm is
much more difficult procedure. Only power balance
calculation gives the necessary information. Indeed the
total beam power growth is calculated step-by-step and
compared with storage RF power loses. The storage

power is defines as 3D integral of ‘ﬂEZ €, p,n]f dv .
\Y

The distribution simulated for standard disk loaded
waveguide (DLW) was used to define the transverse
dependence and the simulated E,(§) distribution to de-
fine the longitudinal one. The comparison shows very
good tolerance of the developed algorithm. The test in
which the traveling wave has zero amplitude at the end
of section (limit current test) was also used. Such test
can be verified analytically.

5. EXAMPLES OF SIMULATION

Finally results of two beam dynamics simulations
are presented. They are the simulation of short high-
brightness bunch dynamics in regular traveling wave
accelerating section with main parameters as: section
length 85 cm, minimal and maximal RF field amplitude
57 and 60 kV/cm (for not loaded structure, attenuation
is absent), phase velocity increases in range 0.8...1.0,
channel aperture 1 c¢cm, series impedance 50 MOhm/m,
A=10 cm, initial transverse emittance 2.5 mm-mrad,
solenoid field 0.1 T. The results of the simulation with
beam current 7 A are shown in Fig. 4 and with 70 A in
Fig. 5: the dependence of RF field amplitude (a), bunch
averaged energy (b) and beam envelope (c) versus lon-
gitudinal coordinate, phase spaces in (y, ¢) (d) and (By,
X) (€) phase spaces and beam cross-section (f). The ini-
tial beam parameters of Figs. 4, 5,d,e are shown by red
color, output — by blue. Note that the RF field amplitude
is equal to zero at the end of channel in second case
because of the beam loading.
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Fig. 4. Beam dynamics simulation results for beam
current 7 A

CONCLUSIONS

The code BEAMDULAC-BL for the beam dynam-
ics simulation taking into account both beam loading
and Coulomb field is discussed. The having four ver-
sions code is developed: for traveling and standing
waves and for two ways of structure parameters defini-
tion (by function and cell-to-cell). The analytical sug-
gestions which were used to develop the code are pre-
sented. Algorithms, difficulties, code testing methods
and results of simulation are presented.

The further code testing and comparison with oper-
ating LINACs are the following task. The problem of
beam dynamics simulation in case when the RF pulse
and beam pulse lengths are approximately similar
should also be studied.

This work is supported in part by the Ministry of
Science and Education of Russian Federation under
contract Ne 14.516.11.0084.
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Fig. 5. Beam dynamics simulation results for beam
current 70 A
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MNAKET NPOT'PAMM BEAMDULAC-BL JJIs1 TPEXMEPHOI'O MOAEJIMPOBAHUA JTUHAMUKHU
SJIEKTPOHHBIX TYYKOB C YYETOM COBCTBEHHOI'O 2JIEKTPOCTATHYECKOI'O ITIOJISA
N HAT'PY3KH TOKOM

T.B. Bonoapenxo, 3.C. Macynos, C.M. Ilono3o6

PaccMotpensl  anroputMmbl

U YHUCICHHBIC MCETOIbI,

WCIIONIb30BAHHBIE B HOBOW BEPCHH MPOrPaMMBbI

BEAMDULAC-BL aj1st TpeXMEpHOTO YHCICHHOTO MOJETUPOBAHHS JTUHAMHUKUA C YYETOM KaK KBa3HCTATHYECKOTO
TIOJISL, TaK M HArpy3ku TokoM. OOcyxkmaroTcs crierududaeckie npo0iaeMpl, BO3HUKIINE MPH Pa3padOTKe, OCHOBHBIC
BO3MOKHOCTH MPOTPaMMBI 1 IJIaHBI ¢ JalbHEHIIEro pa3BUTHSL.

MNAKET NPOI'PAM BEAMDULAC-BL JJIs1 TPUBUMIPHOI'O MOAEJIIOBAHHSA JTUHAMIKHA
EJIEKTPOHHUX ITYYKIB 3 YPAXYBAHHSM BJIACHOI'O EJIEKTPOCTATHYHOTI'O ITOJISA
I HABAHTA’)KEHHS CTPYMOM

T.B. Bonoapenxo, E.C. Macynos, C.M. Ilono3zos

Po3risiHyTO anropuTMH Ta YMCENIbHI METOIH, BUKOpHcTaHi y HoBii Bepcii nporpamu BEAMDULAC-BL mns
TPUBUMIPHOTO YHCEITLHOTO MOJICTIOBAHHS IMHAMIKH 3 YpaxyBaHHSM SIK KBa3iCTATHIHOTO IOJIS, TAaK 1 HABAaHTa)KEHHS
crpymoM. OOroBoproroThes crierudiuHi mpodIeMy, 0 BUHUKIIH TP PO3poOIli, OCHOBHI MOXIIMBOCTI IPOrpaMH Ta

IUTaHU 11 OJANBIIOrO PO3BUTKY.
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