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The methods of beam dynamic simulation taking into account the beam loading effect are discussed in this pa-
per. It is one of main problems limiting the beam current. The simulation methods for stationary case were described
in the paper [1]. The test simulations will discussed for transient mode and stationary case in this paper. The beam
dynamics simulation will done using BEAMDULAC-BL and BEAMDULAC-BLNS. These codes were computed
to study the beam dynamics in accelerators working on a traveling wave in stationary and transient cases respec-
tively. The results of simulations were compared for both cases.
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INTRODUCTION

Charged particles linear accelerators are useful in
experimental physics and in some areas of technology at
present. The main advantages of linear accelerators are:
high rate of energy gain, high limit beam intensity, sim-
ple beam extraction.

The beam space charge influence is the main factors
limiting the beam current and accurate treatments of the
beam own space charge field and its influence on the
beam dynamics is one of the main problems in design of
high current RF accelerators. Coulomb field, beam ra-
diation and beam loading effect are the main factors of
the own space charge. Typically, only one of the space
charge field components takes into account for different
types of accelerators. It is the Coulomb field for low
energy linacs and radiation and beam loading for higher
energies. But both factors should be treated in modern
low and high energy high intensity linacs. The mathe-
matical model should be developed for self consistent
beam dynamics study taking into account both Coulomb
field and beam loading influence in stationary case and
transient mode. That is why three-dimensional self-
consistent computer simulation of high current beam is
very actually.

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 de-
crease the external field amplitude and provide the irra-
diation in the wide eigen frequency modes. Therefore
we should solve the motion equations simultaneously
with Maxwell’s equations for accurate simulation of
beam dynamic.

The method of kinetic equation and the method of
large particles are most useful methods for self-
consistent problem solving. Maxwell’s equation solving
can be replaced by solving of the Poisson equation if we
take into account only Coulomb part of the own beam
field. This equation can be solved by means of the well-
known large particles methods as particle in cell (PIC)
or cloud in cell (CIC). There is no easy method of beam
dynamics simulation that takes into account the beam
loading effect.
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The methods of beam dynamic simulations and
three-dimensional code BEAMDULAC-BL were con-
sidered in [1-2]. The BEAMDULAC code is developing
in MEPHI since 1999 [3] for high intensity beam dy-
namics simulation in linear accelerators and transport
channels. The self-consistent beam dynamics can be
studied using BEAMDULAC-BL code version taking
into account the beam loading effect only for linacs,
working on a traveling wave mode in a stationary case.
Similar methods, algorithms and code should be de-
signed to study the beam dynamic taking into account
the beam loading effect for transient mode. The beam
loading for transient mode was early considered by E.S.
Masunov and mail equations were done [4].

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 must to take into account all
particles of short current pulse which are inside of the
accelerating structure in the time moment. In this case,
the analyzed beam can be represented in 2D or 3D
phase space as a number 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 form large particles are conveniently use
in 3D case.

Now it would be interesting to compare the simula-
tion results for the stationary case and the transient mode.

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. THE EQUATION OF MOTION IN SELF
CONSISTENT FIELD AND SIMULATION
METHODS FOR TRANSIENT MODE

The charge of any large particle is:

Q:qulse‘Tpulse/N: ( 1)
where J,sc — the pulse beam current, 7, — the duration
of the current pulse, N — the number of large particles.

The dynamics of every large particle should be
simulated in the external field and in the own space
charge field self-consistently. The initial particles distri-
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bution in the start of simulations is given with the help
of especial algorithm in the 2D or 3D phase space. The
initial particles distribution should takes into account
the delay of each particle input into accelerating struc-
ture. Further on, the system will be defined self-
consistently.

The beam which is traveling inside of the resonant
structure decreases the amplitude and changes the phase
of the external RF field. It also excites a number of wake
fields for all resonant eigen frequencies of the structure.
Let we consider for example waveguide section with
B,>Bg~>0, where B, and B, are phase and group velocities
of the wave, respectively. For simplicity we will consider
only one (base) RF field harmonic with v=1. The field
acting in the beam cross section with coordinate z differ

on value AE* :E(z,rk+l)—i(z,z'k) for the 4-th and
(k+1)-th beam bunches, i.e. during the time equals to
pulse length 7, the field is changed to AE*:
~,  ENz )EYz,, )T, ~
AEY = x(/_cl) s(k_ll)b [1(t)7 )
22v,(2)- v, (2)

where v, — particles velocity, E. — the amplitude of the

accelerating field in the s-th bandwidth; P. — the power

of the s-th bandwidth, 71 — pulse beam current.

In the other hand, if we do not takes into account the
attenuation of RF power in the walls and structure dis-
persion, the field will change at a fixed time ¢ to the

same value AE* on the length equal to:

v,V
—=T,. 3
V, =V,

Az =

Indeed, in accordance with rgr(z)—z'q(z):Tbe,

where N, — number of bunches, which are radiates into
the structure and get part of the own space charge field
in the coordinate z, the own field influence will increase
with a displacement Az in case when:
t,(z+A2)-7,(z+Az)=T,(N, +1). 4)

and equation (3) can be easily rewritten.
Let we introduce the new variable:

1 1
T=t+rgr(z)—rq(z)=Z[Atj +Azj(———jﬂ,(5)
Ve Vi
where j is the large particle number. According to the
noted above

w =y Ralr ©)
where R, — series impedance of the structure in the base
band width. When a large number of bunches are con-
sidered and At — 0 we will have

OE* L W OE* v ~

=— £ R,I,. 7
or  v-v, 0Oz V=V, e @

It is easy to generalize this equation taking into ac-
count the field attenuation in the structure and the struc-
ture dispersion [4]. It should be remembered that for the
fixed time ¢ and for the length Az the field value is addi-

tionally reduced by the small amount of
AR, |= .
—|a—- I AR, E" . Here o is the RF power attenua-
2R, Az
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tion. As the result we will have finally the equation of
beam motion in the point of bunch placement taken into
account the beam loading effect for the transient mode:

1 1 |eE* oE" 1 dR, \=.
- =—— + +|a- E" =

v v, ) ot Oz 2R, dz (8)
=Ry I,(z.1).
For waveguide system with negative dispersion in

the same way we can obtain:
+ a- L dR,, E* =
2R, dz 9

1 1 |eE' OE*
—|—+— +
(v Ve, J or 0z

= Rshll (Z’t)‘

There are no limitations on the amount of the group
velocity in the derivation of non-stationary equations of
excitation (8), (9). So they will be used just like for
highly dispersed systems and for the weak dispersion of
waveguide systems.

The solution of the equations (8), (9) should be done
with the given initial and boundary conditions. For ex-
ample, if the beam is injected with /=0 into the empty
waveguide with length L, they will have two parts:

E*(z=0,)=0,v, >o,} 10
E*(z=L,t)=0,v, <O0.

> Vgr
Equation (10) can be generalized to take into ac-
count the reflection at ends of the waveguide. The field

E*(z,¢=0)=0 and

can be considered as the sum of direct £ and back-

ward £~ waves for reflection treatment. The backward
wave does not interact with the beam but is produced by
the reflection from the waveguide end (the wave source
is stationary placed and v=0). Indeed we can to obtain
the motion equation for the regular waveguide:

1 0E~

v, . 0t Oz

gr
instead of Eq. (8) The boundary conditions can be writ-
ten as:

E;(t,L)=T,E (t,.L), E},(t,L)=T,

n+l

+aE =0 an

E,(t0), (12)
where I, and I, are complex reflection coefficients,
and n= [t /T, l — the passes number of the wave front.

In the simplest case, when the waveguide has com-
plete reflection from both ends 7, =7,~1 and
V, >>V, >0. The solution to this problem allows us to

formulate the physical limitations of the excitation
equation of a long cavity:

—d—E-i-i(vco—m;)E:w; JoRy 1, (13)
dt 20L
I = ij 1,(z z)e”(”"”r' Fie (13.3)
v L o v >

Let we assume that wave amplitudes E* and E-
have negligible attenuation during the one pass time of
the wave front =, (L) and after each reflection

E*=E . ltis possible in case of low beam loading
effect influence. We can summarize the equation for the
forward and backward waves and do the longitudinal
coordinate z averaging neglecting 0/0z derivative
comparatively with v; 0/0t . Then we can obtain the

equation for E=E* + E™:
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L
%E +ov, E=-J, %jRS,Jl (z,t)dz (14
0

which has the same form as the equation (7) with

o ®'R

r r = S shunt
H VgrRsh 2 Q Y3
the real part of the complex resonant frequency w, Q is
the Q-factor and Ry, is the series impedance for the
base band width and J, is the average bunch current.
The transient mode field excited by the beam with
<T, can be calculated using Eq. (8) and (11) with

o=0,, 0= . Here o/ is

2av,,

T pulse
the boundary conditions (12). Indeed the transient mode
beam loading 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 value and the group velocity v,, .

The time dependence in Eq. (8) disappears for the long
pulse duration t,,,>7, and we can obtain the equation:

+
k-, (oc —L&]E* =FR,1,- (15

dz 2R, dz

The field stationary distribution and the current har-
monics magnitudes along of the longitudinal coordinate
z could be calculated using this equation. We can obtain
the well-known waveguide excitation equation when the
value of the series impedance does not depend versus z.

Until now, we consider the excitation equations tak-
ing into account only one (base) spatial field harmonic.
The phase velocity of the base harmonic is close to the
beam velocity. The consideration of other (non-
synchronous) spatial harmonics can be performed for a
periodic structure in a similar way. More general can be
written for polyharmonic case as:

1 1 |dE® dE® 1 dR,
Vv, e T YT, )

vy sh (16)
l%(ll—l)

8r
xE® = TR, 1, (z)i kll e R
=0

where E s the complex amplitude of the synchro-
nous field harmonic, k, =1, k, (/; #1) is the ratio of the

nonsynchronous harmonic amplitude to the synchronous
one k, =EW/E".

Thus the calculation of RF fields excited in the
waveguide systems can be done for not relativistic or
relativistic beams with the long duration of the current
pulse 7, >>T, and in transient mode 7, <7, also.

Same equations with zero right side (the homogeneous
equation) describe the self-consistent beam dynamics
taken into account external RF field and own space
charge field in the stationary case. The self-consistent
electromagnetic field can be founded from equations
(7)-(9) using correct initial and boundary conditions.
Equations (7)-(9) can be easily rewritten taking into
account all own space charge RF field harmonics.

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 treat-
ment used for BAMDULAC-BL and BAMDULAC-
BLNS code was discussed in [3].

98

2. ELECTRON BEAM DYNAMICS
SIMULATION

The results of beam dynamics simulation were com-
pared with the measurement data obtained for the travel-
ing wave electron linac U-28 of Radiation-Accelerating
Centre of National Research Nuclear University "ME-
PhI". The main U-28 characteristics are given in Table.
Three-dimensional code BEAMDULAC-BL has been
used for beam dynamics simulation in U-28 for station-
ary case and new 3D code BEAMDULAC-BLNS was
used for transient mode. It should be noted, that the
comparison of simulation and measurement can be done
only for beam current /<0.44 A and other results are
interpolation.

Transient mode

Stationary mode
Fig.1. Electron beam bunching in U-28 linac

Parameters of U-28 linac

Parameter Value
Average output energy, MeV 10
Range output energy, MeV 2...12
Max pulse beam current, mA 440
Max average beam current, pA 170
Normalized energy spectrum 3
(AW/W)in, %0
Pulse duration, ps 0.5...2.5
Pulse repetition rate, 1/s 400
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Beam bunching process simulation results are pre- W,MeV
sented in Fig.1. It was shown, that beam loading influ-
ence is negligible small for beam with current /<0.2 A.
The results of numerical simulation are in a good
agreement with experimental one for /<0.44 A. It was
shown that the results of the particle dynamics in sta-
tionary and transient case are in good agreement also.
Kt,%

0 10 20 30 40 LA
Fig.3. The output beam energy versus of the initial pulse

beam current for stationary (red lines) and transient
(blue) modes

CONCLUSIONS

The basic equations of beam motion in waveguide ac-
i ' 0 0 B A celerating system were considered taking into account

Fig.2. The current transmission coefficient versus of the the beam loading effect. The beam loading can be stud-

initial pulse beam current for stationary (red lines) and ied for stationary beam mode anﬁi for. transi.ent mgde
transient (blue) modes also. Some results of beam dynamics simulation taking

into account beam loading in both modes were pre-
sented and compared.
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The current transmission coefficient and the output
beam energy versus of the initial pulse beam current for
stationary and transient modes are shown in Fig.2 and 3
respectively. Some tests of Coulomb field and beam
loading influence were done to define which influence
is more essentially. The simulation was done taking into REFERENCES
account both beam loading and Coulomb field (solid
lines), taking into account only the Coulomb field
(points) and only beam loading (dot lines). It is clear
from figures that the beam loading effect has the more
essential influence to the dynamics for the long structure
as it can be predicted analytically.
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Cmamowsa nocmynuna 8 peoaxyuio 23.09.2011 2.

CPABHEHHUE PACUYETOB JJUHAMMKMU IIYUYKA B YCKOPUTEJISAX HA BET'YILIENA BOJIHE
C YYETOM 2®®EKTOB HAT'PY3KHU TOKOM B HECTAIIUOHAPHOM U CTAIMOHAPHOM
CIIYYAAX

3.C. Macynos, C.M. Ilonozos, B.U. Pawjukos, A.B. Boponkos

PaccmorpeH 3¢ ekt Harpy3ku TOKOM, SIBJISIFOILUICS. OJJHOM U3 OCHOBHBIX ITPOOJIeM, OrpaHHYMBAIONINX TOK ITyd-
ka. B mpeapinymmx paborax ObUIM pacCMOTPEHBI OCOOEHHOCTH pacueTa JUHAMHMKH ITy4yKa B YCKOPHUTENSX, pabo-
TAIOIIMX Ha Oeryieil BosHe ¢ ydeToM 3(p(ekToB Harpy3Ku TOKOM B CTallMOHAPHOM cirydae. B manHoit pabote cpas-
HHUBAIOTCS PE3yJbTAThl YHCIEHHOTO MOJEIMPOBAHMS, TPOU3BEICHHBIC B CTAI[MOHAPHOM M B HECTAI[HOHAPHOM CITy-
yasx. [IpousBeneHO MoAennpoBaHNUE HECKOJBKUX CTPYKTYP TPH OAMHAKOBHIX HAYAJIBHBIX YCIOBHSX C ITOMOILIBIO
nporpamm BEAMDULAC-BL u BEAMDULAC-BLNS, mo3BOJSIOMNX PacCYUTHIBATE AUHAMHKY ITYYKOB B YCKO-
putensx, padoraromux Ha Gerymei BoJHe B CTAIMOHAPHOM M HECTAIIHOHAPHOM CIIY4asX COOTBETCTBEHHO.

MOPIBHAHHSA PO3PAXYHKIB ITMHAMIKH ITYUKA Y IPUCKOPIOBAUI HA BII'YUYIid XBUJII
3 YPAXYBAHHAM E®EKTIB HABAHTAKEHHA CTPYMOM Y HECTAIHIOHAPHOMY
I CTAHIOHAPHOMY BHUITAJKAX

E.C. Macynos, C.M. Ilonoszos, B.1. Paujukos, A.B. Boponuxoe

Po3risiHyTO eeKT HaBaHTa)XKEHHSI CTPYMOM, IIIO € OJIHIEI0 3 OCHOBHHX MPOOJIEM, 110 OOMEXYIOTh CTPYM ITy4Ka.
VY nonepennix pobortax Oyny pO3MIISTHYTI OCOOIMBOCTI PO3paxyHKY IMHAMIKHM ITyYka B IMPUCKOpPIOBadax, IO Ipa-
IIOIOTh Ha Oiryd4ill XBWIIi 3 ypaXyBaHHIM e€(EKTiB HABaHTKEHHS CTPYMOM Y CTalliOHAPHOMY BUNIAKy. Y Wil poOoTi
TIOPIBHIOIOTECS PE3yJIbTaTH YMCEIHHOTO MOJIEIIOBAHHS, BUPOOJIEH] B CTAIliOHAPHOMY 1 B HECTAalliOHAPHOMY BHIIA/I-
kax. BupobieHo MozemoBaHHs JEKITBKOX CTPYKTYp IPH OJHAKOBHX MOYATKOBHX YMOBAax 3a JIOIIOMOTOIO MIPOrpam
BEAMDULAC-BL i BEAMDULAC-BLNS, 1110 103BOJISIFOTh PO3pax0BYBaTH JUHAMIKY MYYKiB Y IPHUCKOpIOBaYax,
III0 TPAITIOIOTH Ha OITydiif XBIJIi B CTAI[iOHAPHOMY 1 HECTAIlIOHAPHOMY BHUIIAIKaX BiIMOBITHO.
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