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Abstract The accelerating tube is the core of a linac. The capture efficiency is usually about 50% by ordinary

design method in the electron linac for irradiation processing. Nearly half of the injected electrons are lost in

the tube, resulting in strong radiation and additional heat load on the accelerating cavity, as well as a bad effect

on vacuum. In this paper, a constant gradient accelerating structure is chosen to accelerate the electron beam,

and the designed phase velocity is linearly increased along the tube. By adjusting the size of the accelerating

cavity and the phase velocity function, a high capture efficiency is reached. After a series of simulations, we

obtain a 90% capture efficiency, while the accelerator length is not increased due to the bunching process.
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1 Introduction

At the present time, most of the electron linacs
in application field all over the world are low energy
linac, operating in S-band and mainly for the ap-
plications of medical treatment, industry, agriculture
and radiate chemistry. Electron linac is suitable to
achieve higher energy than other types of accelera-
tors. In the electron irradiation processing field, en-
ergy less than 1MeV is called low energy, that from
1MeV to 5MeV is called middle energy, and that
higher than 5MeV is called high energy. High en-
ergy electron beams are primarily produced by elec-
tron linac, which plays an active role and has a wide
application in the irradiation processing. Design and
manufacture of the accelerating structure is one of
the key technologies of high energy electron linac for
irradiation processing. High capture efficiency can re-
duce the request of the injected beam current from an
electron gun, and depress the losses of the electrons

in the accelerating tube. The electron linac for irra-
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diation processing has no strict request for the low
beam emittance and low energy spread, and actually,
a big beam spot is needed at the exit of accelerat-
ing tube. Therefore one can pay attention to how to
determine the phase and electric field variation func-
tion along the accelerating cells in order to reach a
higher capture efficiency, as well as a higher acceler-
ating efficiency. In this paper, we will present our
design, aiming at this target for an irradiation pro-
cessing linac, which is going to be built at the China
Institute of Atomic Energy(CIAE).

2 Simulation and calculation

The main design parameters for the CIAE 20kW
traveling wave irradiation linac are listed in Table 1.
Disk-loaded accelerating structure is chosen. Mi-
crowave parameters and electric field are calculated
by the SUPERFISH™ code. For a structure with
21t/3 operation mode, only one and a half cell is

needed to be calculated by properly specifying the
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Table 1. Design parameters of CIAE irradiation linac.
energy 10MeV
beam power higher than 20kW
input power AMW
operation frequency 2856 MHz
operation temperature 30+2°C
electron gun anode voltage 60kV

beam emittance < 10tmm-mrad

boundary conditions in SUPERFISH simulation due
to the symmetry of the electric field distribution along
the longitudinal axis. There are four basic parame-
ters in the disk-loaded wave-guide: thickness of the
disk ¢, cell length D, inner diameter 2b, and bore
diameter 2a. As the thickness of the disk ¢ is not sen-
sitive to the phase velocity, in our design ¢ is first to
be determined as 4mm from viewpoint of a sufficient
mechanical strength and avoiding electric breakdown.

Then, cell length D can be expressed as!’
109\

D % P,i—1 1

41t dz
where ¢ is the operation mode, 3, is the relative phase
velocity v, /¢, A is the operation wave length, and 4 is
cell number.

The cell length D can be determined not only with
the SUPERFISH code, but also by beam dynamics
simulation with the PARMELA code. The bore di-
ameter 2a is decided by the requirement of the electric
field in the accelerating tube. The tube inner diame-
ter 2b is not an independent variable, but fixed when
the other three parameters are known.

The average accelerating gradient is needed in the
input file of PARMELA, so we should find the atten-
uation parameter « in advance. It can be calculated
according to Eq. (2):

P

=5 (2)
where power dissipation P, is given by the SUPER-
FISH. Since the cell length D is known, we only need
to find the power flow P for a’s calculation. The
power flow density is S=(E x H),=E,Hy. SUPER-
FISH gives out the distributions of electric and mag-
netic fields of a standing wave. Because the electric
and magnetic fields are always orthogonal for each

other at a given point, the energy exchanges between

electric and magnetic fields. We need to find the field
distribution of a traveling wave for our linac design.
The relationship of the amplitude between standing
wave and traveling wave in the different position is
listed in Table 2. Integrating the power flow density
S in the bore radius area (r < a) gives out the power
flow P by Methematica code. The average axis elec-
tric field is Fy = /R, x 2aP,, where R, is the shunt
impedance, P, the input power.

Table 2.
tween standing wave and traveling wave in dif-

The relationship of the amplitude be-

ferent positions[z]

Z=0 D/2 D 3D/2
Er sw 0 finity finity 0
Er 1w Ersw/\/3 Ersw//3
Hg g  finity finity finity finity

HG,TW Hﬂ,sw/2 Hﬂ,sw/2

note: Z =0 cell center, Z = D/2 disk center, sw-
standing-wave, Tw-traveling-wave

He,sw Hﬂ,sw

After deciding of the cell size and the average
accelerating gradient, we can do the beam dynam-
ics simulation with PARMELA. The input file of
PARMELA defines the transport system, input and
output options. Every row identified by PARMELA
contains a key word and a series of parameters. We
must pay attention to the definition of EyT', which
represents the average axis electric field. There is
no transit time factor 7' in the traveling wave ac-
celerating structure. FEyT is only an expression of
effective accelerating gradient. The simulation of the
traveling wave accelerating process starts from the
first TRWCELL center in PARMELA. It uses a half

cell combined with a small drift tube, shown in Fig. 1,
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Fig. 1. A half cell combined with a drift tube.

to simulate the fringe field. According to the physics
process, electrons launched from electron gun pass by
a drift tube and enter the half cell. By observing the

field distribution calculated with the code, we found
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that the position of the cell and the drift tube must be
reversed in order to satisfy the smooth field transition
from CELL to TRWCELL.

3 Linac design for a high capture effi-

ciency

Capture efficiency represents the ratio of the
phase acceptance which occupied by the stable elec-
trons captured by an accelerator over 27t. Electron
linac for irradiation processing needs to be designed
as compact as possible. So a single accelerating cav-
ity is chosen for both bunching and accelerating of the
beam, without a separate pre-buncher or buncher. In
some designs, electric field and phase velocity grad-
ually change in the bunching segment. A relatively
high capture efficiency can be achieved by adequate
resonance of electrons in the bunching segment, say
about 50% for most situation”. And in some other
designs, people often adopt a structure with two or
three uniform sections to reduce the machining work-
load, or to simplify the microwave measurement. In
this kind of design, the phase velocity keeps same in
each section, and changes from section to section in a
staircase form. Due to the abrupt shift of the phase
velocity between two sections, electrons may be eas-
ily lost at these positions, and capture efficiency can’t
reach a high value, say about 30%. Fig. 2 shows a de-
sign scheme of this type.
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Fig. 2.
change in a staircase form.

The electric field and phase velocity

In order to get a higher capture efficiency, we
choose a bunching segment in which the designed
phase velocity is linearly changed along the tube.
The phase velocity of the i-th cell is approximately

changed according to the formula fBp; = Op._1 +
dfe

1 -D;. By properly choosing the phase velocity
Z li—1

d
of the first cell and the slope %, one can determine
z

the size of the accelerating cavity D;. We hope the
velocity of the electrons can keep synchronous with
phase velocity when the beam enters the accelerat-
ing tube and the beam is compressed into a narrow
phase acceptance after bunching process. The phase
of the reference electron gradually changes from 90°
to 0°, and then the electron gets continuous accel-
erating by riding on the wave crest in the main ac-
celerating segment. For this purpose, the choice of

the slop is very critical. For a given input power,

d
if the slop % is too high for electrons to catch
z

up with the phase velocity, the electrons will get a

phase slip in one direction according to the equation

d 2 1 1
d_f = 77-[ (E —E> When slipping to the wave

crest, the electrons have a velocity far smaller than
the phase velocity, and consequently the electrons will
keep on slipping which results in the losses of a bet-
ter part of the electrons. This case was modeled as

an example, shown in Fig. 3(a), which has a capture

d
efficiency of 40%. If % is too low, the velocity of
z

the electrons will exceed the phase velocity soon, and

then most of the electrons will get into the deceler-

ating phase region and be eventually lost. Fig. 3(b)

shows an example of this case, in which the capture
efficiency is only about 30%.
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Fig. 3.
variation.
dfe .
If P s properly chosen, the phase of the refer-
z

ence electron slips from 90° to 0° with an oscillating

Two design schemes for phase velocity

process, namely slips toward the wave crest at first,
and then, followed by a backward slip for a while,
and finally moves to the wave crest rapidly. The lon-

gitudinal lost is minimized in such a case. Following

1) Principle of Low Energy Election Linear Accelerators, Teaching Materials. Tsinghua University. LIN Yu-Zheng.
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such a scheme, as shown in Fig. 4, we designed the
CIAE irradiation processing linac with a capture ef-
ficiency of above 90%. It can be observed from Fig. 4
that the velocity of electrons is slightly lower than the
phase velocity in the beginning. In the early design
version, we made the velocity of electron keep strictly
synchronous with the phase velocity and a rather high
capture efficiency was reached. However, on the other
hand, this results in a rather large power dissipation
in the first few cells with a short cell length D due to
a low value of $=0.466 at the beam energy of 60keV.
So we gave up this idea eventually. After a series of
simulations, the initial phase velocity was chosen as
0.5. The velocity of electrons exceeds the phase ve-
locity in the first two cells while the reference electron
experiences a small oscillation, and then the velocity
of electrons falls behind the phase velocity after the
following five cells. Finally, most of the electrons slip
to the wave crest and get the most effective accelera-

tion.
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Fig. 4. Phase velocity and field variation along z axis.

When a high capture efficiency is reached, it usu-
ally comes with a length increase of the bunching seg-
ment and a decrease of the accelerating efficiency at
the same time. For the low energy linac with a lim-
ited input power, we pursue, in fact, not only a high
capture efficiency, but also a short length of the accel-
erating tube. It seems the bunching segment should
not be too long for satisfying this requirement. This
brings us a new problem. In the ordinary design, one
can get a beam about 2MeV at the exit of the bunch-
ing segment with its velocity approximately the same
as the velocity of light, and most of the electrons get
together in a narrow phase acceptance round the wave
crest. However, in our high-capture efficiency design,
if we still let the synchronous phase close to the wave
crest at the end of the bunching segment where the

electron velocity is so low that a serious phase slip

exists, then almost all of the electrons will lost in
the main accelerating tube. A new design method
is proposed. The phase of the reference electron is
placed around 75°, and then approaches the wave
crest rapidly in the first few cells of the main ac-
celerating segment. Emerging from these cells, the
electrons reach 2MeV energy while the phase of ref-
erence electron is about 3° or 4°. Here the phase slip
becomes very slow, and most of the electrons can keep
synchronous with the wave around the wave crest and
get a continuous acceleration. However we still face
another problem in the main accelerating segment.
For most of the time that electrons move in the ac-
celerating segment, the beam energy is lower than
10MeV and thus the phase slippage per cell is larger
than 0.2°. If we choose the phase velocity of the main
accelerating segment equal to that of light, electrons
will slip in one direction and the accumulated phase
slippage after many cells is considerable. Taking ac-
count of this factor, we slightly adjusted the phase
velocity of the accelerating segment, and finally we
reached a design result with an increased accelerating
efficiency and a decreased total length of the acceler-
ating tube. The phase velocity in the main accelerat-
ing segment is 0.9986 instead of 1, corresponding to
the cell length reduction from 3.499cm to 3.494cm. In
this case, electrons oscillate only once around the syn-
chronous phase with a tiny amplitude. The average
beam energy at the end of the accelerator is 0.2MeV
higher than the design with the phase velocity equal
to 1 and the total length of the accelerating tube is
also shorter than that.

Although the accelerating efficiency in the 18cm
bunching segment is low in this design, and the energy
of the beam just increase from 0.06MeV to 0.4MeV,
the capture efficiency is obviously increased. As a re-
sult, the beam loading also increases if the beam cur-
rent from the gun keeps the same. So we decreased
the input beam current from 600mA to 300mA in
Another

benefit is that can obviously depress the request for

order to control the beam loading effect.

the electron gun.
The designed accelerator consists of 59 cells. The

cell length is linearly increased in the first 8 cells and



%6 1

T B S TSR A RN ) e v T 585

then is remained constant from cell 9 to cell 59. 1000
sample electrons were used to do the beam dynamics
simulations with the input beam current of 300mA.
The space charge effect is taken into account in the
PARMELA code. The transverse beam losses are well
controlled to zero by properly adding the focusing
coils. The number of electrons at the exit of the accel-
erator is 904, corresponding to an output beam cur-
rent of 271.2mA. This indicates the capture efficiency
is above 90%. The total length of the accelerator is
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Fig. 5. Beam spectra at the entrance of the ac-

celerating tube.

(a) phase spectrum (degree-particle numbers);
(b) z-y (cm-cm); (c) A¢-AW (degree-keV);
(d) energy spectrum (particle numbers-keV).
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Fig. 6. Beam spectra at the exit of the acceler-

ating tube.

(a) phase spectrum (degree-particle numbers);
(b) z-y (cm-cm); (c) A¢-AW (degree-keV);
(d) energy spectrum (particle numbers-keV).

2m. The phase and energy spectra at the entrance
and the exit of the accelerating tube are shown in

Fig. 5 and 6 for the examination of the beam quality.

4 Optimization of the accelerating

cavity

After finishing the partial design of the accelerat-
ing cavity and the simulations of beam dynamics, we
started to optimize the size of the cavity of the bunch-
ing segment. The optimization target is a higher
shunt impedance and a reasonable attenuation fac-
tor. We decreased the bore radius a and adjust the
The initial

a/\ of the bunching segment was 0.118. In a series

inner cavity radius b for this purpose.

of PARMELA simulations with an adequate focusing
strength, the bore radius a was kept on decreasing
in order to increase the accelerating field. Finally the
bore radius a became 0.115 times wavelength, namely
1.207155cm. This optimization makes the bunching
segment a higher electric field.

With the optimized design described above,
PARMELA gives the results of the beam parameters
as listed in Table 3, which completely satisfies the de-
sign requirement of the CIAE linac for the irradiation

processing application.

Table 3. The beam parameters in the final design.
input energy 60keV
input pulse beam current 300mA
output energy 10.2MeV
output pulse beam current 271mA

24.7kW (repetition frequency
650pps, pulse width 14us)
< 10mm

average beam power

spots diameter r(exit)

5 Conclusions

We designed and simulated an accelerating tube
of a 10MeV S-band traveling wave linac by SU-
PERFISH and PARMELA. In this paper, the design
process of the disk-loaded wave-guide accelerating
structure is discussed and the method on how to
reach a high capture efficiency is proposed. After a
series of simulations and optimization of the RF pa-

rameters of accelerating cavity and beam dynamics,
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the result reaches a capture efficiency of above 90%,
far more than 50% in the ordinary design. Although
the energy spread and the beam emittance become
larger, they are not important for the electron linac
for irradiation processing. The beam spots diameter
at the exit of the accelerating tube is about 9mm and
the energy spread is 8.9%. The beam can completely
satisfy the requirements for irradiation processing.
To compensate the decrease of the accelerating effi-
ciency, a new idea was proposed to reduce the cell

length of the main accelerating segment from 3.499cm

References

1 Billen J H, Young L. M. Poisson Superfish: LA-UR-96-1834.
2003
2 YAO Chong-Guo. Electron Linear Accelerators. Beijing:

= F IR B TR R INR 2R A

x4 g™
2 (HEEEBE

WE nEs
HEN. BRI TFITE kS B
W JE Ak 45 A, AR ik
FHRBEREE 0% D, B F 4

KR wTEBMES #WTKST FHEME

2005 — 11 — 23 Yikd, 2006 — 01 — 09 &R
1) E-mail: liuhc@ihep.ac.cn

FBA

1 (P E s REREER ST dbat
REPIERBTSLAT  dbnt

to 3.494cm, resulting in an increase of accelerating
efficiency as well as a decreasing of the total length
of the accelerator. Of course, this proposal is suit-
able for the low energy linac. A model cavity will be
manufactured according to the design for cold mea-
surement in the near future.
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