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Axial electric wake field inside the induction gap

exited by the intense electron beam *
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Abstract While an intense electron beam passes through the accelerating gaps of a linear induction acceler-

ator, a strong wake field will be excited. In this paper a relatively simple model is established based on the

interaction between the transverse magnetic wake field and the electron beam, and the numerical calculation

in succession generates a magnetic wake field distribution along the accelerator and along the beam pulse as

well. The axial electric wake field is derived based on the relation between field components of a resonant

mode. According to some principles in existence, the influence of this field on the high voltage properties of

the induction gap is analyzed. The Dragon-I accelerator is taken as an example, and its maximum electric

wake field is about 17 kV/cm, which means the effect of the wake field is noticeable.
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1 Introduction

Electrical breakdown property is one of the main

considerations in the design of an induction accel-

erating cell[1]. Traditionally the static electric field

distribution is taken into account to optimize the ge-

ometry of the cell, but the situation becomes more

complicated when the effects are involved of the in-

tense electron beam passing through the cell.

1.1 Effects resulting from the intense elec-

tron beam

The existence of intense electron beam brings

about the following effects.

Firstly, a large number of the charged particles

behave like an electrode, which can change the static

E-field distribution and increase the peak field value

inside the accelerating gap. Our simulation shows

that the change is almost proportional to the inten-

sity of the electron beam. But in fact the above field

increase will be counteracted due to beam loading[2].

Secondly, in a normal case there is nearly 10%

of the electron beam losing in the beam line

transportation[3]. These stray electrons will bom-

bard the accelerating electrodes and generate the sec-

ondary electron emissions. However according to the

data from Ref. [4], the secondary electron emissions

will decay rapidly, since the energy of the stray elec-

trons, normally higher than 1 MeV, corresponds to

a multiplication factor smaller than 1. Therefore the

impact of the secondary electrons can be neglected in

the breakdown modeling.

Furthermore, a kA level intense electron beam will

excite a strong wake field when passing through the

accelerating gaps. The wake field will not only deflect

the electron beam and lead to the beam breakup in-

stability, but also modulate the accelerating field dis-

tribution and enhance the risk of high voltage break-

down. In this paper, we will focus on the studies of

the wake field and its influence in the accelerating

gap.

1.2 The Dragon-I accelerator

The Dragon-I accelerator will be taken as an ex-

ample to demonstrate the influence of the electron

beam in the following sections.

The Dragon-I accelerator is a 20 MeV, 2.5 kA,

90 ns (FWHM) linear induction accelerator operat-
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ing in a single pulse mode. Its main accelerating

section consists of 72 induction cells, and each cell

can provide a high voltage pulse of 250 kV, 120 ns

(FWHM). A cutaway view of the induction cell is

shown in Fig. 1. The electron beam will be acceler-

ated while passing through the bore of the cell, and

focused by the solenoid at the same time. The nar-

row, curved accelerating gap, together with the ferrite

materials can damp the transverse wake field effec-

tively.

Fig. 1. Cutaway view of the induction cell of
Dragon-I accelerator.

2 Fundamental theory

2.1 Wake field expression

The fundamental mode of the wake field, TM1n0

mode, is the main concern in an induction accelera-

tor because it has an axial electric field component

between the accelerating gap electrodes, and its mag-

nitude increases exponentially in the process of the

resonant interaction with electron beam.

The corkscrew[5] is under the control for acceler-

ators like Dragon-I, so there exists nearly no phase

difference between the preceding particles which ex-

cite the wake field and the tail particles. In this case

the motion of the tail particles is disturbed not by the

radial magnetic wake field component, Br, but by the

azimuthal field component, Bθ , near the accelerator

axis which can be written in the form of the wake

function W⊥

[6],

Bθ(t) =
1

cg

∫ t

0

W⊥(t− t′)I(t′)r(t′)dt′ , (1)

where,

W⊥(t) =−
Z⊥(ω0)

Q
ω2

0e
−ω0t/2Q sin(ω′t)

ω′
. (2)

In the above equations, c is the light velocity, r rep-

resents the beam centroid, I(t) is the time depen-

dent beam current, g is the gap width, Z⊥(ω0) is

the transverse impedance, Q is the quality factor, ω0

is the resonant frequency of the induction cell, and

ω′ = ω0

√

1−1/(2Q)2. The beam current with a rect-

angular like pulse shape in one induction linac can be

described as,

I(t) = I0[1−exp(−a1
•t)] •{1−exp[a2

•(t−tmax)]}, (3)

where, I0 is the beam current magnitude, tmax rep-

resents the pulse bottom width, a1 and a2 are the

parameters relative to the front and fall end of the

pulse respectively.

In the induction linac of Dragon-I, a1=3.5/τ ,

a2=4/τ , where τ=25 ns refers to the rise time of the

pulse, tmax ≈110 ns, and I0 ≈2.5 kA.

2.2 The motion equation

A model is established to simulate the interac-

tion between the electron beam and the wake field.

In this model the beam pulse is cut into numerous

slices, therefore the motion of each slice through each

cell can be tracked.

Fig. 2. Schematic of the interaction between
electron beam and the cells.

An induction cell can be divided into the drifting

section (solenoid) and the accelerating section (gap),

as shown in Fig.2. The electron beam will be fo-

cused by the solenoid in the drift section. At the exit

of the drifting section of the i-th cell, the transverse

displacement and transverse momentum of the j-th

slices are

rd(i, j) = r(i−1, j)cos(kβl)+r′(i−1, j)/kβ sin(kβl),

(4)

r′

d(i, j) =−r(i−1, j)kβ sin(kβl)+r′(i−1, j)cos(kβl),

(5)

where kβ = qB/2m0cβγ, β is the relative velocity, γ

is the normalized energy, q and m0 are the charge

and mass of an electron respectively. l equals to the

cell length approximately since the gap width is too

small compared with the length of drifting section.

Therefore after the beam crosses the gap, the trans-

verse displacement is negligible, but the transverse
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momentum changes result from the kick of the wake

field. At the exit of the i-th cell,

r(i, j) = rd(i, j)+rmisalignment , (6)

r′(i, j) = r′

d(i, j)+kick(i, j)+r′

misalignment . (7)

In the above equation the alignment errors of the ac-

celerator are added, and rmisalignment and r′

misalignment

represent the offset and tilt of the cell axis respec-

tively. The kick refers to the transverse momentum

change,

kick(i, j) =
qg

m0βγc
Bθ =

q

m0c2βγ

∫ t

0

W⊥(t− t′)I(t′)r′

d(t
′)dt′ . (8)

In the simulation model the integral is transformed

to a sum as

kick(i, j) =

−
Z⊥(ω0)

Q

qω2
0

m0c2ω′βγ

j
∑

k=1

exp

(

(j−k)
ω0∆t

2Q

)

×

sin(ω′(j−k)∆t)I(k)r′

d(i,k)∆t . (9)

Equations from (6,7) to (9) are incorporated into a

transmission matrix of the i-th cell, and the electron

beam motion is characterized by the multiplication of

the matrixes of all the 72 cells. On the other hand

the wake field in each cell will be accumulated with

more and more electrons crossing the gap.

In the simulation the energy gain ∆γ of electrons

passing through each gap is taken into account as

well, and at the exit of i-th cell,

γ(i) = γ(i−1)+∆γ· · ·. (10)

2.3 Operating condition and simulation re-

sult

The operating condition of Dragon-I accelerator is

shown in Table 1 and Table 2. Only the TM130 mode

is taken into account since it is most dangerous[7].

Table 1. Properties of the Dragon-I accelerator.

symbol value unit comment

n 72 number of the cells

l 0.533 meter length of a cell. An inter cell is
divided into 4 sections, and ev-
ery section is taken as part of
a drift section

ω0 750 MHz resonant frequency (TM130)

Z⊥ 745 Ω/m transverse impedance(TM130)

Q 31 quality factor (TM130)

m0c2∆γ 230 keV energy gain per gap, in consid-
eration of beam loading

B0 0.048 T initial transportation magnetic
field, and the field evolves as
B = B0(γ/γ0)1/2

Table 2. Beam parameters of the Dragon-I accelerator.

symbol value unit comment

(γ
0
−1)m0c2 3.5 MeV the injected beam energy

r0 1 mm initial transverse displace-
ment of the beam centroid

r′0 0.01 rad initial transverse momen-
tum of the beam

The motion of electron beam and the induced

wake field are simulated at the operating condition

of the Dragon-I accelerator with rmisalignment <0.2 mm

and r′

misalignment <1 mrad. A three dimensional distri-

bution of the calculated magnetic wake field of TM130

mode is shown in Fig. 3, and its maximum is about

0.005 T.

Fig. 3. Distribution of magnetic wake field at
the operating condition of Dragon-I.

2.4 The axial electric wake field

The axial electric field component of TM1n0 mode

near the axis can not be derived in the same way

as the transverse magnetic field component, and it

tends to be deduced from the magnetic field already

known, since the electric field is zero at the axis, but

the magnetic field reaches its maximum.

The induction cell can be taken as a pill-box, and

the field components expression of TM1n0 mode in

such a cylinder[8] characterizes the relation between

the electric field and magnetic field,

Bθ = D
ω0

c2
J ′

1

(u1n

a
r
)

cosθ sin(ω0t+φ), (11)

Ez = D
u1n

a
J1

(u1n

a
r
)

cosθ cos(ω0t+φ), (12)

where D is the constant, u1n is the n-th root of the

first order Bessel function, a is the effective radius of

the cylinder, and a=0.65 m for the induction cell of

Dragon-I.

Taking the maximum magnetic field of 0.005 T

into Eqs. (11,12), the distribution of the axial electric

field and transverse magnetic field along the radius

inside the gap can be drawn, as shown in Fig. 4. The

maximum electric field is about 17 kV/cm, and lo-

cated at r=12 cm, around one of the peak points of

the static electric field, and the corresponding peak

field strength is 207 kV/cm.
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Fig. 4. The field distribution of TM130 mode
inside the induction accelerating gap.

3 Influence on the high voltage pro-

perty

The breakdown phenomena can be divided into

two stages, the field emission, and the particles mo-

tion in succession[9].

In the first stage, the electron emission density

is given by Fowler-Nordheim (F-N) formula[10], but

there exists a little difference for static (DC) fields and

wake (RF) fields. The dependences of emission cur-

rent on the electric fields are shown in Fig. 5, where

the field enhancement factor β=70.

At the same field strength, the RF emission

is much lower than DC emission. On the other

hand, since the emission density increases exponen-

tially with the electric field, if the DC field (e.g.

207 kV/cm) is strengthened by the RF field (e.g.

17 kV/cm), the incremental emission density becomes

noticeable, which is more than 10 times the DC emis-

sion.

In the second phase, the electrons will be acceler-

ated by the static field, but modulated by the wake

field at the same time. The accelerating field will be

reinforced or weakened by the wake field at different

initial phases, which results in the variation of the

transit time. Meanwhile the transverse motion direc-

tion changes periodically as the initial phase changes

from 0◦ to 360◦.

Fig. 5. F-N plot for DC and RF emission (β=70).

Further investigation shows in the vicinity of the

operating condition, the electric wake field brings

forth no remarkable influences on the motion of elec-

trons since the wake field is too lower than the accel-

erating field.

4 Conclusion

Considerable axial electric wake field will be ex-

cited inside the induction accelerating cell, for exam-

ple, 17 kV/cm at the operating condition of Dragon-I.

Since the high voltage property will be influenced by

this wake field more or less, its effect should be taken

into account before the operating accelerating voltage

is fixed.
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