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ABSTRACT

Computer simulation of the characteristics of the dark current emitted from a 0.6 m long

S-band accelerating structure has been made. The energy spectra and the dependence of the

dark current on the structure length were simulated. By adjusting the secondary electron

emission (SEE) coefficients, the simulated energy spectra qualitatively reproduced the observed

ones. It was shown that the dark current increases exponentially with the structure length. The

measured value of the multiplication factor of the dark current per unit cell can be explained if

the SEE coefficient is set to 1.2. The critical gradient for dark current capture £cr,- has been

calculated for two structures of 180 cells. They are Ecri [MV/m] = 13.1 / and 8.75/for

alX = 0.089 and 0.16, respectively, where,/ is the frequency in GHz, a the iris diameter and

X the wave length.
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1. Introduction

A high accelerating field of more than 100 MV/m is aimed at for the main linac of a future

e+e~ collider [1] with a center of mass energy of about 1 TeV. Under such a high-field

operation, the dark current due to field emitted electrons may cause serious problems such as an

increase of the background at the interaction region, heating of accelerating structure wall and

beam loading. It is therefore very important to understand the fundamental mechanism of the

dark current. For this purpose, extensive experimental studies of high gradient acceleration

have been made in some laboratories. At SLAC, experiments were done for S, C and .Y-band

frequencies. Owing to the lack of high power RF sources, short (single or 7 cells) standing

wave type accelerating structures were used[2-5]. At KEK, with high power klystrons,

experiments have been carried out by using long (17 and 22 cells) travelling wave type

structures for S and X-band frequencies[6-l I]. At LAL, experiments with a 0.5 m long 5-band

travelling wave type structure have been performed[12-13]. In contrast, only few works are

reported on the analysis of these experiments[14].

As a first step in analyzing these experiments, simulation has been performed on the high-

gradient experiment with a 0.6 m long 5-band accelerating structure carried out at KEK. The

characteristics of the dark current, i.e., energy spectra and the dependence of the dark current

on the structure length have been simulated, and the results were compared with the

experimental results. The effect of secondary electron emission (SEE) coefficient of copper on

these characteristics has been examined.

With this simulation code, the critical value of the gradient for the dark current capture has

been calculated and its dependence on the structure length and on the ratio of the iris diameter to

the wavelength(a/A) has been investigated.

2. Specifications of the simulation code

The electron trajectories are calculated by tracking the motion of electrons in a travelling-

wave electromagnetic field obtained by a numerical calculation. The travelling-wave fields are

obtained as a superposition of "symmetric" and "antisymmetric" standing-wave modes:

E= ES cos(ct) t) + Ea Sm(COt),

H = -Hs sin(û) /) + Ha cos(© /),

where, E is electric field and H is magnetic field. Suffixes "s" and "a" mean symmetric and

antisymmetric, respectively. These modes are calculated for an accelerating structure made of

three cells with open and short boundary conditions, respectively, using the code MAFIA[IS].

Electromagnetic field distributions of the two modes are shown in Fig. 1. Jointing the

electromagnetic field for the three cells structure, trajectory tracking is possible for structures of



3n(n=1,2, 3,...) cells. Since the actual accelerating structures are of the constant-gradient type,

the 3n cells field can be approximated as being that of a lossless constant-impedance structure.

The equation of motion is :

- -e (E+VXB), (2)

where, me is the electron mass, e the electron charge, E the electric field, B the magnetic flux

density, v the electron velocity and t the time. Considering the cylindrical symmetry of the

electromagnetic field as well as the accelerating structure, 2.5-dimensional equations of motion

are solved numerically by the Runge-Kutta-Gill method. It is assumed that a primary electron is

emitted from a certain point on the round part of a disk tip during the electric field at that point

can extract electrons toward the vacuum. The initial velocities of emitted electrons are set to

zero.

When the primary electrons strike the structure, secondary electrons are emitted. For the

variation of the SEE coefficient^ vs primary electron energy (Ep) curve, several formulae have

been proposed. Fig. 2 shows the reduced SEE curve calculated by Lye and Dekker's formula

[16]:

where S : SEE coefficient,

Sm : maximum value of 6,

gn :(l-exp(-z"+1))/zn,n = 0.35,

Zm : value of z for which gn reaches its maximum value,

E : incident electron energy,

Em : the value of E which gives maximum yield of SEE.

This formula gives fairly good agreement with measured data for small values of Ep, i.e., EIEm

less than about 10. What about higher primary energy? Of all the secondary electrons, there

exist elastically scattered or inelastically scattered electrons as well as "true" secondary

electrons, the electrons emitted from the metal surface with slow velocity after getting the

kinetic energy from the primary electrons. Rudberg gave the velocity distribution curve (Fig. 3,

Ep=150 eV)[17]. This curve is interpreted as follows: the sharp peak on the left represents the

elastic scattering. The peak at the right is regarded as "true" secondaries and the middle part as

inelastic scattering. The 6 -Ep curve for high primary energy for some materials, obtained by

Tramp and Van de Graff[18], is shown in Fig. 4. As can be seen, the ratio of the elastic

scattering to all the secondary electrons increases with the increase of primary electron energy.

In Fig. 5, the slow secondaries of energy less than 800 eV is shown with the carve calculated
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by Lye and Dekker's formula. It shows that the Ley and Dekker's formula gives fairly good

prediction even for high primary energy. Really, however, there is a possibility that the copper

surface has large S value because of contamination, oxidation, etc. In this paper, it is assumed

that only "true" SEE and elastic scattering will happen and that their ratio is given by that

calculated from Fig. 4 (Tungsten). Moreover, SEE coefficients are assumed to be constant for

all primary energy. The initial velocity of "true" secondaries is assumed to be 5 eV [17]. The

dependence of SEE coefficient for "true" secondaries on incident angle, 5(6) is taken from

eq(2)inref. [19]:

2

S(O) = Sb(I+*?-), (4)

where,

S0: 5 for 0 = 0,

it : constant (set to 1),

6 : incident angle of primary electrons.

Tracking of an electron is ended when its kinetic energy is below a certain value (set to

50 eV) or collision times exceeds a certain value ( set to 50).

The probability of field emission is assumed to be subject to the standard Fowler-Nordheim

equation [20] in which the field enhancement factor (p) [21] is incorporated :

V 5 6.53xlO9x015

cxp{ }, (5)

where, / : field emitted current density [A/m2],

(j) : work function of the metal [eV],

P : field enhancement factor,

E: externally applied electric field [V/m].

Although the accelerating structure used in the experiment is a disk-loaded structure with

17 cells and 2 couplers (Fig. 6), this structure, in this simulation, was approximated as

18 regular cells structure (thick solid line in Fig. 6). The effect of collimation due to the finite

acceptance at the output coupler is taken into account The emission points of primary electrons

and the rf phase at emission are assumed to be uniform. The emission point, the emission phase

and the selection of "true" secondaries and elastic scattering are determined by Monte Carlo

method. An example of simulated trajectories of field emitted electrons is shown in Fig. 7 for a

gradient of 60 MV/m (the number of primary electrons is 100). In the following simulation, the

number of primary electrons was set to 20,000 per three cells.



3. Simulation of dark current characteristics

The 5-band high gradient experiment at KEK was performed using ATF(Accelerating Test

Facility) Phase-I Linac. The experimental setup is shown in Fig. 8. Detailed description of the

experiment is given in ref. [6-10]. Three accelerating structures named l)"normal", 2) "clean"

and 3) "electroplated" were used.

3.1 Energy Spectra

The energy spectra were measured with a bending magnet at the down stream side. The

measured results are shown in Fig. 9. Common characteristics to all structures are the broad

peak in the center region and the cutoff at the low energy region. The position of the peak varies

depending on the structure. The low energy bump observed in a) and c) is considered to be

arose from output coupler.[8] Simulated energy spectra for an accelerating gradient of 50 MV/m

(P = 60) are shown in Fig. 10 for no secondaries (including elastically scattered electrons),

8 = 1.0 and S = 1.2. For 8< 1.0, the shape of spectra shows monotonous right-handed fall

and does not reproduce the center broad peak and the low energy cutoff. However, the cutoff

and center broad peak can be reproduced for 3 = 1.2. Consequently, it is believed that the 5 is

greater than 1.0. In Fig. 11 the dependence of the energy spectra on the gradient is shown

(S = 1.2). Both characteristics can been seen.

Here, let us examine the reason why the energy spectra have monotonous right-handed fall

if we neglect the secondary emission. In Fig. 12, the kinetic energy of field emitted electrons at

the end of the structure and electric field strength at the emission point (down stream side of the

most upstream disk) are shown as a function of emission RF phase (E = 60 MV/m). The

reference of phase (6) is such that the "symmetric" mode is maximum. 0 = 0 corresponds to

t = 0 in eq. (l).The phase of the crest corresponds to about 70°. In Fig. 13, the phase diffe-

rence between the phase for crest (9C) and that for field emitted electron (0{e), Ad = 6C- 6[e, is

shown as a function of position of field emitted electrons for initiai phase of 30° and 90°. In

both cases, field emitted electrons are trapped in a certain RF phase after they travelled few

cells. Fig. 14 shows the positions of electrons on the crest and field emitted electrons with the

electric field distributions. From Figs. 12 a.id 13, the following conclusions can be made:

electrons emitted at 0, = 30° are trapped just behind the crest and they car. obtain almost the full

energy (60 MV/m x 0.63 m = 38 MV). On the other hand, electrons emitted at Q1 = 90° are

trapped far away from the crest and they get small kinetic energy. However, electric field

strength at emission for Q1 = 90° is much larger than that for Q1 = 30°. Therefore emission

probability is much larçcr according to the Fowler-Nordheim relation. Thus electrons with

smaller kinetic energy has larger weight and vice versa, and then it gives right-handed fall



energy spectra. In other words, the right-handed fall of energy spectrum reflects the Fowler-

Nordheim relation.

3.2 Dependence of the dark current on the structure length

According to the experimental results of ATF [8], the total amount of the dark current (/)

increases exponentially with the structure length for the accelerating gradient less than

60 MV/m. In this chapter, this characteristic has been simulated. Furthermore, the value of SEE

coefficient has been determined from the simulation results. Fig. 15 shows the relation

between / and the number of cells (N) for the gradient of 50 MV/m. The value of / is obtained

from the integral of energy spectra. To compare with the experimental results, component of

dark current below 5 MeV is excluded. As shown in Fig. 15, / increases exponentially with N.

Moreover, the increasing rate increases with the value of S. If there is no multiplication scheme

in the structure, I would increase linearly with N. Thus we believe that the field emitted

electrons form the upstream cells are multiplied in the down stream cells.

Let us express / as follows according to ref [8]:

/ = a TJ ", (6)

where, a : constant,

Tj : multiplication factor of the dark current per unit cell.

As shown in Fig. 16, J] increases linearly with S. Since, experimental value of Tj is 1.36, the

value of 8 is found to be 1.2. This value is consistent with the result of Sec. 3.1 in which it is

shown that the Ô must be greater than unity.

4. Critical Gradient for Dark Current Capture

In this chapter, the critical value of the gradient for the capture of field emitted electrons Ecri

is calculated. First, Ecri is estimated by the analytical approach considering the longitudinal

motion on the axis. Next, the value is computed by using this simulation code.

4.1 Analytical Approach

Fig. 17 shows the phase flow curve in the phase space for gradient of 10,15 and 20 MV/m

in S-band frequency (2856 MHz). The bottom of the separatrix touches the line of

p(momentum) = 0 for the case of 15 MV/m. This means the capture from the rest starts from

about 15 MV/m. The threshold value for the capture of electrons on the axis with initial

momentum of p, Ep
crj is given by the following equation (Ref [22], p.l 19 eq. (13)).



(7)

where, E p
cri= eE Pcri /m0c

2, k = 2TE/A.

Lettering the p = 0, the Ep
cri from rest, Ecn is given as:

(8)

or

£cn- [MV/m] = nmocVeX (9)

= 1.6A[m] (10)

= 5.3/[GHz]. (11)

For the frequency of 2856 MHz, Ecr,- = 15.3 [MV/m].

4.2 Simulation

Next, let us calculate the Ecri for the 18 cell structure using this simulation code. The field

emitted electrons are assumed to be emitted from the downstream side of the most upstream

side disk where the electric field has its maximum. Fig. 18 shows the trajectories for gradient of

15, 20, 40, 60 and 80 MV/m. The emission timing with respect to the RF phase was taken at

every 10 degrees. The field emitted electrons can pass through to the end of the structure for the

gradient above 20 MV/m. Fig. 19 shows maximum and minimum value of the transmission

phase as a function of the field gradient; this figure shows Ecri is about 20 MV/m.

The value of Ecri depends on the number of cells (AO and on the ratio of iris diameter to

wavelength (a/A). In Fig. 20, Ecri is plotted as a function of N (Nmax = 180) for two values

of a/A. In both cases, £cn- becomes larger with N and it saturates at a certain number of N. The

saturated value of ECTl, (£«) is 37 and 25 MV/m for a/A = 0.089 and 0.16, respectively. In

both cases, £cn- obtained by the simulation is fairly large compared with that obtained by the

analysis. It seems that this is due to the fact that the process of the capture by disks is not

taken into account in the analysis. As shown in Fig. 21, the trajectories for a/A = 0.089 and

0.16 in the first 3 cells are similar to each other. For 180 cells (Fig. 22), however, they are

different from each other. For the a/A = 0.089, almost all the electrons are captured. For

a/A =0.16, however, they can pass through to the end of the structure without being trapped.

Next, the frequency dependence of Ecri is examined. According to the equation of motion

(eq. (I)), Ecri should be proportional to the frequency. As shown in Fig. 23, the electron

trajectories for S and X-band frequency are very similar (the gradient for X-band is 4 times

larger than that for 5-band). Therefore, £«> could be expressed as :

£oo [MV/m] = kf [GHz], (12)



where, k is constant and/the frequency.

The value of k is 8.75 and 13.1 for alX - 0.089 and 0.16, respectively. The design values of

unloaded gradient of each linear collider projects are shown in Fig. 24 with the Eq. (12). From

the dark current capture point of view, CLIC structure is the most promising.

5. Conclusion

Characteristics of the field emitted current in the 0.6 m long 5-band accelerating structure

has been investigated by numerical simulation. The measured energy spectra are qualitatively

reproduced when the secondary electron emission coefficient is set to about 1.2. Moreover, it is

shown that the dark current increases exponentially with structure length. The measured value

of T] is reproduced when the 6 is set to 1.2. From these results it is concluded that the S of the

copper surface of the accelerating structure is larger than 1.0. In addition, the critical gradient

for the dark current capture is estimated by using this simulation code. The value for 180 cells

structure are estimated in [MV/m] to be 13.1/[GHz] and 8.75/fora/A of 0.089 and 0.16,

respectively.
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Fig. 1 Electromagnetic field distributions a) electric field (symmetric mode), b) magnetic field

(symmetric mode), c) electric field (antisymmetric mode) and d) magnetic field (antisymmetric

mode).
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EIEm

Fig. 2 Secondary electron emission coefficients calculated by Lye and Dekker's formula.

Fig. 3 Secondary electron velocity distribution.
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b)a/A = 0.16.E = 60MV/m.
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Fig.23 Comparison of electron trajectories for different frequencies a) S-band, 60 MV/m and b)

X-band 240 MV/m.
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Fig. 24 Critical Gradient vs Frequency.
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