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Abstract— The high-impedance relativistic klystron based on the hot cathode, of high power,
long pulse, high efficiency and stable amplitude and phase, is one of the promising candidates
for the high-power microwave coherent power combing. As a high-quality, small radius electron
beam plays a crucial role in an effective beam-wave interaction, a high-convergence electron
optics system is required for an 11.424GHz high-impedance relativistic klystron, with an output
power of 105 MW. In the design, to alleviate the cathode loading due to high-convergence, the
uniformity of the cathode emittance and the laminarity of beam are both sacrificed. Then
serious space charge effect is likely to occur with a rather high current density. To minimize
the scalloping, it is difficult to provide the best overlap of the beam trajectories and magnetic
force lines with priority to the amplitude of magnetic flux at the cathode. With the synthesis of
Pierce’s electron gun and the cylindrical focusing electrode, a particle in cell model of the electron
gun is constructed to obtain the electrostatic characteristics of the electron beam. Based on the
electrostatic beam trajectories, a beam-focusing system is designed, with which electron beam
can be well focused by adjusting the magnetic field profile especially in the transient region.
The PIC simulation results indicate that the balance radius of the reasonably fluctuated beam is
about 3 mm ,with a fine laminarity, and the transmission, the perveance and the area convergence
are 100%, 0.9 µP and 97 : 1 respectively, which satisfy the requirement of the 11.424GHz high-
impedance relativistic klystron. Moreover, with the comparison between thermionic emission and
explosive emission in PIC code, the micro-characteristics of beam shows the latter is tend to be
more reliable.

1. INTRODUCTION

The 11.424GHz klystron is under development as an alternative RF source for a next electron-
positron linear collider by SLAC, KEK and BINP, with the highest output power of 75MW [1, 2].
Moreover, the high-impedance relativistic klystron based on the hot cathode, owing to its high
power, long pulse, high efficiency and stable amplitude and phase, becomes one of the promising
candidates for the high-power microwave (HPM) coherent power combing. An effective beam-
wave interaction in a high power X-band klystron requires a high-quality electron beam with small
radius so that the electron optics system plays a crucial role in the performance of the device [3].
Although the 11.424GHz klystron has been fabricated in SLAC, KEK and BINP, but discussions
on simulation of a high-convergence electron optics system are scanty. However, in terms of time
and funds, the simulation is an efficient way to ensure a satisfying performance of the beam-stick
test in advance. Besides, there are several issues deserving deliberate consideration. Firstly, to
alleviate the cathode loading due to high-convergence, the uniformity of the cathode emittance and
the laminarity of beam are both sacrificed. Secondly, serious space charge effect is likely to occur
with a rather high current density. Thirdly, to minimize the scalloping, it is difficult to provide
the best overlap of the beam trajectories and magnetic force lines with priority to the amplitude
of magnetic flux at the cathode.

This paper presents the design of a high-convergence electron optics system for an X-band
high-impedance relativistic klystron by PIC simulation. In Section 2, the detailed design and
optimization of electron gun are described and the electrostatic characteristics of beam is presented.
In Section 3, a beam-focusing system well matched with the above beam is designed by a high-
frequency structure simulator, and the typical particle-in-cell (PIC) simulation results indicate that
the balance radius of the reasonably fluctuated beam is about 3 mm, and the beam voltage and
current are 525 kV, 328A respectively. Finally, a discussion on two cathode emission methods and
a conclusion are given in Section 4.

2. ELECTRON GUN ELECTROSTATIC DESIGN

As the optimized parameters of the beam-wave interaction system are summarized in Table 1,
the 11.424GHz high-impedance relativistic klystron with power of 105MW is already achieved in
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PIC simulation [4]. It shows the target performance of the electron optics system that the beam
voltage and current are 525 kV and 458 A respectively. Thus, the initial velocity due to the thermal
emittance can be ignored under a high voltage. Fig. 1 indicates the best balance radius should be
compressed to 3 mm. The average cathode loading over cathode is 13.5 A/cm2 according to XB72K
in KEK [5], implying the convergence of the cathode is as high as 117.

Table 1: Simulation parameters of the beam-wave interaction system.

Beam voltage
Beam
current

Beam radius
(mean)

Drift
tube radius

Perveance
Output
Power

Gain Efficiency

525 kV 458A 3.0mm 4.6 mm 1.2 µP 105 MW 50dB 43.5 %

The initial geometrical parameters are obtained from the synthesis method of the Pierce gun de-
veloped by Vaughan [6]. Since it doesn’t take the anode hole aberrations into account, a cylindrical
focusing electrode [7] is used to compensate as illustrated in Fig. 2. Furthermore, the synthe-
sis method of the Pierce gun usually applying to convergence below 40 provides a rather rough
geometric layout, which means special emphasis should be taken on the optimum gun geometry.

Figure 1: Extraction efficiency versus beam radius. Figure 2: Electron gun model with cylindrical focus-
ing electrode.

In order to realize a desirable high-convergence electron gun, the optimization routine is sched-
uled. Firstly, a suitable electric field contour distribution should be ensured as the beam trajectories
always follow the magnetic force lines. Secondly, beam should be converged at least making the
radius smaller than that of drift tube initially to avoid beam interception, and then by monitor-
ing the beam current on different axial position the transmission of 100% through a drift tube is
verified later. Thirdly, the target perveance and the beam radius are well worth considering, while
the laminarity being kept as good as possible. Table 2 shows the main optimum gun geometric
parameters.

Table 2: Main parameters of the electron gun.

rk/mm rf/mm Zf/mm df/mm θ/◦ Ra/mm dka/mm
31 33 10 20 28 28.5 48

In the optimization, it finds that the beam radius is mainly influenced by the geometric layout
and position of the cylindrical focusing electrode, the perveance is sensitive to the position of anode
so that it is adjusted by changing the gap between the cathode and the anode, and the laminarity
of beam can be improved by decreasing the radius of cathode in small scale. According to Fig. 3(a),
the length of focus electron should be long enough to strengthen the shielding for the cathode and
depress the cathode edge loading, and the electrostatic force increases at the same time. Therefore,
the beam trajectories are converged with the beam radius decreasing so that the space charge
effect is enhanced with the beam current reducing gradually. On the other hand, the position of
inner top section of the focusing electrode also plays a key role on the beam radius. As df is
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increased, it results in both raising and extending the focusing electrode. In Fig. 3(b), when df is
below 20mm the extension prevails so that the shielding is enhanced and hence the beam radius
decreases. When df is over 20 mm the raise prevails so that the shielding is weaken and hence the
beam radius increases, and the space charge effect is weaken leading to the beam current rising.

(a) (b)

Figure 3: Beam radius rm and the beam current I0 versus the different structure. (a) Length Zf of focus
electron. (b) Position df of inner top section of the focusing electrode.

Figure 4: Beam current as a function of temperature
in PIC simulation and theory.

Figure 5: Final beam trajectories without magnetic
field.

Under a high operating voltage, the voltage gradient in the electron gun becomes a critical issue.
And the maximum gradient occurs at the top of the focusing electrode or the anode. In order to
decrease the high-voltage gradient to a reliable level and confine the dimension of the gun, only
the radius of the outer top section of the focusing electrode and anode are augmented to 15 mm
and 12mm respectively [8]. Further calculation indicates that the maximum gradient decreased to
360 kV/cm. For low operating temperature, the electron gun is a typical Pierce type with an oxide
cathode. Based on Richardson-Dushman equation [9]

je = AT 2e−
eφ

KT

(
A/cm2

)
(1)

where k is the Boltzmann constant, A0 is the Dushman parameter, and φ is the work function
according to the material. In Fig. 4, as a function of temperature in both PIC simulation and
Richardson-Dushman equation, the beam current is growing with the temperature rising whereas
the growing rate is much smaller in simulation than that in theory. Therefore we can come into a
conclusion that increasing the temperature does improve the cathode emittance ability in theory
but the actual beam current is usually seriously limited by the space charge effect. Unfortunately,
Richardson-Dushman equation is without taking this limitation into account.
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The PIC simulation results of the gun without magnetic focusing are illustrated in Table 3,
indicating the beam radius is compressed to 3.3 mm and the beam current is 328A. The final
beam trajectories are presented in Fig. 5, showing the beam transmission nearly of 100% and good
laminarity. It can be seen that the beam-focusing system is indispensable to confine the scattered
electrons intercepted by the tube through the drift region when the electrostatic focusing force
vanished.

Table 3: Simulation results in electrostatic beam.

rm/mm I/A jk/(A·cm−2) P/µP M2 Zm/mm E/(kV·cm−1)
3.3 328 10.9 0.9 88:1 85 360

3. MAGNETIC CIRCUIT AND BEAM OPTICS

The beam-focusing system is a space-charge balanced flow type with a solenoidal field. The correl-
ative magnetic flux densities are illustrated in Eq. (2) ∼ Eq. (4), including the Brillouin value Bb,
one at the beam drift region B0, and one at the cathode Bk, where I and U are current beam and
voltage respectively, r0 is the beam balance radius and K is the shielding factor [10].

Bb =
830
r0

I
1/2
0

V
1/4
0

(Gs) (2)

B0 = Bb

/√
1−K2 (3)

Bk = KB0

(
r0

rk

)2

(4)

Substitute V0 = 525 kV, I0 = 328 A, r0 = 3 mm into the above equations when K is set to be
0.9, then B0 = 4270 Gs, Bk = 36 Gs are obtained. This indicates the magnetic flux density at the
beam drift region is 2.3 times as large as the Brillouin value. The geometric layout of the solenoidal
magnet structure is presented in Fig. 6, containing six magnet coils and a solenoid yoke. On the
outside of the front wall of the solenoid yoke, a trim coil marked coil1is set to tune the magnetic
field near the cathode.

The arrangement for beam matching with the beam-focusing system is crucial to obtain perfect
focusing beam characteristics, especially for the magnetic flux densities at the cathode and the
entrance of the drift tube named transition region. The following basic guidelines to optimize the
distribution of the magnetic flux are laid. On the one hand, the magnetic flux density at the
cathode and one at the beam drift region should be approximate to Bk and B0. On the other hand,
the best overlap of the initial beam trajectories and magnetic force lines specially in gun and anode
hole regions should be achieved [6].

In the optimization process we also find several disciplines described below.

Figure 6: Diagram of the beam-focusing system
(whose units are centimeters).

Figure 7: Magnetic profile and beam trajectories in
the beam-focusing system.
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1) Because the beam trajectories in whole region are sensitive to the magnetic flux density at
the cathode, make priority to comply with the first principle.

2) Once the magnetic flux density at the cathode is too large, the beam is likely to be intercepted
by the anode. Moreover, the low magnetic flux density just behind the anode hole in the
transition region leads to the beam intercepted by the inner section of the anode.

3) In front of the drift tube of the transition region, the magnetic flux density should be 0.8B0 ∼
0.9B0 to ensure the beam transmission 100% in this section.

4) After the perfect beam transmission is achieved, the stronger Bk is, the larger the balance
radius of beam is with lower beam ripple.

5) It is shown that the magnetic flux density behind the entrance of the drift region should be
increased to B0 in the transition region as soon as possible, or the laminarity of beam goes
poor.

The magnetic flux density in the transition region is dependent on the aperture of the solenoid
yoke and the main magnet coils. Through enlarging the aperture of the front-wall in the solenoid
yoke, the magnetic flux density behind the anode hole in the transition region can be improved.
And the magnetic flux density in the whole transition region can be enhanced by a large aperture
of the back-wall. Notably, the decrease of magnetic field at the end of solenoid is essential to collect
the scattered beam for high efficiency.

The relative location of the beam-focusing system respect to the electron gun also influences the
beam balance radius, transmission, fluctuation and laminarity, which also needs to be optimized.
If remove the beam-focusing system back 45 mm, the magnetic field profile just satisfies the above
disciplines as shown in Fig. 7, which indicates that the magnetic field at the cathode is 32 Gs, and
the longitudinal magnetic field in the interaction region is about 4280 Gs. With magnetic field
profile introduced, the beam trajectories were carried out with the PIC code in Fig. 7, showing the
beam transmission is about 100% with good laminarity and low ripple. The beam trajectories in
drift region in detail shows the balance radius has reached 3.15 mm and hence the convergence is
improved to 97 thanks to the secondary compression from the magnetic field.

Although the perveance is still 0.9µP as the result without magnetic focusing, the simulation
result of the beam-wave interaction system based on the final beam parameters with the obtained
beam-focusing system shows the output power reaches 79 MW, with efficiency of 44.5% and gain
of 49 dB.

(a) current density distribution (b) electrons velocity distribution

Figure 8: Micro-characteristics of the beam distribution along the cathode radius.

4. DISCUSSION AND CONCLUSION

The above simulation is based on thermionic emission in PIC code, however the actual cathode
emittance can also be simulated by explosive emission. Comparing the simulation results of these
two cathode emission methods, the characteristics of beam are almost the same apart from the
micro-characteristics as illustrated in Fig. 8. The current density distribution along the cathode
radius is shown in Fig. 8(a). With a high-convergence, the cathode loading should not only be
limited to a reasonable level but also have good uniformity. Therefore the simulation result by
explosive emission is overwhelm the other one on the two points, whose average cathode loading
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is about 10 A/cm2, lower than that by thermionic emission. Distribution of the electrons velocity
across the beam are presented in Fig. 8(b), which is more homogeneous by explosive emission.

To summarize, the design of a high-convergence electron optics system for an X-band high-
impedance relativistic klystron by PIC simulation is presented in this paper. The static electricity
characteristic of the gun is optimized by the big curvature radius focusing electrode and anode to
reduce the electric field. A match magnetic focus system is designed, with which the electron beam
can be well focused. A solid beam is obtained with a radius of 3mm, and the beam voltage and
current are 525 kV and 328A. The fluctuation on the beam is small with favorable laminar flow
characteristic, and the transmission, the perveance and the area compression are 100%, 0.9µP and
97, respectively. With the comparison between thermionic emission and explosive emission in PIC
code, the micro-characteristic of beams shows the latter is tend to be more reliable.
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