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Formation of a laminar electron flow for 300 GHz high-power pulsed gyrotron

Yuusuke Yamaguchi,a) Yoshinori Tatematsu, Teruo Saito, Ryosuke Ikeda,
Jagadish C. Mudiganti, Isamu Ogawa, and Toshitaka Idehara
Research Center for Development of Far-Infrared Region, University of Fukui, 3-9-1 Bunkyo, Fukui-shi
910-8507, Japan

(Received 6 August 2012; accepted 6 November 2012; published online 28 November 2012)

This paper describes the design of a triode magnetron injection gun for use in a 200 kW, 300 GHz

gyrotron. As power and frequency increase, the performance of the gyrotron becomes quite

sensitive to the quality of the electron beam. Formation of a laminar electron flow is essential for

the realization of a high quality beam with a small velocity spread. In this study, a new method is

developed for a quantitative evaluation of the laminarity and is applied to optimize the electrode

design. The laminarity depends not only on conventional design parameters such as the cathode

slant angle but also on the spatial distribution of the electric field along the beam trajectory. In

the optimized design, the velocity pitch factors, a, larger than 1.2 are obtained at 65 kV, 10 A

with spreads, Da, less than 5%. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4768959]

I. INTRODUCTION

Gyrotrons are capable of providing high-power electro-

magnetic waves at millimeter and sub-millimeter wave-

lengths and are widely used in various fields for physics

studies and for industrial and technological uses. Currently

the most remarkable of these is the application to the study

of plasma physics. In the field of nuclear fusion research,

MW class tubes with frequencies from 28 to 170 GHz have

been already utilized.1–3 In the forthcoming years, develop-

ment of a high power wave source in the sub-THz region is

expected for the measurement of collective Thomson scatter-

ing (CTS) in the large helical device (LHD).4,5 At Research

Center for Far-Infrared Region (FIR Center), University of

Fukui, development of a 295 GHz tube is currently in pro-

gress.6,7 In this study, design of a magnetron-injection gun

(MIG) is carried out using an electron trajectory code

EGUN8 to make a large current, laminar electron beam

which is suitable for a new tube.

For use in the measurement of CTS in LHD, a high

power source is required with a frequency less than several

hundred GHz to ensure sufficient scattering angles for good

spatial resolution. So far, a 77 GHz gyrotron for electron

heating has been used for CTS diagnostics.4,5 However, the

application of such a low frequency presents difficulties in

delivering the probe wave to a target plasma region because

of refraction, cut-off, and absorption at the electron-

cyclotron resonance layer. Additionally, signal detection is

adversely affected by electron cyclotron emission (ECE)

background noise. To avoid these disadvantages and to real-

ize higher signal-to-noise ratios, the performance require-

ments are an oscillation frequency around 300–400 GHz, an

output power of more than 100 kW, and a pulse duration of

�1 ms.6,9–11

At FIR Center, a high-power tube was initially devel-

oped using an 8 T superconducting magnet and a power sup-

ply with voltages up to 65 kV. The oscillation frequency was

around 400 GHz at the second harmonic.9–11 Although the

single mode oscillation was successfully demonstrated with

the world power record of the second harmonic gyrotrons,

the power has remained around 85 kW.6,11 Power saturation

is observed as the beam current increases, which is likely

due to deterioration of the beam quality.11 Furthermore, the

competing fundamental mode is found to prevent stable os-

cillation of the second harmonic mode. To achieve further

increases in power with sufficient stability, it was decided to

develop a new tube with a fundamental harmonic oscilla-

tion.6,7 A cryogen-free 12 T superconducting magnet was

introduced, and the design of the cavity has been performed

with careful considerations for the oscillation mode, the fre-

quency, and the beam-microwave coupling. Finally, we

selected the frequency of 295 GHz with the cavity mode of

TE14,2. It is predicted by the simulation that a power of over

200 kW can be realized with a beam voltage VK of 65 kV, a

current IB of more than 10 A, and the velocity pitch factor a
(the ratio of perpendicular to parallel velocities to the mag-

netic field line) of 1.2 in the cavity.6

In gyrotrons, the electron gyration energy is transferred

to the wave energy. For high power levels and efficiency, an

intense beam is required with a larger a and smaller velocity

spread. The spread of a

Da � ðamaximum � aminimumÞ=aaverage (1)

should be minimized because it decreases the oscillation effi-

ciency and may cause magnetic mirror reflections for a por-

tion of the electrons.12 Following the results of the 400 GHz

gyrotron, special attention was paid to produce a high quality

electron beam with a small velocity spread. Formation of a

laminar electron flow is essential to obtain small velocity

spreads, especially for large current beams.3,13–16 The con-

ventional design parameter has been the slant angle hE of the

emission surface to the magnetic field line, which should be

larger than 25� for a well laminated flow.14–16 However,a)Electronic mail: y-yama@fir.u-fukui.ac.jp.
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until now, no method has yet been reported to quantitatively

evaluate laminarity in gyrotrons. In our latest work, a new

method is proposed for evaluation of the laminarity and is

applied to the MIG design.10 Here, we consider the mecha-

nism of a laminar flow formation from a fresh perspective

which was found on the design process of the electrodes. It

is found that hE has an optimum value, with which the high-

est laminarity and smallest velocity spread are obtained

simultaneously. The optimum value of hE depends on the

detailed shapes of the first anode and the cathode.17 The

shapes of the electrodes are carefully adjusted to form a lam-

inar flow with small velocity spread in the region between

the first anode and the cathode. The second anode is

designed so as to maintain a minimal Da value until the

beam enters the cavity. Consequently we have obtained good

electrode geometries, such that the Da at the cavity entrance

(Dacavity) becomes quite small (less than 5%) for the aver-

aged a at the cavity entrance (acavity) of 1.2. The final MIG

design has been applied to the fabricated 295 GHz, 200 kW

pulsed gyrotron.

This paper is organized as follows: In Sec. II, we present

the preliminary design of a MIG under various geometrical

restrictions. After brief descriptions for the space charge

effect, we present the formation of a laminar electron flow

with the cathode and the first anode. The design of the sec-

ond anode is also described. Section III is devoted to

describe the performance of designed MIG and discussion. A

summary is given in Sec. IV.

II. DESIGN OF MIG

A. Preliminary design

Beam quality is characterized by the spread, Da. Since

the electron beam interacts with the transverse electric field

in the cavity, the value of acavity should ideally be large with

a minimized Dacavity. In this study, beam simulation was

conducted with EGUN, which allowed us to take into

account the actual magnetic field distribution and electrode

structure in the axisymmetric geometry.8 Space charge and

self-magnetic field effects were also included. To obtain

accurate results, during the calculations the parameter val-

ues, such as mesh size, ray number, trajectory calculation

step sizes, and the number of iterations, were monitored for

validity. The mesh size was much smaller than the character-

istic length for spatial distribution of the potential. The step

size was short enough to describe the cyclotron motion. An

adequate number of rays and iterations were determined

such that convergence to a stationary solution was obtained

within a realistic computation time.

Figure 1 gives a schematic drawing of the electrode

design used for numerical computation of the beam trajec-

tory. A typical trace of the beam trajectory is also shown. A

triode-type structure is adopted to control the beam proper-

ties without changing the magnetic field and the total beam

energy. The dimension of the MIG is restricted by the diame-

ter of the room temperature 100 mm bore of the supercon-

ducting magnet. The MIG parameters were initially

estimated from adiabatic theory. The radius of the cavity is

3.4 mm. To couple to the selected mode, TE14,2, the electron

beam should be injected into the cavity with a radius, RB, of

2.42 mm. The axial distance of the emitter from the cavity

was set at 535 mm after considering the limitation of

1260 mm tube length, the position of the output window, and

the magnetic field profile. With this geometrical design, the

magnetic compression ratio between the cavity and the emit-

ter becomes Bcavity/Bemitter¼ 53.2. The radius of the emitting

ring was evaluated at 17.6 mm, from which the guiding cen-

ter of the electron arrives with RB¼ 2.42 mm in the cavity.

An axial extent of 3.2 mm was given for the annular

thermionic-emitter strip to ensure a small guiding center

spread in the cavity, which is required for strong oscillation

of a single mode and to keep cathode loading below several

A/cm2 for a reasonable emitter life time. Moreover, because

of the small size, the electric terminal insulation structures

outside the vacuum region have to be compact. To provide

enough electrical insulation, the voltage between the cathode

and the first anode (VKA) is limited to 30 kV. The distance

between the cathode and the first anode of 6.5 mm is derived

from conditions where the expected acavity of 1.2 is obtained

with a VKA smaller than 25 kV.

To optimize the electrode designs, the beam trajectories

were calculated for various electrode shapes. We have per-

formed an integrated study to minimize Dacavity. Further-

more, in a small electron gun, the beam properties may show

great sensitivity to small changes in the electrodes. We con-

firmed that with the final design, Dacavity was relatively

insensitive to misalignments and fabrication errors of the

electrodes.

B. Space charge effect and necessity of laminar flow

With large beam currents, local concentration of the

space charge has a strong effect on Da. To reduce the influ-

ence of the space charge, formation of a laminar flow

becomes important. Figures 2 and 3 show typical calculation

results for different hE of 12� and 28�, respectively. Depend-

ing on the hE, the axial extent of the emitter is adjusted to

keep the same cathode loading and beam radius in the cavity.

The axial profiles of the beam trajectory, the space charge

density, and the Da are illustrated in each figure. The cavity

center is located at z¼ 545 mm. The beam voltage VK and

the current IB are 65 kV and 10 A, respectively. In all cases,

the first anode potential is adjusted so that acavity is main-

tained at 1.2.

For hE¼ 12� (Fig. 2), the spatial distances between the

neighboring trajectories are not uniform. Therefore, the

space charge concentrates periodically at the locations

FIG. 1. Design of the electrodes used for the beam analysis. An example of

the calculated beam trajectory is also shown.
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indicated by the vertical arrows. Then, the electric field

which arises from the inhomogeneous space charge distribu-

tion perturbs strongly the motions of the electrons. It is seen

in Figs. 2(b) and 2(c) that Da becomes increasingly large

with changes in the space charge density and reaches a value

near 95% at the cavity.

On the other hand, no local concentration of the space

charge occurs when hE¼ 28� (Fig. 3), and space charge

forces are weak. The resultant Da remains small (less than

5%) until the beam arrives at the cavity. When compared

with the hE¼ 12� case, the trajectories are distributed uni-

formly, i.e., the laminarity is high. Therefore, the formation

of a laminar electron flow is essential to avoid deterioration

of beam properties caused by space charge forces.

C. Formation of laminar flow

The objective for a new MIG design is creation of a lam-

inar beam to reduce Dacavity while keeping a large value of

acavity. To realize a well laminated flow, the conventional

method is to increase the hE. The critical angle, at which

laminarity disappears, is thought to be hE¼ 25�.14–16 For a

detailed investigation of laminar flow formation, a quantita-

tive evaluation of the laminarity is needed. However, no

method has been reported for quantitative evaluation of the

laminarity in MIGs. In this study, a formula to quantify the

laminarity is defined as follows:7

d zð Þ ¼ 1

N � 1

XN�1

j¼1

���� rðzÞjþ1 � rðzÞj
wðzÞ=ðN � 1Þ � 1

����;
Flaminar �

1

L

ð
L

1

1þ dðzÞ dz;

(2)

where N is the number of the trajectories used for the calcu-

lation and rj represents the radial position of the j-th trajec-

tory numbered from the innermost trajectory. Each variable

in Eq. (2) corresponds to the one in Fig. 4. The thickness w
of the beam at the axial position z is estimated from the dif-

ference between the outermost and innermost guiding-center

radii which are traced from both ends of the emitter. In an

ideal laminar flow, the trajectories are distributed uniformly.

The parameter d(z) represents the degree of deviation from

the ideal condition where all the trajectories are placed with

equally spaced intervals. The more d(z) increases, the stron-

ger the space-charge force perturbs the electron velocity.

The changes in the electron velocity accumulate through the

beam path and result in an increase in the Dacavity. To take

into account this accumulation effect, laminarity is expressed

by integration of a term composed of d(z). If d(z) is zero over

the axial length L from the emitter edge to the cavity en-

trance, the value of Flaminar becomes unity.

FIG. 2. The result of the beam analysis for hE¼ 12�. Axial profiles of (a)

beam trajectories, (b) space charge density, and (c) Da.

FIG. 3. The result of the beam analysis for hE¼ 28�. Axial profiles of (a)

beam trajectories, (b) space charge density, and (c) Da. FIG. 4. Parameters used in the laminarity evaluation defined.
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Figure 5 shows the variations of Flaminar and Da at the

cavity, given as a function of hE. In the calculations of the

values shown in the figure, the applied voltage VKA is

adjusted at each point so that the acavity is always kept at 1.2.

The calculated laminarity is closely connected to hE. At

hE¼ 28�, Flaminar is maximized and the resultant Dacavity

reaches a minimum. Here, the value of hE is finally set at

28�. It is found that hE has an optimum value, where maxi-

mum laminarity and minimum Dacavity values are realized.

This result indicates that formation of the laminar flow is not

determined by simply increasing the slant angle hE.

On the other hand, Dacavity increases rapidly while Flaminar

varies little at hE larger than 28�. It is obvious that the thick-

ness w increases with hE, and hence the space-charge density

becomes small. As a result, the sensitivity of Dacavity on Flami-

nar is expected to be weak for large hE. Therefore, this rapid

change in Dacavity suggests that additional factors play a role

in determining Da. Some modifications to Eq. (2) are neces-

sary to obtain a more precise description of the laminarity.

To discover additional factors that influence the laminar-

ity and Da, we have focused on the variation of a for each

trajectory. Traces of the beam trajectories and their pitch fac-

tor for hE¼ 28� are shown in Fig. 6. Between the cathode

and the first anode, the a for each trajectory changes consid-

erably. To see the relationship between variations of a and

the laminarity, the axial variation in each a value and the

corresponding trajectory are illustrated schematically in

Fig. 7. The corresponding a (Fig. 7(a)) and the trajectory

(Fig. 7(b)) are indicated with the same line styles. It is

revealed that a values of the inner trajectory are always

larger than those of the outer one at each axial point. Thus,

electrons on the outer trajectory travel a longer distance than

electrons on the inner trajectory within each cycle of cyclo-

tron motion. Then, the phase differences between the rotat-

ing trajectories become small, and a well laminated flow is

formed. The resultant space charge distribution is almost uni-

form, and hence local concentration of the charge disappears.

In the region of z> 70 mm, it is seen that each trajectory has

almost the same a, which means Da is quite small. The Da
remains small until the beam enters the cavity.

Therefore, formation of a well laminated flow depends

not only on the slant angle hE but also on the adjustment of

the axial pitch of the cyclotron motion. The a of each trajec-

tory is modified with the spatial distribution of the electric

field, which is determined by the shapes of the cathode and

the first anode.

D. Design of the second anode

The initial beam velocity is controlled by the electric

field in the vicinity of the emitter surface. Da can be mini-

mized by shaping the cathode and the first anode. After leav-

ing the region between the cathode and the first anode, the

electron trajectory is also perturbed by the electric field

formed by the second anode. Sometimes an electrostatic lens

may actively be immersed in the region between the first and

the second anodes for additional adjustment of the beam

properties.14,16 However, if the second anode is far enough

away from the beam and the first anode that the electric field

is homogeneous, the influence of spatial variation of the

electric field on Da will be negligible. In this study, a laminar

beam with small Da is formed without using the lens effect.

The second anode is designed to have negligible effects on

Da before the cavity. Consequently, optimization of the cath-

ode and the first anode design can be separated from that of

the second anode.

As given in Fig. 8, we used the radius RA and the axial

distance DA from the emitter as the main design parameters

for the second anode. In Fig. 8, Dacavity is plotted as a func-

tion of RA and DA. As RA and DA increase, Dacavity

decreases, and its sensitivity to RA and DA becomes weak.

Moreover, an increase in DA also causes some degree of rise

FIG. 5. Variations of Flaminar and Dacavity are given as a function of hE for the

case of VK¼ 65 kV, IB¼ 10 A. By changing the VKA, the acavity is fixed at 1.2.

FIG. 6. Axial distributions of representa-

tive beam trajectories and the corre-

sponding a values for hE¼ 28�. The

averaged value of a becomes 1.2 at the

cavity (z¼ 545 mm).
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and fall in Dacavity. This oscillatory change in Dacavity is

attributed to the cyclotron motion of the beam. As DA is

increased, the spatial distance of the second anode entrance

from the beam is changed not only by the beam radius but

also by the rotating phase of the cyclotron motion. As the

second anode is further separated from the beam, Dacavity set-

tles at lower values (see Fig. 8(b)).

On the other hand, taking into account the installation of

a water cooling circuit inside the second anode, RA should

be as small as possible. Furthermore, the maximum value of

DA is restricted by the structure of the insulator installed

between the first and the second anodes. Final selected val-

ues were RA¼ 23 mm and DA¼ 60 mm, with which the

Dacavity is kept low with higher stability for changes in RA

and DA.

III. OVERALL PERFORMANCE OF DESIGNED MIG

We have modified the shapes of the cathode and the first

anode to maximize Flaminar. In this process, differences in

the gyration phases shown in Fig. 7(b) were used as a useful

figure of merit. The design optimization resulted in a mini-

mized Dacavity as well as a wide operation window of the

MIG. In Fig. 9(a), acavity and Dacavity are plotted as a function

of VKA. No mirror reflection of the electrons occurs over the

entire voltage range from 23 to 28 kV. The desired value of

the acavity of 1.2 was realized even at beam currents larger

than 20 A. Since the laminarity is quite high, deterioration of

the Dacavity caused by rises in IB is small. In all cases, small

Dacavity values less than 5% have been achieved in the

expected operating region of acavity¼ 1.0–1.3. The acavity

value decreases with increasing beam current IB because of

the voltage depression caused by the space charge between

the cathode and the first anode. In Fig. 9(b), the acavity and

the VKA are plotted versus the electric field in the vicinity of

the emitter surface Eemitter for different IB values. As indi-

cated with solid curves, regardless of their IB, the acavity val-

ues lie on almost the same curve for changes in the Eemitter.

When IB is increased, the voltage depression becomes large.

Therefore, the required VKA increases with IB to obtain a cer-

tain value of Eemitter, as plotted with dashed lines.

FIG. 7. The relationship between the

variations in a and the laminarity.

FIG. 8. (a) Configuration of second anode. (b) Variations of Da at the cavity

and VKA are given as functions of RA and DA for the case of VK¼ 65 kV,

IB¼ 10 A. By changing VKA, acavity is fixed at 1.2.

FIG. 9. (a) Calculated acavity and Dacavity for VK¼ 65 kV, IB¼ 10–20 A elec-

tron gun. (b) Voltage depression in the vicinity of the emitter surface.

113113-5 Yamaguchi et al. Phys. Plasmas 19, 113113 (2012)

Downloaded 30 Nov 2012 to 133.7.7.240. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



The peak electric field of Eemitter¼ 4.4 kV/mm is low

enough to avoid arcing. For the desired pitch factor of

acavity¼ 1.2, Eemitter becomes 3.78 kV/mm. The extracted cur-

rent of 10 A corresponds to cathode loading of 2.26 A/cm2.

This value is approximately 10% of the space charge limited

current. Those values satisfy the performance requirements to

avoid strong influences of the space charge on the beam

properties.16

Another important factor which strongly influences the

beam quality is roughness of the emitter surface. Due to the

absence of accurate data for the surface roughness, the effect

of initial velocity spread at the emitter was neglected in the

simulations. After the manufacturing process of the cathode,

the roughness was measured using an optical microscope as

�4 lm on average. By use of a simple model in which a

hemisphere on the emitter plane is assumed to describe the

roughness, spread in the velocity perpendicular to the mag-

netic field line can be approximately estimated with a

formula12

Dv? ¼ 1:6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ p2

4
tan2hE

� �
r

h

s
: (3)

Here, r is the radius of the hemisphere and h is the height of

the first maximum of the electron trajectory above the cath-

ode. In case of Vk¼ 65 kV, Ib¼ 10 A, and acavity¼ 1.2, the

value of h becomes �1.5 mm. Then, Dv? is calculated as

�10% which corresponds to Dacavity� 30%. This result indi-

cates that the emitter surface roughness possibly introduces a

more significant velocity spread as compared with the space-

charge effect. However, even if the spread calculated with

Eq. (3) is simply superposed to the one calculated with

EGUN code, the value of Dacavity is still small enough to

keep stability and to avoid mirror reflection of the beam.18

For more rigorous estimation, a detailed model which allows

for the influence of the surface roughness should be

adopted.13,19

IV. SUMMARY

The design of a MIG for a 295 GHz, 200 kW gyrotron

was carried out with EGUN. To realize an intense, laminar

electron beam, a method was developed for the quantitative

evaluation of laminarity. Formation of a well laminated flow

depends not only on the slant angle hE but also on the spatial

distribution of the electric field along the beam. In a well

laminated beam, the axial pitch of each helical motion is

modified so that every electron in the plane perpendicular to

the field line has almost the same gyro-radius and almost the

same phase of gyration after passing between the cathode

and the first anode. The second anode is shaped to keep Da
minimized until the beam enters the cavity. An electron gun

which is suitable for the new gyrotron has been successfully

designed.
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