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The results of the investigation on the space-charge limiting current for a spherical-cathode diode in the non-

relativistic situation are presented in this paper. The results show that the current enhancement factor equals the

square of E-�eld enhancement factor on the cathode surface. The generated space-charge limiting current is deduced.

In the case of a pin-shaped-cathode diode, the space-charge limiting current is also obtained, indicating that the current

is independent of the geometric parameters of the diode. Analyses of the shielding e�ects and the conditions for

generation of the uniform space-charge limiting beam show that, for pin-arrayed cathodes, the distance between pins

should be in the range from 1.2D to 1.5D, where D is the distance between the two electrodes.
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1. Introduction

The spherical and pin-arrayed cathode diodes

with a planar anode are widely used to generate high

current electron beams or serve as a part of the pulsed

power devices, but the analytic solutions to their

space-charge limiting current are not attainable. In

this paper the particle in cell (PIC) simulation code is

employed to calculate the space charge limiting cur-

rent for spherical cathode diodes. Meanwhile, an ex-

periment is also carried out to verify the results of

simulations and theoretical analyses. The results show

that the current enhancement factor is approximately

equal to the square of the E-�eld strength enhance-

ment factor.

2.The space-charge limiting cur-

rent for a spherical cathode

diode

The schematic �gure of the diode structure is

shown in Fig.1. Firstly, the electromagnetic simula-

tion code \Super�sh/Poisson" is used to calculate the

E-�eld distribution in the diode.[1] It is supposed that

the �eld enhancement factor, �, equals the ratio of

the maximum �eld intensity in the cathode surface,

Emax, and V=D, where V is the voltage and D is the

distance between the two electrodes. For the case that

the cathode radius R=1.0, 2.0, 3.0 and 5.0 cm respec-

tively, the �eld distributions in the diode for di�erent

ratios of D=R are calculated. The calculated results

show that Emax is at the top of the cathode sphere.

The dependence of the �eld enhancement factor � on

D=R is shown in Fig.2. From the �tting, we can ob-

tain

� = 0:9 + 0:9
D

R
: (1)

Therefore, the maximum �eld Emax over the sur-

face of the spherical cathode is

Emax = �
V

D
= V

�
0:9

D
+

0:9

R

�
: (2)

Fig.1. The schematic �gure of the diode with spheri-

cal cathode.
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Fig.2. The curve of � versus D=R.

For the case of the voltage V <500kV (e.g.

non-relativistic condition), 2.5D PIC simulation code

KARAT[2] is used to calculate the space-charge limit-

ing current, Is, for di�erent D=R. The electron pro�le

is shown in Fig.1, where the number of macro particles

is about 5000. The current enhancement factor, �b, is

de�ned as the ratio of space-charge limiting current

between the spherical cathode diode and the planar

diode with the same projective cathode area and the

gap between cathode and anode,

�b = Is=Ic1; (3)

where Ic1 = 2:33 � 10�6
V 3=2

D2
�R2 (see Refs.[3] and

[4]).

The calculated results are shown in Table 1 and

Fig. 3. The results indicate that �b can be approxi-

mately represented as �2, that is

�b � �2: (4)

Therefore, under the non-relativistic conditions (V <

500kV), the space-charge limiting current of the spher-

ical cathode diode is

Is = 7:13� 10�6
�
0:9 + 0:9

R

D

�2

V 3=2; (5)

where V is the diode voltage in unit of volt, and Is
the space-charge limiting current in unit of ampere.

The PIC simulation shows that Eq.(5) is not suit-

able for D=R < 1, i.e. electron beam pinching occurs.

Table 1. The dependence of � and �
b
with D=R.

D=R � V /kV Is/kA Icl/A �
b

1.0 1.9 142 1.2 391 3.0

2.0 2.8 224 1.4 194 7.2

3.0 3.8 243 1.3 97 13.3

5.0 5.8 255 1.2 37.7 30.5

10 10.7 265 1.1 10 110

25 24.6 270 0.7 1.6 420

Fig.3. The beam current enhancement factor �
b
as a

function of the �eld enhancement factor �.

3.Space-charge limiting current

for the pin cathode

Equation (5) shows that, whenD � R, the space-

charge limiting current generated by the diode is ap-

proximately independent of D and R, and only depen-

dent upon the diode voltage. Therefore, the space-

charge limiting current, Isn, is

Isn = 5:8� 10�6V 3=2: (6)

Based upon the above results, we have explored

the characteristics of the space-charge limiting current

produced by pin-arrayed cathode, and calculated the

optimal pin-separation, �L, when the pins are uni-

formly distributed.

According to the Child{Langmuir law, for a large

aspect-ratio diode, when the applied voltage V is less

than 500kV, the density of the space-charge limiting

current can be approximately described as[3;4]

J = 2:33 � 10�6
V 3=2

D2
; (7)

where J is the current density (A�cm�2), V is the

diode voltage in unit of volt and D is the diode gap in

unit of centimetre.

Therefore, from Eqs.(6) and (7), we can obtain

the maximum separation between the pins[5]

�L = 1:58D; (8)

where �L is the upper limit for the pin separation for

generating the space-charge limiting current.

Practically, for a uniform beam, the separation

should be a little less than that. However, much

smaller separation between the pins would result in

the generation of the nonuniform electron beam due
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to shielding e�ects caused by the electrons emitted

from the pins. According to Ref.[6], the radius of the

shielding area around the emitting point, rs, is
[6]

rs = 5� 102
p
IsnDV �3=4: (9)

Inserting Isn in Eq.(6) into Eq.(9), we have

rs = 1:2D; (10)

where rs is the radius of the shielding produced by the

electron beam from a single pin.

For some reasons, the electrons are not emitted

at the same time from the pins in a pin array; there-

fore, the electron beam emitted previously by a pin

would produce shielding e�ect on the pins around

it. The shielding e�ects decrease the electronic �elds

over these pins, so that the cathode plasma cannot be

formed. When the distance between the pins is too

small, the shielded pins would not emit electrons due

to the shielding e�ects.

Therefore, all the pins should emit electrons dur-

ing a single input voltage pulse in order to generate

a uniform electron beam, and the optimal distances

should be

�L = (1:2 � 1:5)D: (11)

4.Experimental study of the

space-charge limiting current

for a spherical-cathode diode

The theoretical results obtained from PIC numer-

ical simulation are veri�ed by experiments. The ex-

periment has been carried out on the SINUS-881 ac-

celerator, as shown in Fig.4. The output impedance

under a matched condition for the accelerator is 40


at the operating voltage ranging from 300 to 700kV.

Fig.4. Experimental set-up of a spherical-cathode diode.

The radius of the spherical cathode is chosen to be

0.95cm. The A-K gap is varied from 0.5 to 17.6cm, fol-

lowed by an adjustment of diode voltage correspond-

ingly. Five or six shots have been taken for each A-K

gap. The experimental data and those calculated us-

ing Eq.(5) are plotted in Fig.5. The theoretical result,

Is, is less than Iexp, the experimental result, and the

�tting result shows that Iexp � 0:76Is. The experi-

mental data for the diode voltage of about 0.7MV with

di�erent D=R are presented in Fig.6. The results show

that, when the ratio D=R increases, the space-charge

limiting current Is decreases, approaching a constant

for large D=R, which is in agreement with that de-

duced from Eq.(5). The di�erence between the theo-

retical values and the experimental data is considered

to be due to the partial emitting area of cathode sur-

face in experiments, compared with the hypothesis in

theoretical analyses.

Fig.5. The experimental results of diode current ver-

sus calculated data using Eq.(5).

Fig.6. Experimental data for diode current versus

D=R (Diode voltage is about 0.7MV).
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