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The vacuum diode which is used to generate relativistic electron beams is one of the most important
parts of a pulsed-power modulator. In this paper, the electron emission of cathode holder of a vacuum
diode and its effect on the output voltage is investigated by experiments on an intense electron-beam
accelerator with 180 ns full width at half maximum and 200-500 kV output voltage. First, the field
emission is analyzed and the electric field of the vacuum chamber is calculated. Then, the flatness of the
output voltage is discussed before and after adding an insulation plate when a water load is used. It is
found that the electron emission at the edges of the cathode holder is the main reason to cause the change
of the flatness. Last, a piece of polyester film is used as a target to further show the electron emission of the
cathode holder. This analysis shows that decreasing the electron emission of the cathode holder in such a

pulse power modulator could be a good way to improve the quality of the output voltage.
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L. INTRODUCTION

Pulsed-power technology has been used in many fields,
such as high-power microwave (HPM) generation [1-4],
Z pinch [5-8], electron-beam pumped high-power laser
[9,10], ion implantation for material modifications [11],
and so on. At present, as the development of the pulsed
power, the full width at half maximum (FWHM) of the
output pulse of many pulsed-power facilities exceeds
100 ns, output voltage is several hundred kilovolts, even
megavolt, and output current is up to hundred kiloamperes.
For example, as the development of the narrow band high-
power microwave (HPM) device, efforts have been made
on increasing the output power (> 1 GW), HPM pulse
duration (> 100 ns), and conversion efficiency of these
devices [12]. Also, the typical pulse power facility for
the electron-beam pumped high-power laser is Naval
Research Laboratory’s Electra generator with 140 ns
FWHM, 500 kV voltage, and 110 kA current [9], which
is used to pump He—Ar, Ar-Xe, XeCl, XeF, ArF, and KrF
lasers [13]. In these applications, the vacuum diodes are
among the most important parts of the pulsed-power modu-
lator. It converts several hundred kilovolt and nanosecond
voltage pulse into relativistic electron beams to drive a
high-power microwave source [1-4], or to generate pulsed
lasers [13]. To improve the quality of the electron beams,
the output voltage of these pulse power facilities is very
important, because the quality of the electron beams is
directly
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decided by the flatness of the output voltage. In our
previous paper [14], the effect of the transition section of
an intense electron-beam accelerator (IEBA) on the output
voltage has been discussed. According to our recent ex-
periments, it is found that the electron emission of the
cathode holder also has a great effect on the output char-
acteristic of the IEBA.

To clearly show the electron emission of the cathode
holder of the vacuum diode, a vacuum diode with adjust-
able cathode-anode gap is not a good choice, because the
emission current density of the diode is so strong that the
electron emission of the cathode holder could be ignored,
so a dummy load is needed. Also, to characterize these
kinds of IEBA accurately, one needs a matched dummy
load that has sufficiently broad bandwidth and that can
withstand high voltage (several hundred kilovolts) and can
handle large current (tens of kiloamperes) [15]. The metal
thread wound around a cylinder to achieve certain con-
ductivity is usually chosen as the dummy load. However,
the metal thread load has a larger inductance (100 nH), and
it could be destroyed by the field enhancement. So the life
of the metal thread load is short. Now, a water load with
low inductance, high power, and constant resistance is
usually used, and the water is a kind of aqueous resistive
solution of copper sulfate (CuSO4) or sodium chloride
(NaCl) of a concentration that is adjusted to match the
impedance of the generator [15,16].

In this paper, the electron emission phenomenon of the
cathode holder of a vacuum diode under hundreds of
kilovolt for a IEBA is investigated by using an axial current
water load, and its effect on the output voltage is also
discussed, especially the flatness of the flattop of the output
voltage. By varying the gas pressure of the main switch,
distance between the cathode holder and water load, the
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factors which affect the flatness are discussed. In Sec. IT”,
we describe the pulsed-power modulator, especially its
vacuum chamber. The field emission analysis and electric
field calculation are present in Sec. IIl. Then, the output
voltage of the experiments, flatness analysis of the output
voltage, and photograph of the electron bombardment are
given in Sec. I'V. Finally, the conclusion is given in Sec. V.

II. EXPERIMENTAL SETUP

The experiment is performed on an IEBA which is
designed by our laboratory [17], and it is capable of gen-
erating a quasi-square wave with voltage of 200-500 kV by
adjusting the gas pressure of the main switch, and FWHM
of 180 ns when connected to impedance matched load.
This IEBA consists of a 50 kV, 12 uF primary storage
capacitor, a field distortion switch, a spiral strip type pulsed
transformer, main switch with sulfur hexafluoride (SFy) as
insulating medium, spiral-type Blumlein pulse forming
line (BPFL), vacuum diodes chamber, mechanical and
molecular pumps, and voltage and current diagnostic
system.

In order to investigate the electron emission of the
cathode holder and to characterize the IEBA, a high-power
water load is used to instead of the electron-beam diode,
and it consists of electrodes, insulating support, and aque-
ous resistive solution. Also, to clearly show the electron
emission, an insulation plate is added between the cathode
holder and the water load during the experiments. Figure 1
shows the vacuum chamber cross section of the IEBA and
Fig. 2 shows the photograph of the vacuum chamber. The
cathode holder which is made of stainless steel is discoid.
Before the experiments, the load resistance is adjusted to
match the impedance of BPFL, the water loads are placed
between the cathode holder and the outer cylinder of the
BPFL which is grounded, and then pumping down the
vacuum chamber to a pressure of 10™# Torr by means of
combination of mechanical and molecular pumps. The gas
pressures of the main switch are varied within the range of
0.20-0.45 MPa. The output voltage on the load is diag-
nosed by the resistive divider shown in Fig. 1.

Vacuum chamber

Rogowski coil

Bottom K)late \

Insulating support

IEBA
200-500kV
180ns

7/
Insulation plate Water load

Resistive divider

FIG. 1. Schematic of the cross section of the vacuum chamber.

Cathode holder

FIG. 2. Photograph of the vacuum chamber.

III. THEORETICAL ANALYSIS

In the vacuum chamber of the IEBA, the vacuum is
pumped down a pressure of 10™# Torr, and the electrons
are emitted by field enhancement. It is known that the field
emission can be described by the well-known Fowler-
Nordheim (FN) model [18],

1.56 X 107 °E? —6.83 X 107 ¢3/2
J = ) exp( I ), (D

where J is the field emission current density (A/cm?),
¢ is the work function of emitters (eV), and E is the
microscopic local electric field at the emission sites
(V/cm). The actual value of E could not be measured
directly, and it is closely related to the applied voltage U
by setting

E = Bf), @)

where [ is the field enhancement factor, according to
the FN model, the field mission property is sensitive
to the work function ¢ and the electric field. Here, for
stainless steel, the work function is about 4.4 eV [19].

To obtain the electric field, the finite element method is
used. Here, the voltage of the cathode holder is assumed as
200, 250, 300, 350, 400, and 450 kV, respectively. Figure 3
shows the typical electric potential distribution for 300 kV
before adding the insulation plate and after adding the
insulation plate. Figure 4 shows the maximum electric field
which is at the edges of the cathode holder as a function of
voltage before and after adding the insulation plate.

In Fig. 4, after adding the insulation plate, the electric
field is much bigger, and the relationship between the
maximum electric field and the voltage can be obtained
by linear fit of the curve:

Ey, = f(U) = 0.228U 3)
Ey, = f(U) = 0.332U, “4)

where Ey, and E),, are the maximum electric field before
and after adding the insulation plate, respectively, so for
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FIG. 3. The typical electric potential distribution for 300 kV (a) before adding the insulation plate and (b) after adding the insulation

plate.
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FIG. 4. Dependence of maximum electric field on the voltage
before and after adding the insulation plate.

the constant cathode holder, field enhancement factor ()
and the adding voltage are dominant factors affecting the
emission property. Here, the field enhancement factor is
the same, for a constant voltage, the field emission current
density after adding the insulation plate is much larger than
that before adding the insulation plate.

IV. RESULTS AND DISCUSSION

A. Experiments results

First, the water load is placed in the vacuum chamber,
and no insulation plate is added between the cathode holder
and bottom plate of the water load. So the distance d is
20 mm in Fig. 1. In Fig. 5 are shown the output voltage
waveforms of the IEBA when the gas pressure (P,,) of the
main switch are 0.20, 0.25, 0.30, 0.35, 0.40, 0.45 MPa,
respectively. Here the load resistances are all 15 (). To
quantify the waveform of the output voltage and to de-
scribe the fluctuation of the flattop of the wave, first peak-
ing voltage (V), second peaking voltage (V,), and peaking
voltage (Vp) are used (Fig. 5). Results of these voltages

Pm=0.20MPa
PmM=0.25MPa
Pm=0.30MPa
Pm=0.35MPa
—— Pm=0.40MPa
Pm=0.45MPa

Load Voltage(kV)
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FIG. 5. Output voltage of the IEBA at different gas pressure of
main switch before adding the insulation plate (d = 20 mm).

before adding the insulation plate with different gas pres-
sure are shown in Table I. From Fig. 5 and Table I, one can
see that the output voltage is increased with the increment
of the gas pressure, and the output voltage wave is a quasi-
square wave with FWHM of about 180 ns and rise time of
30 ns except that there is fluctuation on the flattop. For
example, there is a step in front of the main pulse, which
is caused by the transition section of the BPFL [14].

TABLE I. Results of the experiments before adding the insu-
lation plate (d = 20 mm) for different gas pressure.

Py (MPa) Vv, (kV) Vp (kV) V, (kV)
0.20 230.6 258.8 234.8
0.25 267.8 300.0 272.8
0.30 305.8 3442 306.7
035 3274 370.1 3312
0.40 349.0 392.8 352.0
045 381.0 420.0 3582
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FIG. 6. Output voltage of the IEBA at different gas pressure of
the main switch after adding the insulation plate (d = 5 mm).

However, if P, is smaller than 0.40 MPa, the first peaking
voltages are all almost equal to second peaking voltage.
For example, V| is 305.8 kVand V, is 306.7 kV when P, is
0.30 MPa. If the gas pressure is up to 0.45 MPa, the second
peaking voltage is reduced, 381 kV for V; and 358 kV
for V5.

To investigate the difference between the lower gas
pressure and higher gas pressure, and to show the effect
of the electron emission of cathode holder on the output
voltage, an insulation plate with thickness of 15 mm is
placed between the cathode holder and bottom plate of the
water load, which is shown in Fig. 1, so the distance (d)
between the cathode holder and insulation plate is 5 mm.
Then, according to the same experiments above, the output
voltage waveforms of IEBA after adding the insulation
plate can be obtained in Fig. 6.

Here, the output voltage waveforms are also quasi-
square wave with FWHM of about 180 ns and rise time
of 30 ns, which are similar as that in Fig. 5, and there is also
a step in front of the main pulse. Table II shows the values
of first peaking voltage (V), second peaking voltage (V,),
and peaking voltage (V) at different gas pressure. Notably,
the output voltage also has its own characteristics. When
Py is larger than 0.20 MPa, there is a marked difference
between the first peaking voltage (V) and the second

TABLE II. Results of the experiments after adding the insu-
lation plate (d = 5 mm) for different gas pressure.

Py (MPa) Vi (kV) Vp (kV) V, (kV)
0.20 220.8 255.0 222.5
0.25 275.8 302.1 254.3
0.30 322.2 350.2 293.8
0.35 355.2 382.0 329.0
0.40 368.8 400.3 340.4
0.45 400.6 435.1 363.6

peaking voltage (V,). The higher the gas pressure, the
bigger the difference. For example, if the gas pressure is
up to 0.25 MPa, 275.8 kV for V| and 254.3 kV for V,, this is
very different from that in Fig. 5. So, the output voltage
waveform is obviously affected by adding the insulation
plate.

B. Discussion

To show the differences of the experiment results be-
tween before adding the insulation plate and after adding
the insulation, and to quantify the flatness of the output
voltage waveform of the IEBA, the variance of the flattop
of the output voltage is defined as

n = u % 100% 5)
Va
N, = Ve = Vol %X 100% (©6)
Vs
Vi—V,
;= Vi = Vel X 100%. @)
Vp

Obviously, if n; = n, = n3 =0, the output voltage
waveform is a well-shaped square wave and there is no
fluctuation on the flattop. Meanwhile, according to Tables I
and II, and Egs. (5)—(7), the variance can be obtained,
which are all shown in Figs. 7-9, respectively.

The variance 7, before adding the insulation plate
(d =20 mm) and after adding the insulation plate
(d = 5 mm) is shown in Fig. 7. It is found that the variance
after adding the insulation is much larger than that before
adding the insulation plate. Before adding the insulation
plate, n; is less than 2% when the first peaking voltage (V)
is less than 349 kV, but when V; is up to 381 kV, 7, is
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E —mu— Before adding the insulation plate(d=20mm)
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FIG. 7. Dependence of variance 7, on the first peaking voltage
(V) before and after adding the insulation plate.
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FIG. 8. Dependence of variance 7, on the second peaking
voltage (V,) before and after adding the insulation plate.
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FIG. 9. Dependence of variance n; on the peaking voltage
(Vp) before and after adding the insulation plate.

quickly increased to 6.4%. However, after adding the in-
sulation plate, 7, is larger than 8% when V| is larger than
275.8 kV. When V; is up to 400.6 kV, 7n; is up to 10%.
Notably, the insulation plate has a great effect on the flat-
ness of the flattop of the output voltage, which increases
the variance 7). But the effect is insignificant at lower
voltage. In other words, if distance d between the cathode
holder and the bottom plate of the load is long enough, the
variance 7; would be increased when the output voltage is
up to a larger threshold value, and which value the variance
is changed obviously. Contrarily, if d is small enough, the
threshold voltage value becomes smaller. It is 349 kV for d
of 20 mm and 275.8 kV for d of 5 mm.

In Fig. 8, the variance 7), before adding the insulation
plate and after adding the insulation plate as a function of
second peaking voltage (V,) is also obtained. It is shown

that the variance 7, is much larger than 7, in Fig. 7, before
adding the insulation plate, the variance 7, is about 12%
when V), is smaller than 352 kV, V; is up to 358.2 kV, 7, is
quickly increased to 17.3%, and the curve shape is similar
with 7, in Fig. 7. Also after adding the insulation plate, the
curve shape of 7, is similar to 7, in Fig. 7, but the value is
much larger than ;. The variance 7, after adding the
insulation plate is 14.6% and 19.6%, respectively, when
V, is 254.3 and 363.6 kV. So, the variance 7, is also
increased by adding the insulation plate, and the output
voltage waveform (Fig. 6) is much worse than that before
adding the insulation plate (Fig. 5).

So, before adding the insulation plate, 7, is larger than
71, 1tis caused by the characteristics of the IEBA, including
the transition section of BPFL, stray inductance of the load,
distance between the cathode holder and water load, and
other stray parameters. But most notably, the difference of
variance 7, (1,) between before adding the insulation plate
and after adding the insulation plate is caused by the insu-
lation plate. In other words, the insulation plate is one of the
reasons to affect the flatness of the output voltage. So it is
deduced that, before adding the insulation plate, the bottom
plate of the water load also affects the flatness of the output
voltage of the IEBA in Fig. 1.

For variance 73 in Fig. 9, it describes the relationship
between the first peaking voltage and peaking voltage. In
fact, the step is formed by the transition section of
the BPFL [14]. So before adding the insulation plate
(d = 20 mm), variance 7)3 is almost the same, it is about
11%. However, when peaking voltage (Vp) is increased to
420 kV, n5 is decreased to 9%. It is also proved that the
output voltage is affected little when the first peaking
voltage is less than 349 kV. Meanwhile, after adding the
insulation plate (d = 5 mm), the variance 75 is decreased
obviously, and it is about 7.9% when Vp is larger than
302.1 kV. Also, at a lower peaking voltage (Vp = 255 kV),
the variance is about 13.4% which is approximate to that
before adding the insulation plate. These further prove that
the distance d between the cathode holder and the bottom
plate of the load has a great effect on the flatness of output
voltage and the threshold voltage.

Through the above experiments, some basics conclu-
sions could be obtained. (1) The flatness is affected by
adding the insulation plate. (2) If distance d between the
cathode holder and the bottom plate of the load is
long enough, the variance 7; would be increased when
the output voltage is up to a larger threshold value.
Contrarily, if d is small enough, the threshold voltage value
becomes smaller. (3) The variance 7, is increased as the
distance d is decreasing. (4) If distance d is long enough,
the variance n3; would be decreased when the output
voltage is up to a larger threshold value. Conversely, if d
is small enough, the threshold voltage value becomes
smaller. So, to characterize the IEBA accurately, the dis-
tance d could be not too short.
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FIG. 10. Variance of the output voltage for ten shots at gas
pressure of 0.30 MPa when 6630 DMD polyester film is used.

For these experimental results above, one explanation is
that there is field emission somewhere in the vacuum
chamber, and the energy is dissipated, so second peaking
voltage (V,) and peaking voltage (Vp) are all decreased.
Obviously, the variance 75 is decreased after adding the
insulation plate, and 7, and 7, are increased, these are all
well in agreement with the experiment results. Indeed,
according to analysis of Sec. II’, the essence of the differ-
ence of the flatness between before and after adding the
insulation plate is that the electric field is increased after
adding the insulation plate, and the field emission current
density of the cathode holder is also increased. So, the
voltage is decreased after the first peaking voltage. Of
course, the flatness is affected.

To further understand the effect of the insulation plate
and to clearly show the field emission of the cathode
holder, a piece of 6630 DMD polyester film with thickness
of 0.2 mm consisting of two layers of polyester fiber non-
woven fabric and a single layer of polyester film in the
center is pasted on the insulation plate. The same experi-
ment is performed and the gas pressure of the main switch
is adjusted to 0.30 MPa. After ten shots, the variance for
every shot is shown in Fig. 10, and the average variance 7,
1,, and 73 of ten shots is about 10.8%, 18.5%, and 6.5%,
respectively, which is almost the same as that in Figs. 7-9
for 0.30 MPa gas pressure. Also, after ten shots, the surface
of the polyester film is changed obviously. Figure 11 shows
the photograph of the polyester film before and after
experiments.

In Fig. 11, one can see that the insulator paper is ablated
after ten shots, and there is a piece of banded mark on the
6630 DMD polyester film, it is just like the electron
bombardment of a hollow cathode. It is because the maxi-
mum electric field is at the edges of the cathode holder and
electrons emit from the edges of the cathode holder.
Indeed, the outer layer of the insulator is made of polyester

(a)

FIG. 11. Photograph of the 6630 DMD polyester film
(a) before experiments and (b) after ten shots experiments for
0.30 MPa gas pressure.

Electron emission spots

FIG. 12. Photograph of the electron emission spots of the
cathode holder.

fiber, and it is very easy to be ablated by the electron
bombardment. So after ten shots, there is an obvious
mark on the insulator. Also, the electron emission mark
on the cathode holder is also observed, which is shown in
Fig. 12. There are many spots at the edge of the cathode
holder. These all prove that there exists field emission on
the cathode holder, which is one of the important factors
affecting the flatness of the output voltage on the load.

V. CONCLUSION

In summary, the electron emission phenomenon of the
cathode holder of a vacuum diode under hundreds of kilo-
volts for a pulsed-power modulator was investigated by
using an axial current water load, and its effect on the
flatness of the output voltage was investigated by experi-
ment before and after adding an insulation plate when a
water load is used. It was found that: (1) the flatness was
affected by adding the insulation plate. (2) If distance d
between the cathode holder and the bottom plate of the
load was long enough, the variance 1; would be increased
when the output voltage was up to a larger threshold value.
Contrarily, if d was small enough, the threshold voltage
value could become smaller. (3) The variance 7, was
increased as the distance d decreasing. (4) If distance d
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was long enough, the variance 73 would be decreased
when the output voltage was up to a larger threshold value.
Conversely, if d was small enough, the threshold voltage
value becomes smaller. So, to characterize the IEBA ac-
curately, the distance d could not be too short.

Further, according to the analysis and electric field
calculation, it was found that the field emission at the edges
of the cathode holder was the main reason to cause the
change of the flatness of the output voltage. In other words,
after adding the insulation plate, the electric field at the
cathode holder was increased, so electron emission was
enhanced and field emission current density was increased.
Of course, the flatness of the output voltage was also
changed. At last, a piece of DMD polyester film is used
to further show the field emission of the cathode holder,
and a photograph of DMD polyester film by electron
bombardment clearly proves that the electrons were emit-
ted from the edges of the cathode holder. So to improve the
quality of the output voltage, the electron emission of the
cathode holder should be avoided.
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