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Measurement of high-power microwave pulse
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Abstract. KALI-1000 pulse power system has been used to generate single pulse
nanosecond duration high-power microwaves (HPM) from a virtual cathode oscillator
(VIRCATOR) device. HPM power measurements were carried out using a transmitting–
receiving system in the presence of intense high frequency (a few MHz) electromagnetic
noise. Initially, the diode detector output signal could not be recorded due to the high
noise level persisting in the ambiance. It was found that the HPM pulse can be successfully
detected using wide band antenna, RF cable and diode detector set-up in the presence of
significant electromagnetic noise. Estimated microwave peak power was ∼59.8 dBm (∼1
kW) at 7 m distance from the VIRCATOR window. Peak amplitude of the HPM signal
varies on shot-to-shot basis. Duration of the HPM pulse (FWHM) also varies from 52 ns
to 94 ns for different shots.
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1. Introduction

Single-shot nanosecond duration high power microwave (HPM) pulses have been
generated and characterized for various applications [1,2]. HPM sources are be-
ing developed for applications in plasma heating, particle acceleration, high-power
radar, and many other industrial and military fields [2]. One of the crucial part of
the HPM system development is diagnosing intense single microwave pulses with
powers greater than 100 MW and pulse widths between 5 and 100 ns [3]. Gigawatt
power HPM pulses have been generated by various devices [2]. One among several
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Figure 1. A photograph of the KALI-1000 pulse power system.

types of pulsed high-power microwave generators is the virtual cathode oscilla-
tor (VIRCATOR). The VIRCATOR is considered to be very attractive due to its
high-power capability, frequency tunability and device simplicity [2,4,5]. In a VIR-
CATOR, an electron beam is emitted from a cathode and accelerated through a
semitransparent anode. If the current exceeds the space charge limited current,
a space charge (virtual cathode) forms behind the anode. The virtual cathode is
unstable, and its oscillations can generate microwaves.

Different experimenters have tried various techniques to measure ns pulse du-
ration HPM power and frequency [3]. Typically, the HPM power measurement is
accurate within 20% (±1 dB), the pulse energy to within 20%, and the frequency
to within 1% [3]. These diagnostic techniques are not limited to use on any one
type of HPM sources, but can be applied to a variety of HPM sources [6].

For HPM power measurement the most widely used apparatus is the
transmitting–receiving system [3]. Transmitting–receiving systems are useful at
high-power levels because all the HPM energy is broadcast into an anechoic cham-
ber where a receiver picks up a known small fraction of the transmitted power. In
this case, the amount of external attenuation required can be minimized. These
measurements rely on the Friis transmission equation

PT = PR(4πr/λ)2/GRGT, (1)

where the subscript T refers to the transmitter, the subscript R refers to the receiver,
P is the power, G is the antenna gain, r is the transmitter to receiver separation
distance and λ is the free space wavelength. The (r/λ)2 characteristics allows large
attenuations.

Experiments were performed using the pulsed power generator KALI-1000 (kilo
ampere linear injector: maximum output voltage 300 kV, output impedance 15 Ω,
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Figure 2. Schematic of the experimental set-up.

Figure 3. Tesla transformer output signal.

and pulse duration 100 ns) to generate and measure HPM signal from a VIRCA-
TOR device. KALI-1000 consists of a radial tesla transformer, a water transmission
line and electron beam diode with voltage and current diagnostics. During the ex-
periment it was observed that along with HPM the KALI-1000 system radiates
intense electromagnetic noise (of a few MHz frequencies). This article describes
HPM power measurements by transmitting–receiving systems and various experi-
mental techniques used to override the noise signal to improve the microwave signal
amplitude from the diode detector.
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Figure 4. Electron beam diode voltage and current waveform for 6 mm A–K
gap with 70 mm diameter graphite cathode.

2. KALI-1000 pulse power system and high-power microwave generation
from virtual cathode oscillator

Figure 1 shows a picture of the KALI-1000 pulse power system. Figure 2 displays
the schematic of the KALI-1000 system along with the VIRCATOR. The KALI-
1000 pulse power system developed at APPD, BARC, has a Tesla transformer,
water pulse forming transmission line (PFL) and a gas spark gap to generate high
voltage pulse. The Tesla transformer has a turn ratio of 1 : 60. The PFL is 1.3 m
long and uses demineralized water as dielectric and the capacitance is 4 nF. The
spark gap contains two electrodes of Rogowski profile separated by 2 cm and uses
SF6 gas pressure. A vacuum field emission diode was used to generate intense
relativistic electron beams (IREB). The high voltage pulse generated from the pulse
power system is applied to the field emission diode. The diode consists of a planar
graphite cathode (70 mm diameter) and copper anode mesh (240 mm diameter) at
various anode–cathode (A–K) gaps and various voltage levels. A resistive CuSO4

voltage divider and a self-integrating Rogowski coil were used to measure the diode
voltage and current pulses respectively. The Tesla transformer output voltage signal
has been measured by a capacitive voltage divider. Figure 3 shows a typical Tesla
transformer output signal. The outer body of the Tesla transformer has been made
of FRP sheet. Tesla transformer acts as a source of intense electromagnetic noise
during the operation of the KALI-1000 pulse power system.

After the copper mesh anode flange, there is an axial virtual cathode oscillator
chamber (length 25 cm, diameter 25 cm) for microwave generation. The IREB
is injected to the VIRCATOR chamber for HPM generation. In the VIRCATOR
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Figure 5. Calibration set-up of HPM diagnostic components.

chamber, the beam front forms a virtual cathode at a distance equal to the A–K
gap if the injected current is greater than the space charge limiting current by four
times. It is given by [4]

Il =
4πε0m0c

3(γ2/3 − 1)3/2

e[1 + 2 ln(R/rb)]
, (2)

where rb is the beam radius, R is the drift column radius, γ is the relativistic factor
and e and m0 are the electron charge and rest mass respectively. The estimated
limiting current from (2) for the KALI-1000 VIRCATOR chamber is ∼0.8 kA.

The virtual cathode reflects the electrons that follow the beam front. The elec-
trons thus oscillate between the cathode and virtual cathode causing microwave
emission. The reflection frequency is given by [2]

fr =
v

4d
, (3)

where v is the velocity of electrons and d is the A–K gap.
The virtual cathode oscillation frequency in GHz is given by [2]

fvc = 10.0
(

J

βγ

)1/2

, (4)

where J is the current density in kA/cm2.
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Figure 6. Calibration curve of the Eclipse and Narda make diode detectors
using standard modulated RF source at 2 GHz.

The frequency at which maximum power is emitted will be between fr and fvc

and the emission is broadband [2]. The estimated HPM frequency from (3) and (4)
for the experimentally obtained electron beam diode parameters in the KALI-1000
system is around 6 GHz.

A vacuum level of the order of <5 × 10−5 mbar was maintained in the diode
chamber as well as the VIRCATOR chamber by a diffusion pump backed by a rotary
pump. The typical electron beam parameters were 200 kV, 14 kA, 100 ns. High-
power microwave has been detected by neon lamp discharge by HPM illumination
when placed a few metre distance from the VIRCATOR window. Microwave power
has been optimized by changing the A–K gap. It was found that the peak power
occurs around 6 mm A–K gap. The electron beam diode voltage and current
waveforms for 6 mm A–K gap is shown in figure 4.

3. HPM measurements

HPM power measurements are carried out by the standard transmitting–receiving
systems. HPM measurements were done using zero bias Schottky diode detectors
along with a horn antenna and sufficient attenuation so as to reduce the power level
below the power rating of the diode detector. HPM signal has been captured by
the double-ridged horn antenna placed a few metre distance from the VIRCATOR
window. A shield room [7] is situated around 20 m away from the KALI-1000
system. All the oscilloscope measurements are carried out inside the shield room.
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Figure 7. HPM signal after detection when carried to the scope by a BNC
cable.

3.1 With BNC cable

Initially the diode detector has been kept near the KALI-1000 system and the
detector signal has been taken to the shield room by a BNC cable. For each shot,
the beam parameters were recorded using Lecroy model WS 454 (500 MHz, 2 GS/s)
scope. Microwave detector output was recorded using Tektronics make oscilloscope
TDS 520D (500 MHz, 1 GS/s).

Various components used in the diagnostics were calibrated using standard mod-
ulated (a few ms to ns) RF source. The calibration set-up for various components
has been shown in figure 5. It was found that the output of the detector signal is
nothing but noise. This is because of the fact that the noise signal amplitude was
more than the detector output signal (a few mV).

Figure 6 displays the calibration curve of the Eclipse and Narda make diode
detectors using standard modulated RF source at 2 GHz. The microwave signal
after detection was carried to the scope by a BNC cable. Figure 7 shows a diode
detector signal. One can see from figure 7 that the signal amplitude is quite high
(∼1 V) and the duration is ∼700 ns. A few shots were taken only with the BNC
cable with and without 50 Ω terminations (antenna, attenuators and the diode
detector have been removed). It was found that the recorded signal is the same
as that of figure 7. So this signal is nothing but noise picked up by the BNC
cable. Also the noise signal varies on shot-to-shot basis. To reduce the noise
level, different techniques were tried such as putting the BNC cable inside a metal
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Figure 8. Diode detector signal when the BNC cable is kept inside a metal
conduit.

conduit, grounding the conduit to the signal cable ground, to the inner wall of the
shield room etc. Figure 8 shows a diode detector signal when the BNC cable is kept
inside a metal conduit. Isolating the scope supply from the AC mains was also tried
during the recording, but in vain. It was observed that ∼300 mV noise persisted
throughout. A few shots were also taken by shielding the Tesla transformer with
a 1.5 mm thick aluminum sheet. This helped reducing the noise level to ≤200
mV. But the diode detector output signal is (figure 6) <150 mV. So shielding the
Tesla transformer could not help as we were unable to cover the Tesla transformer
completely with the aluminum sheet due to some other problems.

3.2 With a preamplifier

To override the noise signal and to improve the microwave signal amplitude from the
diode detector, a preamplifier (BMC 1595) was used at the output of the microwave
detector. This preamplifier has a gain of 10 and 50 Ω impedance. This also could
not help in detecting the microwave signal as the noise level too got amplified.
Figure 9 displays a typical signal after a preamplifier is used.

It was observed that noise was picked up by the BNC cable when the BNC cable
along with the conduit was kept inside the shield chamber, though the amplitude
was low. So the use of BNC cable was stopped.
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Figure 9. Diode detector signal after a preamplifier is used when the BNC
cable is kept inside a metal conduit.

3.3 With an RF cable

Microwave signal was recorded successfully when RF cable was used to carry the
signal from the receiving antenna and the diode detector was at the scope end
inside the shield chamber. A few shots were taken replacing the receiving antenna
with a 50 Ω termination. No signal was recorded with a 50 Ω termination. This
confirms that the noise picked up by the detector with RF cable is zero. Figure
10 shows a diode detector (Narda make) signal with the antenna at 7 m distance
from the VIRCATOR window after 30 dB attenuation. Estimated microwave peak
power is ∼59.8 dBm (∼1 kW) at 7 m distance from the VIRCATOR window. The
corresponding beam peak voltage and current was 256 kV and 9 kA. It was observed
that there was a shot-to-shot variation in the microwave peak power. Duration of
the HPM pulse (FWHM) also varies from 52 to 94 ns for different shots. Figure
11 shows the HPM diagnostics set-up by which HPM signal has been measured
successfully in the presence of significant electrical high frequency noise. A few
attempts were also made to measure the frequency of radiation using YIG base
tunable band pass filter. As the pass band frequency of the filter is only ∼100 MHz
we are unable to detect any signal using the filter. Detailed frequency analysis will
be carried out in our future experiments.
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Figure 10. HPM signal from the diode detector when measured with an RF
cable.

Figure 11. HPM diagnostics set-up by which HPM signal has been measured
successfully in the presence of significant electrical high frequency noise.

4. Conclusions

High-power microwave has been generated from the KALI-1000 pulse power system
using a virtual cathode oscillator device. The typical electron beam parameters
were 200 kV, 12 kA, 100 ns, with a few hundreds of A/cm2 current density. HPM
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power measurements were carried out with a transmitting–receiving system. During
the initial measurements, BNC cable enclosed by a metal conduit was used to
detect microwave signal from the diode detector. It was observed that noise was
overriding the actual microwave pulse. Several attempts were made to minimize
the noise level. Finally, HPM pulse has been successfully detected using wide
band antenna, RF cable and diode detector set-up. Signal-to-noise ratio improved
due to inherent shielding present in the RF cable. Also diode detectors are very
sensitive to electromagnetic noise and X-rays. Placing them in close proximity to
pulsed power and e-beam diode that emits X-rays will produce much noise. In
the improved set-up we have placed the diode detector inside the shield room far
away from the pulse power source. At 7 m distance from the VIRCATOR window
the estimated microwave peak power was ∼59.8 dBm (∼1 kW). The corresponding
beam peak voltage and current was 256 kV and 9 kA. It was observed that there
was a shot-to-shot variation in the microwave peak power.
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