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Abstract—A calorimetric spectrometer measuring individual pulses radiated by wideband relativistic micro-
wave oscillators is described. The calorimetric spectrometer comprises two calorimeters and a set of low-pass
filters. In the development of such a spectrometer, the basic feature consists in the high radiation power
(~108 W) and low pulse energy (~1 J). To prevent the microwave surface discharge, the calorimeters have a
rather large area (~0.1 m). The calorimeters’ sensitivity is 0.05 J. Frequency responses of the filters were mea-
sured experimentally and calculated with the help of a three-dimensional version of the KARAT computer
code. The experimental spectrum of a wideband relativistic microwave plasma oscillator measured in a fre-

guency range of 5-40 GHz is presented.

At the General Physics Institute of the Russian
Academy of Sciences, wideband relativistic microwave
plasma oscillators have been designed. The oscillators
offer the following features. mean radiation frequency
can be varied from 8 to 24 GHz, the frequency band-
width in different operating modes varies from 5 to
25 GHz, power is ~50 MW, durations of an individual
microwave pulse are 20 and 400 ns depending on the
duration of the voltage pulse of a high-current relativis-
tic accelerator, and the diameter of the radiating horn
window is 215 cm [1-3]. In order to prevent possible
microwave discharge, the window is made sufficiently
large.

The spectrum of a high-power wideband plasma
radiation was first studied in paper [4], where a
15-channel spectrometer operating in a frequency
range of 6-40 GHz and having a channel bandwidth of
2.3 GHz was used. A power of ~1 W was branched into
the spectrum analyzer at atotal power of several tens of
megawatt. Large attenuation of the signal traveling
from the receiving horn to the detector assembly causes
asubstantial (£50%) error in absolute measurements of
the power density spectrum. A similar 5-channel spec-
trometer operating in afrequency range of 18-40 GHz
was used in [5]. In paper [1], a power of <1 MW isfed
to the 5-channel spectrometer; however, the accuracy
of the measured power density spectrum was also
rather low, in this case, because of difficulties in the
absolute calibration of channels at a high power level.

One should take into account that the analyzed radi-
ating sources have different power density spectra at
different points in the cross section of the microwave

beam and the measured results depend a so on polariza-
tion of the receiving antenna. Thus, it is impossible to
restore correctly thetotal power density spectrum of the
microwave radiation from the measurements [1, 4, 5].
The spectrum of the total radiation power flux of oscil-
lators of the type described in [1-3] is a fundamental
parameter, which is cal cul ated theoretically and is used
to judge about possible applications.

In thiswork, adeviceis described that measures the
energy spectrum of the total microwave radiation flow
in absolute units. The radiation spectrumismeasured in
afrequency range of 5-42 GHz with a frequency reso-
lution of several gigahertz. The energy spectral density
is measured with an accuracy of 0.01 JGHz. In differ-
ent operation modes, the bandwidth of the radiation
spectrum of a relativistic microwave plasma oscillator
varies from 5 to 25 GHz and the corresponding typical
spectral densities reach 0.2-0.04 JGHz for a micro-
wave pulse duration of 20 ns and total energy of ~1 J.
The relative accuracy of the measured spectrum of the
radiated microwave pulse with aduration of 400 ns (the
total energy is ~10-20 J) is substantially higher, since,
in this case, a typical energy spectral density equals
0.5-1 JGHz. Independent measurements of the shape
of the power density pulse allow us to measure the
spectrum of the total power flux in absolute units
(MWI/GHz).

Figure 1 presents the design of the calorimetric
spectrometer. Radiation of the microwave oscillator 3
propagates from the output window 5 and enters the
low-pass filter 4, which is made in the form of a meta
plate with thickness L and openings of diameter d. Each
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opening can be considered as a waveguide, since L >
2.5d. Therefore, filter 4 transmits part of the radiated
flux with frequencies f > f,, = ¢/1.7d, where c is the
velacity of light, and f; isthe critical frequency (here-
inafter, f,, i is a number). This part (Q,) of the micro-
wave pulse energy is measured by the calorimeter 1[6],
whereas the reflected part of the flux (Q,) is measured
by the calorimeter 2. The diameter of the horn 3 is
15 cm, the diameter of the calorimeter 2 is 36 cm, and
the distance between the horn and the filter 4 is chosen
such that the radiation reflected from the filter does not
propagate into the horn. Thus, sum Q, + Q, equals the
total energy of the microwave pulse.

A perfect below-cutoff-waveguide filter has zero
transmittance at f < f,, and unity transmittanceat f > f;.
Comparing energies passed through two filters with
different cutoff frequencies f, and f, in two successive
microwave pulses, we obtain the radiation energy in a
frequency band of f, — f,. Actualy, only part of the
energy passing through the filter is measured in each
pulse. By measuring ratio Q,/(Q, + Q,) instead of Q, in
two successive microwave pulses, we remove the error
associated with the pulse-to-pulse instability of the
total energy. Unfortunately, the frequency response of
actual filters differs substantially from that of a perfect
filter. This complicates the method used to calculate the
spectrum from the measured results.

The frequency response of actua filters was deter-
mined from a numerical ssimulation and from “cold”
measurements. Filters of the calorimetric spectrometer
are diffraction gratings with different diameters of
openings d and periods h (see. Fig. 2), with h = d. All
filters have a diameter of 40 cm, which far exceeds the
diameters of openings of any filter, d,,, = 3.5 cm. The
grating transmission coefficient K depends on the rela-
tionship between A.; (Ay: O 1.7d) and A (the wave-
length of an external radiation). If A << A, the trans-
mission coefficient can be calculated geometrically,
from the ratio between the total area of the openings
and thefilter area. When A > A, the transmission coef-
ficient iscloseto zero, which correspondsto features of
bel ow-cutoff waveguides. When A ~ A (the resonance
region), the transmission coefficient is frequency-
dependent and takes different values up to unity. This
effect of total transmission, known as the Malyuzhinets
effect [7], is observed for many gratings in the reso-
nance region.

In order to calculate the frequency response of the
filters, we used a universal software designed for solv-
ing various electromagnetic problems. We used athree-
dimensional version of the KARAT code [8, 9], which
solves the nonstationary boundary value problem for
the Maxwell’s equations with the help of a difference
scheme with shifted grids [8, 9]. The diameter of the
microwave flux in the spectrometer far exceeds the
wavelength; therefore, in the numerical model, the
plane monochromatic wave is incident along the nor-
mal onto the filter plane. The KARAT code isintended

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES Vol. 43

o

Fig. 1. Design of calorimetric spectrometer: (1) calorimeter;
(2) calorimeter measuring the reflected part of the flux of
microwave radiation; (3) horn of the microwave oscillator;
(4) low-passfilter; and (5) window.

Fig. 2. Grating used as a low-pass filter and the element of
an infinite periodic structure, which is used in simulation of
the grating.

for solving the time-domain problem; therefore, we
assumed that a microwave pulse, whose duration far
exceeds the period of microwave oscillations, is inci-
dent on thefilter. We determine the portion of the power
passed through the filter in the stationary state. For the
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Fig. 3. Comparison of (1) the results of numerical simula-
tion obtained for the test problem with (2) the exact solution.
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test problem, we have chosen the plane wave diffrac-
tion by acircular aperture of radiusain aperfectly con-
ducting plane, which has arigorous analytical solution
[10]. Figure 3 presents calculated and analytical func-
tions P/P,, plotted as a function of parameter ka,
where k = 21, P isthe actual power passing through
the opening, and P,.,, is the portion of the power flux
of the wave incident on a section with area T@’. The
graph demonstrates that the transmittance increases
substantially at wavel engths comparabl e to the opening
radius. The correspondence between the cal culated and
the analytical solution forms the basis for utilizing the
KARAT code for calculation of thefilters.

In calculations of actual filters with the use of the
KARAT code, the finite-dimension filter was replaced
with an infinite periodic structure in the X-Y-plane.
Figure 2 presents an element of this structure. A wave
packet with a specified envelope is incident along the
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Fig. 4. Time dependence of the energy flux propagating along the Z-axis (aand c) before and (b and d) after the grating for different
frequencies of theincident wave (f; = 5.3 GHz): f = (aand b) 8 and (c and d) 12 GHz.
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Z-axis on the element. We assumed that the tangent
component of the electric filed is zero on the grating
surface as on the surface of a perfect conductor, [En] = 0.
We aso used the periodicity (Floquet's) condition
related to the fact that the structure transforms to itself
when it isshifted along the X- and Y- axes by its periods
h,and h,.

Figure 4 presents the results obtained from the
numerical simulation of thetime variation of the energy
flux (the Poynting vector) on the Z-axis in two cross
sections: before (Figs. 4a, 4c) and after (Figs. 4b, 4d)
the grating. One can see from Fig. 4c that the wave flux
reaches maximum at t = 0.3 ns and, by the time instant
t = 2 ns, it decreases (nonresonant case) because of
reflection from the grating. Figures 4b and 4d depict the
flux transmitted by the grating. At time t = 3 ns, it
reaches a stationary value. Determination of theratio of
the transmitted power to the incident one for different
frequencies of theincident wave allowsusto obtain fre-
guency characteristics of the transmission coefficients
of seven filters in a frequency range of 542 GHz.
Figure 5 shows such characteristics for two filters: with
maximal (Fig. 5a) and minimal (Fig. 5b) opening diam-
eters.

In “cold” measurements, we determined similar
characteristics. Measurements were performed at the
Gramat Research Center (France) on the bench devel-
oped by D.H. Ghodgaonkar, V.V. Varadan, and
V.K. Varadan. A lens with 30.5-cm focal length was
placed in the radiating horn aperture with adiameter of
30.5 cm. A filter was placed in the focal plane of this
lens. The radiation passed through the filter was
recorded by a receiving horn antenna. The receiving
antenna was located at a distance of 30.5 cm from the
filter and was identical to the radiating antenna. The
measurements were performed in a frequency range of
5.85-110 GHz. The diameter of the microwave beam,
which had the Gaussian distribution in the filter plane,
was =3\ at alevel of 3dB. Unfortunately, the condi-
tions of this model experiment do not fully correspond
to propagation of the microwave radiation through the
filter in the spectrometer, in which the microwave beam
diameter is substantially larger than the wavelength.

We measured transmission coefficients as functions
of theincident wave frequency for the same set of filters
that was simulated numerically. Figures 5a and 5b
present the cal culated and measured values of thetrans-
mission coefficient versus frequency of the incident
wavefor two filters. At frequenciescloseto A, the cal-
culated and experimental values of the transmission
coefficient shownin Fig. 5aare closeto unity. At A <A,
the cal cul ated transmission coefficients are ~0.8, which
coincides with the geometrical transmittance. Small
values of the transmission coefficient (~0.6) measured
at A = 0.5\, (Fig. 5a) do not agree with the calcul ated
values. Thisdiscrepancy may be related to the fact that,
in the model experiment, the diameter of the micro-
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Fig. 5. Comparison of the (1) measured and (2) theoretical
values of the transmission coefficient as a function of fre-
quency of the incident wave for two filters of different
geometries: (a) d=3.47 cm, h, =3.62 cm, h, = 6.26 cm, and
L=10cmand (b) d=0.54 cm, h, = 0.59 cm, hy =1.02 cm,
andL=15cm.

wave beam compares to the diameter of opening,
whereas, in the numerical ssimulation, the microwave
beam diameter was substantially larger than the diame-
ter of openings. The measurement error arising due to
the small diameter of the microwave beam is especialy
large in the high-frequency region, where we observed
the most pronounced discrepancy between the calcu-
lated and measured data. We consider the correspon-
dence between the calculated and experimental values
presented in Fig. 5b as satisfactory. Both methods
prove that thefilter exhibits perfect transmittance in the
resonance region. Measuring the radiation spectra of
high-power relativistic microwave oscillators[3, 6], we
used values of the transmission coefficient calculated as
afunction of frequency.

The technique used in spectrum measurements con-
sists in successive (from pulse to pulse) measurements
of values Q, and Q, + Q, for severa filterswith different
fou- Thistechnique may be used if, for unaltered param-
eters of the experiment and for any given filter, theratio
Q,/(Q, + Q,) remainsthe same from pulseto pulse. This
means that the spectrum is reproduced from pulse to
pulse. Information on the spectrum is obtained in the
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Fig. 6. lllustration to the spectrum measurement technique:
(a) signa spectrum in the form of ahistogram and (b, ¢, and
d) transmission coefficients Ky, K, and K3 of filtersnos. 1,
2, and 3 with cutoff frequenciesfy, f5, and f5 as functions of

frequency.

form of histograms (Fig. 6a) with amplitudesA,, A, ...,
A,,. Figures 6b—6d present transmission coefficients as
functions of frequency: K, is the transmission coeffi-
cient of filter no. 1 with cutoff frequency f,, K, is the
transmission coefficient for cutoff frequency f,, etc. We
call the mean value of the transmission coefficient of
filter no. nin a frequency band ranging from f, to f, as
K then, we can write a system of equation, for exam-
ple, for threefilters:

A+ A+ A + Ay =W, without filter,
K A + KA, + Ki3As =W, for filter no. 1,
KA, + Ky Ay =W, for filter no. 2, and
K;3A; = W for filter no. 3,
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Fig. 7. Example of the spectrum of a wideband relativistic
microwave oscillator; the pulse duration is (a) 20 and
(b) 400 ns.

where W, is the mean value of the total radiation flux
obtained from the averaging over all pulses. The mean
valueof ratio Q,/(Q, + Q,) measured for filter no. 1 and
multiplied by W, yields W,. Similarly, we obtain W, for
filter no. 2, W, for filter no. 3, etc. Usually, W, is aver-
aged over =50 pulsesand ratio Q,/(Q, + Q,) isaveraged
over =5 pulses. The relative rms deviation of the ratio
Q,/(Q, + Q,) isno more than 0.1. Figure 7a presents an
example of the spectrum of a wideband relativistic
microwave oscillator [11]. The ordinate is the spectra
power density measured in MW/GHz. The power was
determined from the measured energy of microwave
pulses and their durations, ~20 and 400 ns. The error in
the measured spectral power density was 0.5 MW/GHz
at a pulse duration of 20 ns; it was determined mainly
by the calorimeter’s sensitivity. For a pulse duration of
400 ns, the measurement error is determined by the sta-
tistics (therelative error is0.1), and the error associated
with the calorimeter’s sensitivity (25 kW/GHz) may be
neglected (see Fig. 7b) [3].
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