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Abstract

Gyrotrons operating in the millimeter and submillimeter wavelength ranges are the promising sources
for applications that are requiring good spectral characteristics and a wide range of output power.
We report the precise measurement results of gyrotron spectra. Experiments were conducted using
a 140-GHz long-pulse gyrotron that is developed for the dynamic nuclear polarization/nuclear-
magnetic-resonance spectroscopy at the Massachusetts Institute of Technology. Transient downshift
of the frequency by 12 MHz with a time constant of 3 s was observed. After reaching equilibrium,
the frequency was maintained within 1 ppm for over 20 s. The coefficient of the frequency change
with cavity temperature was —2.0 MHz/K, which shows that fine tuning of the gyrotron frequency
is plausible by cavity-temperature control. Frequency pulling by the beam current was observed, but
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it was shown to be masked by the downward shift of the gyrotron frequency with temperature. The
linewidth was measured to be much less than 1 MHz at 60 dB relative to the carrier power [in decibels
relative to carrier (dBc)] and 4.3 MHz at 75 dBc, which is the largest dynamic range to date for the
measurement of gyrotron linewidth to our knowledge.
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Frequency pulling; gyrotrons; linewidth; thermal tuning; transient downshift of frequency

[. Introduction

IN RECENT years, an intensive search for radiation sources with good spectral characteristics
and reasonable output power at millimeter and submillimeter wavelengths has been conducted
for a great number of research projects and practical applications [1], [2]. In a number of recent
successful applications using gyrotrons, such as dynamic nuclear polarization enhanced
nuclear magnetic resonance [dynamic nuclear polarization (DNP)/nuclear magnetic resonance
(NMR)] to investigate the structures of bio-molecular systems [3], [4] and collective Thomson
scattering (CTS) to diagnose the plasmas [5]-[7], an improved knowledge of the source spectral
characteristics and cleaner more stable frequency operation are of critical importance. To
satisfy these challenging requirements, Massachusetts Institute of Technology (MIT) has been
developing gyrotrons [8]-[12] and measurement systems [13], [14].

The gyrotron is a vacuum electron device based on the cyclotron resonance interaction between
an electron beam and electromagnetic waves in a resonant cavity [15]. Using a smooth wall
interaction structure, whose transverse dimensions are many wavelengths at the operating
frequency, gyrotrons have the ability to generate very high power when compared to the slow
wave microwave tubes such as klystrons, backward wave oscillators, or solid-state devices at
the millimeter and submillimeter wavelength regions.

For the applications listed previously, a knowledge of the spectral characteristics of gyrotrons
is very important. For example, for the CTS to diagnose ion energy distribution and instabilities
in plasmas, it requires high spectral purity and narrow linewidth over a large dynamic range
to insure that the measured signals only originate from the plasma and not from a stray reflection
[14]. In the DNP/NMR experiments, significant enhancement of the signal-to-noise ratio only
occurs when the highly populated spin polarization of the electrons can be transferred to the
less populated nuclear one. Consequently, the DNP mechanism also needs high spectral
resolution and stability to match the driving frequency to the electron-spin-resonance spectrum
of the paramagnetic species in the sample [3].

Therefore, we report the precise measurements of gyrotron spectra bearing those applications
in mind and discuss the physical mechanism and its implications. This paper is organized as
follows. In Section 11, the experimental setups, including the 140-GHz long-pulse gyrotron and
the heterodyne frequency measurement system, are briefly overviewed. Detailed results on
frequency downshifts, frequency control by cavity temperature, and frequency pulling by
current are presented in Section 111, followed by the linewidth measurement in the largest
dynamic range. In the final section, the results are summarized.

Il. Experimental Setups

To study the spectral characteristics of gyrotron emission, we used a 140-GHz gyrotron
operating in pulses with a duration of 30 s (Figs. 1 and 2). To date, this 140-GHz gyrotron has
been employed in DNP experiments with a 212-MHz (5-T) NMR spectrometer at MIT. The
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typical operating parameters are listed in Table I. The 140-GHz gyrotron is capable of
producing 15-s long output pulses at 50% duty cycle. For single pulse operation, an output
pulse as long as 5 min is readily achievable. The TEq3 operating mode in the cavity is converted
into the TEg; mode by an internal mode converter. Outside the gyrotron, the TEg; mode is
converted to the TE11 mode using a serpentine rippled wall mode converter. Details of this
gyrotron are given in [8].

The gyrotron output was sampled by a mirror and a 1.5-m long Ka-band waveguide and
delivered to the area where the fringe magnetic field intensity is below 5 G. This pickoff sample
of the gyrotron beam was frequency downshifted by a heterodyne receiver. The harmonic
heterodyne-receiver system employed a low-frequency local oscillator (LO) between 18 and
26.5 GHz and a harmonic mixer to mix the gyrotron signal with the seventh harmonic of the
LO (Micro-Lambda YIG oscillator). The LO frequency was counted by a frequency counter
(Phase Matrix EIP 578 B) and locked by a phased-locked loop stabilizing the LO to 10 kHz.
The intermediate frequency (IF) from the mixer was amplified by a series of low noise
amplifiers and detected by a spectrum analyzer (SA) with a dynamic range of 90 dB. To keep
the 10-kHz resolution of the locked LO, the sweep time of the SA (Agilent E4404B) was set
to over 1 ms, and the resolution bandwidth is fixed at 10 kHz.

lll. Frequency Variation

Fig. 3 shows the frequency variation over the duration of the gyrotron pulse. A transient
downward frequency shift of 12 MHz has been observed. In comparison with the exponential
fitting curve, the time constant is estimated to be approximately 3 s. After several tens of
seconds, the frequency reaches equilibrium and remains stable to within 1 ppm for the rest of
the pulse.

For the long-pulse gyrotrons, a frequency downshift with longer time constant (> 1s) isa
common feature [16]-[18], but the physical mechanism of the slow-frequency downshift is
still not completely understood, as mentioned in [19] and [20]. Possible explanations for the
frequency downshift in this system are the following: 1) thermal expansion of the resonant
cavity due to ohmic heating of the cavity walls; 2) neutralization of dc space charge fields of
electron beam by impact ionization; and 3) resonance frequency modification of the cavity by
the background plasma.

The sensitivity of the frequency shift due to thermal expansion was measured by changing the
temperature of the cavity coolant, which is water in our case (Fig. 4). A recirculating chiller
with the temperature precision of +0.1° controls the cavity temperature during operation.
Averaging the frequencies after saturation (from 10 to 20 s), a linear coefficient of -2 MHz/K
was obtained, which is consistent with the theoretical value of —2.3 MHz/K, assuming a thermal
expansion coefficient of ideal copper without external constraints. This demonstrates that
frequency fine tuning of a gyrotron could be possible with precise cavity-temperature control.
The observed frequency downshift in Fig. 3 could be explained by the thermal expansion of
the resonant cavity if the temperature rise of the cavity was about 6 °C.

Fig. 5 shows the frequency variation as the electron beam current was changed. At the start of
a pulse, frequency pulling by beam current [21]-[23] was observed with a coefficient of +0.1
MHz/mA. From the simulations using a nonlinear gyrotron code that is called Maryland
Gyrotron (MAGY) [24], a positive slope of frequency pulling by the beam current was
predicted to be +0.5 MHz/mA. However, the frequency downshift due to the thermal expansion
of the cavity and/or plasma formation overwhelms the frequency pulling by the electron beam
within a few seconds after the onset of emission. As a consequence, a negative coefficient of
—80 kHz/mA was observed after the frequency reached equilibrium, as shown in Fig. 5(b),
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which explains why MAGY results, ignoring the frequency downshift due to higher power and
cavity thermal effect, have a higher coefficient than measured at 1 s.

IV. Linewidth Measurement

Gyrotron radiation has a finite linewidth which can be attributed to both intrinsic noise sources
such as the shot effect of the electron beam and thermal noise, as well as the extrinsic technical
noise sources such as fluctuations in the operating parameters [25]. Linewidth and lineshape
measurements of the gyrotron are very important in applications that are utilizing a frequency
shift by scattering, for example, radar [26] and CTS [5]-[7]. DNP/NMR also require a narrow
linewidth to match the exact frequency in the EPR spectrum for maximum signal enhancement
in NMR [3]. In order to measure the linewidth of the gyrotron over a large dynamic range, we
used a low noise harmonic-mixer receiver. The input power to the mixer was increased to
maximize the observable dynamic range. The resulting strong IF signal caused the IF amplifier
to gain compression, lowering the SA noise floor down to —80 dBm from the —70 dBm small
signal level. As a consequence, we had a conservative observable dynamic range of up to 80
dB.

Three separate frequency sweeps lasting 0.1 s each have been overlapped in Fig. 6 to estimate
the linewidth and lineshape. The power level of the center frequency (299.87854 MHz) in the
IF domain is about —3.5 dBm. Therefore, the 60-dB relative to the carrier-power [in decibels
relative to carrier (dBc)] linewidth at —63.5 dBm is measured to be around 1.0 MHz, and the
75-dBc linewidth at —78.5 dBm is estimated to be 4.3 MHz, respectively, which is the largest
dynamic range for the measurement of gyrotron spectra to our knowledge. After converting
the power scale into a linear ratio relative to the peak power, the full-width at half-maximum
(FWHM) linewidth is calculated to be 72 kHz. The true FWHM linewidth of the gyrotron could
be narrower, as shown in [27] and [28], because the linewidth in the heterodyne measurement
is the convolution of the LO with the gyrotron, i.e., the detection limit is set by the phase noise
of the LO circuit and harmonic noise in the mixer. The linewidth of the LO was directly
measured to be 0.14 MHz at 60 dBc, using the SA ranging the frequency from 10 kHz to 26.5
GHz. Multiplication of the LO linewidth by the harmonic number (0.14 MHz multiplied by 7)
is approximately equal to the linewidth of the gyrotron (1 MHz) that is measured using the LO.
This means that the true linewidth of the gyrotron is likely to be narrower than the measured
one.

V. Summary

In this paper, we reported the spectral characteristics of gyrotron emission using the 140-GHz
long-pulsed gyrotron that is developed for the DNP/NMR spectroscopy at MIT. As with other
long-pulse gyrotrons, the frequency was down-shifted during the pulse. In our measurements
using the 10-W 140-GHz gyrotron, the measured frequency downshift was 12 MHz and
saturated after 10 s with a time constant estimated to be about 3 s. After reaching equilibrium,
the gyrotron frequency remained stable to within 1 ppm for the remainder of the 30-s pulse.
The coefficient of the frequency tuning as a function of the cavity temperature was measured
to be —2.0 MHz/K, which is consistent with that expected for the thermal expansion of the
cavity. This observation supports the possibility of fine tuning the gyrotron frequency by
cavity-temperature control. Frequency pulling by beam current was observed, but this effect
was shown to be hidden by the frequency pulling due to thermal expansion or other effect such
as background plasma formation. In addition, the linewidth was shown to be much less than 1
and 4.3 MHz at 60 and 75 dBc, respectively, which is the largest dynamic range for the fine
resolution measurement of gyrotron spectra to our knowledge. These results show that
gyrotrons operating in the millimeter and submillimeter wavelength ranges are the promising
sources for applications requiring good spectral characteristics and reasonable output power.
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Fig. 1.

Schematic diagram of the gyrotron used for this experiment. The basic components of the
gyrotron include a magnet, an electron gun, and a vacuum tube which consists of a beam tunnel,
a resonator, and a mode converter and collector.

IEEE Trans Plasma Sci IEEE Nucl Plasma Sci Soc. Author manuscript; available in PMC 2008 December 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Han et al. Page 16

Pulse High voltage
Frequency
generator power supply
counter
lT PLL
Spectrum
PC

analyzer

IF amplifier Harmonic mixer Local oscillator

Fig. 2.

Block diagram of the heterodyne system that is used to measure the spectral characteristics of
the pulsed gyrotron. A trigger signal with a repetition rate of 0.01 Hz is generated by the
computer and sent to the pulse generator, which is used to control the pulse of the high-voltage
power supply and to gate the SA. A segmented sweep over the duration of the pulse was made
by changing the delay of the time gate in the SA.
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Page 17

Frequency shift over the duration of a pulse at 12.9 kV, 30 mA, and repetition rate of 0.01 Hz.
Solid dots represent the measured data, and the solid line is a curve fitted to an exponential
function. The SA is set to a 14-ms sweep time and 30-kHz resolution bandwidth.
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Fig. 4.

(a) Frequency variation over the duration of the pulse with respect to the cavity temperature

(the temperatures are set values in the recirculating chiller). (b) Frequency change as a function
of the temperature, where the frequencies are averaged values after reaching equilibrium (from
10to 20 s).
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(a) Frequency variation over the duration of the pulse with respect to the beam current. The
beam current was maintained by controlling the heater current. (b) Frequency change as a
function of the beam current, where the frequencies are averaged values after reaching
equilibrium.
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Fig. 6.

Spectral linewidth of the 140-GHz gyrotron in the IF domain, in which the LO frequency was
locked at 19.99400 GHz, and its seventh harmonic was mixed with the gyrotron frequency.
For this measurement, the SA was set to 10 kHz of resolution bandwidth and 100 ms of sweep
time. Sweeping was delayed by 10 s to wait until the frequency was stabilized after the onset
of radiation.
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TABLE |
Operational Parameters and Resulting Output Power of the 140-GHz Gyrotron for the DNP/NMR Experiments

140 GHz

Operation voltage, Vo (kV) 12
Beam current, lo (mA) 25
Operating mode TEO31
Tube output mode TEO1
Magnetic field, Bo (T) 51
Cyclotron harmonic number 1
Output power (W) 14
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