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Abstract 

Dsing an heterodyne system, called "Cyro-radiometer", accurated 
frequency measurements have been carried out on VARIAN 60 GHz 
gyrotrons. 
Changing the principal tuning parameters of a gyrotron, we have 
detected frequency variations up to 100 MHz, - 40 MHz frequency jumps 
and smaller jumps (- 10 MHz) when mismatches in the transmission line 
«ere present. 
FWHM bandwidth of 300 KHz, parasitic frequencies and frequency drift 
during 100 msec pulses have also been observed. 
An efficient method to find a stable-, high power-, long pulse-
working point of a gyrotron loaded by a transmission line, has been 
derived. In general, for any power value it is possible to find stable 
wording conditions tuning the principal parameters of the tube in 
correspondance of a maximum of the emitted frequency. 
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INTRODUCTION 

The Gyrotron, a high power millimeter wave source, based on stimulated 
cyclotron emission, has been developed in the last twenty years. 
It consists (schemes in fig. 1 a,b) of an electron gun of the 
magnetron type which produces an annular electron beam. These 
electrons after being accelerated in a growing magnetic field,flow in 
a circular waveguide cavity (of dimension close to the cut-off for a 
TE„ mode) where they interact with a R.F. wave. A relativistic phase on 
bunching of the electrons (in presence of a static uniform magnetic 
field due to superconducting magnets) permits to transfer the electron 
azimutbal energy to the e.m. wave. Later on, the electron beam reaches 
the collector, and the high power wave exit through a vacuum window. 
It is well known from gyrotron theory [1],[2],[3],[4], chat the 
strongest generation of e.a. oscillation takes place when the 
frequency of one of the high-Q TE modes of the cavity is close to the 
fundamental electron resonance frequency S , following the fundamental 
equation : 

B - B c = Jtl . vll 

where S is the radiated frequency, kn = v/L depends on the cavity 
length L, vl is the electron velocity parallel to the cavity axis and 

fic = (e.B) / (i.m0) 

e and m are the charge and the rest mass of an electron, i=1t(Vc/511) 
is the relativistic factor, Vc is the Cathode Voltage in KV. 
An almost linear frequency increase with the magnetic field has been 
experimentally shown (about 200 MHz/KG) [5]. The "S" shape line of the 
frequency f versus the cavity magnetic field , should be explainable 
using a non linear theory [£]. 
Frequency tuning of a gyrotron of the order of 100 MHz or more,has 
been verified too [5],[6]. 
A frequency decrease has been obtained increasing the Cathode Voltage 
Vc [(]. Besides it is known that an increase of frequency corresponds 
to a power decrease [7] and that there is a certain distance between 
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the frequencies of the possible resonating modes in the cavity 
[5],[7]. Anomalous frequency behaviours axe reported in [6],[8] 
showing frequency jumps and "0" shape ioi the frequency variation. 
Nevertheless a really detailed frequency measurement of a gyrotron had 
never been performed. 
Accurate frequency measurements are necessary not only for developers 
but also for gyrotron users. In fact, a frequency control permits a 
correct use of the source, avoiding spurious modes oscillations at 
wrong frequencies (thus avoiding localized heating due to trapped 
modes between the gyrotron window and the cavity]. Moreover when a 
power transmission line is connected with a gyrotron, mismatches could 
be present. Spurious modes generated by the source or by the line 
could cause either high losses or breakdowns due to trapped modes in 
the line, or power reflection. These problems became more and more 
important for Ion; pulses or CW regimes. Besides a bad VSWR can reduce 
the output power up to 30* [5]. Therefore, as the frequency behaviour 
of a gyrotron is sensitive to a mismatch in the line, an accurate 
frequency measurement could bring informations about the gyrotron/line 
matching. 
For these reasons we have decided to control carefully the signals 
emitted from the three 50 GHz -200 KW 100 msec pulsed gyrotrons 
(VARIAH VGE 8060 B SH 011/012/013 with complex cavity T E 0 1 1 - T E 0 J ) ) 
used for the ECRH experiment in the TFR tokamak.frequency variations 
of each gyrotron have been measured for variations of the most 
significant tuning parameters of the source, The parameters variation 
range was limited to a safety working zone, indicated by the 
constructor. The measurements have been effectued using a radiometer 
to detect the signal coming out of the gyrotrons. 
The heterodyne system permitted to detect on a single shot real-time 
base even weak or parasitic modes in presence of a strong principal 
mode signal. 
The precision of the measurements, the interesting frequency behaviour 
of the gyrotrons, the possibility to tur.e a gytotron using this 
frequency measurement, and the fiability of the device, pushed us to 
call this instrument : "Gyro-Radiomecer". 
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1 THE GYRO-RADIOMETER 

A high power mi11imiter Have is emitted by the gyrotron in an 
oversized circular waveguide (• = 63.5 mm). The first component of the 
transmission line, an arc detector, couples this wave into a standard 
rectangular waveguide, by mean of a non calibrated hole (coupling 
coefficient in the 50-60 dB range). Then the signal enters the 
gyro-radiometer as shown in fig. 2. The lack of a mode-selective 
coupling does not permit a power calibration at the detection. This 
wave is then coupled with a signal from a local oscillator (L.O.). We 
have used a VARIAN klystron (VRE 2103 A-73 Power - 500-1000 mW) 
tunable in frequency (56.9-62.9 GHz), but cheaper and simplex 
centimetric source to handle, as a Gunn diode, can be used as well in 
one of its harmonics. A cavity wavemeter (THOMSON-CSF) gives an 
absolute frequency measurement of the sources, with an absolute error 
of about - 60 GHz and an instrumental resolution of 10 MHz. Variable 
attenuators are used to modulate the amplitude of the signals. At the 
end of the device a wide-band detector can be used to detect the 
beating wave. Otherwise, if a centimetric L 0. is used, the gyrotron 
signal can beat directly in an harmonic mixer. The signal is then sent 
to a spectrum analyser (we used a H.P. 8552 B IF section, 3553 B RF 
section). A 300 KHz filter and a scanning time varying between 0.2 
msec and 1 msec has been used. A large frequency scan (-3 GHz) is 
possible varying the frequency of the klystron, while the spectrum 
analyser permits a precise scan (in our experiment reduced at the 
0-110 Nhz range). 
With this system it is also possible to detect the beating of the 
signals emitted by two gyrotrons, when the local source is excluded. 
This experience has been successfully carried out, using the Gyrotrons 
t Oil and t 012. Changing their tuning parameters, we have obtained a 
beating frequency in the range 10-80 MHz (u - ">.,,) detected by the 
Gyro-radiometer. The total output power was always greater than 350 
KW. The plasma in the tokamak, considered as a nonlinear medium, was 
probably sensible to this beating, but the coupled power was very low 
to detect a visible effect of resonance on the ionic population. 
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2 THE BEATMC EOffATION 

The signal emitted by the gyrotron at a frequency ui can be described 
by the expression 

E = ftf cos(m(t + »t ) 

This wave will enter the gyro-radiometer and beat with the wave 
generated by the 1.0. at a frequency e>2 (close to UP ) which can be 
described by 

E 2 = A 2 costuijt + ifj) 

The beating intensity of the two signals detected by the mixer is: 

! - < £ , + E 2 ) 2 -

I - (A 1) 2/2 + (A 2) J/2 + (constant terms) 

t ih^tt 003(2^ t+2»,) + (A 2) 2/2 cos(2w2t+2ip2) + 

+ A^costd^+Mj j t + («Pj+WjJ] + 

+ A^cosCdi^-UjJt + (*, ~» 2 J1 <1°" frequency term) 

If two frequencies u>t and u are present, only the low frequency term 
will be detected by the nixer. Thus, on the spectrum analyser we will 
see the difference of the two frequencies (in our experiment we always 
kept the position: m gyrotron < w local source). 
If spurious frequencies appear, the analysis becaaes more complicate. 
Supposing to have a spurious frequency u with 

E3 = a 3 C ° 3 ( V + V 
then the intensity of the low frequency detected signal will be: 

(high 
frequency 
terms) 
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I - A )A J c o s t l y - u 2 ) t + ( •>, - » j ) ] + 

+ A ^ J cosCd»,- uij)t + (<p( - iPj)] + 

+ AJAJ COS[(«ij- B j ) t + (n>2 - » 3 ) ] 

To avoid three spectral lines, it is better to take A >> A and A >> 
A , controlling A with the attenuator. In this case there will be 
only the principal spike (m - m ) and the spurious one (<u - <u ). 
Moreover, beating harmonics of the type n. («i, - • ) , have to be 
avoided. Anyway they are easy to recognize, and a small variation in 
the reference frequency of the L.O. is sufficient to move them out of 
the detection range. 
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3 GENERAMTIES OW THE FfiEOPENC? MEASPREMENTS 

The local low power source used was a klystron delivering a stable 
reference signal (frequency fluctuations less than 250 KHz during a 
100 msec gyrotron pulse). In the spectrum analyser,a 300 KHz filter 
has been used. Thus the precision in the frequency measurement is 
3.10s Hz / 60.109 Hz » 5.10"6 . 
A U parasitic signals leading to spurious spectral lines can be easily 
avoided with a careful mounting. 
During a pulse the used spectrum analyser scans only once the 
frequency range in the preset tine. We usually detected the spectral 
line in the middle of a pulse. When necessary, we have moved the 
scanning time all along the pulselength. 
Even if the absolute frequency measurement given by a cavity wavemeter 
had anincertitude of t60 MHz, the relative frequency measurement 
assured by the heterodyne system permitted at least, a precision in 
the order of few hundreds KHz. The reproducibility of thé frequency 
measurement and of the gyrotron setting was limited only by 
instrumental precision and by stability (which nevertheless was rather 
good) of the electrical setting parameters of the tube. 
Within these limits this heterodyne system gave a precise frequency 
measurement and an easy and good reproductibility of the measures. 
In the frequency measurements carried out for each gyrotron, parameter 
variation curves have been obtained changing only one parameter at a 
time while others were kept constant. 
Pulses of 10 msec have been used, with a scan time of 1 msec. The 
variation range, for each parameter was in the safe working zone (given 
by the constructor), to avoid dangerous or anomalous regimes. This has 
limited the variation of the gyrotron parameters in the ranges 
reported in table I. 
The set up for the frequency measurement at the gyrotron exit .using 
an arc detector and a water load, is shown in fig. 3 . sometimes 
frequency tests have been performed connecting a gyrotron with part of 
a transmission line. In this case the used scheme is shown in fig. 4. 



Beam Current x. S or 8 Amps 

Cathode Voltage 7c -60 KV - const. 

Top Main Coil Current x, 17.70-18.70 Amps 

Bottom Main Coil Current h 14.00-14.30 Amps 

Cathode Coil Current h 0.95-1.20 Amps 

Gun Anode Voltage \ 18.00-19.30 KV 
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4 PULSE ANALYSIS 

He define 'stable pulse" a pulse having a neat spectral line, as 
narrow as possible, without jumps in frequency (fig.5). A scan of the 
local oscillator frequency (60 - 3 GHz) in a "stable* operating point 
of the gyrotron, showed that there were no other frequencies in th.it 
range. 
For a stable pulse, the measured bandwidth (Full Width Half Maximum : 
FWHM) waj about 300 KHz (-5J KHz) lioth at high (230 KW) and at low (50 
KW) power. 
For an instable pulse (fig. 6) the bandwidth was considerably larger 
(several MHz), the frequency varied rapi-.Uy during the pulse (even 
jumping) and the pulse creaked easily. 
Instable pulses «ere obtained for particular setting of gyrotron 
parameters. For instance, in the high power (220KW) non distruptive 10 
nsec pulse of fig. 7, a frequency jump of 5 MHz is shown. When the 
scan time was not fast enough (1 msec in this case) two spiXes 
appeared. A scan time of 0.2 m3ec was necessary to detect only one 
spectral line, indicating that the frequency jump appeared after 0.2 
msec and before 1 msec with respect to the usual scan time. In this 
case also the direct frequency measurement (using a cavity wavemeter ) 
showed the frequency jump. 
For a correct gyrotron behaviour it is better to avoid these zones of 
instability. 

http://th.it
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s FBEOUENCY -SASUSEHEWTS ON CYROTROP g on 

Among the three tested gyrotron, this is the most stable, giving a 
continuous frequency variation for a change of the setting parameters. 
Assuming a frequency of 59.024 GHz for the usual working point, the 
frequency range 59.804-59.904 GHz has been explored. 

5.1 Frequency and Power vs I for different I 

In fig. a power and frequency variations vs I (Cavity Main Coil 
Current) for I = S Amps and 8 Amps are reported. 
Frequency and power are higher for Beam Current I = 8 Amps. The f vs 
I curves show an almost linear behaviour, confirming the 'S' shape 
variation [8]. We could better say that there is a small ondulation of 
the frequency curve around a linear variation. Obviously for a main 
coil current increase there is a magnetic field increase and hence a 
frequency increase (as <3c is proportional to B), and a power decrease. 
Linearizing the power decreasing rate, we could say that it has a 
negative slope of 1.21 MHz/KW. 
The if Max (maximum frequency variation for o:;e curve at I - const) 
is about 90 MHz. 

5.2 Frequency vs V for different I 

In fig. 9 is shown the frequency variation vs the Gun Anode Voltage 
for different values of I . 
The curves tend to have a maximum for higher V at increasing I 
values. 
At I t - const the if Max is about 40 MHz. 

5.3 Frequency vs I for different I 

The f vs I2 curves shown in fig. 10 ere monotonously growing, with the 
same slope as for the frequency variation due to a change in I (-225 
KHz/KG which corresponds at about 115 MHz/A). This result is 
understandable because I and I (currents in the cavity magnetic 
coils) have the same influence on the resonance frequency. The I and 
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I values are very similar, and as I is chosen to increase power (at 
I fixed), I is used to optimize the shape of the magnetic gradient 
in the cavity. Thus if we change I to choose the power, also I has 
to be changed to optimize the efficiency of the interaction in the 
cavity. A small adjustment of I is sufficient to maximize the output 
power for a given value of the other parameters. 
The if Max at I - const is about 30 MHz. 

5.4 Frequency vs I for different 1^ 

In fig. 11 is reported the frequency behaviour for a variation of I 
at different I,. Also in this case the curves show a maximum of the 
frequency, which is at higher values of I 5 for increasing I. values. 
The af Max at I, - const is about 30 MHz. 

5.5 Frequency vs Pulse-time 

For fixed working parameters of the gyrotron in stable pulse 
operation, we have looked at the frequency variation during a pulse of 
100 msec. The center scanning frequency was varied in a range of 
several MHz. Variation of the different frequency components of the 
pulse vs time were displaied on the spectrum analyser. The good 
stability of the power supply, allowed us to verify the correct 
reproductibility of pulses (for fixed parameters). Making a fast 
frequency scan, the error due to the drift of the I was limited at 
about 1 MHz for the whole sequence of measurements. 
In figs. 12, pictures of the appearing time of the different 
frequencies which composed the pulse are shown. In fig. 13 we have 
tried to summarize these results, giving in ordinate the gyrotron 
frequency (f gyrotron a f klystron + if beating) and in abscissa the 
appearing time during the pulse. The amplitude of the detected signal 
is reported for each frequency in dB. Even if the device is not power 
calibrated, a relative calibration between the amplitudes of the 
frequency signals shows, in a precise time, the percentage of each 
frequency. 
It appears clearly that in the first 10 msec there is an increase in 
the significative values of frequency of 1.5 MHz . Then there is a 
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frequency decrease of 5.5 MHz. Such a frequency variation (6.10 / 
60.109 -• - 10"*) is very small a .d ininfluent on the operation of the 
gyrotron. A f.'tst explanation of this complex time evolution of the 
frequency, could be both the finite tiae constant of the Anode Voltage 
which reaches the asymptotical value in about 10 msec (giving an 
increase of frequency) and the increasing cooling of the cathode 
during the pulse (giving a decrease of frequency). A contribution to 
this drift could also be found in contractions and dilatations of the 
cavity due to thermal effects which, changing slightly the geometrical 
dimensions produce an increase or a decrease of the frequency. 
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6 FREQUENCY MEA30REMEHTS ON OYROTRON » 012 

For tbis gyrotron we have obtained the following frequency variation 
range: 59.850 - 59.940 GHz (-60 MHz) with a frequency of 59.860 GHz 
for the usual working point. 
In addition to the usual measurements with water load at the gyrotron 
exit (fig. 3), the calorimeter has been installed at the end of the 
transmission line, in the TE mode (fig. 4). Frequency measurements 
have been carried out at a constant I e value, for separate variation 
of l t,V 4 and I 5 . 

6.1.1 Frequency and Power vs I for different I 

Also for tbis gyrotron an increase of I produces a frequency increase 
and a power decrease with an average slope of 1.25 HHz/KW (fig. 14). 

5.1.2 Frequency vs I for different I : water load in the TE 
mode above the gyrotron 

Looking into detail at the two frequency curves for I • 6 and 6 Amps 
(fig.15), we can see once again that they are almost parallel and show 
an "s" behaviour even in case of the frequency jump of about 30 MHz. 
The of Max was about 90 MHz. 

6.1.3 Frequency vs I at I =8 Amps, water load aEter the second 
bend of the transmission line, in the TE node 

On the average tbis curve (fig. 16) follows the identical one with 
water load in T E . It has a "big" frequency jump of » 30 MHz at about 
the same I , but it has also three "small" jumps of - 10 MHz. These 
jumps show clearly the influence of a mismatched line on the gyrotron 
behaviour. In fact 10 MHz corresponds to twice the distance between 
the gyrotron cavity and the water load (> 15 m). We know from burning 
papers and calorinetric power measurements, that this transmission 
line bad a low efficiency (- 70 4). 
Therefore we can think that spurious modes were created in the line, 
reflected by the Hater load (which is not adapted to these modes) and 
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have influenced the electron beam in the gyrotron cavity. 
The "big* jump was not due to a mode changing, because the signal front 
the TE coupler did not show any variation. Maybe in the jumping zone 
this gyrotron works with electrical parameters which can cause an 
instability in the electron beam formation, giving a variation in the 
electrons speed distribution. Another explanation could be found in an 
excessive magnetic field tapering which could give rise to a 
saturating phenomenon of trapping for certain frequencies. When a 
critical value is reached, a relaxation of the saturation follows and 
the instability manifests itself in a frequency jump. 
Summarizing, the "big" jump is probably due to an instability of the 
electron beam in the gyrotron, whilest the small jumps are due to a 
mismatch in the transmission line. 

6.2.1 Frequency vs V for different I t ; water load in TE mode 
above the gyrotron 

The curves (fig. 17) show a maximum in the frequency at increasing V 
values for higher I . "Big" frequency jumps (• 30 KHz) are present in 
a definite range of I (18,20 - 18.30 Amps), 
The af Max at I 1 - const is about 20 MHz without the jump and - 55 MHz 
with the jump. 

6.2.2 Frequency vs V for different I : water load in TE mode at 
the end of the line 

On the average the curves (fig. 18) have a behaviour similar to the 
case without transmission line, having a maximum, and a jump of - 30 
MHz, but here there are small jumps (- 10 MHz) due to mismatches. 

6.3 Frequency vs I for different I ; water load in TE mode 
above the gyrotron 

A monotonous frequency increase is shown in fig. 19 for variation of 
I J ( with big jumps of about 30 MHz in a definite I zone (18.10-18.20 
Amps). 
The Af Max with i - const is about 20 MHz without jump, and * 50 MHz 



with jump. 

6.4.1 Frequency vs I for different I t; Hater load in TE mode 
above the gyrotron 

Curves with maximum are shown in fig. 20. For increasing If values 
maxima are found at higher I s. A big frequency jump is present for 
1,= 18.30. 
The af Max at I « const is about 20 MHz without jump and 40 MHz with 
jump. 

6.4.2 Frequency vs I for different I ,• water load in TE node at 
end of the line 

The curves are rather flat (fig. 21), with a big jump of 30 MHz at 
almost equal I and small jumps of 10 MHz, due to mismatches in the 
line. 

6.5 Frequency vs Pulse-*ime 

The frequency evolution during the 100 msec pulse is shown in fig. 22. 
A variation of about 6.5 HHz has been detected. In the first 10 msec 
there is an increase of frequency,as shown in the detailed measurement 
reproduced in fig. 23. Later on, there is a frequency decrease. 

6.6 Frequency vs Cathode Voltage 

For this gyrotron we have checked that an increase of the Gun Anode 
Voltage corresponds to a decrease in the frequency, with an average 
slope of about 5 HKz/KV. The possibility of using this parameter to 
avoid the big frequency jump in a working zone of the gyrotron is 
effective. In fact,a frequency jump always leads LO some trouble in 
the pulse. Therefore it is iiettei to avoid this area. The measured 
small frequency variation ratio , ask for a large voltage variation to 
move sensitively the dangerous area. 
As the Beam Voltage is fixed for all the set of gyrotrons, optimizing 
Vc for one source, we could influence negatively the behaviour of 
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another one. Therefore we have avoided to tune a gyrotron using this 
parameter. Luckily, our (maximum power) working range was rather far 
from this zone of instability, and no effective variation of Vc was 
needed. 
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7 FREtMEMCV MBASHREMEHTS ON GYROTRON t 91? 

For this gyrotron the frequency has been varied from 59.897 to 
59.992 CH2 {. 60 MHz) with an usual working point at 59.907 GHz. 
Measurements have been effectued for this gyrotron mounting the water 
load both directly above the source in the TE mode and at the end of 
the complete transmission line in the TE mode. 

7.1.1 Frequency and Power vs I, for different I 8 

An increase of I. gives an increase of frequency and a decrease of 
power with an average slope of 1.2 MHz/KW (fig. 24). The power has an 
anomalous increase both at I = 8 and 6 Amps for the same I value. In 
correspondence the frequency shows a jump of 40 MHz. We have to remark 
a pulse instability for I values close to the jump (I, < I -jump). 
When I t tends to I -jump the.spectral lines are larger and increase in 
number (fig. 25). Reducing the scan time we have detected in this zone 
a frequency jumping time smaller than 1 msec. For a further increase 
of I (I > I -jump) we found a stable pulse behaviour. 

7.1.2 Frequency vs I. for different I ; water load in TE mode 
above the gyrotron 

The frequency increases with an "S" shape with a jump of 40 MHz 
(fig.26). 
The it Max' for I - const is about 90 MHz (including the jump). 

7.1.3 Frequency vs I, for different I ; water load in TE at the 
end of the complete line 

The frequency curves (fig.27) behave like for water load above the 
gyxotron. No other jumps are present. This means that the line is well 
matched, confirming the positive mode scasurements with burning papers 
for this line. 
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7.2 Frequency vs V for different It 

The curves (fig. 28) present an increasing maximum in V for higher 
I values. Only one big jump of 40 MHz is present. 
The Af Max for 1 - const is about 25 HHz excluding the junp, so HHz 
with jump. 

7.3 Frequency vs I for different I 

These curves (fig. 29) increase monotously, and present two jumps of 
40 HHz (I] = 17.SO - 17.90 Amps). 
The if Max at I - const is about 20 HHz, jump excluded, and 50 MHz, 
jump included. 

7.4 Frequency vs I for different I 

These curves (fig. 30) 'show an increasing maximum in I, for higher I 
values. There is an exception for the curve at I. - 17.90 Amps which 
shows two jumps of 40 and 30 HHz. 
The af flax for I - const is about 20 MHz (without jump) and 60 HHz 
with jump. 

7.5 Frequency vs Pulse-time 

The frequency evolution during a 100 msec pulse (fig.31), shows an 
increase (- 1 HHz) of frequency in the first 5 msec and then a 
decrease of about 7 HHz. 
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8 PMCHJSIONS OH MEASUREMENTS 

The principal results of the frequency measurements of the three 
gyrotrons are reported in table II. 
The three gyrotrons showed the possibility of a frequency tuning of 
a «cut 100 MHz fur a standard working range. In this case the rate of 
power variation is on average -0.8 KW/MHz. 
The frequency increases almost linearly ("5" shape curves) with the 
Main coil Current (I. or I ) at a rate of 200 «Hz/KG . Two gyrotrons 
present a 30-40 HHz jump. This is probably due to a coupling process 
in the cavity rather than a mismatch due to the window, as in the case 
of the HIT 14"! GHz gyrotron [6]. Large instabilities of the pulse are 
present for I < I -jump. The presence of a transmission line can 
induce other snail jumps of about 10 MHz if it is not well matched 
(creation of spurious modes and reflections). 
Frequency curves for Gun Anode Voltage (V ) and Cathode Current (I ) 
variatior.J, present maxima placed at higher V or I. values for higher 

Big jumps (30-40 MHz) are present for the two mentiorli gyrotrons. 
Small jumps (about 10 Mhz) are detected when there is a mismatch in 
the line. 
It is possible to increase frequency, decreasing the cathode Voltage 
(V ) at a small rate of S HHz/KV. For long shots (- 100 msec) a 
frequency increase (- 1 HHz) has been measured at the beginning (0-10 
msec) of the pulse. Later on, the frequency decreases of about 6 MHz. 
This frequency drift could be explained by a small variation in the 
value of the Beam Current (I.) and/or by a small geometrical 
deformation of the cavity during the pulse. 
For a stable pulse, a frequency bandwidth (FWHM) of about 300 KHz has 
been measured. When instabilities occur, the bandwidth broadens and 
the frequency tends to jump of several HHz in a time inferior to 1 
msec. 
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absolute 
f range 
-60 MHz 

f work. 

f and p 
vs I at 
I„=8;6 A 

IE-, 

x vs 

f vs v 
rti 

WL TE„, 

f VS V 

WL'TE,,, 

f VS I. 
rtl 
BL TE„ 

f VS I. 

WL TE„, 

f VS I_ 

WL 1TE 0 1 

f vs t 
100 msec 

f vs v„ 

G * 011 

59.804-59.904 GHz 

59.824 GHz 

>I >f S shape <P 
Af/ÛP-1.21 MHZ/KW 
AfMax-90Mhz I cnst 
no big jumps 
no instabilities 

no measurements 

curves with Maxim 
no jumps 
AfMax-10MHz I^nst 

no measurements 

>I >f 
AI - /of-225MHz/KG 
no jumps 

ifMax I constant 
30 MHz 

curves with Maxim, 
no jumps 

AfMax I constant 

no measurements 

tO-7msec Af+1.5MHz 
t7-100ms af-6.5MHz 

no measurements 

" # 012 

59.850-59.940 CHz 

59.650 GHZ 

>I >£ S shape fp 
if/iP-1.25 MHz/KW 
AfMax-90MHz I const 
big jump '30MHz 
small instb I <Ijump 

WL TE:avrg.behavr 
like TE but small 
jumps -10 MHz: 
line(2 mismatched 

curves with Maximum 
big jump - 30 MHz 
AfMax I constant 
30MHz(without jump) 
55MHz(with jump) 

average behaviour 
like TE 
small jlnps - 10 MHz 

>I >f 
AI - 7Af-167MHz/KG 
big jumps - 30 MHz 
afMax I constant 
20MHz(without jump) 
50MHz(with jump) 

curves with Maximum 
big jump - 35 MHz 
afMax I constant 
25MHz(without jump) 
40MHz(with jump) 

curves rather flat 
big jump - 30 MHz 
small jumps '10 MHz 

tO-10msec Af+0.5MHz 
t10-100ms Af-6.0MHz 

> V < f 
of/air - 5 MHz/KV 

G » 013 

59.897-59.992 CHz 

59.917 GHz 

>I >f S shape <P*« 
Af/AP-1.20 MHz/KW 
AfMax-90MHz I const 
big jump -40MHz 
large inst I.<Ijump 

»L IE savrg.behavr 
like TE -no jumps; 
line # V 
well matched 

curves with Maxim, 
big jump - 40 MHz 
afMax I constant 
25MHz(without jump) 
60MHz (with jump) 

no measurements 

>I >f 
AI -*/of-150MHz/KG 
big jumps -40 MHz 
afMax I constant 
20MHz(without jump) 
50MHz(with jump) 

curves with Maximum 
big jumps-30&40MHz 
AfMax I constant 
20MHz(without jump) 
90MHz(with jump) 

no measurements 

t0-5msec Af+1.0MHz 
t5-100ms Af-5.0MHz 

no measurements 

TABLE II 
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9 fiVROTROM TOHrNO 

We define as "stable working point' a long (* 100 msec) high power 
O200 KW) pulse, without breakdown, frequency jumps or other 
instabilities. 
Dp to now to find the optimal operational parameters of a gyrotron we 
based on direct frequency measurements on signals from the TE 
coupler and on calorimetric measurements to know the output power. 
Adding to these informations the knowledge of the safe working range 
given by the constructor we obtain an empirical recipe to tune a 
gyrotron. But it takes a certain time to calibrate a gyrotron in this 
way, and it could happen that the tube changes slightly its 
chracteristic after few months, thus we are obliged to calibrate it 
again. Besides, when we calibrate a gyrotron with the water load above 
it, we find operational parameters for that precise load. In this case 
it is very easy to obtain long-pulse shots even in presence of a 
discrete anount of spurious modes emitted by tbe gyrotron. But when we 
introduce a long and complex transmission line, problems appear. Often 
the line is not well matched. Spurious modes are produced and 
consequently reflected. This reflected power influence largely the 
gyrotron behaviour. In this case to tune a gyrotron for a long pulse 
shot, could be a very hard task. Anyway, once the line is mounted, we 
could think that the easiest way to work is to adapt the working point 
of the gyrotron at the line. Probably the truth is in the middle, 
between a correct mode control at the gyrotron exit and a matching of 
the gyrotron to the line. This could be shown using at the same time 
the gyro-radiometer to get informations from the gyrotron and the 
k-Spectrometer [9] to know modes in the line. Op to now we did not 
have the possibility to confirm this idea with an experiment. 
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fO METHOD OF THE MAXrMi/M FREOUEHCr ANP PtWER fMFP) FOR A s r a H T . g 

WORKtHO POINT OF A OTROTROW 

An empirical method to easily find the electrical parameters to tune a 

nyrotron in a stable working point , has been found using the 

gyro-radiometer. 

This method, deduced from the frequency measurements of a gyrotron.has 

been successfully applied to another gyrotron, obtaining in a very 

short time, the complete set of working parameters. These were very 

close to the parameters deduced in a relatively long time from the 

direct frequency sample, the signals from the TE coupler, and from 

calorimetric power measurements. 

The description of the method of the Haximum Erequency and £ower (MFP) 

to tune a gyrotron is as follows. 

First of all we have to note that a previous gyrotron calibration can 

be done installing above it, a matched load. In this case the source 

will be easier to tune, as 'there is no influence of the line on it. 

A) The starting position is given by setting the principal electric 
parameters in the middle of the safe working zone indicated by the 

constructor. In this case we have: 

*i " *i • V h ' V h » v* " 2» » vc " \ : I, = 8 Amps 

Than we have to vary, within its safety range, one parameter at a time 

keeping all the others constant, and measure the frequency variation 

using the gyro-radiometer. 

B) It (and eventually V c) variation with L ,2. ,1» ,2. .If there is 
a big jump (several tens of MHz) in the characteristic of f vs I we 

can déplace it varying V r. Thus we will find a new V. : •• v * c c c 

C) I s variation with I,, V (*. j^ , v^ . We will choose the I s 

value which gives the maximum frequency - 1 * 

D) v variation with i , V,*, I , i * . We will keep the V * value 
which gives the maximum frequency : -> v 
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E) I, variation with 1 ^ , V^, I s*, V A .We » ill try to obtain the 
maximum (or the desired) power : -• I 

F) I, variation with I, , V , I *. VÀ .We will try to maximize 
th. desired power : •» I 

we can start again from C) to verify that the found parameters 
correspond at the criteria of maximum power and maximum frequency. 
We will have then obtained the following set of parameters: 

* * * * .. * I, , I, . I, , VA , V c 

which çrive a long and stable pulse. The corresponding power is almost 
the maximum available (sometimes few percent less). 
We have to note that the parameters found with this method, are very 
close, if not identical, to those obtained using the previously 
described "recipe". 
This method could interest constructors to verify the theoretically 
foreseen behaviour of gyrotrons, but it could surely be a great help 
for users, when they have to obtain high performances from the 
coupled system : gyrotron + transmission line. 
In fact this method permits to find in a very short time the best 
gyrotron behaviour when matched with a complex transmission line. If 
the gyrotron losses its tuning, or the line is modified, using the MFP 
method, a new calibration demands a small waste of time. We could even 
think at a computer controlled system, based on the HFP method to find 
automatically the best working conditions. This could be indoubtly 
useful for large installations composed of 10 or more gyrotrons. 
An improvement of the HFP method i-3 necessary when we connect a 
transmission line to a gyrotron. In fact as we have seen, if the line 
is not perfect, it will be mismatched. To assure a stable behaviour of 
the source, we have to avoid the "troubled zone" induced by the 
mismatch. Therefore, if varying I in the B) step, we note small 
frequency jumps of about 10 MHz, in the following steps : C),D),E),F), 
the optimum parameters will be those which give a detected frequency 
far enough from the small jumps ( possibly equidistant two jumps), 
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11 A TENTATIVE OF EXPLANATION OF THE MFP METHOD 

We try here to explain, using a simplified gyrotron theory, the 
empirically deduced MFP method. 
When we maximize the power, we optimize the interaction of the 
resonant electrons in the cavity, shaping the magnetic field by mean 
of the Main Coil Currents I and I . In this way we produce a beam 
with the maximum power in the principal mode. 
When we maximize the frequency we set the tube in a stable position 
(like for all the stationary points). 
To confirm this intuitive position, we can look at the gyrotron 
behaviour from two points of view: 

I) We can maximize the frequency, varying v and I s, which have an 
influence on I , which has an influence on the frequency. Thus, 
varying indirectly the beam currant, we vary vll or the interaction 
time in the cavity N ( N = D/A. . c/vll , where D is the cavity length, 
A the wavelength, c the speed of ligth and vll the component of the 
electron velocity parallel to the axis). If we optimize the electron 
beam speed distribution, we optimize the interaction time 
(proportional to vl) and we could think that we meet a condition of 
maximum efficiency n , because 

n » at 
1 + (vn /v"-)2 

i 
where nJ- , is the efficiency of energy extraction from the 
perpendicular component of the beam. 

II) We can look at a gyrotron from an equivalent circuit point of 
view. Making an analogy with the klystron the >ry, we can schematize 
the equivalent circuit of an isolated cavity in the following way: 

L. 
RP 

- w v V - a 
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The fundamental equation of the cavity is: 

l.c.u2 = 1 *" 

The amnettance between A and B is: 

Y = G + j.C.o) - j/L.o» 

Considering now a gyrotron as a cavity, the presence of the elctron 

beam (which absorbs energy), introduces an admettance Yf: 

ïf = Gf + j.Bf 

Therefore the equivalent circuit becomes: 

rm^m\ 

A -

/VWVWWAA 
UP 

mon 
B 

The total admettance is now: 

ïf = G + Gf + j.c.» - j/L.ui + j.Bf 

Where Gf gives the losses in the cavity and Bf is the susceptance of 

the beam which varies with the transit angle 9 (8 = u.t - •J.D/VI). 
As reguards the influence of the beam on the cavity, we establish an 

analogy with a klystron. We can see (fig. 32) that the beam introduces 

a susceptance which could be inductive or capacitive. 

From the fundamental equation ***, when we maximize the frequency, we 
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decrease L or C, which means that we settle the parameters in order to 
work in the shown minimum of Bf. 
Therefore exists a 9 and hence a vl which optimizes the energy 
exchange between ihe electrons and the RF field. 
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CONCLUSIONS 

A precise measurement of the frequency of a gyrotron permits to avoid 
mismatches in the transmission line and tO' find optimal operational 
parameters. 
A "Gyro-Radiometer" has been settled up for accurate frequency 
measurements of VARIAN 60 GHz gyrotrons. The possibility of tuning the 
frequency of these high power sources within 100 MHz, in a safety 
range has been verified. 
A bandwidth of - 300 KHz (FWHM) has been measured. 
A frequency drift of - 6 - 7 MHz has been observed in 100 msec pulses. 
Frequency variations for different settings of the principal gyrotron 
electric parameters have shown interesting features. The almost linear 
frequency variation with the Main Coil Currents has 'been verified. 
Curves having a maximum, are representative of Anode Voltage and 
Cathode Current variations. Some source? showed sudden high frequency 
jumps (' 40 MHz) with instable pul3es. During these instable pulses, 
fast {< 1 msec) frequency variations (few Mlfc) and larger bandwidth, 
were detected. 
When the gyrotrons were connected to a transmission line, small 
frequency jumps (- 10 MHz) occurred if the line was not well matched. 
This influence of the load on the source behaviour has to be taken 
into account when tuning a gyrotron for a high rower, long and stable 
pulse. 
A method (HFP) for a fast and optimal gyrotron tuning has been found. 
The use of this system permits to obtain in a very short' time, a 
stable-long pulse, at any choose power value without knowing any 
setting parameter, and whatever the load is. For any working 
condition, even at maximum power, a stable pulse is obtained in 
correspondence of a maximum of the emitted frequency. 
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APPENDIX 

The measurement with the gyro-radiometer confirmed the possibility of 
an easy frequency tuning in a discrete range. 
Among the parameters which could have an influence on the frequency 
behaviour of a gyrotron, the Anode Voltage has the lowest reaction 
time. We could use this possibility of a fast electrical variation, to 
stabilize the frequency of the source. A fast and precise frequency 
detection could give a signal which will be subtracted from a stable 
reference one. The difference, once amplified, should act as feedback 
for the Anode Voltage control system. 
A typical value of the frequency drift which could be controlled is 
about 5 MHz / 100 msec. 
Phase locked gyrotrons could be of greater physics and technological 
interest. In fact, phase controlled sources could permit the use of 
phased array antennae, and other physics employs. 
In a f'rst study to lock the phase of a gyrotron, a discrete power is 
needed as input to control the phase [10]. 
Ve think that an easier scheme, similar to the frequency control one, 
could permit a phase control. A fast detection of the gyrotron phase, 
compared with a stabilized reference source, could give a feedback 
signal to the Anode voltage control system. The fast influence of this 
parameter on the gyrotron behaviour should assure a good phase 
coherence. 
A first experiment of phase detection, based on the beating of a 
centimetric phase-locked source with a gyrotron signal, was lately 
performed. 
Using an advanced microwave measurements set up [11J we were able to 
detect accurately the frequency spectrum of the #012 gyrotron, for a 
pulse of 10 msec and 220 KW of output power (fig.33). Two 'wings* 
appeared 35 dB below the central spectral line, 1 MHz aside. Other 
peaks were lower than 50 dB. This gyrotron showed, with respect to the 
locked L.O., a good stability and high reproducibility of pulses, 
These aspects were confirmed by phase detection. In this case the 
beating signal was sent to a digital scope. The variation of the 
sinusoidal curve of the beating (beating frequency of about 60 MHz) 
gave informations about the phase change. Rather surprisingly the 
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sinusoid was remarkably stable and clear. Fig 34 a and b show a 90° 
phase variation after 6 pulses (detected almost at the end of the 
pulse). Thus, even if this gyrotron was unlocked, it showed an 
"intrinsic" phase stability of 15°/pulse. 
In the sane experience, stability of the klystron precedently used has 
been tested. A measured frequency drift of 10 MHz/h allows us to 
exclude this source to be responsablj of influences in the 
measurements of gyrotron frequency evolution. The klystron frequency 
spectrum is shown in fig. 35. 
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FIGURE CAPTIONS 

Fig. 1 a,b Schematic diagrams of a gyrotron oscillator 
Fig. 2 Schematic diagram of the Gyro-Radiometer 
Fig. 3 Set up for frequency measurements with water load above the 

gyrotron 
Fig. 4 Set up for frequency measurements with water load at the end 

of the transmission line 
Fig. 5 •Stab: ,e pulse" spectral line 
Fig. S "Instable pulse" spectral line 
Fig. 7 Instable pulse - frequency jump 
Fig. 8 * 011 f and P vs I I = 6,8 Amps 
Fig. 9 * 011 f vs v different I f 

Fig.10 if 011 f vs I different I 
Fig.11 « 011 f vs I different l( 

Fig.12 1 011 Pictures of the appearing time for different 
frequencies during the pulse 

Fig.13 # 011 Gyrotron frequency f vs Pulse-time t . 0-100 msec. 
Fig.14 t 012 f and P vs I. I =6,8 Amps 
Fig.15 * 012 f vs I t different I e - IE 0 J 

Fig.16 f 012 f v s l , I, = 8 A -IE,,, 
Fig.17 f 012 î vs V À different I ( - T E 0 2 

Fig.18 f 012 f vs V different I - TE 
Fig.19 « 012 f vs I 2 different I 1 - TE 0 J 

Fig.20 f 012 f vs I 5 different l( - TE 0 S 

Fig.21 « 012 f vs I s different lf - TE 0 1 

Fig.22 f 012 Gyrotron frequency f vs Pulse-time t . 0-100 msec. 
Fig.23 f 012 f vs t . 0-10 msec. 
Fig.24 * 013 f and P va I. I = 6,8 Amps 
Fig.25 I 013 pulse instabilities for I < I -jump 
Fig.26 1 013 f vs I, different I B - T E 0 2 

Fig.27 * 013 f vs I ( different I 8 - TE^ 
Fig.28 I 013 f vs V different I - TE 
Fig.29 # 013 f vs Ij different l f - TE a 2 

Fig.30 I 013 f vs I s different lfl - TE 
Fig.31 I 013 Gyrotron frequency f vs Pulse-time t . 0-100 msec . 
Fig.32 Electron beam susceptance introduced in the reasonance cavity 
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Fig.33 t 012 gyrotron frequency spectrum t=10 msec P=220 XW 
Fig.34 a,b 90 phase variation after 6 pulses 
Fig.35 klystron frequency spectrum 
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