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Magnetron Frequency Twinning

Richard G. CarterMember, IEEEElaine M. Ball, and Michael B. Brady

Abstract—Pulsed magnetron oscillators sometimes show an in- AEF 3.841 mv  ATTEN 19 €8
stability known as “twinning” in which the spectrum shows two, or PEAK
more, closely spaced peaks. This phenomenon is undesirable anc | 1n
can lead to problems when it occurs in magnetrons used in radars.

An experimental investigation of twinning is described from which
conclusions are drawn about the design parameters that affect it. It

has been shown that changes in factors, such as the magnetic field
strength, the external match, the cathode coating, and the cathode
temperature, can be used to reduce the probability of twinning or | ¢
to move the point at which it occurs outside the normal operating
range of the tube. Possible theoretical explanations are discussed.

WA 8B
Index Terms—Frequency twinning, magnetrons, microwave Sgo:: }
tubes.
Ll J
I. INTRODUCTION CENTER 9.42937 GHz SPAN 28.20 MH2
#RES BW 3@ kHz VBW 38 kHz SWP 67 msec

N INSTABILITY, known as twinning [1], is exhibited by

some magnetrons under certain operating conditions. This
instability causes the magnetron to oscillate at two (or somed Normal magnetron spectrum.
times more) frequencies. Figs. 1 and 2 show examples Of tF qce 3. 543 mv aTTEN 12 a8
frequency spectrum of a low-power X-band magnetron. Bott peak
spectra were produced by the same tube but at different ano: LI ~
voltages. Fig. 1 shows the desired spectrum when the tube f{"’”‘\
not twinning. When the tube is twinning (Fig. 2), the spectrum !
shows two peaks separated by only a few megaHertz. Althouc / \
this phenomenon has been known for many years, it has / \
ceived surprisingly little attention in the literature and we have
not been able to find any more recent papers on it. Not all mag / \
netrons suffer from twinning, and in many cases, it does nc VA S8 =i
occur within the normal operating range of the tube. When i sc rc / ‘
does occur, however, it can cause a significant number of tub¢ €977 / W“‘\
to be rejected during manufacture. It may also develop durin \,wf s iy
the life of a tube as a result of aging processes with the cons
quence that the system in which it is installed does not perforr center 9.4g298 6z SPAN 15.008 MHz
as expected. This paper describes the results of an experimer.._. #RES B 30 kHz VBN 30 kHz SWP 50 msec
investigation that aimed to gain a greater understanding of tw
ning and of the factors affecting it.

FE; 2. Magnetron spectrum showing twinning.

then build rapidly until the output power saturates. Once the tube
Il. MAGNETRON PERFORMANCE is oscillating the anode voltage is not found to vary very much

A magnetron is a diode that conducts very little current &yer a wide range of anode currents. Fig. 3 shows the relation-
the anode voltage is increased from zero until the threshalblip between the anode voltage and current for a typical tube. It
voltage is reached at which oscillations begin. The oscillatio&gn be seen that the current/voltage relationship also depends on

the strength of the axial magnetic field in the interaction region.
The lines in the current/voltage plot commonly exhibit discon-
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Peak Current (A
(A) Fig. 5. Typical RF pulse when the tube is twinning.

Fig. 3. Typical current/voltage curves showing discontinuities associated with
twinning. waveforms and of the frequency spectrum. The onset of twin-
941 ning was observed in the spectrum and in the splitting of the RF
}‘ output pulse, as shown in Fig. 5. When a sequence of RF output
/\\ : pulses was recorded, it was found that there were two pulse
940 shapes that occurred randomly with, occasionally, some inter-
/ \ } mediate shape, as shown in Fig. 6. From this, it appears that the
939 magnetron may switch during a pulse between two states that
/ | have different anode currents and frequencies of oscillation. It

is important to distinguish between these states and the modes
9.38 / of oscillation associated with different resonances of the anode.

Frequency (GHz)

| When a change of the anode mode takes place, the magnetron is
937 H ! f said to be “moding” or having “missing pulses,” and the effects
‘ are much larger than are those associated with twinning.
Additional studies were carried out using a much wider range
of magnetron types to find out which design parameters might
0.0 0.5 1.0 L3 2.0 25 3.0 be relevant to controlling the occurrence of twinning. This study
Peak Current (A) showed no clear correlations, except that twinning was much
more likely to be observed in tubes for which the ratio of the
Fig. 4. Typical frequency pushing curve. electron cyclotron frequency to the frequency of oscillation lay
in the range 0.75 to 1.25.
frequency is not strongly dependent on the current. The kink
in the curve just to the left of the peak is seen in some tubes, Dependence of Twinning on the Voltage Pulse

and twinning commonly occurs close to this point. Twinning When a tube twins, it does so over one or more harrow ranges

may also occur at higher currents within the normal operati%gthe anode voltage, and some care is needed to make sure that

range of the tube. It is observed that even in tubes that do not /. .\ oo of twinning is not missed. Twinning may coin-

tv;/ltr;], trll.erE .'St?] markﬁq change |$r;[_he_ spectrurﬂ mttth'?) Vt'ct'jn'gfde with a Gauss Line discontinuity, but this is not necessarily
of the kink In the pushing curve. This is generally attributed g, -qe ‘Not all discontinuities are associated with twinning,

the rapid change in th? slqpe .Of the pushing curve in this r(_agi d twinning may occur where there is no observable disconti-
The frequency of oscillation is also affected by the amplitu ity. In the latter case, it may be that there is a discontinuity

and _phase of any external r_nlsmatch. This changes the reacmlgt is too small to observe. The frequency difference between
loading on the anode resulting frrquency pulling

the twin states was found to be related to the change in the anode
current, and to the slope of the frequency pushing curve at that
point, so that large current changes tended to be associated with
An extensive series of experimental observations was carriedatively larger frequency jumps. As the anode voltage was in-
out on standard and modified low-power X-band pulsed magreased through a region of twinning, it was observed that there
netrons. The permanent magnets were removed from the tubes a steady change in the proportions of the pulses at the two
to allow them to be operated in an electromagnet so that thiequencies.
magnetic field strength could be varied. It was also necessary td-or the high current twin, it was found that the splitin the cur-
modify the modulator so that fine adjustments could be madent pulse occurred somewhere close to the center of the pulse.
to the anode voltage because twinning commonly occurs oveéden the pulse was then shortened, the twinning disappeared.
very narrow range of operating conditions. Observations weFais is consistent with the view that the tube is switching from
made of the current, voltage, and radio frequency (RF) puleae state to another during the pulse. For the low current twin,

9.36

I1l. OBSERVATIONS OFTWINNING
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Fig. 6. Example of a sequence of RF output pulses when the tube is twinning.

on the other hand, the split in the current pulse appeared to 9.41
occur at, or near, the beginning of the pulse. The change of state . \'-%60 Gauss
must, therefore, be happening very rapidly early in the pulse, for 9.40 ~ T
. L . 4200 Gauss
this type of twinning, or else the frequency must be changing = /’/ o T—
from pulse to pulse. If twinning is associated with changes be- 5 °3° / N
tween different states of the electron cloud within the tube, it 3 / / 3700 Gauss
s . . L2938
might be expected that it would be influenced by changes in £
the impedance of the modulator. We observed changes in the ?-; 937
frequency jump associated with the twin as a result of changes =
in the modulator impedance, but we were not able to eliminate 9.36
twinning by this means. '
o o 9.35
B. Dependence of Twinning on the Magnetic Field 0 1 2 3 4 5
An investigation was carried out into the effect on twinning Peak Current (A)

of changes in the magnetic field in the interaction region. The

range of field strengths that could be used was limited to thosig. 7. Frequency pushing curves showing the dependence of twinning on
for which the magnetron would operate stably. Fig. 7 shows tf@gnetic field.

frequency pushing curves at three different magnetic fields for

a tube that twinned at both low and high currents. The lowgf. pependence of Twinning on the Cathode

current at which twinning occurs did not change much with ) ) o

magnetic field, whereas the higher current varied widely with 't Was known from earlier studies that twinning could be af-
changes in the field. This suggests that there may be at |&&ted by changes in the composition of the cathode coating.
two different types of twinning with different underlying phys_Experiments were carried out in which the heater power was
ical mechanisms. In this tube, it would be possible to keep tBBanged. This was also found to have a marked effect on the
normal operating range free from twinning by a suitable choid#inning, but in ways that differed appreciably between nom-
of the magnetic field. The ratios of the cyclotron frequency tially identical tubes. In some cases, a change in the heater
the frequency of oscillation for the three curves are 1.11, 1.28wer caused additional twinning frequencies to appear. There
and 1.38. Thus, the highest curve corresponds to a value of tis also a change in the frequency jump, but the change was an
parameter for which we have already observed that twinningiigrease in some tubes and a decrease in others. The change in
less likely to occur in the normal operating range of the tube.the heater power generally moved the twin to a different oper-
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and corresponded to those observed at anode currents above and
below the twinning point.

IV. DISCUSSION

It seems probable that twinning is caused by changes in the
loading of the anode by electrons. The existence of twinning,
and of Gauss Line discontinuities, at more than one operating
point suggests that there are a number of possible states, each
of which:

1) is stable over a certain range of operating conditions;

2) has its own Gauss Line;

3) has its own spectrum.

Both twinning and Gauss Line discontinuities would, there-
fore, occur under those conditions in which there was a change
from one stable state to another. Because the oscillation of a
magnetron starts up from random noise, it would follow that
when two states were equally stable, oscillation might occur in
either of them with random occurrence from pulse to pulse. In
other cases, the starting conditions might be such as to select an
Fig. 8. Rieke diagram showing the effect of external mismatch on twinninu.ns.table state with t.he possibility of a jump to amore Stabl.e S.tate
The shaded region shows where the tube was twinning for different values ofg‘kmng the pulse. Itis not clear, however, whether the twinning
VSWR. The frequency difference between the pairs of twinning states is shoghserved at different currents is associated with one, or more
in megaHertz. than one, underlying physical phenomenon.

Schumacher [1] suggested that twinning was caused by axial
ating point, and it affected the frequency through changes in tf@fiations in the electron cloud associated with axial variations
temperature of the anode. in the strength of the magnetic field. His hypothesis was that

The concentricity of the cathode is also known to have dRere could be two, or more, elementary magnetrons, each
effect on twinning. On occasion, it is possible to improve thef which would have a slightly different frequency because
performance of a tube by moving the cathode sideways. Unf&- the different electron loading of the anode. The frequency
tunately, it is not easy to tell in any individual case whether toUld then be determined by whichever of these elementary
performance has been improved by increasing or decreasing Tdnetrons represented the preferred state. We used computer
concentricity. Experimental tubes were manufactured in Whial{nulatlon to Investigate _the unlformlfcy of the magnetic field
the cathode was deformed so that its cross section was no lor] etlhe magnetrons used in our experiments. It was conleuded
circular, but this was found to make little difference to the twint- at thg departures of the field fror,‘n unlformlt){ were unl|!<ely
ning. to be b|g enough fo_r Sghumachers hypothesis to explain the

mechanism of twinning in these tubes.

Another possible hypothesis is that twinning is caused by
multipactor discharges within the magnetron. The observations

A variable mismatch whose amplitude and phase could bwde by Vaughan on a low-voltage continuous wave magnetron
varied independently was inserted in the output waveguide. Tf2¢ showed that multipactor discharges are not uncommon in
tube was first adjusted to be twinning without any mismatch, tleeich tubes. Discharges were observed between the vane tips
mismatch was introduced, and the behavior of the tube notadd between the vane tips and the pole pieces. Multipactor dis-
as the amplitude and phase were varied. Fig. 8 shows a tgparges start and stop abruptly as the operating conditions are
ical set of results in which the reference plane was chosendwmnged, and crossed-field discharges occur over wide ranges of
that the points at which twinning was observed lay on the circtgerating conditions [3]. It is, therefore, possible that the high
corresponding to a mismatch having a real part equal to unitgrrent twin, which is strongly affected by the magnetic field,
For each VSWR, the tube twinned in the shaded region of tae shown in Fig. 7, is associated with the onset of such a dis-
diagram with the frequency differences between the twinnirgparge. However, it is not clear how the conditions for multi-
states in megaHertz as marked. The twinning could, therefopactor discharge on the anode would be affected by changes in
be stopped by changing the mismatch, though this presumathig cathode coating, temperature, or concentricity. Thus, multi-
moved it to a different operating point rather than eliminating iactor discharges may be responsible for the high-current twin,
completely. This was confirmed by setting the anode currenthat cannot explain the low-current twin.
values above and below the twinning point when it was found Recent work by McDowell [4] has shown striking differences
that the tube could be induced to twin by adjusting the exterriaétween the behavior of the electrons within the magnetron in
match. In each case, the twinning region divided the chart intanulations with different assumptions about the electron emis-
two regions in which the shapes of the spectra were differesibn from the cathode. All observations of twinning reported

D. Dependence of Twinning on the External Match
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in this paper were made on tubes whose normalized paramej2] J. R. M. Vaughan, “Observations of multipactor in magnetrot&EE

ters were similar to those of the 4J50/4J52 simulated by Mc- Ig%%s' Electron Devicgs/ol. ED-15, no. 11, pp. 883-889, November

Dowell. In our experiments, the twinning occurred at cathode 3) “™ " "spuitipactor,” IEEE Trans. Electron Devicesol. ED-35, no. 6,

current densities exceeding 20 A.ch and the tubes were, pp. 1172-1180, July 1988.

therefore, in McDowell’'s secondary emission dominated state [4] H. L. McDowell, "Magnetron simulations using a moving wavelength

McDowell showed that in this state, the electron cloud had a gggg uter code [EEE Trans. Plasma Seiol. PS-26, pp. 733754, June

region of low-charge density that moved through the spokes. It

was found that the characteristic phenomena of the secondary

emission dominated state were not strongly affected by changes

in the secondary electron emission coefficient of the cathode.

first sight, this would seem to rule out these fluctuations of tr

inner space charge as a cause of twinning. However, we wo!

observe that twinning is associated with only small changes

the performance of a magnetron and that all our observatic 5

are consistent with the suggestion that it is dependent in so

way on secondary electron emission from the cathode: Beca 1972 and was promoted o Senior Lecturer in 1986
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