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The article, which presented the deductions following the accidental discovery in 2017 of the first  
laboratory prototype of the GEC E1189 8-cavity magnetron, was presented at the ninth conference of 
the AISI, the Italian Association for the History of Engineering, in 2022. It highlighted the role of the 
GEC Research Centre at Wembley and the essential role of E.C.S. Megaw in defining the cavity 
magnetron design, which would readily make the construction of microwave radar possible. The 
details  visible  in  this  prototype,  such  as  the  lateral  peephole  to  measure  the  cathode's  surface 
temperature, made us understand Megaw's meticulous attention to every aspect of the project. At the 
same time, we admired the masterful and fast synthesis he achieved in the summer of 1940 between 
the solution proposed by Randall and Boot, the advanced technologies then available at Wembley, and 
the parallel work carried out until then in Paris by Gutton and Berline.

In February 2024, into a lot of vacuum tubes from some old GEC warehouse, we found a magnetron, 
very different in design from the British ones. It turned out to be of French origin, an experimental 12-
segment CSF M-16. It could only have been one of the two experimental prototypes promised by 
Henri Gutton to Megaw during the meeting in Paris in July 1939. This sample, resulting from some 
brainstorming between Megaw, Berline and Gutton in Paris in July 1939, has a tremendous historical 
relevance in the development of the British cavity magnetron, providing, together with the E1189 
prototype, an exceptional withness to what Megaw wrote in his 1946 paper and, many years later, to 
the reconstruction from Yves Blanchard and others on the influence of French developments on the 
British design.

Below we give a selection of documents which, taken together, provide the history of the development 
of the British cavity magnetron.
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EMILIO CIARDIELLO

The development of the British cavity magnetron 
and the role of E.C.S. Megaw at GEC

Lo sviluppo del magnetron inglese a cavità 
ed il ruolo di E.C.S. Megaw alla GEC

Abstract
The cavity magnetron was essential to build microwave radar sets during WWII. 
Historical sources agree attributing its conception to Randall and Boot at the Bir-
mingham University. Unfortunately, none worried to explain the substantial diffe-
rences between the Birmingham prototype, a six-cavity CW device, and the pulse 
eight-cavity E1189 brought to America by the Tizard Mission. The recent acquisition 
to the ase-museoedelpro collection of the very early eight-cavity prototype, used 
by E.C.S. Megaw for test purposes at the GEC Research Laboratories in Wembley, 
made it possible to reconstruct the entire development of the British magnetron and 
the primary role he played. In a few weeks he managed to fi nd in his E1189 magne-
tron the perfect synthesis between the structure devised by Randall and Boot and the 
most advanced solutions then available in England and worldwide.

Sommario
Il magnetron a cavità fu essenziale per costruire radar a microonde durante la se-
conda guerra mondiale. Le fonti storiche concordano nell’attribuirne la paternità a 
Randall e Boot dell’Università di Birmingham. Sfortunatamente, nessuno ha mai 
spiegato le differenze sostanziali tra il prototipo di Birmingham, un dispositivo CW 
a sei cavità, e l’E1189 a otto cavità per funzionamento ad impulsi, portato in America 
dalla missione Tizard. La recente acquisizione nella collezione ase-museoedelpro 
del primo prototipo a otto cavità, usato da E.C.S. Megaw a scopo di test presso i La-
boratori di Ricerca GEC di Wembley, ha permesso di ricostruire l’intero sviluppo del 
magnetron a cavità e il ruolo primario da lui svolto. In breve tempo egli riuscì a tro-
vare nel suo magnetron E1189 la perfetta sintesi tra la struttura proposta da Randall 
e Boot e le soluzioni più avanzate disponibili allora in Inghilterra e nel mondo intero. 

The history so far accredited
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Historical sources agree on attributing the cavity magnetron to Randall and Boot, 
two researchers at the University of Birmingham. A team led by Professor Oliphant, 
for the transmitter of a 10 cm radar or RDF system, was working on a power klystron, 
the new vacuum tube devised at the Stanford University by the Varian brothers and 
based upon the cavity resonators theorized by Hansen. Due to the diffi culties in 
obtaining linear electron beams dense enough to handle the required power, the two 
researchers were asked to integrate cavity resonators into a different structure  [1]. 
The prototype conceived by Randall and Boot was not new for using cavities [2], 
 rather because the resonator copper block was at the same time the outer envelope, 
dramatically improving heat transfer to the outside. It started to oscillate on Februa-
ry 21, 1940, generating bursts of 400 W at 9.8 cm, about ten times the power then 
obtainable with Oliphant’s klystrons. It was a water-cooled six-cavity magnetron, 
wax-sealed and operated in the fi eld generated by a big 5-inch gap electromagnet. 
On April 10, Eric Megaw from General Electric Company-GEC met Randall and 
Boot and proposed some solutions for sealing the device with thin end caps, so as to 
operate in a shorter air gap. On May 1st Randall, delegated by Oliphant, commissio-
ned the GEC Research Center to build three evacuated prototypes: the subsequent 
GEC E1188 design led to the delivery of the three samples on May 16, 1940. The 
resonators had been provided by Birmingham and the tubes, which had no further 
follow-up, could operate into an air gap of “only” 7 cm. So far the stories told by 
Callick (Callick, 1990), Megaw [3], the same Randall [4] and others [1, 2, 5].

 We know that the magnetron brought to America by the Tizard Mission, the GEC 
E1189 No. 12, differed remarkably from the E1188. Until today it was seen as an 
evolution of the Birmingham prototype, if not the result of lucky coincidences during 
empirical experiments made by Megaw on his own initiative. Such reconstructions 
contrast with the information given by Callick, that the fi rst samples of E1189 were 
tested on the bench as early as June 29, 1940, even on June 28 according to Paterson 
(Clayton and Algar, 1991), while the E1188 prototypes were tested only in July. The 
chronological succession excludes evolutionary theses: Birmingham would never 
have deliberated on variations before testing samples made to its own design. Table 1 
synthesizes the comparison between the Birmingham and the Megaw’s magnetrons.

  We know that the six-cavity prototype E1189 No. 1 had a thoriated tungsten fi -
lament, while the No. 2 had an oxide-coated cathode. All reconstructions then jump 
to the eight-cavity No. 12, the one brought to America by Bowen (Phelps, 2010). 
Nobody wonders when and where that variant came out and how many units were 
assembled. Stories of its appearance usually refer to the narration of the Tizard Mis-
sion left by Edward G. Bowen, who was directly involved in the development of 
airborne radar (Bowen, 1987). In his book he exposes in a smooth and elegant way 
what happened on 7 October 1940 when the E1189, which he himself had picked 
up two months before at GEC from a small lot of previously tested samples, was 
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x-rayed at Bell unveiling its eight-cavity internal structure. The accident aroused 
astonishment and suspicions, since documentation and drawings all referred to a 
six-cavity device. Bowen tells of his phone call to Megaw in England and of the 
confused reactions to the other end of the phone. He adds details about quantities and 
structures of the GEC prototypes, which were repeated by subsequent authors. But 
his book was written half a century after facts covered by utmost secrecy. Parts of his 
tale probably came from faded memories of people just hearing about the magnetron 
at GEC. The image one gets from reading is that no one knew how that experimental 
prototype ended up in America and that Bell fi nally decided to make copies of it only 
due to the lucky circumstance of having seen that sample working fi ne on the bench. 
  The confusion picture that emerges from Bowen’s memories was viewed by some 
as a proof that his reconstruction was accurate. In fact, the dramatic Battle of Britain 
took place in the summer of 1940, with a frantic English race for deploying any kind 
of resources and countermeasures, even if still experimental and untested.

We will remember here that Eric Megaw was designing high frequency vacuum 
tubes at the GEC, Hirst Research Center in Wembley, since the early thirties. In 1933 
he published an article on magnetrons in the Journal of the Institution of Electrical 
Engineers. In 1935 he collaborated with Philips’ Posthumus in a letter to Nature on 
extending the rotating cloud theory to the split-anode magnetron. He designed com-
mercial and experimental magnetrons: in Fig. 1A we see a CW10, released in 1936, 

Tab. 1 – Comparison between the Birmingham and the Megaw’s magnetrons.

GEC code E1188 (Birmingham, sealed) E1189, revision C (Megaw)
Type Continuous wave, 9,8 cm Pulse, 9,8 cm
Anode Six-cavity, Randall’s design Eight-cavity, Megaw’s design
Magnet gap 70 mm 37,5 mm
Cooling Water Air
Cathode Filamentary, tungsten Oxide, indirect heating
Out power 400 W CW at 1.000 Oersted 15 kW pulses at 1.050 Oersted
Samples May 16, 1940, tested in July 28 or 29 June 1940

Resonating 
system [4, 6]
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and in Figs. 1B and 1C two “squirrel cage” interdigital prototypes, one with eight and 
one with twelve segments [7]. Megaw investigated the back-bombardment phenome-
non, explaining how the resulting emission could keep the tube oscillating, reducing 
or even removing the fi lament power supply. In 1937, for an Admiralty communica-
tions system, Megaw developed the E880 four-segment magnetron, with thoriated-
tungsten fi lament [5]. We also know that he was personal friend of Henri Gutton of 
the SFR. In June 1939 in Paris they discussed the new SFR M16 magnetron, with 
oxide cathode.   In May 1940 Maurice Ponte brought to him two M16 samples and 
their behavior on the test bench infl uenced the design of the second E1189 prototype, 
modifi ed to accommodate the high emission oxide cathode (Callick, 1990) [2].

In December 1939, while Randall and Boot were designing their magnetron, 
GEC was developing for the Air Ministry an AI prototype operating at 25 cm, based 
upon still experimental milli-micropup triodes, as the one of Fig. 1D. By March 
1940 the specifi cation had been uprated to 10 cm. Megaw was therefore designing 
a four-segment magnetron with thoriated-tungsten emitter, when he was asked to 
examine the prototype of his former colleague Randall [1].

The very early prototype of the GEC eight-cavity E1189, revision C
Our prototype, visible in Fig. 2, is today preserved in the ase-museoedelpro collec-
tion. It was accidentally found in England in 2017, in a huge lot of historic tubes, 
probably the same on display at the M90 Historic Microwave Exhibition held in 

Fig. 1 – Megaw’s early magnetrons: the CW10 split-anode (A), samples of eight and twelve-
segment squirrel-cage magnetrons (B, C), UHF milli-micropup triode (D).
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London from 11 to 13 July 1990 and later at the M94 and at the M96 exhibitions 
(M90, M94 and M96 Catalogs). It was believed to be just one of many magnetrons 
dissected to show their internal geometry. Anyway, very singular details began to ap-
pear upon closer inspection. The code “1189 C 328” was punched close to the edge 
of the external wall, Fig. 3A. Characters “HR210” could be read in the felt-tip wri-

Fig. 2 – The very early laboratory prototype of the eight-cavity GEC 1189 C 328 [6].

Fig. 3 – Close-up views of the sample: the code 1189 C 328 is punched on the external wall 
(A), characters HR210 are in the felt-tip writing (B), the partially detached oxide layer de-
notes heavy overloads or arcing (C) and heater wire broken close to the welding to the end 
baffl e: the oxide layer is very thin, so to expose the bare nickel surface (D).   
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ting of Fig. 3B. Fig. 3C shows the partially detached cathode oxide layer, as resulting 
from heavy overloads or arcing. In Fig. 3D we see the heater wire broken close to its 
welding to the cathode end baffl e. The oxide layer nearby looks very thin, so to ex-
pose the bare nickel surface for a considerable area. Exc  ept for the absence of the fi n-
ned radiator and for the presence of the lateral copper tube, its shape resembled that 
of the GEC E1189 given by Callick. Traces of grease into the inner edges suggested 
that the tube had been operated with removable caps, while continuously connected 
to the vacuum pump. The presence of the small copper tube, pointing upwards in 
Fig. 2, was defi nitely unusual. The short tube recalled the peephole encountered in 
literature to measure the cathode temperature of experimental power magnetrons, 
such as the LCW type described by Collins (Collins, 1947). Back-bombardment 
phenomena raise the cathode temperature, hence their effect must be monitored and 
counteracted, reducing or even removing the fi lament voltage. 

Many signs indicated that the prototype had been used in the laboratory for se-
vere tests, until the heater failure. To fi nd out more, we started examining carefully 
the available documents of the time. Very relevant was the GEC internal report of 
Fig. 4, a six-page document on the early cavity magnetrons left by Megaw himself 
[8]. This report is extremely interesting because it also lists the many experimental 

Fig. 4 – Extract of the Megaw’s internal report on magnetron valves  [9].
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types he made in a couple of months, from the release of the eight-segment E1189 
in August to the fi rst ten days of October. Among the many types listed, we read of 
four E1189 eight-segment units, “opt. H = 1050 g”. One of them had just operated 
210 hours, before opening of the heater. The document seems to contradict another 
paper written by Megaw in 1946, which only mentions two eight-cavity units, the 
No. 12 and the No. 13 [3]. The inconsistency could be explained, assuming that the 
second paper listed only the tubes completed with radiator, sealed and serialized. As 
said before, our prototype is incomplete. It was only partially assembled to operate 
in the laboratory while connected to the vacuum pump.

The diary of Sir Clifford Paterson (Clayton and Algar, 1991), at the time director 
of the Wembley Research Center, briefl y provides us with facts and dates relating 
to the development of the magnetron at GEC and to its eight-cavity variant. Here 
we read that «Megaw thinks well » of the Randall magnetron. We learn of the two 
Megaw’s designs, the “air-cooled” and the “air-cooled low-fi eld” ones1, in compa-
rison with the Randall’s one. We also read that Randall, with the assistance of the 
technologist Duke, who had been moved from GEC to Birmingham, had worked 
before August 6 to a 5-cm scaled-down copy of the Megaw’s air-cooled type. The 
main events noted are summarized in Fig. 5.

The chronology left by Paterson, along with what Megaw and others wrote, helps 
us to date the key steps of the E1189 development in the Table 2.

The emerging picture shows the Megaw’s fundamental role in designing the cavi-
ty magnetron, the basic component of the microwave radar. Randall certainly devised 
a brilliant solution for a powerful generator, but his device was similar in performan-
ce to other contemporary types, even outclassed by the SFR M16. Possibly it would 
have just remained a laboratory curiosity without Megaw’s contribution. In fact the 
now useless E1188 samples will be tested only in July, perhaps to formally close the 

Fig. 5 – From the diary of Sir Clifford Paterson (Clayton and Algar, 1991).
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order. The E1189 project, entirely attributed to Megaw by Paterson, best integrated 
Randall’s solution with the emission capacity of the oxide cathode tested by Gutton. 
The result was then perfected, recalculating in a very short time the geometries for 
eight-cavity, to increase its effi ciency in the reduced fi eld of a permanent magnet. 
Contrary to what is commonly believed, after the Megaw’s visit to Birmingham 

Tab. 2  – Development steps of the E1189 magnetron.

10 April Megaw is shown the Randall and Boot’s prototype.

1 May The E1188 project starts, with resonators supplied by Birmingham. Soon later 
the E1189 low-profi le project by Megaw takes off.

9 May Maurice Ponte of SFR brings two M16 samples to Megaw. After a performance 
check, Megaw designs a second E1189 with oxide-coated cathode. 

28 or 29 June The two six-cavity E1189s start to operate, generating 1 kW pulses. In a few days 
the peak output power of the No. 2 rises to over 10 kW. 

8 July 
The Tizard Mission is offi cially underway (Phelps, 2010). Perhaps at that date 
Megaw was already considering an eight-cavity variant, to increase effi ciency in 
the low magnetic fi eld of a 6 lbs permanent magnet.

17 July At GEC the CVD committee discusses « the low-fi eld Megaw magnetron». Sam-
ples of six and, whenever ready, of eight-cavity are then requested.

30 July Probably at this date the fi rst eight-cavity E1189 - our sample - starts oscillating, 
continuously connected to the vacuum pump.

1 August In accordance with the worked hours, the second prototype starts oscillating.
4 - 5 August The two fi nished E1189s, No. 12 and 13, start running on the bench.

6 August 

Paterson writes: «The Megaw’s improved 10 cm magnetron with eight chambers 
appears up to expectations».   It is the approval of the new eight-cavity design by 
that crowd of offi cials, including Oliphant, Ellis and Randall. The fi rst prototype 
will continue stress and endurance tests until its heater opens.

7 August 

Bowen and the key people involved in the 10cm AI radar discuss the details. At 
the end Bowen, chosen for the Tizard Mission, will select the best performing 
sample from the batch of E1189 previously tested by Megaw: it is the eight-
cavity No. 12. The magnetron and the folder with the production documents 
of the six-cavity, the one approved until the day before, will be kept in the safe 
at the GEC until August 11, when Bowen is back to Wembley to pick them up 
(Bowen, 1987)

6 October 

The E1189 No. 12 is powered at the Bell Laboratories in Whippany, generating 
15 kW pulses in a fi eld of 1100 gauss. The sample and drawings of the six-cavity 
type are left at Bell, who is asked for a small lot of evaluation and qualifi cation 
copies (Bowen, 1987; Conant, 2002; Phelps, 2010)

7-8 October

X-ray of magnetron No. 12 unveils its eight-cavity structure. Bowen is recalled 
to Whippany. He phones Megaw, who appears puzzled: but that project had en-
ded two months before and the perplexity felt by Bowen at the other end of the 
phone seems quite justifi able!
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and the subsequent move to that site of the technologist Duke, the transfer of know-
how was activated in the opposite direction, from GEC to Randall, allowing him 
to readily prepare a 5-cm copy of the Megaw’s E1189 (Clayton and Algar, 1991). 
It is evident that the eight-cavity low-fi eld variant was authorized during the CVD 
meeting on 17 July.   Its whole project was therefore carried out in a couple of weeks, 
relying upon the already tested six-cavity if it failed. Our sample proves how care-
fully the steps necessary to its characterization were planned.   Then we understand 
the full meaning of the words written by Megaw in 1946 and the presence in our 
sample of the lateral copper tube, certainly what remains of a peephole to measure 
the cathode temperature with a pyrometer. In his 1946 paper [3] he pointed out how 
he had roughly estimated its value on the second six-cavity sample, by measuring the 
resistance of the heater: «The output at 6 microsec was independent of heater voltage 
down to zero with oxide-cathode sample [...] The cathode bombardment power was 
estimated by heater resistance change in No. 2 at 5-10% of the mean input, incre-
asing appreciably as the load coupling was reduced. This agreed with some earlier 
measurements on glass magnetrons».

We know that this was a totally new geometry, never experienced before and, 
even worse, with indirectly heated cathode. Megaw had to specify the proper heater 
voltage for typical operating conditions. Certainly it could not be set to any tenta-
tive value «down to zero». The cathode temperature could only be measured by 
pyrometric methods and, being the copper wall entirely opaque, he had to place that 
peephole to characterize his tube.

In our reconstruction there were still doubts about the fourth prototype listed by 
Megaw. Eventually this too was found. The image in Fig. 6 shows the second 1189 
C328 laboratory prototype, absolutely identical to our sample. It comes from the 
page of an old GEC website, which highlighted the products introduced in about one 
hundred years of activity. Then we have the two laboratory prototypes plus the two 
samples listed in the 1946 Megaw’s paper [3], complete with radiator and caps and 
serialized as No. 12 and No. 13. According to Trevor Wright, who hosts the old GEC 
website, the second sample was preserved in the collection of the Marconi Research 
Center in Chelmsford, today dispersed after the shutdown of GEC fi rst and of British 
Marconi few years later.

The fundamental role of Megaw in the development of the cavity magnetron 
is then evident. The story that emerges, even if less romantic than the one left by 
Bowen, shows him as the leading and most experienced fi gure on magnetrons who, 
even thanks to the unlimited support of GEC, will transform the Randall and Boot’s 
successful experiment into a readily usable microwave generator, soon reproduced 
in hundreds of thousands copies and variants. I  t should be added that the E1189 No. 
12, although made in great haste, was the result of careful planning and in-depth 
testing, when it began its journey to America in the Bowen’s luggage. 
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M  ost likely the accompanying papers had been prepared in advance with drawings 
of the six-cavity E1189, the only one approved until the evening of August 6. When 
the next day Bowen picked up the No. 12, the blueprints locked into a safe were not 
updated. Understandable oversight at the end of that August 6 described by Paterson!

Subsequent developments of E1189 during the war
For evaluation purpose, from November 1940 Bell hastily built a few copies with its 
developmental code 1259M, largely for the National Defense Research Committee-
NDRC and other research laboratories. A sample is preserved today in the collection 
at University of Birmingham: due to haste, one of the code digits was printed upside 
down. About sixty more copies were built in 1941 under the code D-160052 by the 
subsidiary Western Electric, which also put into production in the same year its 25 
kW peak ruggedized variants, the 706A to 706C of Fig. 7D [8, 10].

The units manufactured in England from 1941 came out with four-fi n radiator. 
Type E1189 was approved by British Admiralty as NT98, Admiralty Pattern W2510 
of Fig. 7A. In Canada the same tube was produced by the Bell related Northern 
Electric, as REL Type 3D, Fig. 7B. It was used in the RX/C naval systems and in 
the GL3C wheeled trailer (Knowles Middleton, 1981). There was also an Australian 
production, as NTA98, by Australian Standard Telephones and Cables, also related 
to Bell. The 9.1 cm variant for the Air Ministry, the E1198, was approved as CV38. 
It was also built in Canada as REL 3C, Fig. 7C.

No need to list the countless types of cavity magnetron directly derived from 
the Megaw’s E1189 design and made through the war in America and England, and 

Fig. 6 – Cut-out of the page from the GEC site on the second 1189 C328 prototype [7].  
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since 1944 also in Germany. Geometries were readily recalculated to operate at fi xed 
frequencies between 700 MHz and 24 GHz, Also tunable types appeared, to reduce 
the inventory of spare parts. The “strapping techniques”, fi rst devised in July 1941 at 
Birmingham by Sayers, greatly reduced the intrinsic trend to “mode jumping” during 
transients, so making it possible to increase the effi ciency and in any case to attain 
peak power pulses in the order of megawatts. “Packaged” magnetrons were introdu-
ced, with factory-installed magnet, to facilitate their in-fi eld replacement.

The same production processes were enormously perfected. The most impres-
sive improvement involved the manufacturing of the resonator block, which also 
works as anode and as outer envelope. Cavity magnetrons required slow processing 
of the heavy anode copper block to drill the cavities, end caps being sealed with 
gold wires. Early in 1941 Western Electric had opened in Chicago a special facility, 
fi nanced by the Navy and equipped with long lines of drilling stations. Soon later 
Percy Spencer at Raytheon succeeded in growing anode blocks from thin metal 
sheets, by stacking copper discs machine-punched to the proper shape and then 
silver-brazing them into hydrogen ovens. As a result, Raytheon was able to build 
2,400 magnetrons per day (Scott, 1974), compared to the approximately 2,000 units 
of E1189 manufactured by both BTH and GEC in 1941. Tizard’s most optimistic 
predictions were far exceeded.

 The ase-museoeselpro collection has on display about 120 magnetron types: 
many of the pulse types retain the same overall shape and well illustrate the evolu-
tion of the fi rst E1189 prototype designed by Megaw at GEC [8].

Fig. 7 – The E1189, approved by the Admiralty as NT98 (A); the same type made in Canada 
as REL 3D (B); the Air Ministry variant CV38, here as REL 3C (C); Western Electric heavy 
duty version 706A to D (D) [8, 10].
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Index of abbreviations
AI: Air Intercept, an airborne radar set
BTH: British Thomson Houston Ltd.
CVD: (Ultra Short Wave) Communication Valve Development
CW: continuous wave
GEC: General Electric Company Ltd.
RDF: Radio Direction Finding, British equivalent for radar
SFR: Societe Francaise Radioelectrique, Paris

Note
1. Almost certainly Paterson used the defi nition “air-cooled” referring to the six-cavity E1189 protot-

ypes, requiring 1500 gauss for 10 kW pulses, and “air-cooled low fi eld” for the subsequent eight-
cavity variant, capable of full operation at 1050 gauss.



THE HIGH-POWER PULSED MAGNETRON: A REVIEW OF EARLY
DEVELOPMENTS*

By E. C. S. MEGAW, M.B.E., D.Sc, Associate Member.!
(The paper was first received 28th January and in revised form 25th February, 1946.)

SUMMARY
After outlining the main trend of magnetron development before

the war, with particular reference to the factors which played a part in
its rapid progress during the war, the paper describes the events
leading to the development, in June 1940, of the first high-power pulsed
magnetron for a wavelength of 10 cm.

The multi-resonator system developed by Randall and Boot at
Birmingham University and the large oxide cathode developed by
Gutton in Paris for a different type of magnetron were combined in a
construction, designed for use with a small permanent magnet, which
met the requirements for airborne service and was suitable for quantity
production. The result of these steps was an immediate increase in
pulse power and life by a factor of at least 10, with a similar reduction
in magnet weight.

The systematic development of design procedures, based on pre-war
work, played a major part in the 100-fold increase in pulse output
power at 10 cm, which was achieved between June and December 1940.
The fundamental difficulties of multi-segment magnetron design were,
however, only beginning to be appreciated at the end of this initial
period of rapid expansion and, by comparison with modern knowledge,
the ideas of that period and the technique available for experimental
study were very incomplete. A companion paper provides a review of
some of the vast amount of work which still remained to be done after
the close of the phase with which the present paper deals.

(1) THE PRE-WAR BACKGROUND
The magnetion as a generator of very high frequencies is

already twenty-two years old. In 1924 Zacek showed that in its
simple diode form it could produce oscillations analogous to
those found by Barkhausen in positive-grid triodes; and in the
same year Habann, in an academic study of methods of pro-
ducing negative resistance characteristics without secondary emis-
sion, introduced, as one of a variety of possible electrode systems,
the split cylindrical anode. A few years later the publication in
America of the Japanese work, particularly by Okabe who used
the split anode system to generate centimetre waves, attracted
attention for the first time to the practical possibilities of the
device. When the present author presented the results of the
first study of the subject in this country before The Institution
in 1933 the literature comprised a dozen papers; by 1939 it had
multiplied more than tenfold (cf. Harvey, "High Frequency
Thermionic Tubes," Chapman and Hall, 1943). Unfortunately
the published art did not gain as much in clarity as it did in
volume and the real difficulties were added to by the tendency to
postulate new "types of oscillation" to explain fresh facets of the
subject as they were revealed by successive investigations.
While there is much that is still not understood, even in the
simplest of magnetrons, it is probably true that there is no need
to invoke any processes of oscillation maintenance different from
those recognizable in the Japanese work of the late 1920's in
order to account for all the practically significant results between
then and the present day.

By early 1933 the main characteristics of two clearly distinct
kinds of oscillation, the "electronic" oscillations found by Zacek
and the frequency-independent negative-resistance oscillations
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of Habann, were known. Some peculiar characteristics had been
observed in the practically important region near the short-wave
limit of the "dynatron" oscillations in two-segment magnetrons,
but it was only after experimental proof had been obtained a
few months later of the cause of cathode bombardment that the
significance of electron energy changes in transit began to be
adequately appreciated. It was soon found that the behaviour
near the short-wave limit could not be explained as a gradual
falling off in performance with increasing transit angle (as some
investigators were still trying to explain it several years later)
for the simple reason that with fixed operating conditions the
efficiency actually increased, as the limiting wavelength was
approached, to values higher than could be accounted for by
the static characteristics.

Four-segment magnetrons were described in the early Japanese
work, and a 12-segment system was tried, unsuccessfully, in
1932 by the author—with the idea that, if Hull's second solution
giving circular orbits for the steady state were correct, very high
frequencies might be obtained by reducing the inter-segment
distance. Posthumus' successful development of the 4-segment
magnetron in 1934-35 and the "rotating field" theory by which
he explained its advantage over a similar 2-segment system was,
however, an outstanding contribution and one which anticipated
some of the results of recent theoretical work. There was,
however, a good deal, especially in the behaviour of 2-segment
magnetrons, which this theory did not account for and alternative
explanations of the selective negative resistance effect were
sought. It was only when the ideas of precessional resonance
between the electron orbits and the standing wave of potential
round the anode segments were developed by the author and by
Herriger and Hulster to the point of yielding the same type of
relationship between operating conditions and dimensions as
that given by the rotating field theory that it was realized that the
spiral electron paths of the latter were simply the mean of the
looped paths to be expected in reality. Since this approach
provides a very simple, if incomplete, picture of the basic
mechanism of multi-segment magnetrons and formed the basis
of a generalized procedure for magnetron design which was used
for several years before the war it may be worth reproducing here.

An electron in crossed electric and magnetic fields will move
with a mean velocity v ~ &/H in a direction perpendicular to
both fields, provided any changes in the strength of either field
over areas comparable with the size of the loops performed
round the magnetic lines of force remain small. For the
cylindrical system of Fig. 1, v is the tangential velocity of pre-

H

(5^4-i-
Fig. 1.—Illustrating precession of electron orbits in a cylindrical

system.
[977]
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cession of the orbits round the axis. The angular velocity is
therefore Q, --•= £/Hr. As a reasonable approximation for space-
charge limitation in the oscillating condition a linear potential
distribution is assumed, giving <f = VAl{a—b) and Q. = VJH
\lrici~b). Here Q varies during the transit from cathode
to anode; a mean value, halfway from cathode to anode, i.e. at

2V 1
r •••--= (a [- b)/2, is therefore taken giving Q = —~ 2(i_A2/ 2)

For an anode having n pairs of segments oscillating with 180°
phase difference between adjacent pairs the condition for
resonance is that the electrons should traverse the angle TT/H
subtended by one segment in the half-period 7/2 of the oscilla-
tion, i.e.

QT/2

Therefore VA = ircHa2

b2

(practical c.g.s. units.)

Fulfilment of this condition means, at least approximately,
that "favourable" electrons, so phased as to cross a slot plane at
the moment of maximum retarding field, will be cumulatively
retarded at successive crossings. But where the slot potential-
difference is in this sense (i.e. electron-retarding) the equipotential
lines of the electric field curve outwards as the slot plane is
crossed; and the relationship v = &IH implies, in a uniform
magnetic field, that the mean electron paths tend to follow these
equipotentials.

Thus the mean paths of the retarded electrons spiral out
towards the anode while those of the accelerated electrons
approach the cathode. From this it can be expected that in-
creasing the magnetic field to values much above the cut-off
value Hc, and so reducing the size of the loops in the electron
orbits, will tend to increase the efficiency both by allowing the
favourable electrons many successive decelerations on their way
to the anode and by confining the unfavourable ones more
completely to the neighbourhood of the cathode.

It may be noted that for H/Hc not much above unity, so that
the electronic loops nearly fill the inter-electrode space, the
validity of v — g/His doubtful; experimentally VA for maximum
efficiency is then less than the value calculated above, as more
accurate theory shows it should be. At the other extreme, with
very large HjHc, it appears reasonable in the limit to take the
value of Q. at r = a rather than at r — (a + b)j2; this doubles
the calculated VA, a result in good agreement with its measured
value for 2-segment valves at large H/Hc when the oscillation
amplitude is limited to small values. A further experimental
result of some interest is that reducing the cathode emission
below the minimum value for space-charge limitation increases
the value of VA required. This would be expected from the
reduction in £1 as the potential distribution approaches the
logarithmic form for cylindrical electrodes without space charge.

The resonance relationship, or the more accurate threshold
relationship given in Section 6.2 of the accompanying paper,*
can be used to produce generalized magnetron operating data in
several different ways. One of these, which has the advantage of
being independent of b/a, is illustrated in Fig. 2(a). Combining
this relationship with the cut-off condition shows that the mini-
mum wavelength (zero efficiency) corresponds to a constant
value of //Atf(l — b2/a2) or of nXV^/a. It was expected, and
confirmed by measurements on 2- and 4-segment valves with
filament cathodes (subject to some experimental restrictions),
that these expressions would also be approximately constant for

• See page 991.
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Fig. 2.—Generalized operating characteristics.
. 4-segment magnetron type E880 No. 631.

n = 2. da ~- 2a — 0-7 cm.
Cathode diameter = 2b -•- 0-025 cm (thoriated tungsten).
Cathode eccentricity 12%.
Anode voltage 200-1 000 V.
Magnetic field 300-1 950 oersteds,

f 50 A
60 O

Wavelength (cm) < 76 •
100 x

U50 ®

any fixed value of efficiency; Fig. 2(6) illustrates this. The
dotted curve in Fig. 2{b), which applies approximately to modern
multi-segment large-cathode magnetrons, has been added for
comparison. Possible reasons for the difference will not be
discussed here, but it is not attributable to circuit losses. It is of
considerable interest to note that the best results for early
4-segment valves with central filament (see below) fall close to
the lower part of the dotted curve.

Almost all the magnetrons of the pre-war period used tungsten-
filament cathodes, which were quite adequate for the early
experimental c.w. requirements; in the days when variable high-
voltage d.c. supplies were inconvenient and expensive it was even
considered an advantage to be able to limit the input by reducing
emission. German data on the effect of large-diameter spiral
tungsten filaments indicated a drop in efficiency with increasing
cathode diameter, especially in 4-segment valves, and this mis-
leading result was widely believed.

Trials of oxide and thoriated-tungsten cathodes in the early
1930's gave bad results on life in the heavily-loaded radiation-
cooled structures which had been established for pure tungsten
filaments; the problem was solved in 1937 for thoriated tungsten,
and this technique was used in the E88O (NT75) to meet the
requirements of one of the earliest Service applications of
magnetrons.
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This restriction of established practice to small cathodes was
also related to the general conclusion that the use of more than
4 segments was of little practical value; together they formed a
kind of vicious circle which prevented the combination of many
segments with large cathodes, now so obviously desirable for the
shortest wavelengths, from following as a natural consequence
from the earlier work. The fundamental point was simply that
with a small cathode there is a large reduction in the oscillating
tangential field near the cathode in a 4-segment as compared
with a 2-segment system with the result that in the former,
except at small values of H/ffc, the optimum load impedance is
high and the starting of oscillations difficult. Although
Posthumus' fortunate discovery that eccentricity of the filament
in the anode (or less satisfactorily, of the valve in the magnet)
obviated this difficulty at the price of an increase in minimum
wavelength, 4-segment valves remained more difficult to make
with uniform characteristics than 2-segment ones. The few studies
that were made with more than four segments, and particularly
with six, indicated an increase in these difficulties. There is
little doubt that such valves could have been made with central
filaments to cover a relatively small wavelength range with rather
low efficiency; but they would not have appeared attractive at a
time when useful ranges of one or two octaves and efficiencies of
the order of 50% were regarded as normal requirements, with
the "electronic" oscillator in the background as a wide-range
low power souice for the shorter wavelengths.

The performance, reported in 1938 by Gutton and Berline,
of the first successful multi-segment valves—still with tungsten
filaments—was, in fact, of the sort just indicated, i.e. rather low
efficiency with little tuning range. The anode segments formed
a fixed self-resonant system, and efficiencies of 10-15% were
obtained at 10-20 cm. The most striking practical feature was
that by making a large increase in the number of segments (the
range covered was 6 to 18), this performance was achieved with
quite low anode voltages and magnetic fields, the latter being in
some cases only a third of the field which would have been
required by an "electronic" oscillator. Gutton and Berline's
reasons for believing, once again, that a new type of oscillation
had been discovered might well have been disputed with one
exception, which seemed decisive. This was that the optimum
magnetic field, over a wide range of anode voltage in which the
wavelength was roughly constant, was less than the cut-off field
Hc (0 • 8-0 • 9 times). It is now believed that this result was due
to an experimental error; but the apparently unavoidable con-
clusion that the behaviour of multi-segment magnetrons could
not be predicted from the well-established facts for 2-segment
and 4-segment systems had a profound effect on our early ideas
about high-power centimetre-wave magnetrons.

A tentative explanation of these lesults, in which the idea of
the fields of the slots acting as a succession of cylinder lenses was
invoked to explain the possibility of long electron paths close to
the anode under sub-cut-off conditions, was discussed with
Gutton and Berline during a visit to Paris in 1939. The mechanism
was here again regarded as one of successive retardation of
favourably-phased electrons, but in this case with a simple
tangential motion close to the anode, and therefore with a
velocity before retardation close to \/[2(e/m)VA]. For in-
finitesimal amplitude resonance occurs when the inter-segment
transit time at this velocity is T/2 for a phase difference TT between
adjacent segments. If electrons describing such a path could
be retarded to a standstill, about T/4 optimum transit time,
calculated at the same velocity, would be expected; thus T/3
might be expected to give a useful estimate of the actual optimum
anode voltage, namely:—

VA — (1 500 na/nX)1 (practical c.g.s. units).

It was found in the discussion that the observed starting and
optimum voltages were adequately accounted for in this way.
The magnetic field was regarded simply as an auxiliary variable
to be adjusted to some constant fraction of the cut-off value Hc,
so giving suitably grazing electron paths.

This leads to n\H(l — b2/a2) ~ const., as was found for
constant efficiency in the precessional resonance case.

An important experimental point came to light during this
visit. The long operating range in anode voltage was not, as
had first been thought, continuous; there were, in fact, two
separate ranges. In addition to the efficiency maximum near
the optimum voltage calculated from the author's "tangential
resonance" formula there was a second one at about 4 times
that voltage; the break between the two ranges was, however,
quite small. A little later it was realized that phase differences
other than the 180° assumed above were possible between
adjacent segments and that, in particular, a 12-segment system
could behave as a 6-, or 3-segment one by re-arrangement of
the phases. With n = 3 instead of 6 the calculated voltage
agreed quite well with the observed higher optimum.

It was arranged that sample valves would be made available
to the author for further study, especially of the optimum field
value and of the behaviour with respect to space charge. Un-
fortunately, owing to difficulties which arose on the outbreak of
war, this study was delayed until the following year.

In order to stress, in the limited space available, some of the
factors which played a part in later developments much work of
general interest has had to be ignored in this introductory survey.
Among problems of great physical interest there is the work,
notably of Linder in America, on the anomalous electron tem-
perature in magnetrons, and the evidence for a variety of self-
maintaining internal oscillations which suggests the separate
existence of radial, tangential and axial types.

On the application side typical examples are our detailed study
of modulation by space-charge grids and the development of
resonator frequency stabilization as a highly effective practical
technique for wavelengths of the order of 50 cm; this last had in
fact a direct bearing on some of the circuit problems of centi-
metric magnetrons. And finally, as an early indication of the
shape of things to come, a test carried out with Mr. J. F. Coales
of H.M. Signal School in November, 1938, may be mentioned.
A pulse output of \\ kW at 37 cm was obtained from an E821
magnetron, designed for 150 W c.w. output at 1 metre; it was
concluded that no fundamental problem was involved in short-
pulse operation of magnetrons.

(2) CENTIMETRE-WAVE DEVELOPMENT: THE INITIAL
STEPS

It is generally known that early in 1940 an experimental high
power magnetron using cylindrical cavity resonators as circuit
elements was independently produced by J. T. Randall and
H. A. H. Boot* at Birmingham University, and that the rapid
development of magnetrons of this kind as powerful pulse
generators opened up the field of centimetric radar so far as
transmitter requirements were concerned. In this Section the
main steps in this development and the considerations which
prompted them are traced.

It will be seen that by 1938, although mistaken ideas were
still current about the effect of cathode size and therefore about
power-handling capacity, much of the essential background for
the development of high-power pulsed magnetrons was already
established. It was primarily the circuit problems for centimetre
waves which remained to be solved, and it soon became clear
that in solving them the normal ideas of tunable circuits external
to the valve must be abandoned if high powers were to be

• See page 928.
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obtained. Internal oscillatory circuits, more or less integral with
the anode segments, appeared quite early in the practical art
but were rarely favoured in industrial development on account
of their inflexibility. In addition to the structures with axially
resonant segments, developed in multiple form by the French,
the combination of the anode segments with one or more
oscillatory elements, which could be regarded either as sections
of low-impedance line or as open-ended cavities, can be traced
from the work of Slutzkin in 1934. Many interesting variants
of these, workable and otherwise, are to be found in the patent
literature.* A low-power single circuit design of this type
developed in 1937 for about 3 cm is illustrated in Fig. 3; and a

Fig. 3.—Low-power magnetron with integral anode and resonant
circuit for about 3-cm wavelength.

Tantalum shield
Fig. 4.—Water-cooled resonant-segment magnetron design for high-

power c.w. operation at 5 cm wavelength (March 1940).

high-power 5 cm design (Fig. 4) illustrates the combination of a
water-cooled resonant segment system with a metal envelope
serving as output wave guide. The stimulating effect of the
development of cavity resonator techniques in the klystron, and
not least the loop-and-line technique for coupling to the load,
must also be noted. It was under this stimulus that Randall and
Boot developed the multiple circuit copper-block structure in
a practically fruitful form which provided the basic solution of
the centimetre-wave circuit problem adopted for all the subse-
quent developments in this country and the United States.

In March 1940 an urgent need arose for a pulse transmitter on
about 10 cm for A.I. radar. A 4-segment glass magnetron with
thoriated tungsten filament was designed, to give about £kW
peak directly into a wave guide with 10 kV 0-25 A input and

* The earliest proposal for an anode-resonator system of the hole-and-slot type
appears to be that in U.S. Patent No. 2063342 of 8th December, 1936 (A. L. Samuel).
This, like subsequent similar proposals and laboratory designs, lacked a satisfactory
method of coupling the resonators to the load.

3 500 oersteds field. This was preferred, for the light mean
loading involved, to a multi-segment design based on existing
data for the supposedly different "tangential resonance" oscilla-
tions mainly on grounds of expected efficiency.

A few weeks later contact was made with the work of Randall
and Boot at Birmingham University. At that time their 6-
segment copper-block valve, operating on the pump, had
produced about 150 watts c.w. output at 9-9cm with 7kV
0-15 A input. The field of 1 300-1 400 oersteds was produced
by a large electromagnet with about 5 in air-gap. A 0-75-mm
tungsten filament was used in a 12-mm anode, 40 mm long.
Insufficient data were available to decide the type of oscillation
involved but it was noted that the anode voltage agreed quite
well with that calculated from the "tangential resonance11

formula. In discussing the design the author suggested that it
could be improved and simplified, and the magnet weight greatly
reduced, by using closed metal ends for the block, in place of
the original glass-to-metal seals, and side-arm seals for the
cathode. A sealed-off design on these lines (Fig. 5), with some

Fig. 5.—El 188, No. 1. Improved model of Randall-Boot tungsten-
filament magnetron; designed and made in collaboration with
Birmingham University. (Design completed 16th May, 1940.)

C.W. or pulse output of the order of i kW at 10 cm. Electromagnet weight 50 lb.

further minor improvements, was produced in collaboration with
Birmingham University; this was designed to fit the 2f-in air-gap
of a standard 50-lb electromagnet. Its performance, limited by
the emission and life of the tungsten filament, was similar to that
of the original model and reached outputs of the order of i kW.
In this design the gold seal technique, developed by D. A.
Boyland several years earlier, and suggested for use in the
magnetron by R. le Rossignol, was introduced as a clean and
simple method of attaching the copper end-discs to the block
after mounting the cathode.

At the time of the first discussion at Birmingham the chief
interest in the copper-block structure, so far as the commitments
of the G.E.C. Laboratories were concerned, was as a basis for
high power c.w. designs for communication on rather shorter
wavelengths. But with increasing pressure on the need for
10-cm A.I. it was considered whether a design using this technique
could provide a lighter and more powerful pulse source than
the dull-emitter resonant-segment magnetron which was already
in development, with good prospects of producing as much peak
power as the Birmingham valve. Both of these, as they stood,
involved electromagnets which were inconveniently large for
airborne use, one on account of the large gap and the other
on account of the high field-strength requirement.

It was decided to attempt such a design, though it had to be
based on several unproved assumptions. These were:—

(1) That the type of oscillation in the copper-block magnetron
was the same as in the Gutton-Berline multi-segment
valves. The main point here was that it had been con-
cluded from the author's interpretation of the mode of
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operation of the latter, at the time of the visit to Paris in
1939, that the cathode diameter should have no critical
effect on their behaviour and that therefore—contrary
to the general belief about other magnetrons—large-
diameter cathodes could be used.

(2) That efficient operation of valves of this type was possible
with space-charge-limited anode current, so that increased
cathode emission would make possible increased pulse
output. At this time (April 1940) there was still no
decisive information on this point.

(3) That the mode of oscillation of the copper-block resonant
system was such that the wavelength was substantially
independent of the axial length.

A design was worked out on this basis using a block with
cross-sectional dimensions nearly the same as those of the
Birmingham valve. But the anode length/diameter ratio was
chosen to give a good compromise between power and magnet
weight, the end spaces were kept small so that an existing 6-lb
permanent magnet with 1̂ -in gap could be used, and a large
diameter thoriated-tungsten spiral cathode was introduced.
It was estimated that this design should give at least 1 kW peak
output at about 5 kV.

At this point the samples of Gutton's 16-cm resonant seg-
ment valve, M.I6 (Fig. 6), which had been promised in June

approximate operating conditions for the Birmingham valve
gave about 1-4Hc); and no oscillations were obtained below
cut-off field. Fig. 7 shows some of the results. The two ranges
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Fig. 6.—Gutton resonant-segment magnetron, type M16, with oxide
cathode, for pulse or c.w. operation. (Sample received 8th May,
1940.)

Pulse output of the order of 1 kW at 16 cm.

1939 were received. In the meantime it had been greatly
improved by the introduction of a large oxide cathode. In
spite of the author's recommendation of the use of thoriated
tungsten, following his own successful experience in pre-war
magnetrons, the oxide cathode had been preferred on account
of extensive French experience with it in ordinary trans-
mitting valves. These 16-cm magnetrons, which had already
given pulse powers of the order of 1 kW, were brought to
Wembley by Dr. M. Ponte of the Compagnie Generate de
Telegraphie Sans Fil and were disclosed to us with the authority
of the French Government. This was the starting point of the
use of the oxide cathode in practically all our subsequent pulsed
transmitting valves and as such was a significant contribution to
British radar. The date was the 8th of May, 1940.

While the first of our copper-block valves was being made,
detailed c.w. and pulse tests were carried out on the M.I6, the
latter with an emergency modulator comprising a motor-driven
commutator operating on the grid of a large pentode and giving
pulses adjustable between 200 and 2 000 microsec at 50 pulses/sec,
with the object of establishing general principles which we
believed would be valid in our own designs. They proved, in
fact, of great value.

It was concluded that the "tangential resonance" formula
gave the optimum operating voltage approximately correctly,
but that the optimum magnetic field was near 1-2Hc (the

1600400 800 1200

Magnetic field strength, oersteds

Fig. 7.—Operating characteristics of Ml6 magnetron.
n = 6. a~ 0-5 cm. b = 0-2 cm.

V^ for maximum efficiency.

of oscillation were interpreted as corresponding to "12-segment"
and "6-segment" operation of the oscillatory system. The
dotted curves in the lower part of the figure indicate what was
probably the true interpretation in the light of later knowledge.

At the lower field-strengths the output and efficiency were
measured over the whole voltage range from threshold to cut-off.
Hence a preliminary indication was obtained of how to estimate the
anode current for maximum efficiency and maximum output, in
terms of the space-charge-limited diode current ID at H ••• 0,
calculated for the operating anode voltage. These were not far
from the typical figures obtained later, namely of the order of
1/20* and 1/3 of ID respectively. This knowledge was of the
greatest value in predicting the approximate operating con-
ditions and performance of new designs. Cathode secondary
emission, discovered at Wembley in 1933, appeared with the
oxide cathode as a factor of major importance for the first time.
It was found that oscillations could be maintained, at low anode
current, with a thermionic emission less than 1/100 of that anode
current. In the course of this series of measurements an attempt

* In this connection it should be noted that the factors determining the small value
of current below which the efficiency falls steeply, in a valve free from low-current
mode changes and mechanical faults, have not been clearly elucidated. They are of
practical importance only for c.w. applications.
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was even made to detect directly the reduction in magnetic
field-strength caused by the rotating cloud of electrons inside the
anode. A negative result was obtained giving a very rough
upper limit for the circulating current (< about 10 A with 1 A
anode current, H/Hc ~ 1-2).

(3) THE E1189 OXIDE CATHODE PULSED MAGNETRON
The main features of this design with its large cathode, short

magnet-gap, and simple, almost all-metal, construction have been
indicated above. In addition, air cooling was substituted for
water-cooling. The measurements on the Ml6 had borne out
the first two of the assumptions (possibility of large cathode and
space-charge limited operation in a multi-segment valve) on
which the design was based, and the tests on the first trial samples,
1:1189 No. 1 with the thoriated-tungsten spiral cathode (Fig. 8)

i...

«*••»-

Fig. 8. -El 189, No. 1. Original design for high-power pulse operation
in aircraft. (Design completed 25th May, 1940. First operated
29th June, 1940).

Pulse output of the order of 10 kW at 10 cm. (Output, with 1 000-oersted permanent
magnet: 3 kW from first design and 5-10 kW from final design.)

Permanent-magnet weight 61b.

and No. 2 with an oxide cathode, were awaited with some con-
fidence—though not without speculation on the possible effect of
voltages of the order of 10 kV on the oxide cathode. The last
assumption (independence of wavelength on block length) was
verified as soon as the first wavelength measurement was made.

The main internal dimensions of these valves were:—

No. of segments = N ~ 6.
Anode dia. -- da — 1-2 cm.
Cathode dia. ---dk — 0-3 cm; o.d. of spiral of 0-4mm

(floriated tungsten in No. 1; emission 5-10 A at 9 V 8 A.
0-45 cm oxide coated nickel in No. 2; emission about 5 A at

7V1-8A.
(Emissions are for 1 millisec pulse.)

Anode length ----- la •--•= 2 0 cm.
Circuit hole dia. ~ dc =-1-2 cm.
Slot width ----- 0-2 cm.
Slot depth — 0-2 cm.

The two valves were completed together and outputs of the
order of 1 kW peak at 5-40 microsec, 50 pulses/sec, were ini-
tially obtained from both, using 1 000-1 100 oersted permanent
magnets (29th June, 1940). The output at 6 microsec was indepen-
dent of heater voltage down to zero with the oxide-cathode sample,
and its success was regarded as completely established. An
early mercury-vapour triode (El 191) modulator was used.
The wavelength was near 9-8cm for both valves. Within a
fortnight peak outputs of about 10 kW had been measured in a
water load with an input of about 8 kV, 8 A, 30 microsec,
50 pulses/sec; the field of about 1 400 oersteds was provided by
an electromagnet. With higher inputs, powers estimated at over

15 kW were obtained, but with the large pulse length used per-
sistent flash arcs occurred at this output. The cathode bom-
bardment power was estimated by heater resistance change in
No. 2 at 5-10% of the mean input, increasing appreciably as the
load coupling was reduced. This agreed with some earlier
measurements on glass magnetrons. Measurements of frequency
variation with operating conditions were also made with
encouraging results.

1
1

1
-<•)--•

1

/ '
1
1

•+
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• • < $ >

- - i _ _ .

Fig. 9.—Original valve- and magnet-mounting for El 189.

Fig. 9 shows the original form of valve and magnet mounting.
The Alnico permanent magnet was Messrs. Darvvins' type
M4735 giving an average fully-magnetized field of 1 010 oersteds
in a 38-mm gap and weighing 61b. The external oscillatory
circuit in these first tests was an adjustable length of slotted
coaxial line attached to the output seal; see Fig. 10, which also
shows the water load in its original form.

By the middle of July El 189 No. 1 was in use by the Wembley
A.I. group, who produced an improved form of mounting and
output circuit; No. 2 went to Prof. Dee's group at A.M.R.E.
(now T.R.E.) a few days later. An urgent demand for further
samples developed and several copies of No. 2 were made, using
the chamber of a Colt revolver—which just happened to be the
right size—as a drilling jig! A few experimental variants were
also made to check design procedure.
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Spirit thermometer

Glass calorimeter (8\5 mm bore Li.)

Split copper-foil screen

5 cm3 of water

EI189
.0-3-mm coppor

dad coil

13-9 cm-

Fig. 10.—Original output circuit and water load for^E1189.

During this early stage of the development the attempt was
made to reduce as much as possible to a calculable basis. An
elementary procedure for wavelength calculation had already
been developed and worked quite well, though it was improved
on later; and a somewhat dubious calculation of optimum
cathode size for maximum output at constant H (giving b/a
about 0-4, which was adopted) had at least the merit of giving
an answer which proved satisfactory. The output coupling
loop dimensions in the first samples had been kept the same as
in the Birmingham valve, though the output line was modified
to give a more nearly constant characteristic impedance. Cal-
culation, from rough measurements on E l 189 N o . 2 of the
variation of the power fed to a matched 75-ohm cable load with

its distances from the coupling loop and from the open end of
the output line, indicated that the equivalent generator (series)
resistance at the terminals of the loop was about 100 ohms; this
confirmed that the coupling-circuit constants were about right
for feeding a 75-ohm load, as required. Hence, from the
dimensions of the loop and the internal circuits, it was concluded
that the resistance appearing across the output slot with optimum
loading was about 600 ohms, that the oscillatory voltage across
the slot was about half the steady anode voltage, that circuit
losses probably did no t exceed a few per cent, and (on rather
doubtful grounds) that loading at a single circuit element would
be satisfactory for many more than six elements.

As a result of these calculations and measurements it was
decided that the design represented by E l 189 N o . 2 was satis-
factory except that the field required for what appeared to be
maximum efficiency was too high for the existing permanent
magnet. This was corrected by re-calculating the design for
eight segments instead of six, keeping the wavelength at 10 cm.
Fig. 11 shows details of the modified design which was later
standardized for naval use as NT98. Its variant, E l 198 (CV38),
was used in the first centimetric A.I . equipment on 9-1 cm.
Fig. 12 shows the performance of the second sample to this

10-30

Fig. 11.—Internal construction of El 189 magnetron in final 8-segment
form (from Serial No. 12).

Anode length 2 • 0 cm. Anode diameter 1 • 6 cm. Cathode diameter 0 • 5 cm.

to-a

W

5

5
20 I

5

,„!
5 6 7 8 -

Peak anode voltage (kv)
Fig. 12.—Performance figures for valve type El 189 No. 13 with water

load.
/ / ~ 1 000 oersteds.
£> = 7-5V.
Pulse 30 microsec, 50 pulses/sec.

modified design (El 189 No. 13); the first, No. 12, had already
(August 1940) been despatched to accompany the Tizard mission
to the United States.* Itwill be seen from Fig. 12 that the output
obtained with the permanent magnet was comparable with that
given by the 6-segment version with the higher field strength
electromagnet. Fig. 13 shows a typical curve for an early El 198
giving the frequency change with time after switching on; after
3 minutes the frequency is within about 1 Mc/s (in 3 000) of the
final value.

• SeeFiSK, J. B., HAGSTRUM, H. D., and HARTMAN, L. P.: Bell System Technical
Journal, 1946, 25, p. 167; particularly Fig. 45.
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current-density, voltage gradient, and mass correction for
velocity). These generalizations were all based on the assumption
of an optimum value of H/Hc near 1-2, but they retained some
value even after it was realized that this assumption was wrong
and that the supposedly distinct "tangential resonance" oscilla-
tions were only a special case of the precessional resonance
oscillations. It was the most serious practical problem of all,
that of mode changing which is discussed in detail in the accom-
panying paper, which made it take so long to realize that with
the new magnetrons as with the old the basic requirement for
more efficiency in a given valve is more magnetic field.

At this stage the unusual requirements of magnetron cathodes
were already appreciated, including the significance of cathode
bombardment as one of the limiting factors which must be
anticipated in future designs. As a preliminary to more intensive
study of cathode problems an attempt was made to estimate the
relative importance of thermionic and secondary emission.
With the basic requirement that it must be possible for the anode
current to build up to the operating value in a time small com-
pared with the pulse length, it was concluded that the controlling
factor is the product of the secondary-emission coefficient and
the fraction of the outgoing electrons returned to the cathode.
If this product exceeds a critical value in the neighbourhood of
unity the thermionic emission can be a very small fraction of the
required anode current, as found with the oxide cathode; if not,
a thermionic emission comparable with the peak anode current
must be provided. A rough estimate gave a value of the order
of 3 for the minimum secondary-emission coefficient for a
satisfactory magnetron cathode, and the observed behaviour of
thoriated-tungsten and oxide cathodes (with secondary emission
coefficients of about 2 and 6 respectively) was consistent with
this conclusion.

(5) ACKNOWLEDGMENTS
The work described in this paper was carried out in the G.E.C.

Research Laboratories as part of a research and development
programme undertaken for the Admiralty. The author is in-
debted to the Department of Scientific Research and Experiment,
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Fig. 13.—Frequency variation with time after switching on, El 198,
No. 21.

Heater on 1 min before applying h.t.
Final temp, of outside of anode block about 60° C.
Peak Ea = 8 kV. Peak 7fl = 8 A .
Mean / = 11 mA. if = 1 000 oersteds.

(4) TREND OF FURTHER DEVELOPMENT
While these first types were being established in pre-production

intensive study of the possibilities of higher powers and shorter
wavelengths went on, both on paper and in the laboratory.
A 100-kW, 10-cm design was completed in September 1940 and
gave the expected performance as soon as a suitable modulator
was available. The process of reducing the wavelength without
changing the size of the valve or magnet, by increasing the number
of segments, was at first successful but soon encountered funda-
mental difficulties. This process was carried as far as a 60-
segment design with wave-guide output for a wavelength below
1 cm; this was a mechanical tour deforce, but it did not work!

The extension to higher powers was considered in some detail
from the point of view of power/weight economy, scaling factors,
and possible ultimate physical limits (power dissipation, cathode
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MICROWAVE MAGI{ETRO|{s: A BRIEF HISTORY oF
RESEARCH AND DEVELOPMENT

W. E. WILLSHAW

In this. history of th_e euolution of the magnetron, the essential steps in the
transition fyom the firs.t glass enuerope magnetron deuice to thLe copper btock
design are.briefly ourrine.d. lhese.aie fottowed by short orrouiti-ôf the main
stages of elaboration which hau_e led to present d^ày magnetrloir,. i, uiew of the
uast.range of application and the tremendous effàrt,dîptoyed oi deueropment
d.uring wartime and following years, attention has beeh ,âniri,tràtra on basicdesign steps and ouerall performance, with tittle attentiin to detailed
performance.

EARLY STEPS

The present day magnetron is the result of exten_
sive researches and developments under the stimulus
of defence req iirements. However, it originated
from the research by Hull in the USA to reiolve a
patent,dispute. In 192L he invented the magnetron
diode(r). In this, an axial magnetic field piovided
the means to control the current passing through a
smooth bore cylindrical coaxial diode by bending"the
electrons away from the anode, ngure f(a). It"was
de-veloped as an audio amplifier and r.f. sàurce but,
follorving the resolution ofihe dispute, was no longei
needed, and development ceased.

In 1928, Zacek showed that oscillations could be
producedin.the.simple diode at the critical (cut_off )magnetic 9^gld with a frequency close to the cyclotron
fr-equency(z), that is, the angular frequency of rotation
of an electron around a magnetic field. '

In 1924, Habann had described a split anode sys_
tem producing negative resistance osôiilations(3).'In
this, variation.of potential of either anode segment,
with. a magnetic-field greater than the ,cut off;value,
results in a greater current flowing to the lower poten_
tial segment than rhat to thé higher poientiai
segment, figure 1(b). Thus the magnetron^behaves
as a negative resistance to a circuit Connected across
the segments, and oscillations can be produced over
a wide range of frequencies below those for which
electron transit time is significant.

.In 1929, Okabe published Japanese work using a
split anode system to generate ientimetre *uu"rio).
This attracted world wide interest in the practical
possibilities of the magnetron and from 1933 onwards
a steady stream of workers in Europe, Russia, Japan
and A.merica developed both praitical and theor_
etlcal ldeas on the use of the magnetron for short
wave generation. Among these wâs Megaw of the
GEC Research Laboratories at Wembley"{sr.

Use of multi gap anode

Comparison.of performance obtained by different
workers, who did not have the means of rapiO contact
enjoyed today, was made difficulr Uy the various
possible 'electronic' and ,circuit, 

modes of oscillation.
However the successful development by postumus in
1934 of a 4-segment magnetion, figure 1(c), anà

the rotating fieid theory by which he explained its
advantage over a similar 2-iegment svsieii;i,'*ur;
m3jo.r step forward which aiticipateO later theor_
etical work, and showed the advantag" to U" gained
by the use of a multrplicity of u"oE" slgments ln
redygi3g the magnetic field at which a givèn'efficiency
could be obtained.

First use in system

As an exampie of the state of application of the 4_
segment magnetron jn1937, figuré 2, shows the valve
develop^ed-at GEC, Wembieli, for ôperation in the
range 40-60 cm and used in ihe circuit shown sche_matically whilst ûgure 3 shows the càmôlete trans_
mitter of a communication equipment foi use at sea,
also developed at Wembley{ri. 1i., *u, tà. studies of
the problem of secure communication at centimetre
wavelengths. In view of the need foi frequency stab_ility, the equipment was ûtted with' a coaxial
res.o.r.t3tof, by means of which the frequency was
stabilized and could be switched as n.eaJà for'oper_
ational reasons, and the anode voltage wai staUilized.
The.power produced was 20 W at u"Uoui lbOO V anamodulation was by.square wave switching of theanode.voltage. Twelve sets of the equipment were
Iu9l UV GEC Tetephone Works und,Lrt of these
nao Deen htted on HM ships by the time World War
2 started.

This work was carried out, of course, with the
:lr_s^1._porrible 

cooperation of the Admiralty, and
especrally wirh officers of HM Signal School at'ports_
mouth. Tggelher with other spe*cial ,o.k on valvesflr lhe Air Ministry, it led to ihe appoiniment of C.\_. rarerson. [Jtrector of the GEC Research Lab_
oratories, as Chairman of the Government Inter Ser_
vices Valve Technicat Commirtee 1fui.iôvO). fni,initiated the close relationship tnât t ài been main_
tained- at the highest levels between the valve inter_
ests of the GEC and those of the Defence Services.

Large cathode

An important factor in the rapidly growing devel_opTelt o{ !q. magnerron *as ih" 
-dlameter 

of the
carnode whtch from the earliest days had been kept
small (about 3Vo or less of the anode diameter). in
1939, in the course of discussion, U"t*."n Mégaw
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Fig. 1. Some early experimental magnetrons (a) Hull, 1921 and Zacek, 1928 (b) Habann, l92a @) Postumus, 1934
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Fig. 3. Communications transmitter, 1937

and Gutton of SFR in Paris, it was concluded that a
much larger cathode might be used in multi-segment
valves without loss of efficiency. It was agreed that
samples of the M16, Gutton's 8-segment resonant
segment valve, ûgure 4, should be ûtted with large
cathodes, and sent to this country.

COPPER BLOCK ANODE

Shortly afterwards, Megaw made contact with
Randall and Boot at the University of Birmingham,
when it was disclosed that a 6 gap copper block
magne^tron operating at 9.9 cm wavelength had been
made(v), having a tungsten fiiament cathode of dia-
meter about 6% of that of the anode, and giving an
output (c.w. or pulsed) of 150 watts. This made use
of 6 resonant circuits machined out of a solid copper
block forming the anode, figure 5(a), through the
centre of which a wire cathode was mounted. Power
was extracted through a concentric line coupled to a
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loop in one of the cavities' The valve was con-

iinr'ioutrv pumpecl and was operated in an elec-

tromagnet. figure 5(b)'

Design of unstraPPed valve

Megaw immediateiy designed a sealed-off version

with "improvements resulting in a 
. 
considerabie

reduction of the 50 lb magnet weight. and sub-

stantially repeating the performance .of the Bir-
mingham valve. He then decided to improve the

design further by incorporating a large diameter
thoriated tungsten spiral cathode, and reducing
anode length so that an existing 6lb permanent
magnet could be used. All this was done under the
stress of wartime pressure.

At this point, in May 1940, samples of the French
M16 were brought to Wembiey. As agreed, they had
been fitted with large diameter oxide coated cathodes
and tests showed a pulse power of the order of 1 kW
at 16cm wavelength, with efficiency up to ISVo.

Accordingly it was decided to incorporate both
thoriated tungsten spiral cathodes and oxide coated
cathodes in the Wembley design of large cathode
valve. Both were completed together and showed
similar results, an output of the order of 1kW peak
being obtained at 5-40 pS, 50 p.p.s. at 9.8 cm wave-
length using a 5lb permanent magnet, figure 6(a).
This was on June 29,1,940. Within a fortnight, an

output of about 10 kW had been measured in a water
Ioad, using the higher magnetic field of an elec-
tromagnet. After detailed measurements, it was

decided to modify the design so that the higher power
could be obtained with the lower field permanent
magnet. The number of segments was accordingly
increased from six to eight. Figure 6(b) shows a

section of this valve which was standardized for Naval
use at around 10 cm wavelength. This was the NT 98.

A copy of this was sent to the USA in August, 1940.
A variant operating at 9.1 cm was then produced
for the first centimetric airborne interceptor (AI)
equipment for airborne use.

As soon as the design requirements for valves
capable of meeting operational requirements had
been established, contact was made with the BTH
Research Laboratories at Rugby, where work had
been proceeding on high power klystrons. As a result,
effort was transferred to the development of the
copper block magnetron and its production. This
contact between GEC and BTH groups was main-
tained until long after the end of wartime.

A number of teams were set up at Wembley to
construct magnetrons needed by the Services and to
study their performance since experience in use
showed defects limiting system performance. Never-
theless, large numbers of valves of this and later types
were produced in the laboratories, allowing time for
factory production facilities to be established
elsewhere.

This design was the basis for a range of magnetrons
produced in this country and in the USA with little
change in constructional details. From this time, very
close contact was maintained with the USA, resulting
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Fig. 4. Gutton resonant - segment magnetron, type M16,
1940
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Fig 5 (a) The anod.e block of (b) the first British 10 cm
magnetron
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46,^2, Section through high power 3 cm magnetron, type
CV355

in many new design and constructional features being
transferred to this country as the very large American
effort developed.

STRAPPING

Experience in the use of this early design showed
that with change of r.f. load or operating conditions,
the frequency generated could change discontinu-
ously. In 1941, Sayers of the University of Bir-
mingham showed that this resulted from the exci-
tation of the different modes of resonance of the
multi-cavity anode in which successive cavities oper-
ated with phase differences less than the optimum
value of n. He showed that by joining alternate
segments together by wires, stability and efficiency
were greatiy improved(e). In the NT 98 magnetron,
for example, the efficiency had seldom risen above
25Vo even at high magnetic field, whereas by this
technique, an efficiency of 40% could be obtained at
a magnetic field of 1500 oersteds and 50 to 60Vo at
2000 oersteds, figure 7. This established the tech-
nique of 'strapping' as a necessary design feature,
and various forms were incorporated in established
designs as so.ol as possible. Figure 8 shows two forms
of strapping(10).

DESIGN FOR 3 cm OPERATION

Work at wavelengths shorter than 10 cm started
soon after the NT 98 was established, but during 1941
there was urgent need for operation around 3 cm.
Early designs were based on the established unstrap-
ped 10 cm valves but the increased number of cavitiès
necessary to provide the required cathode area led
to increased problems with mode change and effici-
e_nc1t(to),. With a 12-slot 10.5 mm anode ind magnetic
field of 2670 oersteds, efficiencies up to 20Vi were
obtained with 150 kW inpur power, but stability prob-
lems were numerous. However, experience-with
smaller strapped valves showed that efficiencies of
3M0% could be obtained at the same input level
with an anode of 8.0 mm diameter, with èomplete
freedom from mode change. Figure 9 shows the main
features of a 3 cm high power valve. It has a power
output of at least 200kW with efficiency of" 40Vo,
operating at22kY,23 A. The anode has 14 cavities
double ring strapped and it operated in a magnetic
field of 5500 oersteds, obtained from an exiernal
magnet, with iron inserts inside the valve envelope.
Power is radiated from a loop connected to the straps,
with the output waveguide enclosed by a glass dome.

45. Q. Methods of strapping (a) echelon strapping (b)
double ring strapping (recessed). The same system is ttsed
at both ends of the block
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Developments at 3 cm involved not only scaling
down dimensions in proportion to wavelength bui
also increasing the magnetic ûeld, approximately
inversely as the wavelength, leading to the need tô
reduce the magnetic air gap. This was done in the
USA by building in pole pieces at each end of the
anode block, and attaching 'C' shaped magnets to
each end. The cathode was supported at one end
through a hole in the pole piece resulting in the
'packaged'valve offigure 10. This packaged arrange_
ment became the standard for 3 cm valvès, both for
low and high power.

PERFORMANCE OF PRODUCTION TYPES BY
1945

The performance achieved by 10 cm types may be
summarized as shown in tabie ltrot. 16"r. ope.âted
yit-h pul19 lengths of 1 to 2 pS and repetition rates of
500 to 1000pps.

The number of types established in production for
3 cm operation was much less than for 10 cm. First,
unstrapped designs were produced, to be followed
by strapped designs as the increased complexity was
mastered. Ail operated at around 14 kV, with èffici-
e19i_es in the range 20-40Vo, with 1. pls pulses at
1O00 p.p.s. (typically). An external magnet was used.
Coupling to the output waveguide was from a glass
enclosed probe coupled to the 'preplumbed' section
of waveguide, as in the CV 214 illustrated in figure
11.

MECHANISM OF ENERGY TRANSFER

Once the success of the multi-cavity design had
been demonstrated, a considerable theoretical effort
was applied, especially at the Universities of Man-
chester and Leeds and at MIT in the USA to try to
understand the parameters of importance in design.
In combination with the results of experimenlal
work, the picture eventually emerging wasàs follows.

When the valve is oscillating in the so-called ,rr
mode' with the currents in adjacent cavities in anti-
phase, a standing wave of potential exists round
the anode. This may be considered as made up of
oppositely rotating travelling waves of angular vel-
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CAlHODE
SUPPO RT

i\,,1O U NT IN G
Ê LANGE

PE RMANDU R

POLE INSERIS

STEEL POLE
PIECES

Fig. 10. Section through magnetron type CV34g

r ' 1 1,,;..'I1,,,

Fig. 11. Magnetron type CV2I4

ocity wf n where n is the number of pairs of segment
gaps.

^Electrons 
leaving the cathode under the inffuence

ol 
, 
mutually, perpendicular electric and magnetic

helds, travel around the cathode with velocity

TABLE 1

Performance of 10 cm magnetrons

NT 98 (unstrapped)
CV 56
cv 76
CV 99
cv 64
CV 192
CV 69
v 160
CV 4I (unstrapped)
cv 120

Wavelength
cm

10
10
10
8.5
9.I
9.1
9.1
9.8

10.7
1,0.7

Input (peak)
kw

75
225

i000
1000

130
600

1000
500

1000
1000

Input (mean)
w

38
225

1000
250
330
480
250
500
500
500

Effi.ciency, Vo

10
40
50
50
30
40
50
50
15
35
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approximating to the ratio of these fields. Providing
wave and electron velocities are approximately
equal, continuous energy interaction resuits in a

transfer of energy from the static electric field to the
rotating r.f. field and thence to the ioad.

At suitable high magnetic fields, high efficiency
results, as it does with a large number of segments,
though this leads to the need for special attention
to the mode problems which can result. The great
attraction of the magnetron has always been the high
efficiencies obtained in a 'simple' diode structure,
with its resulting compactness.

RISING SUN DESIGN

As the working frequency of magnetrons increases,
strapping bpcomes increasingly impractical. The
need to avoid mode change problems other than by
the use of strapping led to the invention of the 'rising
sun' anode, of iection shown in figure 12(11). In this,
the usual system of equal cavities is replaced by one
with two sets of cavities of different size, by means
of which the desired separation of frequencies of the
'ifferent modes, as well as operating voltage,

may be achieved. Such a system is particularly suited
for shorter wavelengths, especially since it avoids the
use of small delicate straps and because it makes the
use of a large number of cavities more practicable.
Valves using this arrangement were developed during
the latter part of 1945, demonstrating their potential
for shorter wave operation, especially for millimetre
waves.

In the AX9 of 1.8 cavities operating at 3.1cm, a
pulse power of nearly 1 M'W was achieved, with mean
power around 240 watts. In the design shown in figure
12, output power was taken from the back of one of
the cavities by a slot, coupled through a slot output
transformer into a vacuum enclosed output wave-
guide. This waveguide output system has been used
in many other designs.

LONG ANODE DESIGN

Around 1950, the need arose for a valve of much
yeater mean power at 10 cm wavelength than then
available (approx. 500 watts) and attempts were
made to meet this by designing strapped valves oper-
ating at higher voltages, around 40 kV. However the
power limit set by electron bombardment of the
cathode led to a different approach by Boot at SERL
Baldock, resulting in a design known as the 'long
anode' valve(12). In this, anode and cathode length,
normally kept less than half an operating wavelength,
were greatly increased to avoid the cathode power
limitation. Problems of mode change were avoided
through ihe use of a symmetrical output system and
very careful design to avoid the effect of axial modes.
An anode length of about a wavelength was used.
The symmetrical coupling to the output system was
achieved by coupling the ends of alternate cavities
together to a common probe, which radiated to the
output waveguide. The long anode necessitated a

solenoidal magnet, so that magnet, magnetron, and
waveguide were designed as one unit.

OUTPUT
STF I]CTI] F

PÊRMANDUR
END SH IE LDS

Fig. 12. Cross-sections of AX9 magnetron

ANSFOF ME F

OUTPUT
PROBE

Fig. 13 . Magnetron M565 , giuing 5 MW output in frequency
range 1215-1365 MHz

Using these ideas, the design was developed and
finally engineered by the English Electric Valve Com-
pany to give a power at 10 cm wavelength of 5 kW
mean, 2.5 MW peak at 2 ps and 5 ps pulse length,
operating at 50Vo efficiency with a voltage of 40 kV.
Figure 13 shows a design lor 23 cm wavelength,
30 kW which was also demonstrated.

COAXIAL DESIGN

In the early 1,950s, it was clear that in spite of the
attraction of the magnetron as an efficient, compact
high power source, residual problems of stability
against mode change needed to be overcome if the
full potential were to be achieved, especially at
shorter wavelengths. The structure now known as
the 'coaxial magnetron'was devised by Feinstein and
others. In this design the currents in alternate cavities
were locked in phase by strong coupling to a sur-
rounding resonant coaxial cavity, whose frequency

ANODE
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OUTPUÏ
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could be,adjusted_by change of lengthir.r). Such a
system, shown in figure l.l. proved v,érv successful,
though the coupling to an additional multi-mode
cavity results in additional possible mocies of opera_
tion, which were contro.lleO.by resistive Oamping.
The design was particularly suited for operation ât tËe
highest frequencies and resulted in higÉer efficiencies
and iower pulling and pushing figurei. At 10 GHz, a
pgyer of 1MW was obraineO witn an efficiency of
91V::ya a tuning range of I2To, with 100kW at
50 G.HZ. This system ii especially suited for rapid
mechanical tuning.

C.\ry. OPERATION

Although attention has been concentrated here on
valves for pulsed operation, designs have also been
deveioped for c.w. use for communication and counter
measures. Though operated at much lower voltages
they have given mean powers of the same order as
the pulsed designs. They have been fitted with runers
operating by changing the effective dimensions of the
cavities, and covering a range of I0% una up*uràs.

RUGGED LOW POWER

Apart from the steady increases in power gen-
erated at a.given wavelength, there have blen striËing
advances. in the performlnce of low power rugged
valves. These follow improved undersianding oF?},;
lî:r:1 controllins speeâ of oscillation build ip, and
the tntroduction of nevv magnetic materials anâ tech_
niques of mechanical design. Such valves are needed
for missile, beacon and guidance systems demanding
use under conditions of extreme vi6ration and shockl
Figure 15 shows the general design of a 3 cm valve,
one o,f a,range developed by the Vt. O. Valve Com_
plly f tO It develops 5 W mean ourput liSO W peat)
havrng a mass of only 50 g and volume of t0 ics. It
operates at 850 V with 76% efficiency. It has a warm
up time of only 2 secs and satisfies many stringent
performance requirements.

MILLIMETRE WAVE VALVES
With the establishment of rising sun and coaxial

designs, the major probiems in opJration ,"r" ou"._
come, and the way was open to reducing operating
wavelengths to a few miliimetres. HowJvei, probl
l::r:t:l::qly rising atmospheric and rain absorp_
tron at.wavelengths much below 1cm inhibited tËe
use and development of millimetre radar and valves.
Nevertheless, the narrow aerial beams readily obtain_
able coupled with use under conditions wlere the
effect of atmosphere absorption is not overriding,
has led_ to.development down to a few millimetres.
-blgure lô shows a production valve for 3.3 mm having
a peak output of 2.5 kW (f .r-s W mean). Ir operares
y;n j.O,rs putses (down io 4 ns) at an'efdcièn.y oi
47o. It.has a_n integral samarium cobalt magnet and
a weight of 2lbs.

GEC JOURNAL OF RESEARCH. VOL. J. NO. 2, I98,5
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Fig. 14. Principle of the coaxial magnetron
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Fig. 15. Cross-section of 3 cm rugged magnetron
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Fig. 16. Magnetron for 3.3 mm wauelength

CONCLUSION

- In this very brief summary of the evolution of
the magnetron from its chanôe birth in 1921 to its
becoming the key component in many systems, the
technologies of construction have béen taken for
graated. However, the huge effort applied to these
technologies, both for magnetrons and^ other micro_
wave devices, has ensured that the continually refined
systems requirements can be met.
. For. example, insulator materials and technology
have been developed to vvithstand the high volta!É
iresses- involved, to hold componentJ in their

required relative position, to condict heat away, and

to enable the high microwave power densities to betransmitted with minimum loss.
Since the cathode is subject to signiûcant electronbombardment, thermionii emissioi-ir'nât uruutty uproblem, though design fo. aA.quate cooling is

necessary. However the possibility of arcing du5 to
high voltage stress at the surface ieads to ùe need
for a rugged surface.

The use of. permanent magnet materials of high
performance in 'package' structures has led to muéh
ingenuity in integrating these with the rest of the
valve elements to enable both electrical and mech_
anical performance needs to be met.
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Chairrnan: Professor D. C. Colley

INVITED TALK

GEC's Wartime Contribution

ilIr W. E. Willshan

Introduction
I am glad of the opportunity to talk about the contribution of the GEC Research Laboratories

to the research on and development of the cavity magnctron.

The laboratories at Wembley were opened in 1923 following the company's decision, during the

First World War, to found laboratories covering fundamcntal problems arising in the manufacture

of electrical products and to pursue research on new products. Experience in wartime had shown

how dependent this country had bcen on rescarch carried out abroad. This was the first research

laboratory in this country specifically for the electrical manufacturing industryo with control

independent of product manufacture.
The laboratories were built on a green field site in north Wembley, with ready rail access to

London for scientific meetings. Its founder was C. C. Paterson' who had strong views on the

facilities and organization needed. I{e came from the NPL, where he was in charge of the

Electrotechnics Department and Photometry, and was Director at Wembley until his death in 1948.

Early work on m:rgnetrong
In 1937 I joined Eric Megaw at Wembley where he had worked since 1930 on valves for the

shortest possible wavelengths. I{e was convinced that the magnetron diode offered the best

opportunity for this. IIe was vcry familiar with worl< in progress in Eur:ope, especially in

Czechoslovakia, Germany, France, Ilolland, in thc USSR, and in Japan and the USA.

In the period since 19240 three distinct modcs of operation were recognizcd for the magnetron

diode and its split-anode versions. These were the elcctronic mode with frequency dependent on

magnetic field only, the dynatron mode with negative rcsistance both at low and higher frequencies,

and the travelling-wave mode, which is our concern today. There was considerable confusion in

interpreting operation, arising especially from thc overlap of the latter two modes. Rut in 1934

Posthumus in Holland developed a successful four-segment magnetron and published his

travelling-wave theory. This was followed by Megaw and Flcrriger and Hulster with ideas on

pr"c"rsiÀal resonance between elcctron orbits and a standing wave of potential round the anode,

establishing a basic procedure for design. It was used for several years before the War.

In this, no special reason was seen for the cathode diameter to be limited to a small fraction of

the anode d.iametero but almost all valves used tungsten filament cathodes which were quite

adequate for early CW needs. Indeed early German data on the use of large tungsten spiral

cathodes indicated a fall in efficiency and this misleading result was widely believed.

Early use for communication
In 1937 a four-segment glass-envelope valve (8880, NT75) was designed at Wembley, and used

at 40-60 cm in a study for the Admiralty. This had an anode diameter of ? mm, a thoriated tungsten

cathode of 0.25 mm, giving an output around 10 W at 50 cm wavelength. The objects of the study

rvere to confirm that a malnetron self-oscillator could be used in an engineered system and that the

communication rangewould belimited by thehorizon, so that ships'receivers could notintercept

beyond this range.
A complcte system was designcd and made at Wcmbley for shipboard useo with magnetron

îransmitte., fr"q,r*.,cy stabilized by a rosonator? stabilized power suppLies, square-wave modulator

:
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and super-regencrativc ]-ecei\?er using an acorn signal oscil]ator. Aftcrinitiallocal triais, tu'clvr: -cets

of equipment $'ere liuilt at tlic GEC 1'cicphone Works at Coventry and installcd in ir varietv of ships
including a capital ship and a flotilla of destroycrs. Tirc.v were uscd in u.artime and after one ycar's
experience judgecl to be most successful in operation. It u'as concludcd that a magnetr{in could be
used in an operational s,vstem: providing adequatc carc \f'as taken in the provision of stablc polr,er
supplies and frequency stabilization. Figure 1 shons the transmitter r.ith magnctron and all its
stabilizing equipment.

Fig. 1

C ompk:te t r a nsmitte r, us ith output attenue.t o r,
keying lostJ ubsorber and.freqtlency nleter

Work on multi-scgmcnt magnetrons
In 1938, Gutton and Bcrlinc of SFR in Paris rcportcd thc pcrformancc of thcir rcccnt

multi-segment valves. 'fhe anode was formcd of a sclf-rcsonant interdigital s1'stcm of bctwcen six
and eighteen scgmcnts and thc cathode a tungstcn filamcnt. Efficiencics betwcen l0 and 7i-t%owcrc
obtained ovcr the rangc l0-20 r:m. Thcsc rcsults wcre discusscd with Mcgaw during a visit to Paris
in 1939 when it was arranged that samplcs would bc scnt to him. The outbrcak of war dclayed this.

A few weeks latcr cont:rct was made with Randall and Boot at Birmingham who had
demonstratcd their six-segmcnt coppcr-block valve, opcrating on the pump, giving a power of 150
Y/ CW at9.9 cm u'avelength with ? kV, 0.15 A input. 'I'he magnctic ficld of 1300-1400 Oc was
produced by a largc electromagnet of i 3 cm air gap. Â 0.75 mm tungstcn filament was used in a
12 mm diameter anode, 40 mm long. Figurc 2 shows a scction of the anode block. Figure 3 shows
this tube, which was water cooled.

Fig. 2
One of the.ftrst six anodn blocks

Fig. 3

The ftrst (dcmountabb) cauit.v magnctronmade
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In discussing the design, Megaw suggested that it could be simplified, and the magnet weight

greatly reduced, by using metal ends to closc the block and side-arm supports for the cathode. In

Io[aboration with Randall and Root he produced a sealed-off valve with these changeso fitting a

7 cmrnagnet gap. Its performance was similar to that of the Birmingham valve and reached

500 watts CW, limited by emission from the tungsten- filament cathode.

In this design the gold-seal technique, originated in Wembley a few years before, was used as a

clean and simple method of attaching the copper end discs to the blocko after mounting the cathode

on side arms. Figure 4 shows this completed valveo callcd the EIIBB No.l.

Fig.4
ETIBB,IVo. I . lmproued mod.el of
R an d, aII -B o o t tun g s t e n -fil ame nt
rla,gnetron; designed and made in
c ollab or ation u: ith Birmingham U niu e r sity
(Design compl.eted 1 6th May, 1940).
CW or puke output of the order of 0 '5 kW at
l0 crn. Elzctromagn'et, weight 50 lb

Following increasing demand for a 10 cm valve for airborne use, it was then decided to make a

design more suited for this. It had a large-diamctcr thoriated-tungsten spiral cathode, and a shorter

urroà" length so that an existing small permancnt magnct could be used. Air cooling replaced the

water cooling of the earlier valve'
In May 1940, two samples of Guttonos 16 cm valve arrived. They had twelve segmcnts' l0 mm

anode diameter and had been fittcd with 4 mm diamèter oxide-coated cathodes. They had already

given a pulse power of I kW. An emergency pulse modulator was built giving 200-2000 ps pulses at

SO p.p.r. and measurements made over a range of magnetic field and current. In particular it was

found that oscillations coultl bemaintaincd with a primary cmission less than 17o of the anode

current, confirming the importance of secondary cmission with thc oxide-coatcd cathode, as

discovered at Wembley in 1933.

In adfition, two ranges of operation were obscrvcd with a wavelength difference of 27o. These

were interpreted u. 
"o".Àponding 

to twelve-segment and six-segment oscillation of the anode

system.
In view of these results, two modcls of the new compact design of 10 cm copper-anode valve

were fittcd with thoriated-tungsten and oxide-coated cathodes of diameter 3 mm and 4'5 mm

respectively in a 10 mm diameter anode. Outputs around 1 kW pulse were obtained on 25th June

with the lower-field permanent magner of 1100 Oe and l0 kW with 1400 Oe from the electromagnet'

The wavelength was near 9.8 cm for both valves. In view of all these results, the use of the oxide-

coated cathode was regarded as established.

Final design of the first copper-block magnctron
The new design *u, buri"olly satisfactory, except that the magnetic field for maximum

efficiency was too high for the existing permanent magnet. Accordingly the design was recalculated

for eight caviries insiead of six, k"epiig the wavelength at 10 cm. The modified design, now E1189'

was standardized for naval use (NT 98j. Figure 5 shows this and Figure 6 shows a section of the

construction. 81198 (CV3B), a variant for 9.1 cm operation' was used in the first airborne

equipment
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Fig. 5
Magnetron
type EllB9,
thc original
designfor
operation
in aircraft

Fig.6
Magnetron type NT98
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The first samplc of thc Iill 89 was t:rl<cn to thc USA by thc Tizard Mission in August 1940.
By now the basic requircmcnts for production for both naval and aircraft use had hecn solvcdo

though thcre werc still problcms in stablc opcration.
Thc work at Wemblcy was greatly cxtcnded by thc sctting up of pre-production teams of

scientists and assistants. As a contribution to the national cffort thc Patent Dcpartment had becn
closed down at the start of thc War and providcd staff of both typcs, as did othcr Dcpartmcnts. Thc
Research Laboratorics of thc ll'l'Il at Rugby, which had bccn associatcd with the earlicr:
Rirmingham work on high-porvcr l<lystrons, had also startc.rl work on magnctrons and a close
rclationship was formed with GIIC, with regular mcetings on ourront problcms. Thc Iater work
dcscribed herc, particularly on 3 cm valvcs, bcncfitcd grcatly from this collaboration.

By the end of 7947, whcn newer typcs bcgan to appcaro about 2000 valves of the NTSS type had
bcen produced.

.t{ode change and strapping
With largcr numbers of valves in usc in cquipmcnt, dcfccts in operation became apparent,

especially those due to mode change. These resultcd from the use of several cavities to increase
anode and cathode size and thcrcfore power.

With lV cavitieso the mode of oscillation with æ phase change betwccn adjaccnt cavitics resulted
in 1V/2 repeats of RF ficld round the anode, with 1V cvcn. This mode number could vary from /V/2
down to one with small frcquency change and any onc of these modes might be excited.

In 1941, Sayers at Birmingham invcstigated this and evolved a

relativcly simple mcthod of separating the frequencics of the modcs.
This involved connccting togcthcr, by short lengths of wireo thosc
cavities requiretJ to be in phase, and was rcmarkably effectivc at least
for rvavclcngths around 10 cm. Figure 7 shows the separation achieved
in a tyJrical cight-cavity valvc.
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Fig. 7

Mode spectrunl of unstrappcd arul strapped ualues
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Separation of frequency was not the only requirement for stable operation, as discusscd later,
but a big increase in efficiency followed. The l0 cm Ell9B, which was not strapped, operatcd at
7.5 kW output with lÙVo efficicncy. The strapped vcrsion CV56 operated at 90 kW output with 407o
efficiency.

The prefened n mode was now excited at much lower voltage than the other modes, though
these could still be excited by Fourier components at lower voltages.

This improvement by strapping meant that large increases of power could be obtained, without
change in anode designo provided that improvements were made to the heat dissipation of the
cathode, amounting to 3-67o of the mean anode polver, as a result of cathode bombardment.

The resulting CV76 operatcd at 500 kW output with 50Vo efficiencyo the coupling to the output
waveguide being by direct RF radiation from the output probe. It was used extensively in naval and
ground radar. Similar dcsigns were produced for 9.1 and 8.5 cm with the same power and
efficiency.

Contact with theoretical groups
During the work at Wembley, close collaboration was dcveloped with Professor lfartree's

theoretical group in Manchester. One result of the Manchester work was an expression for the
threshold anode voltage which must be exccedcd if electrons are to reach the anode in the prcsence
of cavity oscillations. Good agreemcnt was obtained with experimental values, as indicated in Figure
B, as well as with those arrived at by eàrlicr simple calculations. This figure shows threshold voltage
as a function of magnetic field for different modes of an eight-cavity valve.

Fis. I
Relation of threshold uohage to magnetic

fr.eld-strengthfor uarious ualues of n

These values of threshold voltage led to the identification of modes observed after mode change,
and the realization that higher-order Fourier components could be excited at voltages close to that
of the æ mode.

Understanding of the mode-change problem was, however,
aided by the concept of the instability voltage. This is the voltage
necessary for small signals to be generated to initiate the
oscillations necessary for the threshold voltage to be effective. In
practical valves these are not very different and their relative
values are dependent on the ratio between anode and cathode
diameters. Thus conditions may be found to allow operation in the
required mode over the required current range. Figure 9 shows the

relation between theoretical and experimental current range for

Fig. 9 Relation betuseen theoretical and obseraed
current-range for 3 cm magnetron
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differcnt cathode sizes in a later 3 cm magnetron. ll'his thcory was of considerable valuc in
dr:signing new valvcs and in modifying the pr:rformance of existing oncs.

Onc result of the calculation of electron orbits in the prescnce of spacc charge was the
realization that at thc high magnctic fields neccssary for good cfficicncy, clcctrons arrive at thc
anode surface with a tangential vclocity closc to that of thc rotating wave with whir:h thcy are
intcracting. Those returning to the cathode do so with small cnergy since their penetration into thc
anode ficld is small. This results in a simple expression for maximum cfficicncy, whir:h is in
reasonable agreement with experience for high magnetic ficlds.

Figurc 10 shows thcorctical and experimcntal valucs for a typical cight-scgment valveo
allowance being made for the RF power lost in bombardmcnt of thc cathode. This shows the very
high efficiencies which may he olitained.

Fig. 10

T' hc o r etit: aI aruJ me asure tl tffici.encies,
A, Theorctical cflicinncy; B, Measured efficiencyfor a
typical B-segment ualae; C, Mean (mcasured) curt)e
for a large number of designs
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Highr:r-powcr valvc for lO r:m
Ttrwards thc cnd ol1942 therc was a dcmand for a l0 cm valvr: of 4-5 timcs the S00 kW thcn avail-
ablc. Thc dcvclopmcnt took a long timc duc to continuous mode-change problcms. Many trials wcre
madc with large anode and r:athodcs, heavy strapping for largc modc separation but without success
in reaching thc currcnt required. Evcntually thc significant far:tors already mentioncdo control-
lingmode change, wcre sufficiently unrlt:rstood to cnablc thc rcquircd powcr to bc reaehcfl an{
Figurc I 1 shows the valve producc<i. This had '10 

segmcnts operatcd at 40 kV, I 00 A with 2000 Oc
ficld and gave at least 2 MW. It was air coolcd, with a wavcguidc output systcm coupling to a
3u x lu waveguideo through a tapcr systcm.

Fig. lt
IIigh-powered air-cool.ed l0 cm
magnetron

Yalves for 3 cm
In 1941 there was a necd for operation around 3 cm. At this time littlc of the work on stable

operation of 10 cm valves hacl becn done, cspecially on the use of strapping, but it was known to be
necessary to increase considerably thc numbor of cavitics or to reduce anode and cathode sizes.
Early valves were made with anode sizes similar to those of the l0 cm valveso and with up to 22
cavities with cathode areas only slightly lcss. Thc cfficicncics wcre bctwecn a guarter or.,à o half of
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the best 10 cm valves and there were always troublesome mode changes. When the success of
strâpping had been established, many forms were tried without success.

It was thought that the lower relative accuracy of forming the cavities for B cm might be the
cause of poor performanceo and attention was turned to increasing cavity size. A construction was
devised in which the ends of the cavities were closed, as shown in Figure 12. The cavity wavelength
was then close to twice the cavity length. Equalizing the wavelengths of individual cavities arose
through the machining operation of turning to length. In an early trial, end plates were fitted to a
10 cm unstrapped valve, resulting in oscillation around 3 cm with output of B0 kW at l27o
efficiency. In spite of a large number of trialso the scheme was rejected since performance was no
less variable than with open-ended designs.

Fig. 12

Closed-end structure

The first developed 3 cm valveo called the CV10B, had 18 cavities and was unstrapped. The
cavity number was reduced to 12 and ring straps added. Now called the CV20B, it generated 30 kW
at 20Vo efficiency and was a complete replacement for the earlier CVf 0B. Experimental valves were
produced in August L943, with pre-production samples in November.

In a modification, part of thc load wavcguide was added to the valve, output coupling being
adjusted in manufacture by a piston closing one end of the output waveguide. A glass cover
protected the cathode support. This was called the CV214.

With later needs for higher power, a new design called the CV355 was produced. It generated
200 kW output, with 100 W mean, and had an efficien cy of 407o.It had 14 cavities with double ring
strapping and operated at 22kV,23 A with a magnetic ficld of 5500 Oe in the valve anode. The
cathode was of the oxide-coated typeo with metal loading to minimize voltage flashing and was
mounted on heavy tungsten supports to minimize vibration. In this design, problems of voltage
flashing, mode changeo cooling of the cathodc and design of output circuit were particularly
important.

Thuso since the demonstration of the first practicable l0 cm valve in August 1940, with a few
kilowatts pulse output, power of a few hundred kilowatts had been obtained at 3 cm, three years
Iater.

Impact of American techniquee and experience
Of course the receipt of the first multi-cavity design in the USA caused a rapid build-up of R

and D work and the results were fed back in the shape of advances in materials and constructional
techniques, new designs and theoretical work.

Typical were the use of end-supported cathodes and packaged magnets, and the later use of the
'rising sun' anode to avoid the need for straps. Figure 13 shows a selection of later low-power 3 cm
valves making use of these features. Figure 14 shows a cross section of the AX9 rising-sun valve.
With 18 cavities it gave a pulse power of nearly I MW which was achieved at 3.1 cm with 240 W
mean power. The power was taken from the back of one of the cavities by a slot into a vacuum-
enclosed output waveguide.
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Fig. 13

A selcction of lou-pouer
3 cm ualaes
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Fig. 14

Cross sections of AX9
magnetron

Conclusion
This review summarizcs briefly the GEC's contribution to thc progress of the magnetron up tothe end of the wartime years' latterly in close collaboration with RTI{. Although it concentrateschiefly on designs for radaro there was signifiçant worl( on Cw dcsigns in which rclatively widetuning was achieved rnechanically, with similai *"on power and cfficicncy to pulsed valves. Thiswork also led to increased undcrstanding of the -ogn"r"on bchaviour at very low current.After the war, work continued on millimctre waves as wcll as on highcr-powcr ccntimctre

waves.

Reference
willshaw, v. E', ooMicrowave Magnetrons: a bricf history of rescarch and dcvclopmcnt,o.
G.E.C. Journalof Research 3, No. 2, 19g5, p. g4.

DISCUSSION

PI RMANOUR
ÊNO SHIELDS

Profcssor Colley:

- Vould anyone likc to mal<e a comment on the industlial contributionso or asl<
them? a qucstion about

Dr Jclley:
You showed a three-centimctre one with cnd-plates actualJy sealing. Were the lengths of thcslots half a wavelength or somcthing? why didn't that shorr it out completely? (Not one that hadstrapping but one thar was actually sealcd with ftat plates.)
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'lllr Willshau:
W'ell, one looked upon this as a waveguide and so the axial length of the slot was not very

significant at all - nothing like as significant as it would be without the end-plates on.

Dr JeIleY:
I am surprised that it doesn't short out the RF, because it is unlike the strapping.

ùIr Willshaw:
No, the main problem was - of course, we decided this latcr - that the coupling between

adjacent elements was of course much smaller than it was in the hole-and-slot devices. It was only
due to a leakage into the cathode space that one got couplingo whereas in the earlier hole-and-slot
device one had magnetic ficld linl<ing into the end-space.

Dr Inwson:
It is not an important point, but I seem to remember hearing somewhere that the Japanese had

done some important early work on magnetrons. Of course, we have only relatively rceently known
about it - is that right?

Mr Willshaut:
Yeso they did quite a lot of work. Okabe was thc man who did the work which was published in

the United States. It was done in Tokyo, before thc War.

Dr I-autson
What kind of magnetrons wcre these, then?

Mr Willshau:
I never really saw any dctails about that so I do not rcally know.

Profcssor Colley:
Most people do by the look of it! flaughtcr]

Mr Tomlin:
It was rather a surprise at the IEE 1985 Symposium, when the Japanese gave a paper, to see

for the first time some photographs, and some actual modcls and frankly some of them were almost
identical with ours. The cavitics were the same form, the numbers of cavities were more or less the
same. There was one version which was, shall we say, an artist's version, in that all thc surplus
metal had been cut away between the cavities in order to make a very nice patterno but had no value
at all. But we were very surprised to find that some of thcse had actually been used as early as 1937
in one of the battleships. So they had in fact got cavity magnetrons long before we had, and you
find the article, which is the actual talk that they gaveo in the Radar Symposium book 193945
issued by the IEE. I cannot give you actual titlcs I am afraid.*

Mr Burman:
There is also a paper that describes those magnctrons by Nakajima from Japan Radio

Company**. I have a copy of it here, but I did not think that it would be appropriate to bring it up
today, actually. [aughter]
*Nakajima, S., o'A history of Japanese radar development to 1945" in Russell Burns (Editor), Radar deuelapment to 1945,
Peter Peregrinus (on behalf of the IEE), London, 1988,243-2-t8. P.M.R.
**Nakajima ,5., The study of the mitroutaue n'lagneton, Japan Radio Company, April 1947. Mr Burman has also

given details concerning a paper on Russian work: Alckseev, N. F. and Malairov, D. D., "Generation of high-power
oscillations with a magnetron in the centimeter band," J. Tech. Phys. (Russian), 10, April 1940, 1297-1300: received by
the IRE(US),May 22nd, 1943 and, as translated by Bcnsen, I. 8., publishedin Proc.IRE,LgM, March. P.M.R.
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Actually the question I wanted to ask Mr Willshaw relates to the production of the first
eight-cavity magnetron as opposed to the six-cavity version. Your description-and your explanation
of it that it was required to improve the efficiency within the available magneto ties up with Megawos
paper presented in 1946. If you read Dr Bowen's Rad.ar l)ayso he has a rather more story-telling
type of version. He describes how he turned up at the Bell Telephone Laboratories with the
magnetron and they X-rayed it and found that the one that he had had eight cavities and when he
rang up Megaw to find out what had happened, he was told oooh, my goodness, yes, I asked the
foreman to make ten anode blocks with six caviticso and one with seven and one with eight and the
one with seven was the one that didn't work.'o

Is that really the caseo or it that just a bit of historical nonsense?

Mr Willshaw:
Yeso I think that is just another bit of historical mis-management. There is no point in going to

odd numbers of cavities in view of Megawos earlier experience, although, undoubtedly, the
seven-cavity one would have worked quite well but with all the mode-change problems of it, pre-
sumably.

Professor Colley:
Thank you, Mr Willshaw. I am afraid that we will have to terminate that discussion.
I will now call on Dr Bryanto from the Univcrsity of Michigan, whose talk will concentrate on

British, American and Canadian collaboration during the War.
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Abstract

It is a common belief by many people that the resonant-cavity magnetron was invented in February 1940 by Randall 
and Boot from Birmingham University. In reality, this is not the full story. Rather, it is a point of view mostly advocated 
by the winners of the Second World War, who gained a great benefi t from this microwave power tube (thanks to a 
two-orders-of-magnitude increase of power) in the Battle of the Atlantic, in night bombing until the fi nal collapse of the 
German Reich, and in many other operations. This paper discusses the contributions by other nations, mainly France, 
but also Germany, Japan, The Netherlands, the Czech Republic, the USSR, and even more, to the cavity magnetron 
and to its roots. 

1. The Cavity Magnetron and Its 
Practical Signifi cance as a 

Major Innovation in 1940-1945

The industrial development of the cavity magnetron, and 
the subsequent development of high-power airborne and 

surface microwave radar, appear as a typical case of “major 
innovation,” i.e., according to the defi nition often used by 
technology historians, an invention that leads to practical – and 
profi table – use serving some recognized need of our society. 
It has been treated in many books (see, for instance, [1-5]) and 
in many papers. The most vivid description was probably in 
[1], a book written by the Welsh physicist, Edward G. Bowen 
(1911-1991), a prime actor in the develop ment of microwave 
and airborne radar. Just looking at the titles of these books, 
it is evident that in many cases the “British (or American) 
pride” of the winners of the Second World War, as well as the 
trend to exalt history, seems to pre vail over objectiveness and 
completeness. Some notable exceptions are from Canadian, 
Italian, and French authors, as in [6-8]. They are among the 
very few sources mentioning the decision of the British Air 
Ministry to inform – under military secrecy – the dominion 
governments of the most industrialized Commonwealth nations 
(Canada, Australia, South Africa) of the developments in the 
fi eld of radar, pushing ahead the development of radar in those 
nations (see, for instance, the last chapter of [9]).

 Like radar itself, the cavity magnetron was “a simultane-
ous invention” [7] in different nations. However, it is gener ally 
recognized that Birmingham University implemented the fi rst 
high-power version of this microwave device that was easily 
reproducible and suited for mass production.

 Prof. Marcus (Mark) L. E. Oliphant (1901-2000), an 
Australian physicist, came to Birmingham University in 1937, 
where he worked on high-power radar under contracts with 
the British Admiralty. As a matter of fact, in 1938-1940, there 
were strong requirements to improve the angular resolution of 
both the airborne radars and the surface radars (metric-wave 
airborne radars – which were in operation before the micro-
wave magnetron was invented – could only detect targets at a 
distance less than the height above the terrain of the own air-
craft, due to the unavoidable refl ections from land or sea). A 
basic requirement was a power of at least 1 kW at the optimal 
wavelength, which was evaluated to be approximately 10 cm. 
It is well known that at Birmingham University, the cavity 
magnetron was improved by John T. Randall [10] and Henry A. 
H. Boot, two researchers of Oliphant’s group (see Fig ure 1). On 
February 21, 1940, their experimental device, sealed by wax 
and permanently connected to a vacuum pump, and oscillating 
at a wavelength of 9.8 cm, produced the very signifi cant power 
of 400 W, two orders of magnitude above the levels previously 
available at that wavelength. The work at Birmingham 
proceeded quickly, arriving in a few weeks at power levels of 
the order of kilowatts (later, in September 1940, Randall and 
Boot developed a 14-cavity magnetron operating at 5 cm, and 
another magnetron with six cavities operating at 3 cm; in May, 
1941, they succeeded in producing 1 MW at 10 cm: a three-

orders-of-magnitude improvement with respect to their fi rst 
prototype!). 

 Of course, the early devices by Randall and Boot were 
laboratory prototypes, not suited for fi eld operation. In April, 
1940, the Admiralty signed a contract with the General Elec-
tric Company Ltd. (GEC) at Wembley to produce an opera-
tional device. First of all, this device was to operate with nei-
ther vacuum pumps nor an external generator of the magnetic 
fi eld. The water-cooled device No. 1 (the following devices 
were air-cooled) oscillated for the fi rst time on  June 29, gen-
erating 500 W at 9.8 cm. By mid-August, a bulky prototype 
of a radar with a 10 cm magnetron and two small paraboloids 
as transmitting and receiving antennas detected the fi rst micro-
wave echoes of an aircraft [3, 11]. Eric C. Stanley Megaw 
(1908-1956), team leader of the GEC laboratories, modifi ed 
some important elements of the Birmingham design, including 
the coating of the cathode with oxides. Soon, in September, the 
power reached 100 kW at 10 cm wavelength. The fi rst airborne 
trials were done with a twin-engine Blenheim in March, 1941, 
and the operational use soon followed. 

 In mid-1940, with the German troops in Paris and the 
French armistice (June 14), it was clear to the British that the 
industrial power of Germany and occupied nations was going 
to outperform that of the United Kingdom. The UK would 
risk  quickly losing the (more and more technological) war. 
The authoritative professor and scientifi c advisor to the British 
government, Sir Henry T. Tizard (1885-1959), Chairman of 
the Aeronautical Research Committee since 1933, suggested 
disclosing the scientifi c and technical information to the 
Unites States government, so that their enormous potential 
for development and manufacturing could be put to effective 
use. On August 9, W. Churchill approved the project, paving 
the way for the “British Technical and Scientifi c Mission to the 

Figure 1. H. A. H. Boot (l) and J. T. Randall in their labo-
ratory after WW II. Boot has in his hands a six-cavity 
anodic block. 
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the subsequent development of high-power airborne and 

surface microwave radar, appear as a typical case of “major 
innovation,” i.e., according to the defi nition often used by 
technology historians, an invention that leads to practical – and 
profi table – use serving some recognized need of our society. 
It has been treated in many books (see, for instance, [1-5]) and 
in many papers. The most vivid description was probably in 
[1], a book written by the Welsh physicist, Edward G. Bowen 
(1911-1991), a prime actor in the develop ment of microwave 
and airborne radar. Just looking at the titles of these books, 
it is evident that in many cases the “British (or American) 
pride” of the winners of the Second World War, as well as the 
trend to exalt history, seems to pre vail over objectiveness and 
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 Like radar itself, the cavity magnetron was “a simultane-
ous invention” [7] in different nations. However, it is gener ally 
recognized that Birmingham University implemented the fi rst 
high-power version of this microwave device that was easily 
reproducible and suited for mass production.
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tional device. First of all, this device was to operate with nei-
ther vacuum pumps nor an external generator of the magnetic 
fi eld. The water-cooled device No. 1 (the following devices 
were air-cooled) oscillated for the fi rst time on  June 29, gen-
erating 500 W at 9.8 cm. By mid-August, a bulky prototype 
of a radar with a 10 cm magnetron and two small paraboloids 
as transmitting and receiving antennas detected the fi rst micro-
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(1908-1956), team leader of the GEC laboratories, modifi ed 
some important elements of the Birmingham design, including 
the coating of the cathode with oxides. Soon, in September, the 
power reached 100 kW at 10 cm wavelength. The fi rst airborne 
trials were done with a twin-engine Blenheim in March, 1941, 
and the operational use soon followed. 

 In mid-1940, with the German troops in Paris and the 
French armistice (June 14), it was clear to the British that the 
industrial power of Germany and occupied nations was going 
to outperform that of the United Kingdom. The UK would 
risk  quickly losing the (more and more technological) war. 
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United States and to Canada:” in short, the “Tizard mission” 
[1, 12]. During the mission (August-October, 1940) the cavity 
magnetron type E1189, series N. 12, developed by E. C. S. 
Megaw at GEC, was brought to North America by E. G. Bowen 
[1] in early September. This device was able to radiate 10 kW 
at 10 cm. Its original schematic is shown in Figure 2.

 The cavity-magnetron technology was quickly mastered 
in the USA. In the fall of 1940, the Massachusetts Institute of 
Technology created the Radiation Laboratory, which supplied 
microwave radars to the allied forces, giving them a techno-
logical advantage that soon reached two or three years over 
the German radars. This happened at a crucial stage of the war, 
giving the allied air forces decisive air supremacy. It opened 
access to the Microwave Age, and all its promising other 
applications. This gave to the cavity magnetron inven tion all 
the attributes of an exceptional innovation.

 Nevertheless, the Birmingham test on February 21, 1940, 
cannot be dissociated from the long effort which preceded... 
and followed it. This was the subject of a recent IEEE confer-
ence, CAVMAG 2010 [13]. It is worth remembering that 
Randall and Boot did not invent the magnetron, nor the cavity 
magnetron, as many people believe today (and as they may 
have thought themselves!). In fact, this miraculous device was 
the outcome of a worldwide, almost three-decade running story, 
which has been well documented by many historical books and 
papers, including [8, 11, 14-17] and the more recent papers of 
CAVMAG 2010 [13]. Some major steps can be retained from 
this long route.

2. From Invention to Innovation: A Brief 
Overview of the Complete Magnetron Story

2.1 From Hull’s First Idea, to the “Split 
Anode” Magnetron Used as an RF Source

 The story begins in the United States, during the second 
decade of the 20th century. At that time, radar was nothing 
but an improbable apparatus of science fi ction, and industrial 
competition was focused on the promising radiotelegraphy. 
Around 1917, Albert W. Hull (1880-1966) at General Electric 
proposed in this context to use a magnetic fi eld for controlling 
the electronic current in a valve, in order to circumvent the 
famous patent of Lee de Forest’s triode. Substituting a mag-
netic fi eld for an electric fi eld was a quite natural idea, but not 
without drawbacks. When GE found it was better to buy the 
triode’s patent, the competition was over: the “magnetron,” the 
name of which appears for the fi rst time in a paper of 1921 [18], 
remained no more than a lab curiosity.

 In those years, most of the radiotelegraphy applications 
used the so-called “radio-frequencies,” the wavelengths of 
which were seldom smaller than several hundred meters. Only 
some pioneers found interest in higher frequencies. In 1920, 
the German, Heinrich Barkhausen, reached the magical 30 cm 

(1 GHz) limit with a triode fed in an unusual way, applying 
the high voltage to the grid instead of to the traditional plate. 
This Barkhausen oscillator may be seen as the fi rst microwave 
oscillator, but it seemed clear that it approached the ultimate 
frequency limits, due to the electron transit time between 
electrodes into the triode. 

 The most foresighted researchers turned again their minds 
to the magnetron. This was suggested – at nearly the same time 
in 1924 – by the Czech, August Žaček [19-21], who obtained 
a 29 cm wave with a magnetron used in a sort of Barkhausen 
confi guration; and by the German, Erich Habann [22, 23], 
who made one step further by producing a kind of “negative 
resistance” with a cylindrical anode fenced in two parts. 

 These papers remained unnoticed, and the interest for the 
“split anode” appeared only in the late 1920s in Japan, after 
Kinjiro Okabe reached with it the wavelength of 12 cm, and, 
shortly after, of 5.6 cm. This work caused a great stir in the 
United States when it was published in 1928 in the IRE Pro­
ceedings [24] by Prof. Hidetsugu Yagi (a former student of 
Barkhausen). However, after having patented its split anode 
(Japan, 1927; USA, 1928), Okabe moved his interest towards 
other subjects. This resulted in a lack of contacts with both 
Europe and America. At the end of WW II, it was a total sur-
prise to discover that Japanese researchers had pursued the road 
opened by Okabe during the war, as it will be shown later.

Figure 2. The original schematic of the GEC magnetron, 
Type 1189.

2.2 The Multi-Segment Anode, and the 
European Studies During the 1930s

 After Japan, the scene turns back again to Europe, to three 
eminent scientists working in industrial laboratories: Maurice 
Ponte (1902-1983), Figure 3, at SFR-CSF, France; Klaas 
Posthumus (1902-1990), Figure 4, at Philips National Lab, 
Netherlands; and Eric C. S. Megaw (1908-1956), Fig ure 5, 
at GEC, UK. They signifi cantly improved the perform ance of 
the “split anode” by multiplying the number of fences to get a 
“multi­segment anode.”

 Maurice Ponte, a young physicist recruited in 1930 by the 
French company SFR-CSF [8] to manage its Research Lab, 
early focused his interest on decimeter waves. He adopted 
Okabe’s principles, with two aims: to clarify the oscillating-
mode theory, and to put the magnetron out of the laboratory for 
fi eld applications:

...at the time Japanese magnetrons remained with-
out any practical result, they needed intensive 
magnetic fi elds, impractical outside a laboratory. 
And magnetron theory was still very fragmentary. I 
started the quest with a theoretical and experimen-
tal study of those magnetrons which appeared the 
simplest to me, i.e. designed with two semi-cylin-
drical anodes surrounding a cathode fi lament.... 

From his fi rst trials, he got 40 W at 100 MHz ( 3λ = m) with a 
split-anode diameter of 20 mm, and later on he went to 375 MHz 
( 80λ = cm) with a 5 mm anode diameter. In 1934, he became 
appointed head of the SFR valve factory, and after having 
published a complete theoretical analysis of these results [25], 
he tasked his colleague, Henri Gutton, to go on with the 
exploration of the anode segmentation.

 Klaas Posthumus at Philips (NL) set up in 1933 a split-
anode magnetron that delivered about 10 W at 30 cm, and in 
1934/5 he successfully developed a four-segment magnetron. 
However, he is mainly known for his theoretical research. In 
March 1935, he published in The Wireless Engineer a new 
theory on the magnetron oscillating mode, which he called 
“rotating electron cloud theory” [26]. It showed how the mag-
netic-fi eld intensity giving the best effi ciency could be reduced 
by the multiplicity of segments. This fact is recog nized to have 
paved the way for the multi-segment develop ments, and later 
for the multi-cavity design.

 E. C. S. Megaw at GEC (UK) began to study radio propa-
gation at wavelengths below 60 cm nearly at the same time as 
M. Ponte, and Megaw developed magnetrons for use in his 
experiments. During this period, he fi led six patents on multi-
segment anode magnetrons. However, in 1932 he failed in an 
attempt to make a 12-segment anode work. He became mainly a 
recognized theoretician, who established his reputa tion through 
high-level exchanges with other European scien tists, at a time 
when sharing of knowledge was the common scientifi c rule. As 
an example, he made his mark in 1934 in a public debate with K. 
Posthumus on the magnetron’s oscillat ing modes. This debate, 

Figure 4. K. Posthumus (Philips, NL).

Figure 3. M. Ponte (CSF, Fr).

Figure 5. E. C. S. Megaw (GEC, GB).
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Figure 2. The original schematic of the GEC magnetron, 
Type 1189.

2.2 The Multi-Segment Anode, and the 
European Studies During the 1930s

 After Japan, the scene turns back again to Europe, to three 
eminent scientists working in industrial laboratories: Maurice 
Ponte (1902-1983), Figure 3, at SFR-CSF, France; Klaas 
Posthumus (1902-1990), Figure 4, at Philips National Lab, 
Netherlands; and Eric C. S. Megaw (1908-1956), Fig ure 5, 
at GEC, UK. They signifi cantly improved the perform ance of 
the “split anode” by multiplying the number of fences to get a 
“multi­segment anode.”

 Maurice Ponte, a young physicist recruited in 1930 by the 
French company SFR-CSF [8] to manage its Research Lab, 
early focused his interest on decimeter waves. He adopted 
Okabe’s principles, with two aims: to clarify the oscillating-
mode theory, and to put the magnetron out of the laboratory for 
fi eld applications:

...at the time Japanese magnetrons remained with-
out any practical result, they needed intensive 
magnetic fi elds, impractical outside a laboratory. 
And magnetron theory was still very fragmentary. I 
started the quest with a theoretical and experimen-
tal study of those magnetrons which appeared the 
simplest to me, i.e. designed with two semi-cylin-
drical anodes surrounding a cathode fi lament.... 

From his fi rst trials, he got 40 W at 100 MHz ( 3λ = m) with a 
split-anode diameter of 20 mm, and later on he went to 375 MHz 
( 80λ = cm) with a 5 mm anode diameter. In 1934, he became 
appointed head of the SFR valve factory, and after having 
published a complete theoretical analysis of these results [25], 
he tasked his colleague, Henri Gutton, to go on with the 
exploration of the anode segmentation.

 Klaas Posthumus at Philips (NL) set up in 1933 a split-
anode magnetron that delivered about 10 W at 30 cm, and in 
1934/5 he successfully developed a four-segment magnetron. 
However, he is mainly known for his theoretical research. In 
March 1935, he published in The Wireless Engineer a new 
theory on the magnetron oscillating mode, which he called 
“rotating electron cloud theory” [26]. It showed how the mag-
netic-fi eld intensity giving the best effi ciency could be reduced 
by the multiplicity of segments. This fact is recog nized to have 
paved the way for the multi-segment develop ments, and later 
for the multi-cavity design.

 E. C. S. Megaw at GEC (UK) began to study radio propa-
gation at wavelengths below 60 cm nearly at the same time as 
M. Ponte, and Megaw developed magnetrons for use in his 
experiments. During this period, he fi led six patents on multi-
segment anode magnetrons. However, in 1932 he failed in an 
attempt to make a 12-segment anode work. He became mainly a 
recognized theoretician, who established his reputa tion through 
high-level exchanges with other European scien tists, at a time 
when sharing of knowledge was the common scientifi c rule. As 
an example, he made his mark in 1934 in a public debate with K. 
Posthumus on the magnetron’s oscillat ing modes. This debate, 

Figure 4. K. Posthumus (Philips, NL).

Figure 3. M. Ponte (CSF, Fr).

Figure 5. E. C. S. Megaw (GEC, GB).
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published in Nature [27], was con cluded by his agreement with 
Posthumus’s “rotating fi eld the ory,” which shed new light on 
the ensuing research.

 He also developed contacts with Ponte and his team at 
CSF, more and more closely spaced over the years, marked by 
regular visits from one laboratory to the other. The question 
discussed dealt again with the multi-segment anode: did it work 
under a new oscillating mode, and was the number of segments 
limited? The most common opinion (also shared by Posthumus) 
was that beyond four segments, the tube’s effi  ciency quickly 
fell. The results shown by Gutton had a major impact on 
Megaw’s understanding of the oscillating mecha nisms, and 
according to Brittain [15], they “were later credited with having 
exerted a ‘profound effect’ on British thinking about the cavity 
magnetron.” 

 These activities, supported by industrial laboratories, give 
evidence to the interest that radio companies maintained for the 
magnetron during the 1930s. A statistical analysis of the patents 
fi led in that period [28] confi rms it, showing that about 2000 
magnetron patents were fi led by the major compa nies between 
1920 and 1945. They came mainly from Euro pean countries 
(for a total amount of 861 patents), but the US industry was not 
so far off, with 727 patents. Many newcom ers appeared in the 
fi eld, such as E. Linder and J. H. Fremlin, followed (in order of 
productivity) by A. Haeff, C. Hansell, and A. Samuel. Special 
mention must be made of G. R. Kilgore, who was probably 
at that time the most important American theorist. In Europe, 
in addition to the trio previously mentioned, the most-prolifi c 
inventor was the German, H. E. Holmann (1899-1960), an 
independent engineer consultant at Telefunken, later with the 
fi rm GEMA, where he contributed to the design of the famous 
ship-borne radar Seetakt [29].

 Henri Gutton (1905-1984), who succeeded M. Ponte in 
1934, has attached his name to the more-extended study that 
was made on the segmented anode. Over the ensuing fi ve years, 
he repeated extensive and systematic experiments on more and 
more complex anode geometries, with six to eight een segments 
of various shapes (see Figure 6). They typically delivered 
around 10 W on wavelengths varying from 20 cm to 6 cm. Two 
patents were fi led, on April 17, 1937, and Decem ber 10, 1937, 
and a conclusive paper was published in 1938 [30]. 

 In 1938, he made his choice for an anode with eight 
seg ments, imbricated and fi xed four by four on two opposite 
metallic discs, according to an architecture named “squirrel 
cage.” As soon as the fi rst trials began, he observed oscilla tions 
at some 1.8 GHz, obtained with signifi cantly reduced voltage 
and magnetic fi eld. 

 In Figure 6, the “No. 8 tube” is shown, issued from these 
trials, with a detail of the 2 4×  interlaced segments, cooled by 
the small fl anges that can be seen along each segment, and the 
valve inserted in its permanent magnet. Marketed under the 
designation “M­16,” this valve gave 10 W at 16λ = cm, with a 
15% effi ciency, under 765 V for the anode voltage and 430 gauss 
for the magnetic fi eld. Figure 6. Gutton’s magnetron (M-16 No. 8). 

2.3 First Attempts at Application in 
Early Radars

 Most of the work related to the magnetron applications 
was aimed at directive radio-link applications. However, some 
early attempts to use them as RF sources for radar can be found 
as early as 1933, when Rudolf Kühnhold in Germany used a 
Posthumus 40W/48 cm magnetron in his fi rst trials for naval 
radar (which led later to the famous Freya [7, 8, 29]). In the 
same year in the US, William D. Hershberger, an engineer at the 
Signal Corps Laboratories, built a continuous-wave detection 
device using a 9 cm RCA magnetron, which he tested in August 
1934 on ships entering the New York Bay. In 1936 in Holland, 
C. H. Staal also used a Philips 10 W/30 cm magnetron for 
detection trials ordered by the Royal Nether lands Navy [31]. 
None of these attempts was succeeded by further developments. 
However, they were indeed on the way to heralding a major 
innovation coming up.

 The most practical application in France was Gutton’s 
project for a “naval obstacle detector,” in fact a very early 
decimetric radar. He submitted his idea to M. Ponte in April 
1934, and he patented this equipment on July 20, 1937 [8]. It 
is worth noting these dates in relation to the famous Watson-
Watt memorandum (February 12, 1935). The idea looks like a 
revival of the Hülsmeyer’s Telemobiloskop, of which Gutton 
had never heard, as usual at that time. Unlike this prior event, 
his project found an immediate opportunity for exploitation: in 
January 1935, the owners of the liner “Normandie,” at that time 
to be completed, requested that the ship be equipped with the 
new system. It was mounted onboard very quickly, to have its 
fi rst trials at sea from mid-1935 [32].

2.4 The Cathode Question

 As higher powers were reached, a second point became 
a major subject discussed between Gutton and Megaw: how 
to adapt the shape and the structure of the cathode in a multi-
segment architecture? Nearly all magnetrons used as a cathode 
a pure tungsten fi lament, centered on the anode’s axis, and 
directly heated by the ohmic effect. This fi tted well with small 
tube diameters. However, with the larger diameters of the multi-
segment anodes, the result was that the effi ciency reduced as 
the inter-electrode space enlarged. As Megaw explained later, 
there was therefore a strong relationship between the two points 
they were discussing [33]: 

...the restriction of established practice to small 
cathodes was related to the general conclusion 
that the use of more than 4 segments was of little 
prac tical value; together (these two assumptions) 
formed a kind of vicious circle which prevented the 
combination of many segments with large cath odes. 

The matter advanced in 1937 when Megaw used a thoriated-
tungsten cathode with some success in his E-880, shaped into a 

spiral to increase its diameter, and he advised Gutton to test it in 
the M­16. This gave nearly 50 W in early 1939, still not enough 
for the needs of new radar applications. Gutton decided then to 
insert a cylindrical cathode in his tube, coated with oxide, and 
indirectly heated by a separate fi lament. This technique, which 
was used in classical triodes, proved imme diately successful 
for various reasons: easier cooling, higher resistance to early 
burning, and better effi ciency due to the inter-electrode space 
reduction. However, the main reason was found later by 
Megaw: under the condition of so-called “back bombardment,” 
the oxide-coated cathode was best able to pro duce electron 
retro­emission, enhancing the general effi ciency of the tube. 

 A new oxide fi tted to M­16, giving a peak power of up 
to 300 W, was shown to Megaw on his last visit in June 1939, 
and it was decided to provide him with a second sample to be 
tested at Wembley. This promised exchange was delayed by the 
outbreak of war, and in the meantime, Gutton still improved 
his record: in late 1939, a new eight-segment anode and oxide-
coated cathode M­16 delivered a peak-power record of 1 kW at 
16 cm.

 The last step of the story is quite dramatic. In April 1940, 
the war situation had become very critical in France. Under 
this increasing threat, a few days before the German army 
broke through the front line and rushed to Paris, Dr. Ponte 
himself crossed the Channel with the admission of the French 
government, bringing to Wembley two samples of the prom-
ised new M­16 [8]. It was immediately tested by Megaw, and it 
provided a performance that became decisive in the follow-up.

2.5 Cavities Versus Segments: 
The Final Step for a Defi nitive Solution

 One can wonder if the success of the multi-segment 
anode could have been an obstacle that delayed the last and 
essential evolution towards the cavity anode. In fact, it is now 
well established that the cavity principle did not appear by 
miracle on one day of September 1940, in a secret laboratory 
of the Birmingham University! Conversely, it resulted from 
a lot of other trials, probably inspired by the cavity klystron 
of Hansen [34], which cannot be detailed here, but only illus-
trated by some fi gures that clearly show the existence of the 
cavity-anode idea since 1934. They were extracted as exam ples 
from patents fi led by Arthur Samuel (Bell laboratories, USA, 
1934) [35], Hans Eric Hollmann (Telefunken, Germany, 1935) 
[36], Wilhelm Engberg (Telefunken Germany, 1938), [8, 37], 
and N. F. Alekseev and D. D. Malairov (USSR, 1937) [38] (see 
Figure 7).

 Special attention must be paid to the Russian work 
con ducted in 1936-37 at the University of Leningrad by 
N. F. Alekseev and D. D. Malairov. With four cavities, their 
experimental device gave 300 W at 9 cm. However, it was 
unable to go further without burning the cathode, a question 
they had not solved. 
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published in Nature [27], was con cluded by his agreement with 
Posthumus’s “rotating fi eld the ory,” which shed new light on 
the ensuing research.

 He also developed contacts with Ponte and his team at 
CSF, more and more closely spaced over the years, marked by 
regular visits from one laboratory to the other. The question 
discussed dealt again with the multi-segment anode: did it work 
under a new oscillating mode, and was the number of segments 
limited? The most common opinion (also shared by Posthumus) 
was that beyond four segments, the tube’s effi  ciency quickly 
fell. The results shown by Gutton had a major impact on 
Megaw’s understanding of the oscillating mecha nisms, and 
according to Brittain [15], they “were later credited with having 
exerted a ‘profound effect’ on British thinking about the cavity 
magnetron.” 

 These activities, supported by industrial laboratories, give 
evidence to the interest that radio companies maintained for the 
magnetron during the 1930s. A statistical analysis of the patents 
fi led in that period [28] confi rms it, showing that about 2000 
magnetron patents were fi led by the major compa nies between 
1920 and 1945. They came mainly from Euro pean countries 
(for a total amount of 861 patents), but the US industry was not 
so far off, with 727 patents. Many newcom ers appeared in the 
fi eld, such as E. Linder and J. H. Fremlin, followed (in order of 
productivity) by A. Haeff, C. Hansell, and A. Samuel. Special 
mention must be made of G. R. Kilgore, who was probably 
at that time the most important American theorist. In Europe, 
in addition to the trio previously mentioned, the most-prolifi c 
inventor was the German, H. E. Holmann (1899-1960), an 
independent engineer consultant at Telefunken, later with the 
fi rm GEMA, where he contributed to the design of the famous 
ship-borne radar Seetakt [29].

 Henri Gutton (1905-1984), who succeeded M. Ponte in 
1934, has attached his name to the more-extended study that 
was made on the segmented anode. Over the ensuing fi ve years, 
he repeated extensive and systematic experiments on more and 
more complex anode geometries, with six to eight een segments 
of various shapes (see Figure 6). They typically delivered 
around 10 W on wavelengths varying from 20 cm to 6 cm. Two 
patents were fi led, on April 17, 1937, and Decem ber 10, 1937, 
and a conclusive paper was published in 1938 [30]. 

 In 1938, he made his choice for an anode with eight 
seg ments, imbricated and fi xed four by four on two opposite 
metallic discs, according to an architecture named “squirrel 
cage.” As soon as the fi rst trials began, he observed oscilla tions 
at some 1.8 GHz, obtained with signifi cantly reduced voltage 
and magnetic fi eld. 

 In Figure 6, the “No. 8 tube” is shown, issued from these 
trials, with a detail of the 2 4×  interlaced segments, cooled by 
the small fl anges that can be seen along each segment, and the 
valve inserted in its permanent magnet. Marketed under the 
designation “M­16,” this valve gave 10 W at 16λ = cm, with a 
15% effi ciency, under 765 V for the anode voltage and 430 gauss 
for the magnetic fi eld. Figure 6. Gutton’s magnetron (M-16 No. 8). 

2.3 First Attempts at Application in 
Early Radars

 Most of the work related to the magnetron applications 
was aimed at directive radio-link applications. However, some 
early attempts to use them as RF sources for radar can be found 
as early as 1933, when Rudolf Kühnhold in Germany used a 
Posthumus 40W/48 cm magnetron in his fi rst trials for naval 
radar (which led later to the famous Freya [7, 8, 29]). In the 
same year in the US, William D. Hershberger, an engineer at the 
Signal Corps Laboratories, built a continuous-wave detection 
device using a 9 cm RCA magnetron, which he tested in August 
1934 on ships entering the New York Bay. In 1936 in Holland, 
C. H. Staal also used a Philips 10 W/30 cm magnetron for 
detection trials ordered by the Royal Nether lands Navy [31]. 
None of these attempts was succeeded by further developments. 
However, they were indeed on the way to heralding a major 
innovation coming up.

 The most practical application in France was Gutton’s 
project for a “naval obstacle detector,” in fact a very early 
decimetric radar. He submitted his idea to M. Ponte in April 
1934, and he patented this equipment on July 20, 1937 [8]. It 
is worth noting these dates in relation to the famous Watson-
Watt memorandum (February 12, 1935). The idea looks like a 
revival of the Hülsmeyer’s Telemobiloskop, of which Gutton 
had never heard, as usual at that time. Unlike this prior event, 
his project found an immediate opportunity for exploitation: in 
January 1935, the owners of the liner “Normandie,” at that time 
to be completed, requested that the ship be equipped with the 
new system. It was mounted onboard very quickly, to have its 
fi rst trials at sea from mid-1935 [32].

2.4 The Cathode Question

 As higher powers were reached, a second point became 
a major subject discussed between Gutton and Megaw: how 
to adapt the shape and the structure of the cathode in a multi-
segment architecture? Nearly all magnetrons used as a cathode 
a pure tungsten fi lament, centered on the anode’s axis, and 
directly heated by the ohmic effect. This fi tted well with small 
tube diameters. However, with the larger diameters of the multi-
segment anodes, the result was that the effi ciency reduced as 
the inter-electrode space enlarged. As Megaw explained later, 
there was therefore a strong relationship between the two points 
they were discussing [33]: 

...the restriction of established practice to small 
cathodes was related to the general conclusion 
that the use of more than 4 segments was of little 
prac tical value; together (these two assumptions) 
formed a kind of vicious circle which prevented the 
combination of many segments with large cath odes. 

The matter advanced in 1937 when Megaw used a thoriated-
tungsten cathode with some success in his E-880, shaped into a 

spiral to increase its diameter, and he advised Gutton to test it in 
the M­16. This gave nearly 50 W in early 1939, still not enough 
for the needs of new radar applications. Gutton decided then to 
insert a cylindrical cathode in his tube, coated with oxide, and 
indirectly heated by a separate fi lament. This technique, which 
was used in classical triodes, proved imme diately successful 
for various reasons: easier cooling, higher resistance to early 
burning, and better effi ciency due to the inter-electrode space 
reduction. However, the main reason was found later by 
Megaw: under the condition of so-called “back bombardment,” 
the oxide-coated cathode was best able to pro duce electron 
retro­emission, enhancing the general effi ciency of the tube. 

 A new oxide fi tted to M­16, giving a peak power of up 
to 300 W, was shown to Megaw on his last visit in June 1939, 
and it was decided to provide him with a second sample to be 
tested at Wembley. This promised exchange was delayed by the 
outbreak of war, and in the meantime, Gutton still improved 
his record: in late 1939, a new eight-segment anode and oxide-
coated cathode M­16 delivered a peak-power record of 1 kW at 
16 cm.

 The last step of the story is quite dramatic. In April 1940, 
the war situation had become very critical in France. Under 
this increasing threat, a few days before the German army 
broke through the front line and rushed to Paris, Dr. Ponte 
himself crossed the Channel with the admission of the French 
government, bringing to Wembley two samples of the prom-
ised new M­16 [8]. It was immediately tested by Megaw, and it 
provided a performance that became decisive in the follow-up.

2.5 Cavities Versus Segments: 
The Final Step for a Defi nitive Solution

 One can wonder if the success of the multi-segment 
anode could have been an obstacle that delayed the last and 
essential evolution towards the cavity anode. In fact, it is now 
well established that the cavity principle did not appear by 
miracle on one day of September 1940, in a secret laboratory 
of the Birmingham University! Conversely, it resulted from 
a lot of other trials, probably inspired by the cavity klystron 
of Hansen [34], which cannot be detailed here, but only illus-
trated by some fi gures that clearly show the existence of the 
cavity-anode idea since 1934. They were extracted as exam ples 
from patents fi led by Arthur Samuel (Bell laboratories, USA, 
1934) [35], Hans Eric Hollmann (Telefunken, Germany, 1935) 
[36], Wilhelm Engberg (Telefunken Germany, 1938), [8, 37], 
and N. F. Alekseev and D. D. Malairov (USSR, 1937) [38] (see 
Figure 7).

 Special attention must be paid to the Russian work 
con ducted in 1936-37 at the University of Leningrad by 
N. F. Alekseev and D. D. Malairov. With four cavities, their 
experimental device gave 300 W at 9 cm. However, it was 
unable to go further without burning the cathode, a question 
they had not solved. 
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Figure 7. Early cavity magnetron architectures.

 The cavity design of their experimental setup seems 
very close to the Engberg design. This has been cleared by 
Sir Bernard Lovell, a H2S’s father, who discovered in 2001 a 
German report from his colleague, Otto Hachenberg, dated May 
1943. It revealed that the principle of the cavity magne tron was 
already well known at Telefunken, based on work published in 
Leningrad in 1936! This made Sir Lovell [11] wonder if, “was 
the secret necessary?” 

 In Japan, research was also carried out following the 
early studies of Okabe, even though, in contrast to the previ-
ous publications, the work was conducted under strict military 
discretion, and therefore could not be known in Europe before 
the war. 

 In 1938, the Navy offi cer Yoji Ito (a former student of 
Barkhausen), and his younger brother, Shigeru Nakajima, 
pro duced a fi rst eight-segment magnetron named Tachibana 
(“Mandarin”), which gave 30 W at 6 cm, or 1 W at 1.5 cm [39]. 
When looking closely at its anode’s shape, one can see segments 
connected pair-wise by a metallic strip shaped as a triangular 
cylinder, which appeared as an early step towards the cavity 
scheme. In the following realizations, this design evolved into 
a copper block with radiating cuts, the shape of which is clearly 
referred to by the names of the new devices: “plum fl ower,” 
“gentian,” “chrysanthemum,” and also a splendid “cosmos 
– rising sun” including 24 cavities. In April 1939, Nakajima 
issued from these attempts an eight-cavity “M3” giving 500 W 
at 10 cm, nearly one year ahead of the British E-1188. Years 
after the war, in April 1953, Nakajima discovered this E-1188 
at the London Science Museum with great surprise [39, 40]: 

After the war, I had an opportunity to visit the Sci-
ence Museum of London, in April 1953, and I was 
very much surprised to see the cavity magnetron 
invented in 1940 by Birmingham University...on 
examining this magnetron, the dimensions of glass 
covering the vacuum, the water-cooling system 
around the anode, and the anode mechanism, I was 
struck by the similarity with ours. At fi rst, I could 
not distinguish it from the water-cooled magnetron 
we developed!

 and fi nally, 

This is a good example of an old Japanese proverb, 
which says that ‘there is no difference in brain 
intelligence between the East and the West’....

2.6 The Birmingham Magnetron Paves the 
Way to High Power Sources and 

Microwave Radar

 On September 1939, the cavity magnetron was thus 
already a confi rmed concept, well known in USSR, Germany, 
and Japan...but not at Birmingham, where Randall and Boot 
were totally unaware of it. In his long augmented biography 

of Randall, M. H. F. Wilkins refutes any polemic about that 
[10]. Indeed, knowing where they found their inspiration does 
not really matter: the credit to them is that they aimed at a 
specifi c objective (as simply expressed by Prof. M. Oliphant, 
“a microwave source giving one kilowatt on a ten centimeters 
wavelength”) to satisfy an urgent need (a centimetric airborne 
radar that would save the Londoners from the daily fright of the 
Blitz), and that, in a very short time, they gave to this demand a 
right and very effi cient solution. 

 The fi rst test of the cavity anode of Randall and Boot 
proved immediately to be very promising. On February 21, 
1940, a six-cavity prototype gave 400 W at 9.9 cm, with an 
estimated effi ciency between 10% and 15%, nearly half of their 
specifi ed objective, and close to the previous results obtained 
by Megaw and Gutton after more than fi ve years of continuous 
improvements. Absolute secrecy was immediately compelled 
on their work, and shared with the GEC team, which was asked 
to develop a true industrial device based on the Birmingham 
prototype (see Figure 8).

 The last step was still to be made. It is worth underlining 
the decisive part played there by E. C. S. Megaw, as the fi nal 
architect of a device that had to become a major innovation 
of the radar story. The role he had played for more than ten 
years as organizer of scientifi c European exchanges, enforced 
by his own experience, and combined with a deep knowledge 
of the military requirements originating from his position in 
GEC, had put him in the best situation to set up the cornerstone 
of the magnetron edifi ce. The task was led very quickly to its 
successful completion. 
 
 The prototype of Randall and Boot used waxed seals, as 
facilities to manufacture sealed-off tubes were not available in 
Birmingham, and it was operated in a continuous-wave mode. 
After being introduced to the secret in April 1940, Megaw 
understood and immediately planned an improved six-cavity 
model with a sealed-off vacuum housing, an electromagnet 
weighting less than 50 pounds, and a working pulse mode. 
This E-1188 (Figure 9) was completed on May 16, giving a 
performance similar to that of the Birmingham model. It was 
quickly followed by a new E-1189 (serial No. 1: Figure 10), 
designed on May 25 for use in an AI airborne radar. This 
combined a compact sealed-off all-metal and air-cooled housing, 
a reduced axial dimension allowing the use of a minimum air 
gap for the magnet, and an enlarged thoriated-tungsten spiral 
cathode. First operated on June 29, it gave an output of 3 kW 
with a 1000 oersted permanent magnet. How ever, when it was 
challenged for higher 5 kW to 10 kW power, it still suffered 
from a reduced lifespan, due to a fast evaporation of the directly 
heated spiral fi lament. 

 We know that the question had been solved by H. Gutton 
with the oxide-coated cathode used for the M­16, and revealed 
at Wembley by Dr. Ponte himself on May 6. As explained later 
by Megaw, the result was due mainly to the secondary electron 
back-bombardment, which made the power output almost 
independent of the heater voltage. During his visit, Ponte was 
kept away from the cavity secret, but he left to Megaw very 

valuable information that arrived just in time to be incorporated 
into a new device. In the E-1189 (serial No. 2), an oxide-coated 
cylinder with a 0.45 cm diameter took the place of the spiral 
fi lament. This turned out to be the deci sive improvement: 
bringing together the principles of the cav ity anode and the 
oxide-coated cathode, the E-1189-b tested on June 26 gave a 
still-increased peak power of 15 kW, with a satisfying lifespan, 
which exceeded all expectations. 

 When this E-1189 was disclosed to the US allies in Sep-
tember 1940 by the Tizard mission, it is fair to say that Ameri-
can experts were stupefi ed by its performance. Immediately 
integrated in the gigantic war effort of the US industry, the 
cavity magnetron became the heart of more than 150 new 
radars of all categories designed between 1941 and 1944. This 
gave to the allied armies a decisive advantage, which changed 
the course of WWII.

Figure 8. The Randall­Boot fi rst prototype.

Figure 9. Magnetron Type E-1188 (GEC, May 16).

Figure 10. Magnetron E-1189 serial No. 1 (GEC, June 29).
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Figure 7. Early cavity magnetron architectures.
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Sir Bernard Lovell, a H2S’s father, who discovered in 2001 a 
German report from his colleague, Otto Hachenberg, dated May 
1943. It revealed that the principle of the cavity magne tron was 
already well known at Telefunken, based on work published in 
Leningrad in 1936! This made Sir Lovell [11] wonder if, “was 
the secret necessary?” 

 In Japan, research was also carried out following the 
early studies of Okabe, even though, in contrast to the previ-
ous publications, the work was conducted under strict military 
discretion, and therefore could not be known in Europe before 
the war. 

 In 1938, the Navy offi cer Yoji Ito (a former student of 
Barkhausen), and his younger brother, Shigeru Nakajima, 
pro duced a fi rst eight-segment magnetron named Tachibana 
(“Mandarin”), which gave 30 W at 6 cm, or 1 W at 1.5 cm [39]. 
When looking closely at its anode’s shape, one can see segments 
connected pair-wise by a metallic strip shaped as a triangular 
cylinder, which appeared as an early step towards the cavity 
scheme. In the following realizations, this design evolved into 
a copper block with radiating cuts, the shape of which is clearly 
referred to by the names of the new devices: “plum fl ower,” 
“gentian,” “chrysanthemum,” and also a splendid “cosmos 
– rising sun” including 24 cavities. In April 1939, Nakajima 
issued from these attempts an eight-cavity “M3” giving 500 W 
at 10 cm, nearly one year ahead of the British E-1188. Years 
after the war, in April 1953, Nakajima discovered this E-1188 
at the London Science Museum with great surprise [39, 40]: 

After the war, I had an opportunity to visit the Sci-
ence Museum of London, in April 1953, and I was 
very much surprised to see the cavity magnetron 
invented in 1940 by Birmingham University...on 
examining this magnetron, the dimensions of glass 
covering the vacuum, the water-cooling system 
around the anode, and the anode mechanism, I was 
struck by the similarity with ours. At fi rst, I could 
not distinguish it from the water-cooled magnetron 
we developed!

 and fi nally, 

This is a good example of an old Japanese proverb, 
which says that ‘there is no difference in brain 
intelligence between the East and the West’....

2.6 The Birmingham Magnetron Paves the 
Way to High Power Sources and 

Microwave Radar

 On September 1939, the cavity magnetron was thus 
already a confi rmed concept, well known in USSR, Germany, 
and Japan...but not at Birmingham, where Randall and Boot 
were totally unaware of it. In his long augmented biography 

of Randall, M. H. F. Wilkins refutes any polemic about that 
[10]. Indeed, knowing where they found their inspiration does 
not really matter: the credit to them is that they aimed at a 
specifi c objective (as simply expressed by Prof. M. Oliphant, 
“a microwave source giving one kilowatt on a ten centimeters 
wavelength”) to satisfy an urgent need (a centimetric airborne 
radar that would save the Londoners from the daily fright of the 
Blitz), and that, in a very short time, they gave to this demand a 
right and very effi cient solution. 

 The fi rst test of the cavity anode of Randall and Boot 
proved immediately to be very promising. On February 21, 
1940, a six-cavity prototype gave 400 W at 9.9 cm, with an 
estimated effi ciency between 10% and 15%, nearly half of their 
specifi ed objective, and close to the previous results obtained 
by Megaw and Gutton after more than fi ve years of continuous 
improvements. Absolute secrecy was immediately compelled 
on their work, and shared with the GEC team, which was asked 
to develop a true industrial device based on the Birmingham 
prototype (see Figure 8).

 The last step was still to be made. It is worth underlining 
the decisive part played there by E. C. S. Megaw, as the fi nal 
architect of a device that had to become a major innovation 
of the radar story. The role he had played for more than ten 
years as organizer of scientifi c European exchanges, enforced 
by his own experience, and combined with a deep knowledge 
of the military requirements originating from his position in 
GEC, had put him in the best situation to set up the cornerstone 
of the magnetron edifi ce. The task was led very quickly to its 
successful completion. 
 
 The prototype of Randall and Boot used waxed seals, as 
facilities to manufacture sealed-off tubes were not available in 
Birmingham, and it was operated in a continuous-wave mode. 
After being introduced to the secret in April 1940, Megaw 
understood and immediately planned an improved six-cavity 
model with a sealed-off vacuum housing, an electromagnet 
weighting less than 50 pounds, and a working pulse mode. 
This E-1188 (Figure 9) was completed on May 16, giving a 
performance similar to that of the Birmingham model. It was 
quickly followed by a new E-1189 (serial No. 1: Figure 10), 
designed on May 25 for use in an AI airborne radar. This 
combined a compact sealed-off all-metal and air-cooled housing, 
a reduced axial dimension allowing the use of a minimum air 
gap for the magnet, and an enlarged thoriated-tungsten spiral 
cathode. First operated on June 29, it gave an output of 3 kW 
with a 1000 oersted permanent magnet. How ever, when it was 
challenged for higher 5 kW to 10 kW power, it still suffered 
from a reduced lifespan, due to a fast evaporation of the directly 
heated spiral fi lament. 

 We know that the question had been solved by H. Gutton 
with the oxide-coated cathode used for the M­16, and revealed 
at Wembley by Dr. Ponte himself on May 6. As explained later 
by Megaw, the result was due mainly to the secondary electron 
back-bombardment, which made the power output almost 
independent of the heater voltage. During his visit, Ponte was 
kept away from the cavity secret, but he left to Megaw very 

valuable information that arrived just in time to be incorporated 
into a new device. In the E-1189 (serial No. 2), an oxide-coated 
cylinder with a 0.45 cm diameter took the place of the spiral 
fi lament. This turned out to be the deci sive improvement: 
bringing together the principles of the cav ity anode and the 
oxide-coated cathode, the E-1189-b tested on June 26 gave a 
still-increased peak power of 15 kW, with a satisfying lifespan, 
which exceeded all expectations. 

 When this E-1189 was disclosed to the US allies in Sep-
tember 1940 by the Tizard mission, it is fair to say that Ameri-
can experts were stupefi ed by its performance. Immediately 
integrated in the gigantic war effort of the US industry, the 
cavity magnetron became the heart of more than 150 new 
radars of all categories designed between 1941 and 1944. This 
gave to the allied armies a decisive advantage, which changed 
the course of WWII.

Figure 8. The Randall­Boot fi rst prototype.

Figure 9. Magnetron Type E-1188 (GEC, May 16).

Figure 10. Magnetron E-1189 serial No. 1 (GEC, June 29).
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3. Concluding Remarks

 Like many other disruptive breakthroughs, the cavity 
magnetron was the result of a number of related explorations, 
in technology, in experiment, and in theory. Many other sci-
entists, scattered over quite a few countries, made signifi cant 
advances. However, exchange of ideas and opinions in scien-
tifi c forums was getting more and more diffi cult in the build-up 
for WW II, as well as between Eastern and Western scien tists 
in the ensuing “Cold War” period. The actual global status of 
science and technology was known in a rather frag mented way 
to many engineers and scientists. The military relevance at the 
time led to teams working on the same type of problem, but in 
imposed isolation. Although the Birmingham team had brilliant 
ideas and their share in the development proved decisive, it 
is fair to say that without the contributions from others, their 
degree of success and the pace of the pro gress would not have 
been so great, or maybe it would have been too late for a timely 
development of microwave high-power radar in World War II. 
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E.1189 C 328 8-Cavity Magnetron Prototype, July 1940 
 

 
 

This sample is, to the best of our knowledge, the very first prototype of the 
E1189 eight-cavity magnetron design. Probably it started oscillating in the GEC 
laboratories within the end of July 1940, while the E1189 No.12, the one brought 
to America by the Tizard Mission, was in progress to be assembled. 
 
It has small characters punched on the copper cylinder, 1189  C 328. No doubt that the first four 
digits stay for the design code E1189. This was the GEC internal code for the first 10 cm multi-
cavity magnetron, appeared in the mid 1940. ‘C’ could indicate the third revision, assuming that ‘A’ 
was the six-cavity design No.1, the one with filamentary cathode, and ‘B’ was the E1189 No.2, the 
six-cavity one with oxide-coated unipotential cathode. In the last group of digits, ‘32’ could indicate 
the anode height and ‘8’ could refer to the number of cavities. Dimensions of the body and of every 
details, as holes, slots and cathode, are all compatible with those given by Megaw for the eight-
segment E1189 itself (*7).  
 

 
 
The anode block looks made of bare copper, no radiating fins were brazed to its outer wall. It is a 
cylinder measuring 50 mm diameter by 32 mm overall height. A partially erased hand inscription 
containing characters ‘??75/HR210’ is still visible on the body, near to the heater spacers. The 
block has eight hole-and-slot resonating cavities all around its axis. Other measures are similar to 
those given for the E.1189 eight-cavity type: 20 mm anode useful length, 16 mm anode internal 



diameter, 1.6 mm slot width, 3.3 mm slot aperture. Inside one of the two end spaces, the wall 
around the cathode rod still shows traces of a clear and sticky substance, probably sealing grease. 
 
A large center hole accommodates the 10 mm diameter oxide-coated cathode assembly, held by two 
rods going to the outside through a couple of glass stems and welded to the flexible heater-cathode 
stranded wires. The heater helix ends terminate to a couple of baffles, welded to the heater rods. 
The baffle corresponding to the common heater/cathode connection is spot welded to the flanged 
cathode cylinder. The oxide layer appears uniform over about two-third of the surface. A relevant 
thinning of the oxide can be observed near the two ends of the cathode cylinder, leaving the nickel 
exposed in a couple of zones. Near to the cathode floating end, the oxide layer is visibly swollen 
and even detached in a small zone. 
 
A small copper tube, about 20 mm long and flared to the external edge, is brazed on the outside of 
anode block, halfway between its ends and orthogonally to the cathode/heater supporting rods. The 
tube shape recalls that of the heater spacers. Almost certainly a glass stem was sealed to it. Probably 
it was intended to evacuate the anode chamber while continuously pumping and at the same time 
making it possible to observe the cathode temperature by pyrometric techniques. 
 
By no way this sample can be confused with the quite common display units obtained removing the 
end caps from standard magnetrons, to show their internal construction. None of the known 
magnetrons looks like this one. The code punched on the copper block, the absence of both the end 
covers and of any radiator and especially the presence of the side copper tube suggest that this 
sample was a very early developmental prototype of the GEC eight-cavity E.1189 magnetron 
design. The cathode/heater subassembly is complete and the oxide layer shows clear signs of rough 
operations, even beyond safe limits. The bubble in the oxide might indicate local arcing. Traces of 
clear sealing wax reinforce the possibility that it was used in a test rig while continuously pumped, 
almost certainly closed by movable end plates, into the pole pieces of a permanent magnet. 
 
For sure this prototype was built to be powered and actually it was, to the point of damaging the 
oxide layer on the cathode. No need for the complete cathode subassembly, including oxide, heater 
and end baffles, if it was intended as a nice paperweight. Its manufacture looks too accurate to 
believe that it could be built in handicraft laboratory, such as that of the Birmingham University 
could be. Everything leads us to assume that it was built at GEC for internal test purpose.  
 

 
Two more views of the sample, with the code punched on the outside of the anode block.  



- Left, the barely visible handwriting on the anode block, containing the characters ‘/HR210’. Not sure but the 
first part of the writing might contain ‘75’, indicating that the tube was operated for 75 hours before the 
endurance test. Right, the heater wire is broken at the welding to the floating end baffle, opposite to the one 
welded to the cathode cylinder.  
 

 
- Two views of the cathode surface. The oxide layer is uniform and in good shape for about four-fifths of the 
cathode cylinder. Near one of the ends the layer is quite thin somewhere, leaving exposed the underlying metal. 
Oxide also looks swollen and detached in the small area evidenced in the image at right. One side of the cylinder 
ends in a flange, spot welded to the one end baffle. Not sure, but metal looks to be nickel.. 

 

 
- Detailed view of the internal hole corresponding to the side copper tube. It is round and exactly in the middle of 
the resonator.  By the way, looking from outside through the copper tube, the visible cathode surface appears in 
a good shape. Unfortunately in the second image the oxide surface is out of focus and just its uniform whitish 
look can be appreciated. On the right, the hole hosting the output coupling loop looks to have the same diameter.  
 



Dating the sample 
 
From April, GEC began to work side by side with Birmingham at the development of the cavity 
magnetron just devised. We know from the paper ‘The Cavity Magnetron’ by Boot and Randall 
(*13) that several steps of development were already planned at the date. We have the full list of 
developmental cavity magnetrons with different resonator systems built at GEC up to the date of 11 
October 1940 in a Megaw’s secret report (*7). Megaw lists four units made of eight-segment, 1.050 
gauss E1189. We know from the 1946 Megaw’s notes (*8) that two of these units were serialized as 
No.12 - the one brought to America by Bowen - and No.13, used by Megaw himself to characterize 
the new device. The four units operated for different numbers of hours: this leads us to assume that 
they were put into operation as soon as they were ready and then that they were all turned off at the 
same time. Only one of them, the first one to be operated, was later put back into operation for the 
endurance test, until the heater became open-circuited. The main development steps of the eight-
cavity magnetron are also fixed by another source, the wartime diary of Sir Clifford Paterson, 
Director of the GEC Research Laboratories at Wembley.  
 
Almost certainly our sample is the fourth E.1189 type b, listed by Megaw, the one totalizing 210 
hours until heater opened. Few doubts that it was built and first operated while still assembling the 
sample eventually given to Bowen. It was first used to perform functional tests on the new eight-
cavity design and after August 7 it was used to perform an endurance test. 
 
To confirm the above reconstruction, here is the page visible in the old GEC Archives, which 
represents the second Prototype 1189 C 328 of eight-cavity magnetron ever built. 
 

 



Here is the summary of its main features:  
 
 The design and the same dimensions of electrodes are identical to those of the final 

release of E.1189.  
 It is complete with an oxide-coated cathode subassembly which shows clear traces of 

operation. The heater wire is broken at one end. Traces of vacuum grease are still 
visible inside the copper block, near to one of the edges. 

 The absence of the external finned radiator, the presence of a copper short tube and 
the lack of end caps clearly indicate that it was an experimental unit, made for internal 
laboratory tests at GEC and operated while continuously pumped.  

 On the copper anode block a punched code starts with the characters ‘1189’, followed 
by C 328. ‘C’ could stay for the revision level of E.1189, after the six-slot filamentary 
cathode and the six-slot oxide-coated cathode designs. 

 On the same block, handwritten with a marker, ‘??75/HR210’ characters can be read, 
that could be the running hours at 6 August and the total life of the fourth sample 
listed by Megaw. 75 could stay for the hours worked until 6 August.  

 The source of this sample was the same of several other historical tubes, related to the 
developments of British radar. Possibly coming from a British Marconi warehouse. 

 The No.2 prototype advertised in this page by GEC looks identical. 
 
No doubt then that this E.1189 prototype is the very early eight-cavity 
magnetron sample operated at GEC in performance tests. Probably it started 
oscillating since the end of July, while the sample No. 12 - the one brought to 
America by the Tizard Mission - was still in progress of being assembled. Later, 
after the approval of the eight-cavity design review on 6 August, it was used to 
run an endurance test, until heater opened after 210 hours of operation.  
 
The reconstruction of the eight-cavity magnetron development at GEC can be 
read at this link. 
 
 

 
Final draft of E.1189 magnetron approved as NT89 (A.P. W.2510) or REL 3D. The finned radiator is simpler 
than the one in the No.12 sample, with four fins instead of eight. Click to enlarge. 

http://ase-museoedelpro.org/Museo_Edelpro/Catalogo/Overview/Articles/E1189%20at%20GEC.pdf
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Megaw secret report, 1940 

 
 



 
 
 



 
 
 



 
 
 



 
 
 



 



M-16 CSF Experimental Magnetron 
 

This magnetron was found in February 2024 with other experimental samples coming from the 
GEC Research Laboratories. Twelve anode segments are arranged to form a typical ‘squirrel-cage’ 
cylinder which measures about 15 mm diameter by 18 mm lenght. The segments are terminated 
alternatively to two lateral rings which are connected to the two top pins. The cathode is a cylinder 
of approximately 3 mm diameter, between the two octagonal-shaped end plates. The cathode 
cylinder is terminated by small ceramic spacers. The magnetron features some remarkable solutions 
among which the use of a large surface unipotential cathode. 
 
The glass bulb is considerably darkened as the tube was operated for a long while at very high 
power. Other signs of prolonged use at the limit of power are given by the almost total lack of the 
getter on the inside surface of the glass bulb and by the apparent lack of oxide on the surface of the 
cathode cylinder. 
 

 
 
In order to better date this sample, we must bear in mind the parallel development of the French 
magnetron by Henry Gutton. From the recent article ‘The cavity magnetron. not just a British 
invention’ (*1) we know of the meetings and exchanges of information between Megaw and Gutton, 
who was developing his M-16 magnetron at the CSF. In 1937 Megaw successfully tried a large 
surface emitter in his four-segment E880 design, a thoriated-tungsten cathode whose surface had 
been increased wounding the wire as a spiral (*2). He advised Gutton of the power increase made 
possible by this solution. Early in 1939 Gutton was obtaining about 50 W from his M-16 with 
spiralled wire cathode. Then he decided to try oxide-coated unipotential cathodes with impressive 
results. During a Megaw's visit in June 1939, Gutton showed him a sample of the M-16 generating 
pulses of 300 W thanks to the oxide cathode. He promised Megaw samples of the new variant. Our 
sources jump to May 9, 1940 when, while the Germans were occupying France, Maurice Ponte 
brought two samples of the M-16 promised by Gutton to Megaw almost a year earlier.  
 
Although no code or constructors can be read on our sample, it looks very well done, with a 
complex and sturdy harness tightly clamped to the bottom glass column and the U-shaped ribbed 
terminations which held electrodes in place. The octagonal-shaped end plates and the same shape of 
cathode cylinder are all typical of the CSF M-16. Few doubts then that it is a CSF magnetron, a 12-
segment variant of the 8-segment M-16, as it appears in the available images. 
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As said befor, our sample is heavily darkened, as if it was operated under extreme conditions. The 
fact of being together with other experimental magnetrons designed by Megaw at GEC and the 
evident heavy use, as if to test its limits, and even the rather crude and hasty solution of using 
octagonal end plates on the sides of the twelve-segment anode make us believe that this sample is 
one of the two designed by Gutton specifically for his friend Megaw and brought to England by 
Maurice Ponte in May 1940 (*1,*3). Megaw was just designing the E1189, his low-profile version of 
Randall and Boot's cavity magnetron, when he launched the oxide-coated unipotential cathode 
variant. In fact we know that the E1189 S/N 1 came out with thoriated-tungsten filamentary 
cathode, while the second sample, S/N 2, was fitted with oxide-coated cathode. Bench tests began 
for both at the end of June and the S/N 2 soon demonstrated its superior emission, with peak power 
reaching 10 kW. The oxide-coated cathode was just working up to expectations in the E 1190 milli-
micropup triodes for the 25 cm AI under development, but no one could know whether it could 
work as well in a magnetron, under the effect of back bombardment. With the enormous pressure 
that the Air Ministry was putting on anyone capable of supplying transmitting tubes suitable for an 
RDF system operating at no more than 10 cm, Megaw had little or no time to waste in conducting 
normal tests to verify whether the new solution was efficient and reliable. He had to decide quickly 
wether to change a project that was still only on paper and introduce variations not yet tested. Then 
he had to stress the samples that Gutton had sent him well beyond their limit, to be sure that the 
oxide cathode could operate without damage under high-energy pulses. This could explain the 
visible blackening of the glass bulb and the other signs of wear on our sample. 
 

 
 
The sample was bought on eBay UK. It is the third tube of the lot in the photo below, followed by 
two GEC magnetrons, prototypes of the E880/NT75 designed by the same Megaw in the 1930s. 
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The images below, courtesy of Yves Blanchard, represent the construction details of two eight-
segment M-16s, the first with side anode connections and the second with top pins and flying wires 
for the heater and the cathode. The latter one was in the collection of the late Rodney Burman.  
 

 
 
Images of our sample are given below, to quickly compare the relevant details which led us to the 
positive identification of the sample as a CSF M-16, although it came with other GEC experimental 
magnetrons. In particular we note the ribbed metal arch that supports the ends of the anodic squirrel 
cage, tightened with a flange to the glass column at the base. Other distinctive details are in the 
dimension and shape of the cathode cylinder ending in two ceramic spacers and  in the octagonal 
shape of the side shields. 
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