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ABSTRACT 

The objective of this program is the design and development of a millimeter 
wave device to produce 200 kW of continuous-wave power at 60 GHz. The device, 
a gyrotron oscillator, will be compatible with power delivery to an electron-
cyclotron plasma. Smooth control of RF power output over a 17 dB range is 
required, and the device should be capable of operation into a severe time-
varying load mismatch. 

During this report period, the beam instability problem which plagued S/N 1 
testing was evaluated in more detail. Separate tests were conducted on the 
gun tester and the lossy drift section, as well as both of these combined, 
and the results were compared to gyrotron tests on S/N 1. The instability 
problem now appears to be associated with RF leakage from the cavity. 

A new, more efficient cavity design was evaluated in cold test and incorporated 
into gyrotron S/N 1A. 

A new beryllia, single disk window was designed and is ready for incorporating 
into S/N 1A. 

Transverse field measurements of the superconducting solenoid have revealed a 
tilt in the magnetic axis. As a consequence, S/N 1A will have more radial 
movement. 

Gyrotron S/N 1 was disassembled. The magnetron injection gun was found to be 
in near-perfect alignment, which discounted any physical reason for Che beam 
instability. No traces of barium leakage have been found to date after pre-
liminary microscopic analysis. 

Gyrotron S/N 1A was nearing completion for early April vacuum processing. 

Planning for the Gyrotron Test Facility was completed and reviewed during this 
quarter. The 100 ms pulse power supply was made operational. 
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1.0 INTRODUCTION 

The objective of this program is the design and development of a millimeter-
wave device to produce 200 kW of continuous-wave power at 60 GHz. The device, 
a gyrotron oscillator, will be compatible with power delivery to an electron-
cyclotron plasma. Smooth control of rf power output over a 17 dB range is 
required, and the device shculd be capable of operation irto a severe time-
varying rf load mismatch. An interim goal, demonstration of gyrotron per-
formance with 100 ms pulses is required. 

The technical baselines for the gyrotron and the associated power supply are 
shown in Table I. Using the gyrotron shown schematically in Figure 1-1, a 
magnetron-injection electron gun forms the electron into a hollow beam putting 
a considerable amount of their energy in rotation (Figure 1-2). A gradually 
rising magnetic field (Figure 1-3) from a superconducting solenoid compresses 
the beam in diameter while increasing the orbitial energy according to the 
theory of adiabatic invariants until approximately 3/4 of the beam energy is 
in rotation, and the rotational frequency is 60 GHz. The magnetic field 
becomes uniform at this point and the beam enters a quasi-optical open cavity 
where the spinning electrons interact with the eigen mode of the cavity (Fig-
ure 1-4). The rf energy builds up at the expense of the rotational energy of 
the dc beam (Figure 1-5). The spent beam enters the region of decreasing mag-
netic field, undergoes decompression and impinges on the collector (Figure 1-6)1 

The latter also functions as the output waveguide. To handle the power in the 
spent beam and the power dissipation in the window, the output waveguide tapers 
up from the cavity diameter to an appropriate value (Figure 1-7). 

Further evaluation of a beam instability problem found during tests of S/N 1 
was conducted during this quarter. Cold tests of the lossy drift section and 
the cavity were also conducted. Design revisions are expected to lead to 
improved performance on S/N 1A. A new single disk window was matched to the 
tube, which will provide a higher average power capability. 
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TABLE I 

The Gyrotron 

Frequency 60 GHz 

Power out 200 kW RF 

Electronic efficiency 35% 

Beam voltage 70-80 kV 

Beam current 7.0 A - 8.0 A 

Modulation voltage 23 kV 

Magnetic field 23.0 kG 

Transverse to longitudinal 
velocity ratio 

1.5 - 2.0 

The Power Supply 

Voltage rating 100 kV dc 

Current rating 10 A 

Anode supply voltage 0-35 kV dc 

Anode supply current <20.0 mA 

Heater supply voltage 0-15 V, ac 

Heater supply current 15 A 

Operating Modes: 

1 . 10 ps pulse length 

2. 1 ms - 100 ms pulse length 

3. 30 s to cw 
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Field measurements, both axial and transverse, were made on the superconducting 
solenoid, in order to determine the cause of non-symmetric modes in S/N l's 
output power. 

Planning of the Gyrotron Test Facility was completed and reviewed by an Oak 
Ridge ad hoc committee comprised of Government and industry - user representa-
tives. The 100 ms pulse power supply was made operational. 
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2.0 PROGRESS 

2.1 GENERAL 

During this report period, progress was made in the following areas: 

• Continued analysis of the beam instability problem. 

• Transverse magnetic field measurements. 

• Cold tests of the lossy drift section. 

• Cold tests of new cavities. 

• Cold tests "f a new window assembly. 

• Disassembly and analysis of S/N 1. 

• Planned gyrotron modifications. 

• Full operation of a 100 ms modulator. 

• Completion of planning for the CW test facility. 

• Construction of S/N 1A. 

2.2 BEAM INSTABILITY 

Results of the beam instability analysis as of the last quarter were 1 

The gun of gyrotron S/N 1 had more mod-anode interception than an 
identical gun tester, under identical operating conditions; 
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• The mod-anode interception of S/N 1 was worse when operating in an 
homogeneous magnetic field, than when the field was strongly tapered; 

• When operating in the homogeneous field, an RF emanation near the cyclo-
tron frequency of the magnetic .:ield (3.7 GHz) was radiating through 
the gun ceramics; 

• Since the gun tester, whose gun is identical to S/N 1, and whose second 
anode is plugged, did not have any radiating RF, this problem must have 
been associated with another part of the tube, i.e. the cavity or lossy 
drift section between gun and cavity; 

• Since the physical dimensions of the lossy drift section are such that 
the lowest frequency which could propagate is 9 GHz, the 3.7 GHz 
radiation must be the result of beating of some higher frequency 
propagating in the drift section with the cyclotron frequency of the gun. 

These conclusions led to a more detailed evaluation of the lossy drift section. 

2.3 LOSSY DRIFT SECTION 

The function of this assembly is to provide an optimum spacing between gun and 
cavity, so that smooth adiabatic compression of the beam occurs. Since the 
beam is undergoing rotation at increasingly higher cyclotron frequencies, it 
is possible to interact with any part of the drift section whose dimension 
happens to correspond with the cyclotron frequency. The lossy drift section 
is therefore comprised of alternating copper rings and lossy beryllia rings, 
as shown in Figure 2-L. The dimensions and spacings of the metallic rings are 
staggered as much as possible, such that there is no periodicity exposed to the 
beam. Should a spurious gyrotron oscillation start in the drift section, the 
metallic rings would only support modes whose induced wall currents were in the 
circumferential direction, i.e. TE modes. 

12 
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During this report period, a second lossy drift section was assembled and evaluated 
on cold test. A cold test cavity was added to the lossy drift section, and by 
exciting the cavity through a hole in its sidewall, leakage measurements were made. 
It was found that power leaking from the gun end of the cavity was attenuated 
by 33 dB at the anode end of the lossy drift section. The cavity, except for the 
side coupling hole was identical to that used in S/N 1. 

• / / 

The suppression by 33 dB of the cavity power was less than anticipated, and more 
detailed measurements were undertaken. 

2.3.1 Cavity Leakage 

The measured Q of the cavity when shorted at the gun end was 700. When the lossy 
drift section is included, the cavity Q dropped to approximately, 600. This implies 
that leakage of 16% of the total output power (160 kW achieved in S/N 1) could leak 
toward the gun. It should be noted that the thin rings at the cavity end of the 
drift section have a beam hole of 0.355". This value was deliberately chosen 
in order to insure that 100% of the beam would reach the cavity, although it 
was recognized that this aperature did not cut off the mode at 60 GHz. 

2.3.2 Leakage Measurements 

The reference point for all subsequent measurements was established by measuring 
RF power with a detector, attached to a horn, which was butted to the gun end 
of the empty lossy drift section housing. The following tests were performed: 

a. The four rings with 0.355" aperature and lossy BeO spacers produced 
23 dB attenuation (see location in Figure 2-1): 

b. The middle section was added and produced 10 dB more attenuation, for 
a total of 33 dB; 

c. The section closest to the gun was found to have produced no additional 
attenuation; 
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d. When all the lossy BeO was replaced with polystyrene spacers, the attenua-
tion was only 5 dB, confirming that the attenuation is produced by the 
BeO rings. 

e. With the completely assembled lossy drift section, except that the thin 
rings before the cavity had an aperature of 0.225", the attenuation 
wa s greater than 50 d3, the sensitivity limit of our instrumentation. 

2.3.3 Conclusions 

With only 33 dB attenuation, it is highly probable that 60 GHz power could have 
leaked back toward the gun. Even though no 60 GHz power was ever detected 
emanating from the gun, this power may have been sufficient to cause a beam 
instability which manifested itself at the cyclotron frequency in the gun region. 

The thin rings at the cavity end of the lossy drift section had a 0.355" dia-
meter aperature for the beam hole, which may have been too conservative from 
the standpoint of RF leakage. The next lossy drift section will be assembled 
with an aperature of 0.225". This modification will cut-off the TE Q 1 mode, 
and therefore should suppress the beam instability problem. 

2.4 GUN TESTER 

It has been reported that the gun tester has had low mod-anode interception, 
and it has not produced any evidence of a beam instability. With this know-
ledge in mind, it has been concluded that the cause of the instability problem 
must derive from another part of the tube. 

During this report period, a lossy drift section, identical to that used in 
S/N I was added to the gun tester. The cavity end of the lossy drift section 
was vacuum sealed with a copper block. Since this test was meant to simulate 
S/N 1, the thin rings had an aperature of 0.355". 
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The gun '..ester with lossy drift section was vacuum processed, arid the cathode 
was successfully reactivated. This test vehicle was operated in the super-
conconducting solenoid, in the same position as tests on gyrotron S/N 1. Mod-
anode intprception is shown in Figure 2-2, compared to previous results on the 
gun tec one and S/N 1. 

The latest results are in approximate agreement with the gun tester alone, up 
to 18 kV. (Differences of several milliamps are within measurement error of 
the pulsed set-up.) Above 18 kV, mod-anode interception increases rapidly, 
similar to that experienced on S/N 1. This rapid increase therefore appears 
to be directly related to the lossy drift section. Note however that S/N 1 
still had an order of magnitude more interception than the gun tester. 

A search of RF emission from the gun was implemented. No RF at either 60 or 
3.7 GHz was noted. However, a weak signal at 2.82 GHz was found which corre-
lated with high mod-anode interception. This signal was much weaker than that 
found at 3.7 GHz during tests of S/N 1, with the same magnetic field. 

From this test, it has been concluded that the 3.7 GHz signal previously found 
in S/N l's gun must have been initiated by power leaking from the cavity. In 
this modified gun tester no cavity existed, but a gyrotron-type TE mode could on 
have been generated in the lossy drift section at a frequency lower than 60 GHz. 
(The beam does not reach a cyclotron frequency of 60 GHz in this test vehicle.) 
Attenuated RF power leaking back to the gun appears to be interacting with the 
cyclotron frequency in the gun region, to produce a beat frequency. In gyro-
tron S/N 1, the leaking signal is 60 GHz from the cavity and it produces 
radiation of 3.7 GHz from the gun. In the gun tester with lossy drift section 
the leaking signal is weaker and lower than 60 GHz, and the gun radiation is 
a weak 2.8 GHz signal. No radiation is produced in the gun tester itself. 

In an effort to verify the effectiveness of magnetic tapering of the field in 
the gun region, a tapered field similar to that evenutally used with S/N 1 
was employed. The results are graphically illustrated in Figure 2-3, which 
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includes data from S/N 1. Mod anode interception is well under 10 mA, out to 
26 kV. Up to 26 kV, no RF radiation from the gun was found. 

This result confirms that a tapered magnetic field in the gun region can 
minimize mod-anode interception and eliminate RF radiation from the gun. 

2.5 REVISED GUN POSITION 

The magnetron injection gun was designed in conjunction with the magnetic field 
to have adiabatic invariance as the beam converged to the cavity. The computed 
transverse velocity spread when used with the "design" magnetic field is 1.05%. 
However, the beam instability appears to be correlated with the homogeneous 
field in the gun region required by the design field configuration. The more 
rapidly tapered magnetic field eventually used to test S/N 1 is not optimized 
for the present cathode-cavity spacing of 30 cm. Computed results indicate that 
the present, gun when used with the tapered magnetic field gives a transverse 
velocity spread of 15%. A modified gun design will therefore be required, i 

In order to iterate gyrotrons as quickly as possible, however, simpler modi-
fications to the tube are being considered. Since the magnetic field increases 
more rapidly than the design field, the cathode-cavity spacing can be reduced 
by shortening the lossy drift section. It appears from the cold tests that a 
6 cm section can be eliminated without affecting overall RF attenuation. A 
trajectory plot of the gun moved 6 cm closer to the cavity is shown in 
Figure 2-4. Transverse velocity spread'is reduced from 15% to 10.8% for this 
case. 

A test was devised whereby the gun tester with lossy drift section was raised 
in the superconducting solenoid by 6 cm. Mod-anode interception remained 
below 10 mA out to 36 kV, the present limit of the resistive divider, from 
which mod-anode voltage is derived. No RF radiation was found for this test. 
Figure 2-5 compares the various magnetic field configurations being discussed. 
The shorter drift length will b"e employed in S/N 2, whose construction is 
starting. Other changes affecting the gun georoetry are presently being evalu-
ated. These changes are being spread over several tubes so that the impact of. 
various changes can readily be determined. 
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2.6 DISASSEMBLY AND ANALYSIS OF S/N 1 

2.6.1 Magnetron Injection Gun 

The 3un assembly was removed from S/N 1 and visually examined. No noticeable 
defects were found. The gun was then inspected for mechanical alignment 
deficiencies, and it was found to have identical dimensions to those measured 
before being added to S/N 1, near perfect. 

If barium from the cathode material had migrated to other parts of the cathode 
electrode, emission from other points could have occurred. This "spurious" 
emission could have been an associated reason for the high mod-anode inter-
ception. On this suspicion, the gun assembly was sent to the Hughes EDD 
Materials and Processing department to determine if barium migration had 
occurred. As of this report period, only the snout of the cathode electrode 
had been analyzed; no traces of barium were found within a measurement error 
of 0.05%. The suspect area, however, is that behind the cathode strip, and 
for this analysis, the gun will have to be disassembled further. 

2.6.2 Cavity 

The second anode, lossy drift section and cavity were removed from S/N 1 as 
one assembly, leaving the tapers, collector and window sections intact. A 
cold test cavity identical to that used in S/N 1 was attached to the up taper 
so that the match of S/N 1 could be determined. This cavity normally has a 
Q of 740 when coupled to a matched load. The Q of the cavity operating into 
the up taper, collector, down taper and window assembly was essentially 
unchanged, 740. This test indicates that the cavity is matched for the TE Q 2 

mode. With the arc detector and water load added to the system, the Q changed 
only slightly to 790, suggesting that there was no serious mismatch in the 
system. 

Tests were also conducted for the T E ^ mode at 57 GHz. The matched Q for this 
cavity is 700 at 57 GHz, but when coupled to the gyrotron output system, the 
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Q jumped to 3000. This suggests a severe mismatch which could trap the 
mode in the gyrotron. The limiting tube component at 57 GHz is the single 
disc window. Means for broadening the bandwidth of the window assembly will 
be investigated. 

2.6.3 Insulator Seals 

The lower insulator seal which had shorted during early test was disassembled. 
Evidence was found that too much torque had been used in tightening the struts 
which provide mechanical integrity for the collector-taper assembly. The cer-
amic seal assembly itself was still useable. After reworking the copper up-
taper and collector parts, the output system was reassembled for use on S/N 1A. 

2.7 REVISED CAVITY 

Revised cavities were fabricated in cold and hot test versions., The calculated 
Q of 314 agreed within 10% with a measured Q of 345. This cavity will be 
incorporated in S/N 1A. Expected performance is as shown in Figures 2-6 and 
2-7. 

2.8 REVISED WINDOW 

The window used on S/N 1 was a single disk alumina window of 3/2 Ag thickness. 
This window is not considered adequate for testing up to 100 ms. A revised 
design uses beryllia of thickness 3/2 Xg. Since the exact dielectric constant 
of the beryllia is unknown at 60 GHz, disks were ordered with varying thick-
nesses. A match was determined by measuring cavity Q in the presence of the 
window. Results are shown in Figure 2-8. A number of 0.114" thickness pro-
duced the least change in cavity Q. This thickness implies a beryllia dielec-
tric constant of 6.96 at 60 GHz. 

2.9 MAGNETIC FIELD MEASUREMENTS 

Axial field measurements of the superconducting solenoid indicate that the 
field is correct within the accuracy of the probe. The geometric axis of the 
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warm bore was used for this measurement. Initial transverse measurements 
revealed a possible misalignment between the geometric axis and magnetic field 
axis. Special measuring fixtures were ordered to locate the magnetic axis. 
The results of the transverse field measurements are illustrated in Fig-
ure 2-9, for "axis" measurements and offset 0.09" in each of the primary 
directions. The transverse probe accuracy is 0.25%. 

From this data, it became obvious that the misalignment was more than simple 
translation of the warm bore and magnetic axes. The fixturing was again 
revised to allow for tilt as well as translation. The results of the final 
magnetic probing are shown in Figure 2-10. In a direction of 165° (refer to 
diagram in Figure 2-9), the tube must be offset 0.150" at the top of the 
solenoid, and tilted 0.3° in the same direction. The maximum transverse 
field is then 75 gauss, or 0.33% of the peak axial field. 

While this level of transverse field is not considered low enough for efficient 
gyrotroh interaction, it is adequate for beam transmission. The direction of 
tilt and offset of Figure 2-10 will serve as a starting point; the gyrotron 
will be refocused for optimum interaction. 

It should be noted that S/N 1 had a maximum radial movement of only ±0.025", 
and it was only the conservative choice of the 0.355" aperature thin rings in 
the lossy drift section which permitted greater than 99.5% transmission to be 
obtained. Unfortunately, this relatively large aperature size allowed the 
beam to enter the cavity off center, which is the probable cause of the high 
azimuthal mode content of S/N l's interaction. 1 

S/N 1A will be machined at its maximum outer diameter points in order to provide 
greater radial movement within the solenoid, up to 0.25". The flange seat at 
the top of the solenoid will also be modified to provide precision radial 
offset and tilt. 
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Figure 2-9 Superconducting solenoid transverse 
magnetic field measurement. 
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2.10 STATUS S/N 1A 

S/N 1A has been assembled except for the window assembly. The tube will use an 
identical gun as S/N 1. The lossy drift section has been modified as described 
herein, and a revised cavity with lower Q has been installed. The new single 
disk beryllia window will be installed and thj tube ready for pump-out in 
early April. 

2.11 GYROTRON TEST FACILITY 

The initial planning phase for the Gyrotron Test Facility has been completed. 
On Marcn 9, a Preliminary Design Review was held at Hughes, with representatives 
of Oak Ridge, Los Alamos, Lawrence Livermore Laboratory and General Atomic in 
attendance. The planning effort was favorably reviewed, and a detailed design 

i 
phase has now commenced. 

2.11.1 Medium Pulse Power Supply 

Arcing problems associated with the switch tube of this 100 ms pulse modulator 
have now been overcome. The power supply has successfully operated at 90 kV 
and 10 Amps into a wet load. 
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3.0 SCHEDULE 

3.1 PROGRAM SCHEDULE 

The program schedule as proposed for FY82 and 83 is shown on the attached mile-
stone charts. 
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