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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, which
will be a gyrotron oscillator, will be compatible with power delivery to an
electron-cyclotron plasma. Smooth control of rf power output over a 17 4B

range 15 required, and the device should be capable of operation into a severe

time-varying rf load mismatch,.

During this report period, the electrical design of the CW tube was completed.
The mechanical design of a collector, capable of providing diagnostic data of
the spent beam in S/N 1 was completed. Cold tests of variations of a scaled,

X-band cavity were correlated with the calculated results of a cavity computer

code.

Parts for the magnetron injection gun were placed on order and gun tooling was

designed. A subcontract was placed for a superconducting solenoid.

A 3 MW power supply was dismantled, packaged and shipped from the Kwajalein

Missile Range to storage at Hughes, for use in CW testing at a later date.

During the latter part of this report period, a specific interim goal was
imposed by ORNL, to provide for a demonstration of a 200 kW, 60 GHz gyrotron
capable of 100 ms pulses, by December 31, 1981. The imposition of this interim
goal has led to establishing a modified gyrotron design, based on a consider-

ably smaller collector than that required for a CW tube.
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1.0 TINTRODUCTION

The technical baselines for the gyrotron and the associated power supply are
shown in Table I. In the gyrotron, which is shown schematically in Figure 1-1,
the electrouns are formed into a hollow beam by a magnetron-injection electron
gun with a considerable amount of their enmergy in rotation. A gradually rising
magnetic field compresses the beam in diameter and at the same time increases
the orbital energy according to the theory of adiabatic invariants until
approximately 2/3 of the beam energy is in rotation and the rotational fre-
quency is 60 GHz; at this point the magnetic field becomes uniform and the
beam enters a quasi~optical open cavity where the spinning electrons interact
with the eigen mode of the cavity. The rf energy builds up at the expense of
the rotational energy of the dc beam. The spent beam enters the region of
decreasing magnetic field, undergoes decompression and impinges on the collec-
tor. The latter also functions as the output waveguide. In order 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,
During this report period, progress was made in the following areas:

e Magnetron Injection Gun
e Anode Drift Region

® Superconducting Solenoid
e Cavity

e Collector

e Window

e Power Supplies

e Gyrotron Facility

The CW gyrotron being developed is the 917H. During the latter part of this
report period, a specific interim goal was established by ORNL, which requires
the demonstration of a 100 ms device by December 31, 1981. Although peak heat~
ing effects due to long pulse lengths are considerable, the collector for a

100 ms gyrotron does not need to be as long, nor as overmoded, as the collector



for the CW tube. Consequently, a revised collector design was initiated, and

this new 100 ms gyrotron is called the 919H,

TABLE I

The Gyrotron
frequency 60 GHz
Power out 200 kW RF
Electronic efficiency 35%
Beam voltage 70~80 kV
Beam current 7.0-8.0 A
Modulation voltage 23 kv
Magnetic field 23.0 kG
Transverse to longitudinal 1.5 - 2.0
velocity ratio
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 Vv, ac
Heater supply current 15 A
Operating Modes:

1. 10 us pulse length

2. 1 ms - 100 ms pulse length

3. 30 s to cw
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2.0 TPROGRESS

2.1 MAGNETRON INJECTION GUN

The mechanical design of the magnetron injection gun shown in the last reportl
was completed. Parts were placed on order and are expected to be received
during the last quarter of 1980. Tooling for assembling this gun has been

designed, and placed on order.

The first gun is expected to be assembled by December 1980, and a back-up gun

by January 1981.

2.2 ANODE DRIFT REGION

The region between the second anode and the cavity must be carefully designed
in order to eliminate the possibility of gyrotron-type interaction in that
region. The beam is undergoing adiabatic compression and requires a finite
axial distance to reach the cathode at the correct radius for the TE mode.

02
While the optimum magnetic field for the TE ., mode is reached only when the

02
beam is in the interaction cavity, the magnetic field is almost optimum for
the next closest mode, the TEZZ’ in the drift region. The drift tunnel there-
fore should be designed in conjunction with the transition magnetic field, to

not interact with the TE22 mode.

Figure 2.2-1 illustrates the designed magnetic field in the drift region and

the tunnel radius which is required for TE22 mode interaction. Also shown is

the actual tunnel radius which will be used in S/N 1. It can be seen from

Figure 2.2-1 that the TE,, mode will be cut—off at all points within the anode

22
drift region.

The electrical and mechanical design of this drift region will be completed in

the next quarter.
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2.3 SUPERCONDUCTING SOLENOID

Bids were solicited from four vendors for the superconducting solencid and
. . . 1 . .

power supplies, as designed in the last quarter. Two bids were received,

and the successful bidder was Magnetic Corporation of America, Waltham, MA.

Their cryostat design is shown schematically in Figure 2.3-1.

The desirable uniqueness of this design is that the top of the cryostat is
free from obstructions which could interfere with the gyrotron. Connections

for eight coils and fill tubes are all serviced from a 45° angle arm.
Delivery of this solenoid is expected by February 1981.
2.4 CAVITY

An X-band cavity was constructed and evaluated. This cold test cavity was
comprised of an input section which could be straight or have variable tapers,
as well as variable length. 1In addition, the cavity output horn could have a
variable angle. TFrom these cold tests, 60 GHz cavities were designed and

evaluated on the computer.
2.4.1 Cold Tests

Cold test measurements at 10.0 GHz were performed to determine external Q

factors and wode profiles. The TEO21
oriented inductive coupling loops attached to coax probes inserted into the

modes were excited using correctly

side walls of the cavity. Table 2.4.1~1 gives the results of some of these
measurements and compares these with values calculated from the Hughes cavity

code.'2 The strong decrease of Q with the input taper angle (O]) and some-

Ext

what oscillatory dependence of QExt

by theory was verified qualitatively and in many cases good quantitative

on the output taper angle (92) predicted

agreement was obtained. This is illustrated in Figure 2.4.1-1.
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TABLE 2.4.1-1
Q MEASUREMENTS

Qe = (HQpor - 1/0%) 7"
QO = Unloaded Q ~ 6000
Tot Ext Ext
Ll (CM) L2 (CM) 61 82 QLab QLab QTheory
12.8 12.40 0° 15° 1685 2342 2190
12.8 12.40 o° 30° 2655 4762 3582
12.8 12.40 0.47° 10° 737 840 979
12.8 12. 40 0.47° 15° 645 722 778
12.8 12.40 0.47° 30° 886 1039 1195
12.8 12.40 1.04° 15° 548 603 621
12.8 12.40 1.04° 30° 760 870 949
12.8 12.40 1.42° 157 231 240 575
12.8 7.48 0 10° 711 806 -
12.8 7.48 0° 15° 981 1172 1253
12.8 7.48 0° 30° 847 986 -
12.8 7.48 0° 30° + Iris 2115 3266 -
12.8 7.48 0.47° 15° 372 296 325
12.8 7.48 0.47° 30° 434 467 650
! Lq f=—-Lp— ba
CAVITY r: _ i\"l o
10 GHZ g
s ! o
=== -
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The input taper angle, apart from greatly lowering QEXt also narrows the mode

structure and shifts the mode peak forward, giving the mode a gaussian rather
than a sinusoidal shape. This was verified by frequency shift measurements
and theory as illustrated in Figures 2.4.1-2 and 2.4.1-3. Varying the output
taper angle allows QExt to vary up to 30%, but leaves the internal mode struc-

ture unchanged.

There are several explanations for the disagreement between cold test measure-

ments and theory based on single mode analysis. The TMlZl mode is degenerate

with the TEO21 mode and can easily be excited. The resultant mode, which is a

linear combination of TEOZT and TM]21 appears to have a larger half width and

hence a lower QExt than the TEO21 mode alone. The finite size probes also
cause mode distortion and place extra loading on the cavity. In general,
mode coupling is always present due to a varying cavity radius and wall loss,
creating other channels by which RF can leak out of the cavity. In addition,

at low values of Q separation of the desired mode from adjacent modes is

Ext’
more difficult. Finally, there is some mismatch between the final output horn

and free space, causing reflection and thus distorting the Q measurement.

2.4.2 Cavity Designs

Final cavity designs were arrived at using computer simulations of the beam
interaction (Figure 2.4.2~1) with guidance provided by cold test measurements.

The following set of cavities at 60.0 GHz were sent out to be fabricated:

Cavity Configuration A

Figure 2.4.2-2 shows the dimensions for cavities #1, 2, and 3 all having input
taper angles of 0.47° with length to radius ratio of 6:1 and a gaussian shaped
mode profile (verified from cold test, Figure 2.4.1-3). These cavities are to
be operated in a flat magnetic field, and are predicted to have an optimized
power of at least 200 kW output if QExt lies between 200 and 596 (Fig-

ure 2.4.2-3). The beam voltage is assumed to be 70 kV, beam current 8 amps

and perpendicular to parallel velocity is 1.5. Present cold test data at

10
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10 GHz predicts a QExt of approximately 400 for a 15° output taper and thus an
output power of 240 kW at approximately 407 efficiency. Average CW wall load-
ing on the cavity would be about 600 watts/sq. cm. Magnetic tapering for this
cavity does not seem to greatly increase the predicted output power. Cavity

#4 which has no input taper was ordered as a "control" cavity to be used in the

cold test measurements at 60 GHz.

Cavity Configuration B

The dimensions of cavity #5 are shown in Figure 2.4.2-4., It is longer than the
first cavity set (ratio of length to radius 7.46:1), and has an input taper
angle of 1.04° giving a very sharp mode profile. This cavity is to operate
optimally in the 7% tapered magnetic field, and is predicted to deliver an
output power of at least 200 kW for any QExt between 203 and 785 (Figure 2.4.2-53).

Present cold test data predicts a Q of 620 for a 15° output taper and thus an

Ext
output power of 230 kW at 40% efficiency. A 10% output taper angle is predicted

to have a Q of 553 with an output power of 240 kW. Average CW wall loading

Ext
on this cavity would be about 800 watts/sq cm. This cavity can give the same
output power as those of the first set, but with higher Q values. This would
allow for better mode separation, greater cavity isolation, and lower starting
thresholds. It would also operate more effectively at degraded beam parameters,
an important consideration for the "first" gyrotron device. The disadvantage

for ultimate CW operation is that the higher QEXt results in greater power

dissipation on the walls.

2.4.3 Threshold Analysis

Figure 2.4.3-1 shows the minimum starting currents vs magnetic mistuning for
initially exciting the cavity and illustrates that the region of optimum effi-
ciency occurs quite close to the edge of the operating region at 10 amps. This

is a potential problem for pulsed operation.

16
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2.4.4 Final Cavity Design

The final choice of cavity for the first gyrotron device will await final cold

tests at 60 GHz of cavities 1 through 5.

2.5 9174 (CW) COLLECTOR

The mechanical design of the collector for the first experimental gyrotron was
completed during this quarter. The electrical design was based on allowing the
spent beam to spread along the naturally decaying magnetic field lines of the
superconducting solenoid, i.e., no auxillary coils or magnets were used to
spread the beam. The power density at which the spent beam impacts on the
collector walls is dependent upon the diameter of the collector chosen. For a
3.5" I.D. collector, the predicted power density reaches 800 W/cm2 at several
points in the beam impact area.l Because this high power density is approach-
ing the upper limit of power densities which can be sustained on a CW basis by
water—cooling, it becomes advisable to have experimental verification of the

beam location and power density.

One method of verifying beam location and power density is the measurement of
X-rays emitted from the impact of the beam on the collector wall. This mea-
surement should be made as close to the impact area as possible in order to
avoid detection of diffracted X-rays from other impact areas within the col~-
lector. This implies that the collector for the first gyrotron should be con-
structed without cooling,. and with as thin a wall thickness as structurally

possible.

The design of the S/N 1 collector will employ a wall thickness of 0.2". The
beam is expected to be contained within a 3.5" ID collector section which is
23" long. At the extremities of this straight section, an insulating choke
has been devised which contains the RF within the 3.5" guide, but permits
detection of beam current separate from other tube subassemblies., At the gun
end of the straight collector section, the anode drift region, cavity and

up~taper are electrically tied together. At the output end of the straight

20



collector section; the down taper, pump-out assembly and window are electri-

cally tied.

A method of maintaining concentricity of *0.001" through adjacent collector

sections has been designed into the insulating choke.

2.6 919H (100 ms) COLLECTOR

The 100 ms tube needs only to withstand 2% duty operation,
ing effects of long-pulse thermal stresses. A preliminary
CW collector trajectory plotl shows that for a 1" diameter

would collect over a 12.7 cm length in a region between 72

plus the accompany-
analysis from the
collector, the beam

and 85 c¢m from the

. . . ] A 2
noise of the cathode. This comprises an area of 101 c¢cm for a worst case beam

power of 560 kW peak. At 2% duty, the average power density is 110 watts/cmz,

which is considered more than adequate. The peak heating effects however are

an unknown at this time, and will be investigated further through a transient

heat analysis for collector sizes of 1" to 2.5" diameter.

21



2.7 917H CW OUTPUT WINDOW

The preliminary design of an output window for the CW gyrotron has been com~
pleted. This window will actually use two windows with a surface cooling
dielectric flowing between them.3 Edge-cooling of the windows will be accom-~
plished with water. A functional representation of this double window con-

figuration is shown in Figure 2.7-1.

A computer code has been programmed to eﬁaluate the VSWR obtained from the
double disc window design. This code permits rapid evaluation of window
thickness and gap spacing between windows for the TEO2 mode. Representative
output plots from this window evaluation code are shown in Figures 2.7-2 and
2.7-3 for two window thicknesses (=3/2 Xg). It can be seen from these fig-
ures that the effect of larger gap spacings is to decrease the pass band

slightly and lower the center frequency. The pass band itself is only about

1% at a VSWR of 1.25:1.

It is desirable to explore methods of increasing the pass band of the double
disc configuration, by evaluating asymmetric double discs, and by exploring
variations in wall diameter. In view of the Very narrow bandwidth, it may be
necessary to re—evaluate the feasibility of thinner windows with thicknesses

of the order of Ag.

Mechanically, further effort is required to refine this design, and completion

is expected in the next quarter.

2.8 919H (100 ms) OUTPUT WINDOW

Since the average heat dissipation due to RF in 100 ms is not as severe as in
the CW window, a single disc window will be employed. Figure 2.8-1 illustrates
the calculated pass band for a single 3/2 \g window (using the double disc

design code, with ¢, of the second window equal to 1.0). The bandwidth of the

R
single disc is approximately twice that of the double disc, or about 2%. It
should be possible to consider windows with thicknesses of the order of Xg for

the 100 ms tube, with little impact on window stress dntegrity.

22
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The mechanical design of the single disc window has been completed, and is
shown in Figure 2.8-2. BeO discs have been ordered and are expected to be

received in December 1980.
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2.9 POWER SUPPLIES

It is planned to use three supplies for testing the first gyrotrons:

e A modified cathode-pulsed supply with a 20 us, 2% duty capability at
70 kV max.

e A DOE-furnished supply, used on JFT-2, with 100 us to 100 ms, 1%
duty at voltages up to 90 kV.

e A DOE-furnished supply, used at the Kwajalein Missile Range for the
Missile Site Radar (MSR), with a 3 MW CW capability at 150 kV.

2.9.1 Short Pulse Power Supply

This supply is currently rated at 65 kV max. Modifications are underway to
upgrade the supply for long term 70 kV operation. A compensated resistive
divider network will be added to the supply in order to provide a continuously
variable mod-anode voltage, from 0 to 35 kV with respect to the cathode. This
supply will be used to obtain diagnostic data at low duty, less than 1%,

immediately after the tube is pinched-off.

2.9.2 Medium Pulse Power Supply

This supply was constructed specifically for operation of a Varian 28 GHz,

40 ms pulse gyrotron at 80 kV. The supply is currently in operation in Japan
on JFT-2, and is expected to be shipped to Hughes in April 1981. No medifica-
tions other than reassembly are anticipated. This supply will provide a 100 ms

pulse capability in time for the required demonstration by December 31, 1981.

2.9.3 CW Power Supply

The MSR power supply was disassembled, packaged and shipped to Hughes from

Kwajalein as part of the effort under this gyrotron program. Some damage was
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inflicted during trans-shipping at Honolulu, wherein a portion of the capacitor
bank was severely damaged. However, the number of capacitors ruined compared
to the total capacitance of the supply is small, and it is believed that normal

operation can be achieved without replacing the damaged capacitors.

The disassembled MSR supply, including heat exchangers, pumps and water puri~
fication system were placed in storage at Hughes until such time that funding

will permit reassembly.

In order to use the MSR supply in conjunction with the gyrotron, a modulator
must be constructed which provides a mod-anode voltage and the ability to pulse

the gyrotron for periods greater than 100 ms, including 30 seconds to CW.

2.10 GYROTRON FACILITY

Approximately 9000 sq. ft., of space is being pro&ided for establishing a
Gyrotron Laboratory in Building 237. This space will ha?e adeguate head-room
for baking and vacuum processing gyrotrons up to 9' tall. (The 917H is just
under 8' tall.). Since the gyrotron can be assembled from subassemblies using
heli~arc welding, space has also been provided for cold test and final

assembly.

A preliminary layout of the Gyrotron Facility is shown in Figure 2.10-1.
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3.0 SCHEDULE

3.1 A revised schedule, reflecting the effort required to demonstrate a

100 ms capability by December 31, 1981, is attached.
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