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ABSTRACT\*

It is shown that an optimum geometry exists for a cylindrical electron
bombardment heater in which maximum thermal flux is to be delivered with
stable operation and long life of the bombardment heater coil. The procedure for
finding the stable operating condition is illustrated, and the optimum heater size
is evaluated.

Manuscript redc`ived May 8, 1963.
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OPTIMUM DESIGN OF CYLINDRICAL ELECTRON BOMBARDMENT HEATERS

1.M. Houston, T.A. Howlett, and H.-F. Webster /

Electron bombardment heaters often find application in heating electrodes"
to high temperatures when other methods such as radiative and conducting heating
fail to transfer enough energy between a heater coil and the electrode~tQ be -heated.
This poor heat transfer may result in a large temperature d.iffýi'nce between the
coil and the electrode, with the result that when the coil has beeh heatedto its
maximum safe temperature the electrode is still cooler than it needs to run. A
current flow of electrons II" from the coil-accelerated by a voltage 'IV" will
deliver I x V -watts to the electrode in addition to the power delivered by radiation,
with the result that the electr6de can be treated hotteir than the coil by this method.

This electron bombardment heating method has-been used toheat the
cathodes ofthermilonic converters because such cathodes require relatively high
heat fluxes.. Bhbth parallel plane and cylindrical geometries have been used for
this application,, but this report will deal only with the cylindrical 6eometryjh c-.1

which the heater 6oil is a cylinder inside a larger cylindrical. electrode*. TThI e
question arirse; as to how much power can be delivered to the bombardment
electrode by various geometries, coil temperatures,,. and accelerating voltages. -

This report will give an equation for this power and show that there is an optimum
ratio of the radii of coil and electrode to yield the maximum power.

Before giving this result, however, it is necessary to consider the
problem of the runaway heating of the coil, since this determines the operating
point of the bombardment heating. Thfis runaway problem is particularly severe
in the cylindrical geometry because of the close coupling of the temperature of
the outer electrode and the coil which is almost completely enclosed in the
electrode. Figure 1 shows the construction of such a coil and electrode, which
has been tested, and Fig. 2 shows the current voltage characteristic of this
diode. If the heater current in the helix is set at an initial value with the
bombardment voltage applied to the tantalum tube set to zero, then all the heat to
the Ta tube is carried by radiation. As the bombardment voltage is raised, how-
ever, electron current is drawn from the helix to the Ta tube and additional
heating results. The current-voltage characteristic follows one of the cifrves on
Fig. 2 as this is done. -our curves are drawn for initial heater current values
of 11, 11. 5, 12, and 12. ' amp. As the Ta tube heats, some heat is carried back
to the helix by radiati' ,id more thermionic emission is available from the helix
and the run-away effe.. results which can be seen in the curves for 11 and 11. 5
amp. All of these curves approach a limiting line and this, of course, is the
space-charge-limited emission line. When 12.5 amp of heater current are used,
the emission is space-charge limited for almost all values of the bombardment
voltage and this condition can be used if the runaway effect is to be avoided.
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Fig. 1 Construction of electron bombardment heater coil.
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HEATER CURRENT AND TEMPERATURES - When these curves were measured
AT LOW BOMBAR AE for the four initial values of heater current,

11 AMPS -2453*K - j
11.5 AMPS-Z537°K - - this current value was not kept constant
12 AMPS-2611°K -.... throughout the run. Instead, the power

o 12.5 AMPS- 2687°K - ! - supply voltage remained constant and the
heater current decreased as the helix

-- ___ !i ,•-ii warmed up and its resistance increased.
-...... Similarly, the heater temperatures given

for the four curves are the initial values
and this temperature rose as the bombard-
ment voltage increased.

Li - - - -4--H-

0 ILITo avoid the runaway effect, it is

-0- - - clear that the heater should be run hot
S, enough to provide the space-charge-limited

- ...... current but no hotter because, of course,
this would provide no more current but
would decrease the life of the heater.

The last part of this report will
10 10-• i deal with the power that can be delivered

BOMBARDMENT VOLTAGE (VOLTS) to the anode of a cylindrical electron
bombardment diode when it is operated in

Fig. 2 Typical current-voltage the space-charge-limited condition. It
characteristics for bombard- will be assumed that the diode is of length
ment diode. £ with the cathode a solid cylinder of

radius rc and the anode of radius R, where
R•> rc. The space-charge-limited current

flow from cathode to anode has been calculated by Langmuir and Blodgett [Phys.
Rev., 22, 347 (1923)]

IS 4 0 =e _ _ V3/2 amp/unit cathode area. (1)
9 m rcR P

V is the cathode-anode voltage and p is a function of rc/R tabulated by
Langmuir and Blodgett. Is is in amp/cm2 , V is in volts, and rc and R. are in
cm.

If J is the emission density from the cathode which is the maximum
that can be obtained at the highest safe operating temperature, then the maxi-
mum total power which can be delivered to the anode by electron bombardment
is

P =TV 2v rcr (2)
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where V is the voltage to obtain a space-charge-limited current density I as
given by Eq. (1). By substituting V from Eq. (1) in Eq. (2), we obtain

K2/3 \RI ) K2/3R/ /3 F

where

K- 4- 0  2e - 2.336 x 1069.- m

For a given maximum current density J, the anode radius R, and diode length
1, the maximum power will be delivered when the quantity in the square brackets,
F, is maximized. This will then determine the optimum ratio of rc to R. Table
I shows the quantity F as a function of the ratio rc/R and this has been plotted
in Fig. 3. It will be seen that maximum power is delivered to the anode when
the cathode has approximately half the radius of the anode (i.e., rc/R = 0. 55).

TABLE I

F as a Function of the Ratio of Cathode to Anode Radii

rc rc _ /3 4/3 rc /rc/3 P4/3

0.10 0.0213 0..556 0.1362

.20 .0574 .589 .1345

.25 .0756 .625 .1305

.33 .1032 .666 .1235

.345 .1065 .715 .1119

.3575 .1099 .770 .0946

.3705 .1132 .835 .0683

.385 .1168 .870 .0535

.40 .1201 .91 .0356

.417 .1237 .927 .0277

.435 .1268 .944 .0199

.455 .1300 .962 .0122

.476 .1326 .98 .0052

.50 .1344 .99 .0021
.526 .1356 1.00 0
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Fig. 3 Plot of F as a function of the ratio of cathode to anode radii.
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Physically, the reason for this maximum can be seen from the following
argument. As the cathode radius approaches zero, its area and the total current
delivered will also approach zero. If the cathode radius approaches the anode
radius, however, the current will be large but the highest voltage that, can be
used and still have space-charge-limited current will approach zero. The
maximum lies between these two limits.
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