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ABSTRACT

In the standard treatment of space-charge effects in a
vacuum thermionic diode, it is customarv to assume a neglig-
ible contribution from the céllector eiectrode. However,
as the collector temperature increases, its contribution'to
the diode voltage-current relationship must be considered.

A refined diode space-charge model has been developed which
‘includes emission frbﬁ both the emitter and collector elec-
trodes. The analysis was checked byivacuum diode experiments
conducted over a collector temperature range of 1000-1600°F.
Reasonable correlation was obtained, indicating the wvalidity -

of the model.

iii




SUMMARY

The determination of the space charge parameters of a vac-
uum thermionic diode is an effective check onldiode performance.
However, correlation between fheory and experiment presents
two problems. First, the standard space charge treatmentvv
assumes a negligible contribution from the collector electrode.
Second, the theoretical diode driving voltage is an internal
parameter, not readily available eXperimentally.

The aim of this effort was to resolve these two difficulties.
A refined space charge model was developed which included col-
lector contributions to the diode current, the effects of
changes in the collector surface conditions, and the evaluation
of the importance/of collector temperature. Secondly, the model
resulted in a set of mastef space charge curves for collector
temperatures between 1000 and 2000°F. These master curves
were prepared using diode current and diode applied voltage,

a readily available experimental quantity, as parameters.

The model was checked against experiments conducted on
voperatinq diodes ovér a collector temperature range of 1000-1600°F
and reasonable correlation was obtained.

At high diode current levels, the effect of changes in
collector work function was guite apparent and resulted in
deviations from the master curves. It may be concluded that
meaningful evaluation of an operating diode at céllector temp—
eratures above 1000°F may be made by using the master curves
but repeatable diode operation depends strongly on consistent

collector work function characteristics.
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INTRODUCTION

In a vacuum thérmionic diode, an emitter.electrode 18 heatad
and a positive voltage is applied to a collector electrode.
Thermal energy due to the emitter temperature raises the energy
level of the electrons to theupoint where they are capéb&e
of escaping the emitter surface. The emitter electrons'mave
across the inter-electrode gap, from the emitter to the collect-
or, with a finiﬁe increasing velocity. As the temperature of
‘thé emitter (and the associated electron emission) is increased,
the number of electrons in the interelectrode space incréaseSN
This increase continues up to a point determined by the emitter-~
collector voltage. However, as the temperature is further
increased, the repulsive force due to the interelectrode slec~
trons balances the attractive force of the colleétdr voltage at
the emitter surface. Any further tempefature increase results
in the repulsive force becoming greater than the attractive
forée and the additional emitted electrons return to the emit-
ter surface. The emitter-collector current therefore reaches
a limit for a given collector voltage and will show very
little further increase as emitter temperature exceeds this crit-—
ical value.

The space charge effect denotes the repulsive force a@ﬁiﬁa
on the emitted electrons due to the electron cloud in the inter-
electrode space. Figure 1 presents the usual potential energy
diagrams related to these statements. The symbols used in

Figure 1 are as follows.




FL,: Collector Fermi level energy

FLe: Emitter Fermi level enerqgy

v2: Voltage applied to the diode

V3: Potential barrier referred to collector

V4 : Emitter potential parrier

V5: Potential due to space charge effect

V6: Effective emitter—collecﬁor potential difference
B Colléctor_work function

Be: Emitter work function

Dl: Emitter-collector distance

D2: Emitter to maximum’space charge distance.

D3: Collector to maximum space charge distance

Curves A, B, C, depict situations for increasing temperature
at constant voltage. Curve A is for low temperature (emission
limited). The potential gradient is constant from emitter to
collector. When the temperature is raised to the critical wvalue
menﬁioned above, Curve B is obtained. For this condition the
potential gradient is zero at the emitter surface. A fuxtherb
increase in temperature results in Curve €, where the space
charge creates a virtual emitter at distance D2 from the actual
‘emiﬁter surface. 1In distance D2, there exist currents flowing
in bqth directions between the emitter and the maximum space
charge potential plane. In D3, current flows only towards the
cdllector. Therefore, V6 becomes the effective diode potential
difference. This assumes that there will be no electron reflec-
tion off the collector surface and that the collector-emitter

electron current is negligible.




Thermal enérgy due to the emitter temperature raises elec-
trons over the potential barrier V4 composed of.the emitter
work function ge and the space charge potential V5. They are
then attracted to the collector surface by potential V6. Any
kiénetic energy gained by the electrons is dissipated as ﬁeat
when the electrons reach the collector. Upon entering thé col-
lector, the electrons lose potential g and fall to the collector
Fermi level from thch,point they are raised, by the applied
vdltége V2, to the emitter Fermi leVel. The cycle then repeats
itself. The two basic equations describing the diode currént
are the Langmuir-Child relation for operation in the space charge
limited mode (see Curve C of Figure 1)

I = 2.34 x 10-6 (v6)3/2a amperes o (1)

(D2)2 .

and the Richardson-Dushman relation for the emigsion capability

of a surface (emission limited condition).

Is = 120(T1)2A exp - (ede) amperes (2)
K-T1l ' ‘

Where Tl is the emitter temperature (°K), e is the electronic
charge (1.60 X 10719 coulomb), K is the Boltzmann constant

(1.38 X 10723 joule/°K) and A is the emitﬁing surface area.
Equation 2 represents the diode current for emitter temperature
up to the critical temperature resulting in Curve B of Figure 1.
This point is an important diode condition separétinq the emis-

sion limited and space charge limited regions.




As the teﬁperature is increased further,va space charge
potential is developéd and a virtual emitter ié created at the
position D2 from the emitter with an effective work function V4 =
(de + V5). This condition is represented by Curve C of Figure
l. Therefore, the Richardson—Dushman relation can be,wfitten
for the space charge limited condition.

I = 120(T1)2A exp - e(de + V5) amperes (3)
K . T1

Equations 1 and 3 are bofh valid‘represeﬁtations for the
space charge limited current. Ecuation 1 indicates the distance
and voltage dependence while Eguation 3 is useful in treating
the emitter work function and temperature parameters.

Standard treatments of these conditions usually assume that
the collector-emitter electron current is neqligible; In the
majority of cases, the collector temperature is low enough to
make this a reasonable assumption. However, for some high=-
temperature applications, the collector temperature and the pos-
sible development of low-work-function collector surfaces in-

‘dicate that collector emission may not be ignorable. 1In addition,
as diode current changes, the virtual-emitter location affects
the spacing parameter in Child's space-charge equation.

Space-Charge conditians mav be analvzed in two aspects;
the zero-current condition (positive voltage applied to the
emifter) and the non-zero-current condition (positive voltage
applied to the collector). Using these two conditions, a refineé
space-charge model has been developed which includes emission

from both electrodes, is independent of their work-functicns, and




corrects for motion of the virtual emitter. Experimental
results have been évaluated.aqainst this model and good agree-

ment has been obtained.




SPACE CHARGE MODEL (ZERO-CURRENT)

The zero-current model is based on equal. and opposite electron
flow from the eﬁitter and collector. For this condition to
exist, it normally is necessarv to apply a positive voltage to
the emitter. This voltage enhénces collector emission, dince
the collector temperature is not usually high enough to fully
offset emitter electron-flow. When the collector work function
is sufficiently low, £he potential energy'diagram is as shown
in Figure 2, with Il and I2 referring to emitter and colléector
current flow, respectively. The zero-potential-gradient plane,
corresponding to the position of the virtual emitter, is located
in the inter-electrode gap; Under these conditions, the model
is determined completely by the mechanical spacing (D1) of the
diode and the emitter and collectof temperatures (T1 and T2).

Nottingham (Reference 1) presents a universal relation between
current, temperature and distance, subject to the condition
(V4 - de) > V5; i.e. existance of space charge limitation.
~When applied to the emitter and collector cufrents, the rela-

tion yields the following.

I1 = 7.728 x 10712 (r1)3/2a amperes (4)
(D2) 2

I2 = 7.728 X 10712 (T12)3/2p amperes {5)
(D3) 2 '

Under zero-current conditions, Il = I2 or




(r1)3/2 (T2)3/2

(D2) 2 ~ (p3)?
p3 = (m2\3/%4 D2 =M : D2 (6)
G ' :
Since Dl = D2 + D3,
D2 = D1 ' ' (7)
(1 + M)
and D3 = M - DL ' ' (8)
‘ T F M

Eguations 7 and 8 relate the distances D2 and D3 to the
distance D1, the mechanical spacing of the diode, using the
electrode temperatures expressed as the parameter M = {TZ/T1)3/4¢
In this way, the emitter and collector current contributions
may be calculated from Equations 4 and 5.

It is desirable from an experimental standpoint to be able
to relate the zero-current condition to the applied voltage V2,
a directly measurable parameter.

Since the electrode currents are unique functions of temp-
erature and distance (Equations 4 and 5), cofrespondinq unigue
relations may be obtained for the potential barrier parametex$

V3 and V4. (Reference 1).

v3 = 2.3(T2)  (17.2 + 0.5 1.0G19T2 + 2 LOGjD3) (9)
11600

va = 2.3(T1) (17.2 + 0.5 L0GyTL + 2 10GyoB2) (10)
11600 i




where Tl and T2 are electrode temperatures (°K), and D2 and D3
are the distance (meters). As stated above, the zero-current
condition should be related to the applied diode voltage, since
this is the parameter most eésily.obtaihed during an experiment.
The relationship is obtained from Eguations 9 and 10 and,fefw
erence to Figure 2.

V2 = V4 -~ V3

It is now possible to arrive at the voltage that must be
applied to thé diode in order to maiﬁtain zero-current conditions
for a given set of electrode temperatures and diode spacing.
However, the collector work function ge mav be strongly influénceé
by the collector temperature and the effect of changes in ¢C
should be examinea.

Decreasing values of‘¢c will do nothing to negate the model,
only serving to raise the emission capabilitv of the collector.
Increasing values of g, are of great interest since at some point,
the collector will become emission-limited and the model will
change accordingly.

Referring to Figure 2, as g¢ increases,\the value of V3
will remain constant. However, when g3 increases to the point
that it is nearly egual to V3, the zero—potential-gradient plane
will shift to the collector surface, reaching it when g~ = V3.
The‘potential'energv diagram of Figure 3 applies to the situa-
tion for which g, 2 V3. At ge = V3, the distanée D2 = D1 and
the emitter temperature Tl will establish a new emitter potential
barrier V7 in accordance with Equation 10. This new potential will

be greater than the potential V4 and will remain constant for

9




further increases in ¢C. Instead, further increases in % -

will be reflected in a decrease in the required applied voltage V2.
At gc = V7, the zero-current apvlied voltage is V2 = 0. For
values of g. greater than V7, the zero-current applied voltaqe
V2 must change polarity and act .as a contributing potential for
the emitter. The gualitative behavior of applied voltage as

a function of increasing collector work function is shown in
Figure 4. It is obvious that increases in g can be tolerated
to a certain point (o< V3) but beydnd that, vériations in
zero-current voltage and subsequent space-charge voltage-cur-
rent parameters severely hinder the ability to correlate experi-
mental voltage and current parameters with predicted diode be-
havior.

Results obtained from computer calculations béséd on the
above zero-current model are shown in Figures 5 and 6. For the
experimental phase of this study, the diodes used Philips Type
B impregnated porous tungsten emitterswith an operating tempera-
ture of Tl = 2100°F (1422°K). Collector temperatures (T2)
between 1000 and 2100°F were considered along:'with diéﬁe mechan-
ical spacings (Dl) between 0.004 and 0.010 inch.

In Figure 5, values for the potentials V3, V4 and V7 are
presented as functions of collector temperature and diode
mechanical spacing. In Figure 6, the applied voltage V2 is
plotted as (V4-V3) and (V7-V3) corresponding tolﬁhe two con-
ditions of collector work function; one (do < V3) resulting in

the virtual emitter being in the interelectrode gap and the

10




second (d¢ >>V3).resulting in thé virtual emittér being at the
collector surface.

For the lower values of collector work function,as the
collector temperature increases from 1000 to 2100°F, there is
a marked increase in the collector potential barrier V3 (ébout
1.7 to about 3 volts) until at 2100°F, the collector and emitter
potential barriers (V3 énd V4) are equél. At this point, the applied
voltage necessary for zero-current conditions is V2 = 0 and the
diéde‘experimental space—charqé characteriétic (V2 plotted
against diode current) will pass through the origin. This is
the only condition for which this statement holds. Any other
combination of collector work function and collector temperature
will result in the necessity for a non-zero applied voltage to
achieve zero-current conditions. Knowledge of collector tempera-
ture and work function is reguired before theoretical space-
charge curves can be plotted, against which experimental data

may be evaluated.
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SPACE CHARGE MODEL (NON-ZERO CURRENT)

The non-zero current model is based on electron flow from
the emitter being in excess of that from the collector. For
this case, the applied diode Qoltage V2‘is used to raise the
emitter Fermi level and the potential energy diagram is ae shown
in Figure 7. Again, the collector work function 4o is first
assumed to be less than the potential V3 and the zero-potential-
gradient plane is located in the ihter—electrqde gap. The re=-
sultant diode current is I3 and the diode space-charge driving
voltage is denoted by the potential V1. The distance D4 is used
to denote the position of a psuedo zero-potential-gradient plene
referred to the collector and determined by the total diocde
current I3.

The main aim of this study was to develop a setvof theoretical
data based on this model and from which a set of master space-
charge curves (applied diode voltage vs. diode current) could be
plotted for various collector temperatures. Tests run on an
operating diode would then be compared with the master curves.
The computer program developed to calculate fhese theoretical
data used the following procedure.

1. A mechanical spacing Dl was established.
2. A spacing D2, the distance from the emitter surface to +he
wvirtual emitter plane, was assumed. This also resulted in

a value for D3 = D1 - D2.

12




3. The emiﬁter and collector currents (Il and I2) were cal-
culated from Equations 4 and 5. |

4, The diode current I3 = Il - I2 was calculated subiject to
the condition I32>>0. 1If this condition was not met, the allow-
able range of D2 had been exceeded. \

5. A collector space-charge condition was assumed (¢CF<V3}
and the distance D4 was determined from the diode current

I3 using a transposed form of Equation 5.

D4 =(7.729 x 10712 (p2y3/2 A)l/2
13 ' -

6. The space-charge driving voltage V1 was determined using a
transposed form of Child's formulation (Equation 1) for space-

charge current.

vl = (D5)4/3 (13)2/3
(2.34 X 10-6a)2/3

with D5 = D1 - D2 - D4
7. The potentials V3 and V4 were calculated using Eguations 9
and 10.
8. The voltage that must be applied to diode to maintain the
specific current condition was calculated.
V2 = V1 + V3 - V4
As with the zero-current analysis, the effect of increésing
B is of great interest. The model is wvalid subject to the con-
dition #.< V3. For a given diode current level, the potential

V4 will remain fixed regardless of increases in g. beyond

13




#c = V3, and these increases in go will be matched directly by
réquired increases in the diode applied voltage V2.

When space-charge data (V2 vs. I3 for sbecific values of
D1, Tl, and T2) are calculated from this model, a set Qf master
curves may be plotted; as shown on Figures 8 through 21. As
long as g-< V3, tests run on an operating diode should agree
with the master curves. If @g¢ increases beyond V3, the experi-
mental curve will depart from the master curve and indicate
higher appliéd voltage for a given current lével. The deviation
will be equal to the increase in g, beyond its critical wvalue

of V3.
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EXPERIMENTAL PROGRAM

The final computer program used to work out the parameters
of the zero and non-zero-current space charge models was based
on an emitter temperature ofIZlOOQF, a'collector temperature range
of 1000-2000°F and a diode spacing range of 0.001 - 0.010 inch.
Results of the zero-current analysis are presented in Figures
5 and 6; master curves for non—-zero current conditions are shown
‘on Figures 8 through 21 along with test iesults from two tempera-
ture excursion runs (1600, 1400, 1260, 1000, 1200, 1400, 16C0°F)
performed as part of a pressure transducer program conducted
for NASA under contract NAS3-4170 (Reference 2).

The test unit was the final design configuration of a pressure
transducer using a thermionic diode sensor to transform the mech-
anical motion of a refractory alloy pressure capsule into a
suitable electrical output. The thermionic diode sensor included
two -diodes; one whose spacing decreased with pressure applied
to th%Lransducer and another whose spacing was fixed. The cur-
rents corresponding to these diodes were called the active
current (Iy) and reference current (Iy), resbectively.

Testing was performed in a high-vacuum environmeht (10~8
torr) with controllable ambient (collector) temperature. The,
transducer signal conditioning system was designed with a capa-
bility of maintaining a 2100°F emitter temperature regardless
of ambient temperature and monitoring the spacé charge parameters
of each diode. Current and voltage signals were delivered to
an X-Y recorder. A potentiometer voltage control was used for

continuous adjustment of the diode voltage, resulting in the gen-
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eration of a cohtinuous space charge curve by fhe recorder.

In Figures 8 thrbuqh 21, the computer—calcﬁlated master
curves are shown solid while the experimental runs are shown
dotted. One curve is shown for the reference current I.,
which does not change with pressure. Three curves are shown for
the active current I, corresponding to pressures of 0, 4d and
80 psia applied to thevtransducer.

Generally, tﬁe experimental space charge curves supported
the model and agreed quite well with the master curves for low
applied-voltage levels (up to about 3 volts). Moreover, fhere
was an obvious negative voltage requirement for zero-current.
Both of these facts indicated that the collector work function
was indeed low and probably was close to the critical values
above which the models are no longer valid. As thé diode current
increases, there will be a tendency for the collector surface
to clean due to electron bombardment. The work function of a
clean‘surface of the refractory alloy used for the collectors
is about 5 volts. Considering the V3 curves of Figure 5, it
was apparent that the zero and low-current values of .collectgr
work function were well below 2.5 volts. In this context,
the deviation, at high-current levels, of the experimental
data from the master curves was surely a direct result of increéses
in the coliector work function. In addition, the combination of
chanéing current levels and collector temperature‘could intro-

duce non-repeatable work function effects.
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To obtain a meaningful evaluation of the diode, it was obvious
that diode operation must be limited to regions where (1) the
collector work function is constant or (2) changes in the collector

work functions are repeatable and may be compensated.
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SUMMARY OF RESULTS

Under ordinary circumstances, the analysis of the opera-
tion of a vacuum thermionic diode in the space charge limited
regime is justified in neglecting collector contributions.
These contributions include both emission effects, which con-
tribute to the diode current, and surface effects, which may
cause undesired changes in collector work function.

A refined sPace—éharge model ﬁasvbeen developed which
includes emission from both the emitter and collector elec~
trodes, an understanding of the effect of increasing collector
temperature, and allows for an evaluation of any variations
in collector work function.

Computer calculations have allowed the construction of
a set of master space charge curvesvagainst which the experi-~
mental diode may be compared. Since the applied diode voltage
is the most readily available test parameter, the master curves
have been established from calculations resulting in diode
current and applied voltage parameters.

Space charge runs made on experimental diodes over a collector
temperature of 1000-1600°F resulted in general agreement with
the master curves. This agreement was most evident at low
voltagé/current values. As the diode current increased, the
experimental data deviated from the master curves. The deviations
were considered to be a direct result of increases in ccllector

work function.
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It appeared that the model developed was capable of being
used as an evaluation technique for vacuum thermionic diodes
operating in an environment which results inlcollector tempera-
tures exceeding 1000°F. Moréover} comparison of the experi-
mental data with the calculated master curves could be used
to determine the optimum operating voltage/current values.
Ideally, the diode should be operated such that the collector
work function is constant or changes in the collector work func-
tion are repéatable and may be compensated. If these conditions

are not met, diode operation will be non-repeatable.
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