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The Thermionic Diode As a Heat-to-Electrical-Power Transducer ¥

W. B. Nottingham
Department of Physics and the Research Laboratory of Electronics
Massachusetts Institute of Technology

Cambridge, Massachusetts

Abstract

The high-vacuum thermionic diode is shown to be capable of convert-
ing heat to electric power. For this purpose, a low work-function collector,
a small spacing, and sufficient temperature difference between the emitter
and the collector are necessary. A detailed understanding of both thermionic
emission and space-charge phenomena are needed for evaluating the effective-
ness of this transducer. With Vp defined as the critical bias potential that
gives zero potential gradient at the collector, the maximum available power
is given by the relation 3.7 x 1076 v%/a (Vﬁ/we) watts/m. Here, Vp is the
voltage equivalent of the temperature T/11,600. In the range of emitter
temperature from 1200°K to 1700°K, the most optimistic conversion efficiency
lies between 3 and 4 per cent for a diode of 0.001 inch spacing. With a
suitable choice of emitter inhomogeneity, the introduction of cesium vapor

should improve the efficiency of this device.

¥This work was supported in part by the U. S. Army (Signal Corps), the U. S.
Alr Force (Office of Scientific Research, Air Research and Development Com=-

mand ), and the U. S. Navy (Office of Naval Research).
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INTRODUC TION

It has been known since the earliest experiments on thermionic diodes
that heat can be converted into electric power by this device. Three re-
éuirements must be satisfied for it to yleld a significant emount of power:
(1) a low work-function collector; (2) a small spacing between the emitter
and the collector; and (3) a sufficient temperature difference between the
emitter and the collector.

Hatsopoulos and Kayel have given a brief discussion of the physical
phenomena involved, but they have omitted so much that is basic to the under-
standing of the problem that a more detailed analysis 1s Justified. It is
the purpose of this paper to summarize the fundamental relations that were

e referred

developed and published under the title of "Thermlionic Emission,"
to below as T. E. The requirements that must be satisfied for the device to

have its highest efficiency will be developed by means of these theories.

DIODE PROPERTIES

Although the equations used in this paper apply strictly to the plane-
parallel structure, the methods by which they can be applied to a concentric
cylindrical structure are given in Sections 60 and 61 of T. E.

If the collector surface potential of a diode structure is made very .
negative with respect to thé emitter, the electron flow is not inhibited by
space charge. As the collector potential is made less and less negative, the
presence of space charge creates a critical situation for which the potential

gradient at the surface of the collector is exactly zero. Under this condi-

tion there is no net charge on the surface of the collector, whereas at the
surface of the emitter there is a positive surface charge equal to that of the

total number of electrons in transit between the emitter and the collector.

o



The potential distribution under this critical condition is illustrated by

Fig. 1. Some of the symbols that are used in the followiﬁg equations are also
defined in this figure. The "true work-function" of a surface 1s the energy
difference for an electron at the Fermi level (FL) within the conductor as com-
pared with its energy in the immediate neighborhood of the surface of the con-
ductor in the absence of an externally applied field. This work-function is not
a constant; it varies with the temperature and the surface condition. It should
not be confused with the "Richardson work-function," which is often misidentified
with the true work—functiohw.

In Fig. 1 the true work-functions of the emitter and of the collector are
shown as ﬁl and ﬁ Y respectively. The Fermli levels are separated by the poten=-
tial, indicated by V. Note that this critical energy separation applies to
the present problem when the potential gradient at the collecfor is exactly
zero. This quantity (VR) becomes the determining factor in establishing the
effectiveness of the device as an energy transducer. If the energy difference
g% is greater than the work-function $, by at least Vp, as defined by Eq. (1),
the current that flows across the diode is independent of the emitter work-

function.

Vp = £ T = —T800— > (1)

q

where k is Boltzmann's constant, the value of the electronic charge is q, and
the temperature (in degrees Kelvin) is T. The equation that was derived in
Section 43 of T. E. to relate the maximum current flow to the spacing, w, and

the temperature is given as 2
an . (2)
=12 T 6T
I,=7-7T29 x 10 —— = 9.664 x 10 -

The simplest circuit arrangement for delivering electric power to an

external load resistance is shown in Fig. 2. For an emitter of area A, there

-3~



is a critical value for the external load resistance (Ryg) which will bring
about the potential distribution illustrated in Fig. 1. This load resistance
must satisfy
Rig In A = Vg (3)
If a resistance (R;) is used smaller then this critical value, the current
density flowing across the diode will be greater than I,, and the energy dif=-
ference between the Fermi levels will be less than Vg As the resistance
decreases, the voltage across it decreases but the current increases more
rapidly at first until an optimum resistance 1s reached. The product VI
therefore comes to a maximum and more power is delivered to the load when a
space-charge minimum exists between the emitter and the collector. The poten-
tial distribution under this condition is 1llustrated by Fig. 3, in which the
dotted lines represent a superposition of Fig. 1 on Fig. 3. The fact that the
d;op in potential over the load resistance has been decreased is shown by the
difference between Vp and V5. The space-charge minimum at @' is lower than
that at ﬁﬁ. The increase in the current that flows around the circuit is de-
termined quantitatively by this change as exp (ﬁﬁ - $')/Vp. The method of
determining the optimum load conditions will now be discussed.
QUANTITATIVE EVALUATION OF DIODE PROPERTIES

The detailed analysis that is given here is subject to the condition that
p' exceeds $; by at least Vp. (See Table 9 of T. E. for data on the special,
and rather unusual, case in which the difference (' - ¢7) is less than Vp).
The basic table (Table 8 of T. E.) upon which the correct analysis of the
problem depends is given here in a shorter form as Table 1. The data of Table

1 are plotted as curve 1 in Fig. L.
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The power delivered to the load for any value of current that is greater

than I, and for any value of V/VT that 1s less than VR/VT is expressed by

PzlIy VT[TI;‘" (g-rfi—- E)]: I Vo TV -

()
The quantityz is defined as (VR - V)/ Vp. For an arbitrary set of values of
VR/Vp between 4 and 20, the quantity within the square brackets (TV ) has
been computed, and corresponding curves are plotted as a function of z in Fig.
4. The curves are to be used for determining the value ofI, which is associated
with the maximum of each curve, and for illustrating ths.t' deviations from the
meximum of from 10 to 20 per cent do not result in much loss in operational
efficiency. Teble II summarizes the relations between the significant quanti-

ties at the several maxima. The quantity I max 1S defined as

Pma.x

TV mex =
(5)
The output voltage is VO, gt the maximum of the curve.
curves I and II of Fig. 5 represent the data for >, poy &nd (Ipax /Im)
of Table II in graphical form for easy interpolation. Figure 6 shows the
relation between ﬂ_m and VR/VT. A logarithmic plot of these data is used
to illustrate how [T pax 18 related to the important parameter (Vg/Vqp). The

equation for the straight line is given by

2
TTmax & 0.385(% (6)



MKS units are used in all of the equations that are given above, current

densitles are expressed in amperes/m?, and the power 1s expressed in watts/m?-

DISCUSSION OF RESULTS

The combination of Eqs. 5 and 6 yields

2
-6 2V
P = 3.7x10 \r,}/ —_—
w2
(7)
Although VR is dependent upon temperature through its relation to ﬁﬁ, it 1is
clearly shown in I'ig. 1 that the work-function of the collector #2 and the
spacing w are the most important controllable factors.
The design procedure that must be used is outlined in the following
steps:
1. Choose the smallest possible value of the spacing w which is consis-
tent with the reliable fabrication of the diode.
2. Specify the necesaar& power per unit area of the emitter for the
device to be useful.
1/2 -
3. Assume an approximate value for Vp of 0.35 to 0.4 and compute the
value of Vg.

L. Estimate the lowest possible collector work-function g, that can

be realized in the diode and determine the value of g} from

ﬁ‘é = pot VR . (8)
5. Use the following equation as a means of determining the minimum
emitter temperature that can be used to satisfy the requirements:
1
T - VT = é R
11600 39.59+% 1n T+2 1n w

(9)
b=



A simplified form of Eq. (9) that applies if the emitter temperature is

close to 1500°K is

? o 11600 B4
43.244.6 log

10
(10)

If a specific application depends on having an emitting source at a
specified temperature, then the reverse of these steps can be followedj that
is, ﬁé is first determined from Eq. (9) or Eq. (iO). Equation (8) deter-
mines V. and Eq. (7) the maximum power that can be delivered to the load.

Once (VE/VT) is known, the diode current density (Ip,,) at the maximum

power output can be determined by

/3
Imax 02 VR
= 140.31
Iy T, . ('VT'_)
(1%)
With the maximum power output P known from Eq. (7), the optimum
load resistance for an emitter of area A becomes
iE
Ry, & _zi""ai___
Imax A _
(12)

Since minimizing the collector work-function results in a greater power
output, it is necessary to maintain the collector at a sufficiently low tem=-
perature so that its saturation electron emission will be small compared with
the electron current that it receives from the high-temperature emitter. The
following formula serves as a means of evaeluating this maximum temperature in
terms of quantities already deterﬁined by the previous analysis and based on

the assumption that the emission from the collector will be approximately 5



per cent of the electron current received from the emitter.

11600 g,

z ik will 2
c . c
36.384 4.6 log + 4.6 logyg w4345 log o Vi +2.3 1087 Upax,
10 1000 10 Ao 10 “max (13)

NUMERICAL EXAMPLES

In order to illustrate the use of the aforementioned equations, two of
the critical quantities will be taken arbitrarily. These are 1.57v, for the
true work-function of the collector, and 0.001 inch, as the spacing between
the emitter and the collector. The values of the assumed emitter temperatures
are given in Teble III, together with the derived results.

If the area of the emitter is actually 1 sé. cm. and the temperature is
1510°K, then these results show that it is possible to deliver to a load
resistance of 1.2 ohm electric power of 0.35 watt. The natural question to
ask is "What is the efficiency of this conversion of heat to electric power?"

In answering, we note that the absolute maximum of efficiency would occur if

there were no losses except radiation losses from the emitter to the collector.
It is obvious that in any practical application there will be other losses

such as radiation losses to heat shields, anl the electron cooling of 1:(;5'+2VT),
which will reduce the actual operating efficiency below the most optimistic
figure. The radiation loss from.the emitter to the collector can be estimated

by using
P. =z 5.65 x 108 (e T - Tl;é: x, .} watts/m>.
(1)

In Eq. (14), (€ T ) is closely related to the "total emissivity" of the

emitter and to the reflectivity of the surface. It is not independent of
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temperature. The ﬂetermination of € T 1involves a problem of multiple

reflection betweaﬁ two surfaces of different spectral emissivity, and hence \‘l
J “

ﬁntegration is needed to determine it. The same difficulty

a very complex:

is associated with the quantity é:'"?c as it applies to the collecting sur- '

face. For a limited range of temperature, it will be assumed that \Y

€ T =2.5x 1074 . | (15)
With these approximations we have
P, = 1.k x 1079 Tz) watts/m" . ,(16)_
This formule vas used to calculate P, and (eff),,. of Table III. i
CONCLUSIONS |
This analysis has shown that a conversion of heat energy to electric

power is quite possible in a high-vacuum diode, although many technical dif-

A 2

ficulties stand in the way of creating an efficient power transducer of this
kind. The calculations show that the maximum efficiency is almost indebendent
lof the temperature, since Vh increases approximately as T2'3- Equation (7)
would then give the maximum power as proportional to T5'l. Since the radiation
power also increases almost proportionally to Ts, the efficiency remains con-
stant. The efficiency of 3.5 per cent that is given here is undoubtedly
optimistic by at least a factor of two. All other things being approximately
equal, the reduction of the emitter-to-collector spacing a factor of three
increases the efficiency by almost a tenfold factor. This decrease in spacing
would be extremely difficult to accomplish, since it would indicate a spacing
of 0.0003 inch. The diode power transducer not only involves a proper appli-
cation of the theories of thermionic emission but also the theory of space

charge.



Some of the difficult technical problems could be relieved by the
design of a diode containing cesium vapor. Cesium atoms, as they come in
contact with the emitter at a temperature higher than 1200°K, become
ionizedB, leave the emitter and then flow into the electron space-charge
reglon. To use this type of ionization and still have an average emitter
work-function of less than 2.5 v would demand a "controlled" inhomogeneity
on the surface. With such an emitter many electrons are permitted to go
to the collector that could not otherwise do so. Furthermore, the presence
of cesium on the cooler collector reduces its work-function and makes it
a favorable electron receiver for a power transducer. The basic facts for
predicting in detall the efficiency of this device are not avallable at

this time.

=10=
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Table I

The Diode Characteristic With 2. ¥ (Vg - V)/vp*

p- 1/1, = I/1,

0 1 5.02 T57
0.565 1.59 7.4k 11.51
1.28 2.41 9.75 15.6
1.65 2.86 13.10 22.1
2.31 3.69 15.28 26.6
2.90 L.48 17.44 31.3
3.73 5.65 23.84 46.3

#Abridged from Table 8 of "Thermionic Emission.”
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Table II

Date Derived from the Maxima of Curves in Fig. L

:E:nmx -T1.nax iﬁ?ﬁ ;% -:E:;ax in

curve I Fig. 6 curve II (v /v.)

Fig. 5 Fig. 5 o T
0 0 1 0
1.70 6.72 2.92 2.3
2.70 14.0 k.2 33
3.80 2k.b 580 k.2
5.05 37.8 7.73 k.95
6.30 55.0 9.70 ST
T.40 5.6 Y1:5 6.6
8.6 99.5 13.45 T.4
9.6 129.0 15.35 8.4

10.4 161.4 16.80 9.6

=13=

)

1.07
1.h4
1.76
2.05
2.27
2.4k
2.60
2.73

2.82



Table III

Calculations for Diode: w = 2.54 x l(.')“5 m; da = 1.57 v; area A.

T 1220 1510 1740 Units K
2 2.31 2.87 393 volt
Vg 0.T4 1.3 1.78 volt
VR/VT 7.0 10 11.9
P 1000 3470 7000 vatt/m
I, 509) 02 870 ' a/n
O 2600 5400 8200 a/n?
Vo 0.385 0.64 0.854 volt
Rro 1.5 x 10'h/A 152 % 10'“/A 1.04 x 10'h/A ohm
 J8 850 920 920 °k
(dl)max 2.0 2.5 2.8 volt
I L L 2
By 3.16 x 10 10 x 10 21.3 x 10 watt/m
(L) 3.2\ 3.5 3.3 per cent
(29 3.0 (2.98)
\Vc _";:1"'}‘-\ _u ’T'J " -"_I.jn:,“f)
| 2 53
II‘1 . 3

=1k~
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Fig. 1

Potential distribution with critical condition of zero
gradlent at the collector.
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Transducer circuit.
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.)—

160

CURVE I

—1 140

7T TN
e

[
S

/
/ B s
Ve \ 2
IENZ4RE)
e

<L
i

l/ / 8 s
//—’_{\
e F 0
0] 2 4 6 8 10 2 14
P
Fig. b4

Values of)ITa.s a function ofE for selected values of (VH/VT) of
4 to 20 and curve I is (I/Iy) of Table I.



( CURVE 1II)

*Imax/Im

2
Umax

2max (CURVE 1)

Values oH.M:ﬁn and cmu.m as Tunctions of Vp/Vp (see Table I1).

TTTTTTTT]

D

B

| _

O 2 4 (S} 8 10 12 14

<m\<ﬂ

16

Fig. 5

18

20



200

100

80 /

s /
50 | ){

20 /

10 /

4 5 6 8 10 20
Vy/ Vs

Fig. 6.

R
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v A4 = TIYET TR e T T e v e
e ) P S ot S
1] T EREREE BE h
. % . OIS
- i, ‘ | 1 _; |

A 1 RORE I
| ARERRENE
IEEERS TET ARRERREELY
\ 248 | EENE REEL;
I [ | 11
- - m m | = ) _h m\ |,y el .WH M.“._
RE BRBEEERERREEE Nk
. Il Cl M b
i B R REEES aREEEEEE ST
| L b | | ’ __ ”_
| . . |
| = _ : BEER
| SEERE
| SERNE
- J | Ry
AENREE | e
,. | Tl EEREESRE
n._ - 3 w _ __. S T 7 __w.w -_ , .-ml_
UF Ay k g o R N e | b < b o] B 0




-3
\/T =0/225 VT/L:'%‘% 143/; = #9 xs0
._é -
—Zm= 0 R ¥ | K = ;—/!% X /0
s0 7

o ﬂ \
Lomay ,‘/7x/0¢ﬂ #.3/%707) )= ¥nn" %3@

= 202 X /0(// o




Table 5

Collector Region Potential and Its Relation to Emitter Properties
and Current Flow. (Use with Eq. 46-2 and related equations. )

¥, X2 [Feg)]  [Fee ) [P, )|*/?
.01 .02074 . 08849 16227 .02633
.02 .04215 . 1420 .23132 .05351
.03 . 06396 .1875 . 28494 .08119
.04 .08602 . 22846 .33045 .1092
.05 . 1084 . 26654 .37094 .1376
.06 1311 .3025 .40792 . 1664
.07 .1540 .3369 .44215 .1955
.08 1772 .3698 47424 . 2249
.09 . 2004 .4015 .50438 . 2544
.10 2240 .4324 .53320 .2843
.15 3441 .5757 66091 .4368
.20 . 4680 .7067 .77078 .5941
,25 .5951 .8295 .86914 .7554
.30 .7251 - .9462 .95937 .9204
.35 .8578 . 1.0584 1.0436 1.089
.40 .9930 1.1672 1.1229 1.261
.45 1.130 1.2716 1.1975 1.434
.50 1.270 1.3748 1.2696 1.612
.60 1.555 1.5736 1.4050 1.974
.70 1.847 1.7649 1.5312 2.345
.80 2.146 1.9542 1.6505 2.724
.90 2.455 2.1334 1.7652 3.116
1.00 2,766 2.3101 1.8738 3.511
1.10 3,084 2.4840 1.9786 3.915
1.20 3.408 2.6550 2.0799 4.326
1.40 4.072 2.9896 2.2735 5.169
1,60 4,757 3.3163  2.4574 6.039
1,80 5.457 3.6338 2.6319 6.927
2.00 6.180 3.9482 2.8009 7.845
2.20 6.917 4.2560  2.9631 8.780
2.40 7.667 4.5583 3.1196 9.732
2.60 8.433 4.8559 3.2711 10.70
2.80 9.217 5.1538 3.4205 11.70
3.00 10.011 5.4463 3.5651 12.71
3.20 10,824 5.7367 3.7068 13.74
3.40 11.649 6.0243 3.8453 14.79
3.60 12.482 © 6.3072 3.9799 15.84
3.80 13.330 6.5908 4.1134 16.92

(Continued on next page)
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Table 4 (Continued)

Emitter Region Potential and Its Relation to Emitter Properties and
Current Flow. (See Sections 43 and 44 and Fig. 9.)

2 2 1/2

Vg 2 z u, u (IO/Im) Io/lm
3.0 . 8749 . 7654 4. 482 20.09 3,922 15. 38
3.1 . 8804 7751 4,712 22.20 4,148 17, 21
3,2 , 8870 . 7868 4.953 24.53 4.393 19. 30
3.3 . 8920 . 7957 5,207 27.11 4. 644 21.57
3.4 . 8976 . 8057 5.474 29.96 4.913 24. 14
3.5 .9031 . 8156 5. 755 33,12 5,197 27.01
3.6 . 9075 . 8236 6. 050 36. 60 5.490 30, 14
3.8 .9164 . 8398 6. 686 44.70 6.127 37. 54
4.0 . 9247 . 8551 7. 389 54, 60 6.833 46, 69
4.2 . 9319 , 8634 8. 166 66. 69 7. 610 57.91
4.4 . 9380 . 8798 9. 025 81.45 8,465 71 66
4.6 L9441 . 8913 9.974 99.48- 9.416 88 67
4.8 . 9496 .9017 11.023 121,51 10. 47 109 &
5.0 . 9546 .9113 12. 18 148. 4 11.63 135 2
5.5 . 9646 . 9304 15. 64 244.7 15.09 227.17

6. .9723 . 9454 20.09 403.4 19.53 381. 4
6.5 1 .9784 .9573 25.79 665. 1 25,23 6367

7. . 5834 . 9671 33,12 1096, 6 32,57 1060. 5
7.5 . 9873 . 9748 42,52 1808. 41.98 1762. 4

8 . 9900 . 9801 54. 60 2981, 54, 05 2921.7

9 . 9939 . 9878 90.02 -  8103. 89. 47 8004.
10 . 9961 .9922 148.4 ' 22026. 147.8 21854,
12 . 9983 . 9966 403.4 . 16275 x 10 402.7 L1622 % 106
14 .9994 . 9988 1096. 6 1.2026 x 106 | 1096, 1.201 x 106
16 . 9994 . 9988 2981. 8.8861 x 106 | 2979, 8.875 x 106

Note 1. ¢ and g from Table 3E. i

g = (xs/xm) from Eq. 43-T.
W =1 [l = ews from Eq. 43-5
(s} o' "R q- :

¢
(lollm) = zz e % from Eq. 43-6.






Table 4

Emitter Region Potential and Its Relation to Emitter Properties and
Current Flow. (See Sections 43 and 44 and Fig. 9.)

L zz uO ui (lo/ ll!lil)l/Z IO/ Im
. 1078 L01162 1.0100 1.0202 . 1089 .01185
L1201 .01442 1.0126 1.0253 1216 .01478
L1312 .01721 1.0151 1.0305 . 1332 01773
. 1507 . 02271 1. 0202 1.0408 . 1538 . 02364
. 1676 ., 02809 1.0253 1.0513 .1718 . 02953
. 1828 . 03342 1. 0304 1.0618 . 1884 . 03549
. 1967 . 03869 1. 0356 1.0725 . 2037 . 04150
. 2095 . 04389 1. 0408 1.0823 .2181 . 04755
L2214 . 04902 1. 0460 1,0942 .2316 . 05364
L2326 . 05410 1.0513 1.1052 . 2445 . 05979
. 2807 . 07879 1.0779 1.1618 . 3026 .09154
. 3199 . 1023 1.1052 1.2214 . 3534 . 1249
. 3535 . 1250 1.1331 1.2840 . 4006 L1605
. 3833 . 1469 1.1619 1,3499 . 4453 . 1983
. 4095 L1677 1.1913 1.4191 . 4879 .23R0
. 4338 . 1882 1.2214 1.4918 . 5299 . 2808
. 4561 . 2080 1.2523 " 1.5683 L5711 3262
.5 , 4765 L2270 1.2840 1.6487 .6118 . 3742
.55 . 4957 . 2457 1.3165 1,7333 . 6526 .4259
.6 . 5137 . 2639 1.3499 1.8221 . 6935 AL
o . 5466 . 2988 1.419 2.014 .7758 . 6018
.8 . 5753 .3310 1.492 2.226 . 8584 . 7368
.9 . 6024 . 3629 1. 568 2.460 . 9448 .8927
1.0 6262 . 3921 1. 649 2.718 1.032 1.066
ot . 6484 .4204 1.733 3. 004 1.124 1.263
1.2 . 6689 . 4474 1.822 . 3.320 1.219 1.485
1.3 . 6877 . 4729 1.915 3. 669 1.317 1,735
1.4 . 7049 . 4969 2.014 4,055 1,420 2.015
1.5 . 7209 . 5197 2.117 4. 482 1.526 2.32%
1.6 . 7364 . 5423 2.226 4,953 1. 639 2. 680
o . 7508 . 5637 2. 340 5,474 1.757 3. 086
1.8 L7641 . 5838 2.460 6.050 1.879 3.532
1.9 L7763 . 6026 2.586 6. 686 2,007 4,029
2.0 . 7879 . 6208 2.718 7. 389 2. 142 4,587
231 . 7996 , 6394 2.858 8.166 2,285 5,224
2.2 . 8095 . 6553 3. 004 9.025 2.432 5.914
2.3 .8195 . 6716 3.158 9.974 2. 588 6. 699
2.4 .8289 . 6871 3.320 11.023 2.752 7.574
2.5 .8378 . 7019 3.490 12,18 2.924 8. 549
2.6 . 8455 . 7149 3. 669 13.46 3.102 9. 623
2.7 . 8533 . 7281 3.857 14,88 3.292 10. 834
2.8 . 8610 . 7413 4.055 16. 44 3.491 12.19
2.9 . B6B2 . 7538 4.263 18.17 3.701 13.70

{Continued on next page)
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Table 3T (Emitter Space) (Continued)

Numerical Solution1 to the Langmuir Equation for Space Charge
in the Emitter Space (Eq. 36-1).

2
Yy Xg Xe/ X (Xg/ %)
8.0 1.788 . 9900 . 9802
9.0 1.795 . 9939 . 9878
10.0 1.799 . 9961 .9921
12: 8 1.803 . 9983 . 9967
14.0 1.805 . 9994 . 9989
16.0 1. 805 . 9994 . 9989

1 Ba?ed car)l tables computed by P. H. J. A. Kleynen, Philips Res. Rep. 1,
81 (1946). B

Note 1. See Eqs. 37-1; 37-3; 37-5 and 37-6 for empirical equations for these
data and the means for extrapolation.

Note 2. The limiting value of Xg 18 %, = 1. 806.

S 2 2 A
Note 3. Definitions: ¢_= VS/VT = qu/kT and X, * (xs/xl) with (x;)" given
by Eq. 35-2. '
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Tablie 3L {Emitter Space) (Continued)

Numerical Soluticm1 to the Langmuir Equation for Space Charge
in the Emitter Space (Eq. 36-1).

Y X XXy (Ke/tip)
1 1.171 .6484  .4203
1.15 1.189 .6584  .4335
1.2 1.208 .6689  .4473
1.25 1.225 L6783 .4602
1,3 1.242 L6877  .4731
1.35 1.258 .6966  .4853
1.4 1.273 L7049 .4970
1.45 1.288 L7132 .5086
1.5 1.302 .7209  .5197
1.6 1.330 L7364 .5424
1.2 1.356 .7508 L5638
1.8 1.380 .7641 5837
1.9 1.402 L7763 . 6028
2.0 1.423 L7879  .6208
2.1 1.444 .7996 6392
2.2 1.462 .8095  .6552
2.3 1.480 8195  .6714
2.4 1.497 .8289 . 6871
2.5 1.513 .8378  .7018
2.6 1.527 .8455  .7150
27 1.541 .8533 7282
2.8 1.555 .8610  .7413
2.9 1.568 .8682  .7539
3.0 1.580 .8749  .7652
3.1 1.590 .8804 7751
3.2 1. 602 .8870  .7867
3.3 1.611 .8920  .7956
3.4 1.621 .8976  .8057
3.5 1.631 .9031 - .8155
3.6 1.639 .9075  ,8235
3.8 1.655 .9164  .8398
4.0 1.670 .9247  .8551
4.2 1.683 .9319  .8683
4.4 1. 694 .9380  .8799
4.6 1.705 .9441  .8913
4.8 1.715 .9496  .9017
5.0 1.724 .9546  .9112
5.5 1. 742 .9646  .9305
6.0 1.756 .9723  .9455
6.5 1,767 .9784  .9572
7.0 1.776 .9834  .9670
7.5 1.783 .9873  .974b

(Continued on next page)
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Table 11 (Continued)

The Fermi Level and Its Temperature Coefficient for Selected
Denor Concentration and Energy Level. (Section 64.)

No=3x1031
Ez--6 E"-s E=-¢9 E="1-0 E="l-1 E='1.2 E2-1.4 Eg-lob
Ve ! e i # i i i+ B u
8 1.511 -1.425 -1.425 -1.426 -1.428 -1.433 -1.441 -1.478 -1.543
10 1.175 -1.107 -1.110 -1.117 -1.130 -1.152 -1,184 -1.265 -1.357
12 . 957 - .901 - 997 - .939 - .972 -1.012 -1.056 -1.152 -1.250
14 .804 - A - .802 - .B40 - .883 - .930 - .979 -1.077 -1.177
16 .691 - . 666 <3733 - .778 - .826 - .874 - .924 -1.024 ~1.124
18 .604 - .603 - .686 - (734 - .783 - .833 - .883 - .983 -1.083
20 .536 - .560 - .652 - .701 - .751 - .801 - .851 - .951 -1.051
22 .480 - .529 - .625 - .675 - .725 - .775 - .825 - .925 -1.025
24 .435 - .505 - .603 - . 653 - .703 - .753 - .803 - .903 -1.003
26 .397 - .486 - .585 - .635 - .685 - .1735 - .785 - .885 - .985
E=-.6 E=-.8 E=-.9 E=z-1.0 E=-1.1 E=-1.2 E=z-1,4 E=+~1.6
-1 dp' dp d du dp d dp. _dp dp
v . s el - i pasd
T dVop dVy dvop avop Vo T Vo dVp Vo
8 13.589 -12.889  -12.850 -12.785  -12.638  -12.333  -11.784 -10.041  -8.413
10 13.25¢ ~-12.521 -12.215 -11.693  -10.776 - 9.640 - 8.603 - 7.281  -6.693
12 12.981 -12.092  -10.682 - 9,360 < 8.190 - 7.381 - 6.877 - 6.395  -6.228
14 12.750 -11.298 - 8.546 - 7.455 - 6,807 -6.446 - 6.251 - 6,090 -6.029
16 12.550 - 9.877 -~ 7.117 - 6.520 - 6.218 - 6.069 - 5.996 - 5,043 -5,932
18 12.373 -+ BI316 ' - 6.389 - 6.082 - 5.947 - 5,887 - 5.860 - 5,844  -5,840
20 12.215 - 7.180 - 6.006 - 5860 -5.801 -5762 - 5768 - 5.762  -5.761
22 12.072 - 6.479 - 5.800 - 5730 -5704 - 5695 - 5.691 - 5.690 -5.689
24 11.941 - 6.061 - 5.674 - 564l =~5630 -5.626 - 5.625 - 5.624  -5.624
26 11.821 - 5,806 - 5,587 - 5671 =-5566 ~ 5565 - 5 564 - 5.564  -5.564

(Continued on next page)
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. 648
. 285
. 048
.882
« 159
. 665
.591
w30
.481
. 439
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353

848
648
471
313
171
040

Table 11 (Continued)

The Fermi Level and Its Temperature Coefficient for Selected
(Section 64.)

Donor Concentration and Energy Level.

-1.562
-1.216
- .991
.835
. 724
. 646
.594
.557
.530
.508

E=s-.9

T 1 k-1 & 1 1

o

1.562
1.220
1.010
. 888
.815
. 766
. 729
. 700
. 676
. 656

Ez"luo E:'l.l

E=-1.0 E=~1.1

T
-13.903
-12.766
-10.033
- 7- 918
- 6.979
- 6.576
- 6.264
- 6.183
- 6.117

L I PO B N B
[ ]
(=]
o

A
dv .

-13. 777

(I I
i o
w
W
@

E==-1.2

E

—
-

g8 ¥ E A

(Continued on next page)
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10. 563
7.955
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6.321
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e
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.078
. 049
. 026
. 006
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20

24
26

-1

10
12
14
16
18
20
22
24
26

1.936
1.516
1.240
1.046
.903
. 793
. 706
.635
-B7T7
.528

-
T
16.990
16. 656
16.382
16.151
15. 951
15.774
15.616
15.473
15. 342
15,222

Table 11 (Continued)

The Fermi Level and Its Temperature Coefficient for Selected
(Section 64.)

Donor Concentration and Energy Level.

-1.850
-1.446
-1.182
- <93
. 861
.758
. 680
. 624
. 585
. 556

E=-~-.6

_dp
dVop

-16.297
"15- 961
-15.682
-15.424
-15.107
-14.493
-13.172
-11.282
- 9.644
- 8.574

-1.850
-1.446
-1.183
-1.001
- .876
. 795
. 742
. 704
. 675
. 651

-1, 850
-1.447
-1. 185
-1.011
.902
. 835
. 788
. 753
. 724
701

E=x-1.0 E=-1.1

[Ty

-1.850
-1.447
-1. 190
~1.032
- .940
. 880
. 836
. 802
. 774
. 751

U R T I

Be<1.0 E%-1.1

v
T

-16.288
-15.846
-14. 645
-11. 608
9.198
8.130
7.681
7.471
7. 355
7.276

M

-1.850
"11449
-1.204

-1. 066

. 985
. 928
. 886
. 852
.824
. 801

U R I B B |

i
dVep

-16.274
-15. 634
-13.253
. 966
- 399
. 800
. 549
. 420
.335
. 268

=) =] =] =] =] OO

Ewe=-1.2 E=‘1.4
m m
-1. 850 -1.853
-1.454 -1.482
-1.228 -1.302
-1.107 -1,201
-1.032 -1.130
- .978 -1.077
- .936 -1.036
- 0902 —1-002
- .874 - .974
- .851 - .951
E=-1.2 E=-1.4
d__.Ed ) i
.VTT ) dVT
-16 242 -16.243
-15.118 -12.708
-11.543 - 9.208
- 8.946 - 8.073
- 8.002 - 7.715
- 7.663 - 7.562
- 7.496 - 7.467
- 7.401 - 7.391
- 7.328 - 7.325
- 7.266 - 7.265

(Continued on_next page)
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-1.13

-1.102
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. 647
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CALENDAR FOR WEEK OF OCTOBER 6 - OCTOBER 10, 1958
PHYSICS
HARVARD UNIVERSITY AND MASSACHUSETTS INSTITUIT OF TECHNOLOGY

Monday, October 6
Harvard university

300 p.m. - Tea served in the Library of the Jeffercon ILaboralory.
4:45 p.n. - Large Lecture Hall, Jefferson Leberatory

Phy?ics“and Applied Sclence Colloguium
'Ice

Professor Bruce Chalmers
Wednesaday, October 8
Hﬁrvagé Univers.it

: p.Mm. - Applied Mechanics Collogquium
Plerce Hall, Rocm 209
"Sloshing of Ligquids in Circular Cansls and Spherical
Tanka
Professor Bernard Budiansky
Harvard University
Coffee will be served after the colloguiwi,

Thursdagg October g
rva versit . ,
: ﬂ%DU‘p.m. - Tea served in the Harvard College Observatory Library.
4:30 p.m. - Harvard Astronomical Cblloqnium, Harvard College
Observatory Library
"An Outline of 2 Physical Theory of Galactic Structurs
and Evolution"
Professor K. F. Ogorodnikov
Leningrad Unilversity Observatory

Massachusetts Institute of Technolqu
330 D.M, - Tea will be served in the Cafeteria of Lincoln Laboratory.
:00 p.m. - Physics Colloquium, Cafteria of Linecoln ILaborabtory
"Recent Developments in the Theory of Superconductivity”
Professor John Bardeen
University of Illinois

# NOTE
1manaportation will be provided to Lincoln for the Colloguiwm of October 9.
There will be busses at the entrance of the Main Parking Lot on Mossachusetts
Avenue at 3:00 p.m. Transportation will also be provided back to Harvard
Square and M.I.T. from Lincoln at the end of the Colloquiwa.

Will those people who need transporfation tell Miss Phillips, Rocm 6-306,
Extension 877, by Monday, October 6.
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v

15, 892
15.557
15.284
15.052
14.852
14.675
14.517
14,374
14.244
14. 124

Table 11 (Continued)

The Fermi Level and Its Temperature Coefficient for Selected
Donor Concentration and Energy Level. (Section 64.)

-1.091
.919
. 194
. 702
. 636
. 590
557
.532

-15,.198
-14.860
~14.569
-14.260
-13.745
-12.638
-10.892
- 9,252
- 8.143
- 7.475

-1.712
-1.337
=1.093
. 929
. 824
« 157
<712
.678
.652
. 630

-15, 187
-14.748
-13.718
-11.209
8.916
7.756
T.227
6.970
6.828
6.737

Ez-1.0 E=-1.1

b

1.713
1.340
1.111
549
.901

=] CO Q0
-3 O W
=] O 00

.51

=3
~n
=

-15. 170
-14, 536
-12.485

9.567
7.993
7.332
7. 039
6.888
6.793
6. 722

i

-1.713
-1.344
-1.134
~1.019
- .948
. 897
. 858
. 827
. 801
<779

. 1

E

- 1.2

i

-1.714
-1.356
-1, 167
-1. 064

LI A R I |

- 997
. 947
. 908
. 877
. 851
. 829

E=x-1.2

T
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B -l - Al - - R R e

(Continued on next page)
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du'

16.990
16.656
16.382
16.151
15.951
15.774
15.616
15.473
15. 342
15,222

Table 11 (Continued)

The Fermi Level and Its Temperature Coefficient for Selected
(Section 64.) ]

Donor Concentration and Energy Level.

E=-.9

B

-1.850
-1.447
-1.185
-1.011

. 835
. 788
.. 753
. 724
701

dp
av

~16.293
-15.923
~-15. 344
-13.552
-10. 694
8. 859
8. 006
7.614
7.416
7.302

E=z-1.0 E=-1.1

g
dVop

-16.274
-15.634
-13.253
9.966
8.399
7.800
7.549
7.420
1335
7.268

=1.
=3
-1.
-,
-1,
-1.
-1.
o
-1.
.051

-1

E=-1.2 E=-1.4 E-=
1 I
-1. 850 -1.853
~-1.454 -1.482
-1.228 -1.302
-1.107 -1.201
-1.032 -1.130
= 0978 -1007?
- .936 -1.036
- .902 -1.002
- 874 - .974
- 851 - .951
E=-1.2
dp
dVT' dVT.
-16 242 -16.243
-15.118 -12.708
~11.543 - 9,208
- 8,946 - 8.073
- B.002 “ .01
- 7.663 - 7.562
- 7.496 - 7.467
- 7.401 - 7.391
- 7.328 - 7.325
- 7.266 - 7.265

Continued on next e)
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546
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074

E=2-1.4 E=-1.6
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. 265
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Table 7

The Universal Limiting Curve of Figs. 16 and 17 is a Plot
of uf‘) as a Function of §'. (See Section 57.)
o 25
e i
Yo Yo'sR Yo S
W g/2) YR

"'sR XsR ‘I"SR/ & a Xco q’co s ¥YsR 8 4'co

i . 1947 .01 1.0101 . 1967 .0180 1.0202 . 038

.04 N4 4| .02 1.0202 .2776 . 0362 1.0408 .076 |

.06 330 .03 1.0305 . 3403 . 0533 1.0618 . 133

.08 w3183 . 04 1.0408 « 3937 . 0703 1.0833 . 150

« k0 .4201 .05 1.0513 4417 .D87T1 1,.1052 . 187 |

.15 . 5070 . 075 1.0779 . 5465 1322 1.1618 .282

.20 «BTTT 10 1.1052 . 6385 . 1750 1.2214 . 375

.25 . 6385 + 125 1.1332 &35 T 1.2840 . 473

. 30 . 6923 o iy 1.1618 . 8043 270 1.3499 . 570

.40 . 1835 4 1.2214 . 9570 . 372 1.4918 L1172

50 . 8605 ED 1,2840 1.1049 . 483 1.6487 .983

.60 9277 o3 1. 3499 1.252 . 605 1.8221 1.205
. 693 . 985 . 347 1.414 1. 393 . 732 2 1.425
.80 1.039 LA 1.4918 1. 550 . 883 2.226 1.683
1,00 1. 131 o5 1.6487 1. 865 k.22 P o 1 2 aeD
1.099 | 1.169 ., 549 1.732 2.025 1.382 3 2.481
122 1.208 .6 1.8221 2.201 1.627 3.320 2.827
1.386 | 1.267 .69 2.000 2.524 2.068 % 3.454
1.4 1.273 51 2.014 2.564 2: 3110 4.055 3.51
L. 6 1.330 .B 2.226 2.961 2.690 4.953 4,29
1.192 { 1.375 . 896 2,449 3.369 3.33 6 5.12
1.8 1. 380 .9 2.460 3. 395 3.37 6.050 811
2.0 1.423 1.0 2.718 3. 868 4.19 7.389 6.19
2.079 | 1.439 1.0490 Z2.828 4.071 4.55 8 6.63
2.303 | 1.480 L. 151 3.162 4. 680 5.69 i0 7.99
2.4 1.497 ) W 3.320 4.970 6.28 11.023 8.68
2.T7T13 1 1.550 1.386 4,000 6.200 8.92 16 11. 69
2.8 1.555 1.4 4,055 6. 306 9.15 16. 44 11.95
2.996 | 1.580 1.498 4,472 7.065 10.91 20 13.91
3.2 1.602 1.6 4,953 7.935 13.09 24.53 16.29
3.6 1.639 1.8 6. 050 9.916 18.40 36. 60 22.00
3.689 | 1.645 1.844 6.325 10.40 19. 97 40 23.46
4.0 1.670 2.0 7.389 12. 34 25,59 54. 60 29,59
4.094 | 1.675 | 2.047 7. 746 12.98 27.56 60 31.6
4.4 1.694 258 9.025 15. 288 35.0 81.45 39.4
4.6051 1.704 2.303 10. 000 17. 04 41.0 100 45. 6

{Continued on next page)
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=1

10
12
14
16
18
20
22
24
26

1.648
1.285
1.048
. 882
. 759
. 665
.591
.530
.481
.439

d

14, 688
14. 353
14. 080
13.848
13. 648
13.471
13.313
13.171
13.040
12.920

y 1 ororo

Table 11 (Continued)

The Fermi Level and Its Temperature Coefficient for Selected
(Section 64.)

Donor Concentration and Energy Level.

LY Tt B A |

LI D N B I |

6.125

E=z=<1.0 Es= --l.i

[

-1.563
-1.226
-1.033
- .927
. 861
.8l4
. 778
. 750
. 726
. 706

[ I I B |

E=-1.0 E=-1.1

e
T
-13.903
-12.766
-10.033
- 7.918
- 6.979
- 6.5876
- 6.379
- b, 264
- 6.183
- 6.117

L

-1.565
~-1.238
-1.067
. 972
. 909
. B64
v 328
. 800
. 776
. 156

T IS R TR T

_dp
dVp

13.777

~11. 797

8.794
7.302
6.722
6.471
6.338
6.248
6.176
6.114

E=-1.2

-1.568
~1.260
-1.107
-1.019
= .+'959
~ 913
- . 878
- .850
- . 826
- .806

E=-1.2

fl

A
av..
-13.518
~10.563
- 7.955
6.965
6.596
6. 425
6.321
6.242
6.174
6. 114

LN D D L A I

(Continued on next page)

Sheet 7

E=xz-1.4 E=-1.

m M
-1.587 -1.634
-1.328 -1.415
-1.199 -1.296
-1.117 -1.216
-1.058 -1.158
~-1.013 -1.113
- .978 -1.078
- .949 -1.049
- .926 -1.026
- .906 ~1.006
E=-1.4 E=-1.6

dp dp

E\ o |
o A A -10,220
- 8.542 - 7.543
- 7.128 - 6.840
- 6.686 - 6.608
- 6.505 - 6.484
- 6.396 - 6.390
- 6.312 - 6.311
- 6.239 - 6.239
- 6.174 - 6.173
- 6.113 - 6.113
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Addendurmn Remarks on a

Diode Configuration of a Thermo-Electron Engine
by
Wayne B. Nottingham, George N. Hatsopoulos, and Joseph Kaye
Massachusetts Institute of Technology
Cambridge, Massachusetts

Three contributions to the literature have been made by us. The first
two(l’ =i by Hatsopoulos and Kaye presented the results of experimental studies
made onl.:rery close-spaced parallel plane diodeﬁ designed for the purpose of
showing in a quantitative manner the conversion of heat to electric power.

The paper by Nottingham is a theoretical analysis of this problem, by means

of which the design factors are quantitatively related and the physics of the

design explained in fundamental terms. \\ Superficially there seems to be a

conflict between the first two papers and the third. There are two reasons

for this apparent conflict. The first results from a natural misinterpretation

of the text material since most of the readers including W. B. Nottingham are
likely to interpret the data as though they applied to studies with a diode spacing

of 0.001 inch, whereas in fact they applied to a diode of spacing 0. 001 cm.

The second point of disagreement is related more specifically to the inter-
pretation of the data presented in the two papers in that the authors state:':"]
"Analysis of the space-charge barrier shows that its effects could be completely
eliminated for practical purposes, for a Ulven;Y?lffr oi; the net current, and for

the case of plane cathode and anode,as in Fig. i/\ -1f i;he separation, y, is made

very small, of the order of L 'Gtiﬁ’é inch," This statement leads the reader j ‘ "k
to believe that their results apply to a diode in which space charge has been 4

Neliminated", whereas the experimental results shown in the papers indicate

clearly that space charge is playing a very important role in the actual operation



L

AUAL

of the/e'xperimental tubék..; It is the purpose of this letter to point out as
briefly as possible that the theory presented by W. B. Nott'mgham(” is
in very exact agrgement with the experimental results presented in the
second paper(z).\\Figure 1 shows the experimental determination of current
density carried across the diode as a function of the voltage difference between
the emitter and the collector. The theoretical curve shown was computed
directly from the universal-diode data given in Table 8 of "Thermionic

‘i.
Emission' The /interpretation that Wf theory places on these data is that
g ¥ L‘z.,,f.w 595 A A CALAML

2,

the cr1t1ca1 a}‘)phed potentLaI V is 0.79 volt. This potential is critical
because for larger values of negative voltage the current flow across the
diode is not inhibited by space charge, whereas for voltages less negative
than this, a space-charge minimum exists between the emitter and the
collector.- At this critical voltage, the potential gradient at the collector is
exactly zero. Equation 1 is a theoretical equation which relates the current
density that can flow under this condition to the two parameters, namely, the

spacing, w, and the voltage equivalent of the temperature VT'

32
-12 T3/2 -6 VT/ . il 3
Imx?.729X10 —w'?—'—z 9-66‘4X10 —-‘—v--z—.f bld\‘t"/["._ : (l)
_;7Z;,1‘--~; = A "’_";f 4

For theg# data, the emitter was operated at 1540°K and the corresponding
voltage equivalent of temperature is 0.1325. With a spacing w = lO_Sm, the
current density calculated is in exact agreement with the current density

N\ . :
observed. @) ‘Under the condition that maximum power is being delivered

A\
to the external load whem the current flow is given by Bgse=2
1
= VR 4/3
Imax 3 Im '_1 + 0'31(V_T ) . (2)



The maximum power that can be delivered is given by ¥&%=3

6 yi/2 VR 5=

P = 3.7 x 10 (--—‘”—) = (3)

max d iy

The output voltage of the device is given by Ef=s¢

VR
0.383 (g) Vg
N .. T . (4)
out VR 4/3
14 0.31 (g—)
i

Although the maximum power depends strongly on the spacing, it is of interest
to note that the voltage output under the condition of maximum power is
independent of the spacing.

It is of engineering interest to answer questions concerning the

efficiency of this device. The test model was obviously very inefficient and

(1,2)

the calculated efficiencies given by Hatsopoulos and Kaye were based on

ANV

the assumption thatﬂadvanced engineering design would ultimately reduce the
\

necessary power input to a minimum. For that design the dominating losses
would thea be the radiation loss from the emitter to the collector and the
"electron cooling" of the emitter. The electron cooling can be calculated with
accuracy from the experimental data given and the theoretical mé ;i)f
W. B. Nottingham(3‘4). Hatsopoulos and Kaye used a radiant heat transfer
equation developed by Hottel(s) and emissivity data of Forsyth and Watson(6)
to compute a radiation loss of 2.47 watts per square centimeter. With an
external resistance adjusted to give an output voltage of O.48u)the computed
electron cooling is 4.08 watts per square cetimeter and the power delivered
0 I

to the load is 0.82 watts per square centimeter thus giving an optimistic

figure of 12.5 per cent as the efficiency of conversion assuming that all C-“}(/X-‘i*'v



A

L =8

losses can be reduced to negligible proportions.

It is hoped that these addendum remarks will clear up misunderstandings
and establish the fact that there is no basic disagreement between the experi-
mental data presented by Hatsopoulos and Kaye and the theoretical analysis

by Nottingham.



Inserts

Insert A

Furthermore these data serve to give an accurate value to the true
work-function to the collector. The current flow equation establishes the
fact that the surface of the collector under the condition of zero field at the
collector is 2.7 volts negative with respect to the Fermi level within the
interior of the emitter. Since the observed applied potential for this
condition was 0.79 volt, the true work-function of the collector is the
difference between these numbers, namely, 1.91 volts. Further analysis
shows that the results are completely independent of the work-function of

- ¢ . f /
L—’CL “(_’,'. ¢l ¢ CA T"..-'".i'(‘ A

the emitter if its value is less than #.37 volts, ; ihe emitter
Y7 e ;'_,.., {

Gerinal Le atA_ L
work-funiction is less than the collector work-function, this concﬁtionw (LN
A \

jog satisfied. for the emitters used, subject, “of course, to-the-maintenance
of suitable-vacuum-cenditions..

~ 2



Insert B

The equation used by Nottingham(B) to calculate the power radiated QL

by the emitter is more conservative than that used by Hatsopoulos and Kaye LL
(q‘ A (k AALryme O ‘t t\ ST (“" gl &l v, LA -'/ 2 » :
since it .f:lti;empted-ulur the emissitivity and the absorbt1v1ty of surfaces used

in the experiment. The calculated radlatlon using the. Hottel formula P
(L B | 2 F TAl 244 /c\k-./ @l A ia /LL-’J: A A 5,_,.,‘

£ e T
depends to a large extent on {he appllcablllty of experimental results obtainéd u
with polished, pure tungsten surfaces completely free from porosity.
can be made
Additional research is needed before accurate predictionsj\concerning the

ultimate efficiency of these energy converters.
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Table 11 (Continued)

The Fermi Level and Its Temperature Coefficient for Selected
Donor Concentration and Energy Level. (Section 64.)

1021
E=z-~-.6 E=-.8 Be-=-.9 E=-1.0 E=-1.1 E=-1.2 E=z-1.4 E=z-1.6

=3 =
Vo P! B o . B B n n B

8 1.648 -1.562 -1.562 -1.562 -1.563 -1.565 -1.568 ~-1.587 -1.634
10 1.285 ~-1.216 -1.218 -1.220 -1.226 -1.238 -1.260 -1.328 -1.415
12 1.048 - .991 - .998 -1.010 -1.033 ~-1.067 =-1.107 -1.199 -1.296
14 . 882 - ,835 - .858 - .588 - .927 - .972 -1.019 -1.117%7 -1.216
16 . 759 - . 724 - . 774 - .815 - .861 - .909 - .959 -1.058 -1.158
18 . 665 - . 646 - ,719 - . 766 - 814 - .864 - .913 -1.013 -1.113
20 .591 - .594- - .680 - .7129 - 778 - ,B28 - .878 - .978 -1.078
22 .530 - .557 - .650 - .700 - .750 - .800 - . 850 - .949 -1.049
24 . 481 - ,530 - .626 - .676 - . 726 - .776 - .826 - .926 -1.026
26 . 439 - .508 - .606 - . 656 - .T06 - ,756 - .806 - .906 ~-1.006

E=z-.6 E=z-.8 E=-.9 Eawel. 0 Eas1l.1 E=<1l.2 Ez-1.4 E=-1.6

vl dp! d d d du d d du dg -
v S dp du G dp .

s T dVT dVT dVT &VT dVT EVT aVT dVT

8 14. 688 -13.992 ~-13.979 -13.956 -13.903 -13.777 ~-13.518 -12.232 -10,220
10 14, 353 -13. 646 -13.534 =13, 304 -12.766 -11.797 ~-10. 563 - 8.542 - 7.543
12 14. 080 -13.318 -12.605 -11,485 -10.033 - 8.794 - T7.955 - 7.128 - 6.840
14 13.848 -12.849 -10.546 - 9.011 - 7.918 - 7.302 - 6.965 - 6.686 - 6.608
16 13.648 -11.887 - 8.498 - 7.498 - 6.979 - 6.722 - 6.596 - 6.505 - 6.484
18 13.471 -10. 285 - 7.324 - 6.809 - 6.576 - 6.471 - b.425 - 6.396 - 6.390
20 13.313 - 8.696 - 6.735 - 6.482 - 6.379 - 6.338 - 6.321 - 6.312 - 6.311
22 13.171 - 7.596 - 6.431 - 6.309 - b.264 - 6.248 - 6.242 - 6.239 - 6.239
24 13. 040 - 6.928 - 6.260 - 6.202 - 6.183 - 6.176 - 6.174 - 6.174 - 6.173
26 12,920 - 6.531 - 6.153 - 6.125 - 6.117 - 6.114 - b.114 - 6.113 - 6.113

(Continued on next page)
Sheet 7
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Table 5 (Continued)

Collector Region Potential and Its Relation to Emitter Properties
and Current Flow. (Use with Eq. 46-2 and related equations. )

" X [Fes,)] R P [Fe )
4.00 14 . 190 6.8708 4.2438 18.01
4.50 16.394 7.5657 4.5618 20.81
5.00 18.662 B.2486 4.8672 23.69
5.50 21.004 8.9243 5.1633 26.66
6.00 23.406 9.5926 5.4507 29.71
6.50 25.867 10.255 5.7306 32.84
7.00 28 .388 10.911 6.0033 36.04
7.50 30.958 11.559 6.2690 39.30
8.00 33.594 12,205 6.5299 42.64
9.00 39.000 13,483 7.0363 49.51
10.0 44,622 14,749 7.5260 56 .64
11,0 50.424 16.002 8.0006 64.01
12.0 56.400 17. 241 B8.4611 71.59
13.0 62.552 18.473 8.9107 79.40
14.0 68 .857 19.696 9.3493 87 .41
15.0 75.342 20.914 9.7796 95 .64
16.0 81.957 22.115 10.198 104.0
18.0 95.648 24.516 11.018 121.4
20.0 109.83 26.885 11.807 139 .4
25.0 147 .87 32.782 13.700 187.7
30.0 188.79 38.587 15.482 239.7
35.0 232.26 44 294 17.170 294 .8
40.0 278.22 49.966 18.794 393.2
45.0 326.89 55.637 20.372 415.0
50.0 - 397,52 61.236 21.891 479.2
60.0 484 .88 72.357 24.809 615.5
70.0 600.25 83.426 27.604 762.0
80.0 722.53 94.400 30.285 917.2
90.0 850.89 105,26 32.863 1080.1
100.0 985.96 116.16 35.378 1252,
150.0 1745.6 169.97 47.074 2216.
200.0 2626.6 223.44 57.741 3334.
300.0 4692.3 328.57 77.175 5956 .
400.0 7103.1 433.22 94,958 9017.
500.0 9808.9 537.20 111.58 12451,
600.0 12783. 640.95 127.39 16227.
700.0 16002. 744,48 142 .52 20313.
800.0 19432, 847.43 157.06 24667.
900.0 23074. 950.20 171.14 29290.
1000.0 26929. 1053.3 184 .89 34184.

(Continued on next page)
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Table 5

Collector Region Potential and Its Relation to Emitter Properties
and Current Flow. (Use with Eq. 46-2 and related equations.)

2 313/4 5 3/2
%o Xe [F(*cﬂ I%‘w'cll / LF ("'cil
.01 .02074 : . 08849 .16227 .02633
.02 .04215 . 1420 .23132 .05351
.03 .06396 . 1875 .28494 .08119
.04 .08602 . 22846 .33045 .1092
.05 .1084 . 26654 .37094 .1376
.06 L1311 . 3025 .40792 . 1664
.07 . 1540 .3369 44215 .1955
.08 1722 .3698 47424 . 2249
.09 . 2004 .4015 .50438 . 2544
.10 . 2240 .4324 .53320 .2843
.15 .344) .5757 .66091 .4368
, 20 .4680 L7067 .77078 .5941
.25 .5951 .8295 86914 .7554
.30 .7251 .9462 .95937 .9204
.35 .8578 1.0584 1.0436 1.089
.40 .9930 1.1672 1.1229 1.261
.45 1.130 1.2716 1.1975 1.434
.50 1.270 1.3748 1.2696 1.612
.60 1.555 1.5736 1.4050 1.974
.70 1.847 1.7649 1.5312 2.345
.80 2.146 1.9542 1.6505 2.724
.90 2.455 2.1334 1.7652 3.116
1.00 2.766 2.3101 1.8738 3.511
1.10 3.084 2.4840 1.9786 3.915
1.20 3.408 2.6550 2.0799 4,326
1.40 4.072 2.9896 2.2735 5.169
1.60 4,757 3.3163 2.4574 6.039
1.80 5,457 3.6338 2.6319 6.927
2.00 6.180 3.9482 2.8009 7.845
2.20 6.917 4,2560 2.9631 8.780
2.40 7.667 4.5583 3.1196 9.732
2.60 8.433 4.8559 3.2711 10.70
2.80 9.217 5.1538 3.4205 11.70
3.00 10.011 5.4463 3.5651 12.71
3.20 10.824 5.7367 3.7068 13.74
3.40 11.649 6.0243 3,8453 14.79
3.60 12.482 6.3072 3.9799 15.84
3.80 13.330 6.5908 4.1134 16.92

(Continued on next page)
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Table 4 (Continued)
.

Emitter Region Potential and Its Relation to Emitter Properties and

Current Flow.

(See Sections 43 and 44 and Fig. 9.)

2 2 1/2

Vg z z u, u (Io/lm) / lo/lm
3.0 . 8749 . 7654 4,482 20.09 3.922 15, 38
3.1 . 8804 . 7751 4, 712 22.20 4.148 17. 21
3,2 . 8870 . 7868 4.953 24.53 4,393 19. 30
5.3 . 8920 . 7957 5,207 27.11 4. 644 21.57
3.4 .8976 . 8057 5,474 29.96 4.913 24. 14
3.5 .9031 . 8156 5,755 33.12 5.197 27. 01
3.6 . 9075 .8236 6. 050 36. 60 5.490 30. 14
3.8 .9164 . 8398 6. 686 44.70 6.127 37. 54
4.0 . 9247 . 8551 7.389 54, 60 6,833 46, 69
4.2 .9319 . 8684 8. 166 66. 69 7.610 57.91
4.4 . 9380 ., 8798 9. 025 81.45 8.465 71 66
4.6 . 9441 . 8913 9.974 99, 48 9.416 88 &7
4.8 . 9496 . 9017 11.023 121. 51 10. 47 109 &
5.0 . 9546 .9113 12.18 148.4 11.63 135 2
5.5 . 9646 . 9304 15. 64 244.7 15. 09 227.1

6. . 9723 . 9454 20.09 403.4 19.53 381. 4
6.5 .9784 .9573 25.79 665. 1 25.23 636. 7

2. .9834 L9671 33.12 1096. 6 32.57 1060, 5
7.5 . 9873 . 9748 42. 52 1808. 41,98 1762. 4

8 . 9900 .9801 54. 60 2981. 54.05 2921.17

9 .9939 . 9878 90. 02 8103. 89. 47 8004.
10 .9961 . 9922 148, 4 22026. 147.8 21854,
12 . 9983 . 9966 403.4 . 16275 x 10° 402.7 1622 x 106
14 . 9994 . 9988 1096. 6 1.2026 x 106 | 1096. 1.201 x 106
16 . 9994 . 9988 2981. 8.8861 x 106 | 2979. 8.875 x 106

Note 1.

by and xg from Table 3E.

z = (xsfxm) from Eq. 43-7.

"
ul s /1o = e ° from Eq. 43-5.

J
(1,/1,,) = 2% e ° from Eq. 43-6.
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