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For the moged consudered, elecing enerzy Nuclualions, os i 3 foselite sl oft iventad toou

uwiul farm ol encrgy by combimng these Sluctuations woth those (eem o il s UYe aiedia gt

aiather temperature. The system selesied for the computed results uses two Alkemide dinde mudeis,

cachl in c¢ontact with & heat reservorr, as the rovistive matertds. The resuiting rectified current oy
calculated by Jdenving a master cquanon giving the peonability of discrele cieetron jumps across the
poteatial barrers of the diodes. From this, the waficiency is compuicd af the Jirect power converuen of
thermal to electnic ¢nergy and of clectric o thermial energy as a function of she outputl ue inpui
voltage of the system. These rosults for the caampls arc in agreeracnr with itluctuztion theory and

show that the conversicn efficiency increascs as the system size decreases to make the fluctualion

energy a sigruiicant fraction of the total cnergy. The results also show that there sre no theoretics,
limits on the assumed model in approaching the efficiency limitations of the Camor eygle. Finuliy, the
limitation on the avatlable fluctuation power that could be prowded from a unit area of 2 resisiive flim
to an assemmblage of small circuits was considered. it was Jderermincd that this very Rugh lmitanion aus
of the arder of 10" W/m?’. This indicated the potential that, f the muterii ind fabncation probiems
could be solved, this technique could yield practical amounts of power al hizh uficienaics over 3 wige

range of temperatures.

INTRODUCTION

The flyctuations of the energy of 2 system that
is in thermal equilibrium with a heat reserveir
has been extensively analyzed theoretically and ob-
sarved experimentaily. The present paper reports
a process by which the energy of the fluctuations
about the mean energy can be converted to a use-
tul form of energy or can be used in a refrigera-
tion ¢yele. The theoretical methed to be used ina
study of this conversion process is basaec on the
concepts of statistlcal mecnanics. Thesa concents
are useful in analyzing tie behavior of systems for
which the energy of the {luctuations about the mean
are a significant {raction of the total enerzy. For
this {nvestigation, 2 physical model was chosen
lor which the fluctuation cnergy is obscrved a3
electric cnergy fluctuations in a resistive material
or acruss a petential barrier, This Nuctuation
energy is converted to uscful direct power Ly im-
pregsing the voltage (luctuations acrass a noalin-
car resistor that s malnlained at a different ten:-
perature.

This concegt is closely related to the older con-
cert of using thermionic emission to convert ther-
Tal to electric energy. Siace the concept of the
thermionic energy converter was {irst suzrested
in 1915," much creative research has been repart-
ed on techaiques for inercasing the efficiency of the
thermionic enerzy conversion process,” ™ Pre-
Umisary inconclusive experimental and thecretical

10

work on the concent of the present puner w.s $a0i-
ed in 1947 at the Radiation Laboratory of tha Uni-
versity of California. The theorctical wors
based on the Nyguist theorem” for compuiins tn
noise power {rom the linear heated rasisiive ma-
terial and a nonilinear dicde and the resuiis rave
higher conversion efliciencies than tqe Carncl ¢y -
cles for cerviain imitins cases as tnese Toael
sizes decreasced. [t was necessacy tohave a

gompuiations and exgerimenial resc.

After the work of van Rampen on
mal fluctuations in disdes™ ™' it was dassilo
use his results for computing tie conversiin
ciency of this process using a simipler wode

elficioncy wns limited to the Carnet olloonaies
Sinee then addiiional theoretical ana oxporiments
work on the thermodynantics of the nonlizenray
in diodes has been reported, !
leave open thc question of the application of the
laws of thermodynamles to this conversiog aracess
when small sysicms are consideren.
{5 now an {ncroasad {nterest onew
nraducing useful power and Sinee recent detel. -
ments in manufaciuring techniques Tove promisd
that [t may soon e feusible to produse the wsived
microscopic-siza circuits for this soccess 7L
¢an now be useful 1O give the thecrot.cal wesul
tor simple models of this process that can 2& oo
pared with experimental resuits.
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PROSABILITY DISTRIBUTION FOR DIODE
MODEL

 the analysis of van Xampen of nonlinear ther-
mal Dustuations, the dlede medel introduced by
Alkerade’ was used. For this !dezlized dicde
mocel it is assumed that the electron transit time
is rezlifible and that there Is no correlation be-
tween the electrons emitted from the electrodes
of dillerent metals with different work functions.
Tt is also assumed that the totzl dlode System s
{n equillbrium with a temperature bath. For this
simpie medel, the computation will follow the ap-
preach used by van Xampen to derive a probability
disiribution based on the probability of discrete
electron ‘umps across the potential barrier of a
sizsle Alkemade dicde. In erder to use this zp-
preach, beth the resistance at the higher tempera-

slon mede or are the fnput power terminals 7nr 1=n
circuit In a direct refrieargtian mede, To simnii-
v the notatlon, let O e e sum of the dlorde canae-
itles ¢, ond €, and ot ¥ be the sum n; the hattares
voltages V', and V, and *he contact potontin! differ-
ences of the dicdes.

The master cquation for the probability di<tritn-
tlon LV} can be derived as a function of the num-
ber of electrons ¥V {n excess on the upper side of
the condenser representing the toal combinced
capacitance C of the two diodes. A and G are the
saturation currents from the surfaces of the higher
wark functions and B and D are the currents emita
ted frem the surface of lower work funetions., The
electrons in the 5 and O currents have emission
probabilities that are med{fied by the chansoes in
electrostatic energies 23 given by the following

ture T, and the norlinear resistance at the lower: transitions:
tempemature T, {n the eircuit shown in Fig. 1 =ill . '
r c 2 - (N — 112 (T N =i
be raprose-ted by diodes R, and A, respectively. (e*/2CIN? - ( Di]=tet/Cx i (m
Later <o :osults for a modet where &, is a linear y 2 e t
+ - = = ;;V 37.
Prsisizr il Je discussed. The terminals across (/20N + 1) M=l O v ) @
e vatlary voltares ¥, and V. are the cutput power Then, following van Xampen, the master equation
terminals Tor the circuit In a direct Fower conver- is
PN eMN - 1) )
3 =APN 1Y+ Bexp (—-'l_-i-:'c— PN -1 - APN
/ ewm;-)) (e’(Na-;-)) (fr.v-g)) .
- Bexp K—W PMY+GPIN =1 ~Dexp _k-F:C— PN +1) - GPIN)-Dexp Tf‘?— PNy
(3}
The values of the currents of the diodes are de- 80 that
termined by the work functions of the electrodes,
the battery potential across the diodes, and the Va{e/Clim +n), (5)
ex=peratures of the diodes. Using the substitutions the master equation beccmes
T=eRT,C, 3=e/ATC, K=A/G, @ 2D pve1) oK exple a1} )PV - 1)
ind letting
~KPN) =K exp[- a(¥ + } +n)1P(V)
AZe™, GaDe’",
where +PIN =) sexp[BIN +} =m) PN +1)
22{C/e)WV, ma(Cletv, = PUY) - exp[BV - j - m) [PV} (6)
r - Using the operator F deflned by
v
r 121 e FANY=f(N +1), FTANY=f(N-1), (m

f ]
 FIL LT,
fe_T | C ]

. Y]
T ——
e * L Clrcuit for pawer conversion of fluctuation
T rom two diodes at different temparatures.

the master equation may be simpitfled to

_13_@, - . Na=tlam)
T 5t F - DU eexpi(v - ! '

- F {1 «Kexpl- a(N + 5 +m}N PN,
(81
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For ae equiliarium state, since sP(N). ol =0,

Cyosospn N = L nr b
=P e Rexpf= (N Loty (9)

TS be a constant. Also P, MUSt vanish as N - <,

Trerciore, we can write for this equilibrium state

LeWexpl—alV=" «n}]

(N
PNt = K+expid(V - -mj]

PN -1} (10)

This relation enables the probability of ¥V excess
electrons on the upper side of C to be given In
terms of P{0} as

1+Kexpl=a(j-} +1)}
Keexp3(j~i-m)]

P = ( )P{O). (11)

I=1

From this expression {or A(V) it can be easily
shown that as X increases o make

Iy .-)epr,j(’\’— 3 —m)]
then
PN} = expl-FaV{N »27)] P(0). {13}

This Gaussian distributicn for ¥ in this limiting
case is, as it must be, similar to the dlstributica
derived by van Kampen for the single heated diode
where the center of the distribution is dispiaced by
the dec potential en/C 2cross the heated diode R,.

Ifm=m =0, and @ =3 for the two dicdes of Fig. 1,

then it can be seen from Eq. (11) that
PiNY=exp(= faNT) P{0). {14

This Gaussian distribution centered at the origin
ts an expected resuit since this model includes the
dymetnic model of two identical diodes at the same
temperature that are connected as in Figure | with
V., and V, being the contaet potentiai of each d;ode
so that V 2~ V, for idextical diodes.

The recursicn equation when R, |s reversed can
be wrilten

PV = K expl- a(V-}énfz'J-betpf N - --m)l
«1

xPN-1) (15)

Far these two dlodes in parallel it can be easily
seen that for =3 and m 2 —n

PN) s exp[- ANy «2u}1 P(0), (13}

which, of course, is the same distribution as the
¥an Kampen result for the cquivalent dinde to the
two diodes in parallel.

RLCTIFILD CURRENT IN POWER CONYERSION
AND RLFRIGLRATION MODES

‘The recursion equaticn for PLV) can be used to
tuninuie the rectifled current in the power conver-

cored rectis

value o N e lauilih-

sien and refrigeradon modes, T oxe.
ficd current /M) for each
rium state [or the mndc! of Fig. 1 .y

AN = Doxp N = L PN =Gy ot I
Jsing the relation hatween PLVI nd BN 2 1) of Z..
(10) gives

expfld - al(N=)alim+am)l-1

{(AV) = GK

I+Rexp{=alV¥ - +n)y
{1
and for the total direct current /, we have
=2, aM. 2
.\

It can be seen from this egquaticn that if 7, =, and
V=0 that no direct current will flow. Thorefn-a
no power can be obtained from this mocdol withnut
there being a temperature differance hetween -
odes. This result holds fer all cireuils ~f dicces
that were anaiyzed. In particuiar, this =esul ~oids
for the model for Ea. (15) where the sense of £i-
ode R, is reversed {rom that of Fiz. 1. For th:s

model, the current {V) is Tiven by

exni{d-al(N=3 - m - oy
Kexpld-—aliN-j)=(3m ~on), -1

AN =GK PN .

{19y

From this equation it can also be seen thar for V=0
and T,=T, no direct current will flow.

This result is of interest in dete ""1'n;r~ ilike
diode open circuit voltages analvzed by MaFee in
2 paper on seif-rectification In dicdes’® can Lo
used a8 3 power source. He raises the impomant
question of whether there is 2 zonflict Besveen the
van Kampen dicde theorv and the second law of
thermodyramics and he argues that the axnocoad
voltage across the diode can, ‘or smuall diocss, %-
ceed the contact potential. This quostion of 3.
ble conflict with the second law will act 2e rescivow
here but it {s related to this same questisn to aoint
out that, as can be sean [rom Eqs. (17) and (130,
a model for A, and R, consistinT oniv o Alkemads

diodes does nct give a solf-rectification curront o

no power can De chtained {rom these models when
the diodes are at the same temperaiure. This re-
sult, which s nct in conflict with the secand Law,
does not preclude ehtaining results fcr othcr mic3-
els that are in confliet and all that caa be as~vrild
on the basis of these results is that for this dicd2
model there i3 no conflict.

The directicn of the rectifled cursrent in the 2i-
ode models can be changed by making T, larger
than T, when V' =20 2s can be seca from Eas. {17}
and (19). This result {8 also in agreement with e
experimental rosult roported by Guna’* whoere the
direction of the rectliled current through an un-




1364 JOSEPH C. YATER

blased diode wns changed Ly ruaisine or lowerinr
the temperature of a resistor connected ncross the
terntinals of the diode. For this experinient the
current was observed ta fiow in the reverse fhizh-
rosistance) dircetion through the diode when the
resistor was at a lower temperature than the di-
ode and this Is the same result as would Lo pre-
dleted from Eq. (17) for the diode B, inFlg. 1.

POWER CONVERSION EFFICIENCY AND
REFRIGERATION PERFORMANCE

The power available from or required for this
direct current /, {s given by

Po=Vi=lelm +n)/ClL, . (20}

The nower transferred between the heat reser-
voirs that tenerates this direct current cutput
power or that results from a direct current input
power (s given by

4

- 13 -
Py pina D Smatn gy (21)

where P\ s the power transferred between
reservoirs for each N. Then the efficiency of the
Power conversion mode s given by

E=p_/P,. (22)

- In addition to the reversal of cuarrent flow that
resuits when T, becomes larger than T,for VagQ,
Eqs. (I7) and {19) alsc show that 2 reversal of
current flow will occur as the voitage V i3 in-
treased to a larger value than the expected fluctua-
tion voltage. Then the mode! no longer converts
the ther:ma! fluctuation power P, {rom the higher-
temperature diode R, to output power P,. Abcve
the voltage at which the current direction is re-
Yersed the power P, bacomes the [nput power to
the model and the power P, becomes the power
transferred to the higher temperature diode R,.
When this transferred power P, {s larger than the
Input power P_, then the thermodynamic cycle is

. 9Perating in a refrigeratinn mede, For this mode,

the output is the heat extracted {rom the cold res-
&Tvoir P, - P, and the.input power is P, A son-
Venient measure of performance of the refrigera-
Hon mode 5 the coefficient of performance w which
i2 the ratig of the above quantities or in terms of
£1s given by .

w=(P,~ P /P, 2(1-E/E. (23

It can he scen from this that when the Input power
becomes targer than the heat transferred to the hot
Teservoir to make £ » 1, the coefficient of perfor-
Mance of the refrigeration mcde zoes to zero.

_“ ‘S of {nterest to detarmine the highest effi -
tiency obtainable from this therinal endine and this

would be expected tn nce1r whag tnp o LAl MFTE
tuatinns of small svstnme weapn L

the limit ne the caracily L odegreeses e, A
thereby increase, then the numhor ol teriia .

tributing to P_ and 1, approaches one. Thig LA
be seen from the cquation for the prolLability disa
tribution given by Eq. (11) and the cqueittion for thy.
rectified current given by Eqa. (17} ard (12} For
this example and for the other models that were
analyzed, it can be shown that as the factor {3 ~a)
in Eq. {17) increases, the fraction of the rectificd
current at the value of v at which JLV) bocome «
positive 21so increnses. This result can be uixler.
stood by noting that while 74¥)/P L) continucs -9

_increase rapidly for larger values of V, the vlue

of P(¥) decreases at a faster rate so that in the
limit all the reetificd current oceurs at the va'ye
of ¥ for which the value of JLV) becomes positive.
For this limiting case, the efficiency £, approache-
the ratio

Eqa(men)/(v, =% «n), (24}

where ¥, is the value of ¥ for which the rectified
current occurs {n this limiting case.

Then to examine the value of £, at the point at
which the reversa! of currant occurs, we have
from Eq. (17) or {19) '

dmean=@-a)y,-})

anrd
moen=[T, «T )T N, =%en). o en
Substituting into Eq. {24) gives
Eg=(T,-T,V/T,. (28)

This is the Carnot eificiency so again the thermal
engine for this mode! is in agresment with the
secord [aw. This resuit for the efficiency in this
lmiting case holds for all series and mrallel
combinations of dicdes that were analyzed. This
resuit for models using Alkemade diodes indicates
that the efficiency of the power output is limited o
that of the Curnot cyele.

It is of interest to compare the above results us-
Ing diodes for R, and R, with the results for a med-
el where R, i3 a linear resistor. The results for
3 preliminary analysis are, as expected, that sim-
liar efficiencies can be achieved for this model.
For this analysis a continugus fluctuation voltuze
distribution must be used. Let us assume, as for
linear resistors, we can represent the voltage ‘diﬂ‘
tribution ¥, across the € in Fig. 1 by the equuatizn

- [T T |
p(v,)=Pw.)exp(-‘—‘-——=—;a_; f:,;’)- 2
where V¥ ia the Lias voltage across € and whe-e
oF and @2, the variances of the voltage [luvtua:
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of R, and R., respectively, are given by

T kT,/CR/R,, (28)
T =RT./CR,R,, (29)

“hthi R, the parallel resistance of R,and R_across
. bein ziven by

B, -, +1/R )7, (30)

For the case of interest to us, where either gr
both R, and f_ are nonlinear, the voltage fluctua-
tion across C is not nornully distributed and the
use of the above distribution for this model is open
Lo questien. To give some plausibility to this as-
sumption, the above voltage distribution does give
a Maxwell-Boltzmann distribution for the energy
being generated and dissipated by R, and R_in the
model. Also the modei does give the ¢orrect dis-
tribution for the limiting case, where R_becomes
an idea! rectifier as T.-0. For this limiting ease,
R, =0 when the diode conducts so that the voltage
across C is limited to the value of ¥, at which the
diode starts to conduct.

Ou the basis of this agsumed veltage distribution
ard the equation for the expected rectified current
given by Eg. (16), where ¥= V,C/e, the value of
Pey Pyand £ can be computad using Eq, 20), Eq.
(21), and Eq. (22), respectively. For the simplify.
ing assumption that 3» 1, it can be easily shown
that the efficiency £ is glven by the Carnot cycle
efficiency (T, -T,)/T, as in Eq. (28) for the dicde
model,

The similar efficiency for the above models can
be shown to be examples of 3 more general model
for the rectification of energy fluctuations. Thig
scnera! mode! for the conversion of electric ener-
8y fluctuations includes a nonlinear resistive cir-
cuit element maintained at temperature 7, and a
heated resistive element maintlined at tempera-
ture T,. Assume the electric fluctuations of the
coupled elcments result in the following currents
“hrough the nonlinear circuit element at tempera-
ture T.. The current flow in the forward direc-
tion is

I; =4 exp{ (A£ = AIW)/kT, | o
and in the bacloward dircction is
L= exp{AE/kT,], (3z)

where oF g the change in the [luctyation energy of
Ui madc] for a current flow of cae electron or ion
Ul_mu:;h the nantinear resisinr is, for example,
Riven by E£q. (1) and W is the output enerpy of the
Cirevit for thig current {low. Then for current
flow 44 values of AL for which the output energy
-""f' “f the model from this eha rge flow approaches
ST, =T /T, it ean be scon that the etllciency
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of the power conversion approuches A Cuarane
efficiency. Also, it eun ba Shuwn in zprzral, fa-
either the fluctuation ereryy distrinution o 4! e
Alkemade diode medceis, or the CORTITUGUS vni, oo
fluctuarion distribution of the model, wiiy o«
linear resistors, that deereasing i, ominam mn
T, of the nanhinear circuit rlement ft,or the canica
ity C of the systen: will in the iimit Allow 2t pawes
conversion to occur at the value of AE [or whick
the Carnot officiency is achieved.

The fact that this result based on statisiical
mechanics is in agreement with thermodynamieg
is in interesting result. It was sugzested i the
review that the energy of dissipative fluctuatisn
Processes (Brownian molion in 2 general sensa;
may be {undamentaily synonymaous with Saal, Witk
out answering this quesiion, the resulis for all ¥y
models that were considered dg 2dd to the reasons
for considering this question further,

DISCUSSION OF RESULLTS

Although it is evident from £q. (28] that this cy-
cle is 1 reversible cycle, it is more diffizyl: 0
accept the concept of a dinde WOrkirz in a refrig.
eration mode than in a power conversion mode. A
limited discussicn by Feynman of the raichat 104
pawl machine™ is usefu] to the undersiasding of the
scmetimes surprising results of revers:ble cveles.
In this discussion he assumes a reversibie ¢ycle
and then discusses the shysics of the ratchet 25
an ergine for cach mode. The fict that the concepnt
of a diode working in 2 refrigeration nicde is 2
Surprising result is orly one more exaniple aia
conclusion reached in 2 study by Xeenan o q/. ™ on
the fuel shortage and thermodynamics whern it is
shown that 2 menera] urderswanding asd 1ttention L0
the thermodyramics of reversible processes and
a reinvigorated attick on irreversible processes
can have a great potential in saving fuel.

Examples have been computed to show the rela-
tion between the paranieters in Eq. 32). For sim-
Plietty in the comgutation for all of the examples,
it is assumed that r =& where » is the ratiom .
This assumption corresjends to the phyvsicz! med-
el where the eapacity, work functions, and satur.a-
tlon currents per unit surface area of each digle
are the same so that the ratio of ti:e saturztion
currents of the two diodes X would be equi 1o the
ratio of the capacities of the two diodes. .\nd,
since the ratio of divde capicities detoriiines the
Fatio of direct voltages from the batiery across
cach diode, it follows that » =K for this model.
Cther physical maodels can, of course, change thiy
relation in either direetion.

Using this model and the valucs of » amsd K, given
in Table I, the values of PLV) from Eq. 1), 7Lv)
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fram Eq. {17)and PV} from Eq. 21) are given in
hig toble for ¥ ==3to ¥ =3 for two values of m.
The lower value of mgives a positive value of [
and o opower conversion cfficiency rofrom Eq. 220
of 337 . The higher value of m gives 2 newative
current for [, and 2 neqative power output for P,.
Trom this example, it can be seen that with larqge
values for o and 3, effectively all the direct cur-
rent occurs for N =1,

The relation between m and E for another exam-
ple is shown in Fig. 2 for a wider range of m. For
this examgle, it can be geen that the increase in £
g 2!most linear up te the ¢ress over point after
which the value of £ continues to increase at ap-
proximately the same rate. The maximum effi-
ciency of power output for this example is 64% and
e minimum value of £ for the refrigeration mode
arter the cross over point is 78%. This minimum
walue of 78% for E gives the maximum value of the
performance coefficient w of 287%.

Twa results of the computation of the conversion
pfticiency as 2 function of the parameters of the
model shaw the expected agreement with the basic
concents of {luctuation theory. These results
siowed that the conversion efficiency increases a9
the system size decreases 0 make the {luctuation

! enerzy a significant fraction of the total energy-
The dacrease in system size i3 required to in-
erease the valucs for aand 3.

These rasults that there are no theoretical limi-
tatig=s for this model in approaching the efficiency
Iimitations of the Carnot cycle are based on the
assumption that electric {lyctuations are the only
energy exchanged between diodes. These assump-
tions cannct he mzorously met in any physical mod-
ei, however, it is not evident that there are any
thvsical limitations to designing 2 model capable

TATLE [. Power conversion and refrlreration mode.

a=715 a5 X=relt?
Power-com ersion mode: 1, =428 P, =118 w342
Rairigrradon maode: I =308 P,=-0178 m =044
x - PN T PNy
-1 0.42 a213x10""  ~4.2x1077 221 1~"
0.8 paizx10~t  —4.32x107T 3.21x 167"
- 0.42 g2o6u 10—t ~iSawio™™® 3.98x 197
0.48 02%ix 0™  =1.38x107% 196« 19~
-1 0.42 6a26x 107 =3.13wi0”'  379wie”
0.48 0.225x 307 =2.13x 107" 1.29% 19”'
° 0.42 5962 ~l.6axi0®  g4inmie”
048 0.9%4 ~1.88w10""  pion10”
t 8.42 5.179=10"" 429 1.1%
9.46 0.270x 107" —0.369 -0.184
2 g.42 1.1 =10 1.61a10™  z.arxio”
0.4% a.208x 10" " aa1al0™  331a107
3 .42 g.201a 187 599s 107 50X 1071
-~ 0.4% 1.10 a10°'® Lesato™t 4.13s 307
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of meeting the assumptions as close as is required
to make the above theoretical performance oqua-

tiong essentinlly corrent.
clusion wtith restect to

The bauis for this con-
¢ 2hnve assumplion s
that since the conversion modu! involves a re~tifi-
cation of electric eneryy {luctuations, 1t is feasible
to have as a design goal the reduction to a negligi-
ble amount the losses due ta thermal conducticn,
radiation and electron cooling. Intheory, [ilters
and conductors can be designed that will convey
electric power efficiently overa selected wide
part of the electric fluctuation frequency spectrum
and at the same time provide poor thermal conduc -
tion paths. Designs to do this are discussed in the
Appendix.

POWER -QUTPUT POTENTIAL

To determine if there is any practical signifi-
cance to the above theoretical limits, it is neces-
sary to investigate the fezsibility of using assem-
blages of microscopic cireuits of the above model.
Onpe result of a preliminary examination of the the-
oretical limit on the available fluctuation power
per square meter of a heated resistive film is that
this limit is extremely high. In computing the mag-
nitude of the upper limit on the available {luctua-
tion power, let us first consider the [luctuation
power af a gingle resisior. The effect of the sta-
tistics of {luctuation eifects on the thermally
caused electrical fluctuations 1cross a single re-
sistor is that the output power is independent of
the physical size or the number of conducting elec-
trons in the resistor. This power has heen shown
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to e approximately ET/!, with k being the Boltz-
x2m consant, T beinyg the absolute temperature,
snd ! bewng the mean time between collisions for an
electron. The effective mean time ¢ to give the
ftocuuation power in a2 metal resistor has been
eomputad™ and the result shows an eifective eiec-
tron velocity of 10? ¢m,'sec and an effective mean-
treezgath length of 107 em so that the effective
gean time ! is of the order of 107" sec for elec-
troas at room temperature. For this value for ¢
and for T =700 *K the fluctuation power available is
of the order of 10°* W.

The problem remains of trying to determine the
lim:ts in size for a physical system to operats ef-
fictently. For this, let us consider how closely
contacts on a healed resistive f/illm can be placed.
On the tasis that the mean free path of the elec-
trons in the resistive material is of the order of
10°' cm, an order of magnitude estimate is that
eorductors can be placed every 107* ¢m on an ex-
tendod heated resistive film without resulting in
any significant correlation hetween the {luctuaticns
of the individual circuits. This spacing resuits In
in arailable theoretical power cutput limitation of
10* W of available fluctuation energy per square
me'er of a resistive film at a2 temperature of
™0 K.

A model to illustrate the physical size require-
menls in three dimensions of the fluctuation power
€ocversion circuit is shown in Fig. 3. The ther-
®a] wall separating the two temperature regions
T,ard T, is in the X7 place between or congruent
Wil the slates of the capacitors C.wCyp and C,.

As will be discussed in the Appendix, these capad-
@373 can transmit the electrical fluctuation ener-

¥y without relaying unwasted thermal energy. The
8¢ of the two diodes in the R, circuit is one model

¥
FIC 3. Power conversion ¢ircuit for unit cubicle cell
in uscm‘nla;q_
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to enable a rectification current to exist 1o e low-
er-temperature region without requiring & dc pais
to the higher-temperature region. The dicde R, in
the higher-temperatura region is assured “or s1m-
plicity to be one with a cathede and ancde naving lae
same work function so that the fluctoation RhigToR
bility distribution of the fluctuation current geivraca
the electrodes is easily seentobe without a0y hius.

The power output is taken from terminals at the
voltage V, as indicated in Fig. 3. The computztion
of the power conversion efficlency for this mondo!
als0 results in the Carnot efficisney being achieved
for the small circuit size. A similar efficiency cun
be shown to result if a linear resistor or rasisiive
film was used in place of R, in the model.

Then to consider the minimum volume requircd
for this circuit, it is evident that if an assemblaze
of these circuits were placed in cubical ceils 1a the
XZ plane, the thickness of this assembiaze would
be comparable to the spacing of the circuits L3 the
XZ plane. The above assumed spacing of 107% cm
in this plane is a possible goal since recent work
in electron beam microfabrication'®'" hasg demon-
strated that linewidth of less than 107 cm can ke
obtained, and progress is expected towards still
smaller linewidths. To give some purpose 13 this
development for the long term future, the ability to
convert 10°* W of power ina ctbe 10 em on a
side means that with only a tow! volume of | m?
of these small eircuits, there is a towal petential
power conversion cutput suflicient to provide eazh
individual in 2 world population of ten billion with
100 kW of electrical power. As another compari-
scn of this theoretical pote‘ﬂ:ial, this power outgut
is equal to 1% of the solar energy intercepiog oy
our pilanet.

These results [ndicate that the major problem is
oot the available power, but rather the efficiency
with which this available power ¢an be converiad.
Thbis problem area involves 2 materal and {abcica-
tion study designed to make maximum use of the
promising possibilities for achieving high effi-
ciencics. U the material and fabrication investioa-
tion did make possible the achievement of thesc
advantages then this technique could yield practical
amounts of power at hich cfficiencics over very
wide ranges of temperatures.
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APPENDIX

The analysis ¢f the ideal efficiency of the direct
conversion of {luctuation energy showed that, for
this egncept, it was in theory possible to design
models for which there was ro significant heat loss
by thermal ¢onduction or radiation from the hot to
the zoid reservoirs. As a first example, let us
censider how 1 mode! with the same master equa-
tion a5 that for the model of Fig. 1 can be designed
w1 2 minimum heat transfer loss between heat
reservoirs by eliminating the de path between R,
and R,. For this design the fluctuation energy
specirum ¢an be transmitted between R, and R, by
eapecitors C, and C, 2s shown in the Fig. 4. In
this circuit the inductances L and L, are added to
provide a de retyrn path for the rectified current
throcugh each diode so that no de path is required
berween heat reservoirs. The ‘mpedance of the
irduciances is assumed to be much higher at the
Irequencies of the fluctuation voltage than the im-

,(\.)gKex;:f-a(.V-% snl] <A rexpi =BV =} +m )] +1
T KexplaW-F -nilvK cexpl2V =T ~m )1

There X =J/A, V, =2ne/C, and V,=2me/C. The
ftions for the de currents /, and [, can then be
derived using

L3 1,0, G4)

Yiere
Lo = exp{aly - § —x)] - 1}

XPW) =J1 = exp{-aW -} +a)}P¥ -1)
35}
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the oniy significant current throurh the induc -
tances. To enable the master tmuation given in Fq.
{6) for the circuit of Fig. 1 to also he the master
equation for the circuit of Fig. 4, the voitages v,
and ¥, are set to give the same voltage across
each diode 23 ¥, the sum of the voltages V, and V,,
gives for the circuit of Fig. 1. This will make the
de currents, [/ and [, to be equal so that the re-
sulting conversion power output and efficiency wil!
then be the same 23 for the circuit of Fig. 1.

As another example, let us consider 2 model us-
ing only diodes to provide the de cireuits {or exch
temparature region 2s shown in Fig. 5 with the
fluctuation energy being transmitied between the
temperature regions 7, and T, by capacitors C,,
€, and C,. Rectification and power conversion
can occur in either or both of the circuits R ard
R,. The power conversion can be derived using
the master equation for the electron emission
probability distribution as was done for the mode!
in Fig. 1. Using the same notation, the recursion
equation for the equilibrium state is

33)

I,= 21N, 36
]

where

I, Wy=A{explaiv -4 -m)] -1}

xPW)=A{l —mexp{ B (¥ -} sm)}P N = 1),

3N

From these currents the power output P_ can be
obtained and is given by

Pose/Clm!, +nl,).
Also the power intg the circuit R, 18 given by

{34}

¥1G, 4. Cleeuit foe
power coaverxion Lo mini-
mize heat-conduction
losses.
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