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The large esmplitude oscillationa in a one-dimensional
lou pressure thermionic converbter era anglyzed. With the
help of results obtained from computer calculations designed
to simulate the oparaticn of the coaverter, the current
oscillations are explained in termg of the changing forme
of the potential distribution in the syastem. The variations
in the form of the potential function ars expialnsd by means
of the concept of a "temporsry de state.” Such a gtate
differs from the ideal self-consistent state in that the
electrons and the potential edopt new distributions while
the ion distridbution stays the zame &8 in/the selfﬂcunaietant
state. In fact, the ions are treated as too heavy to respond
to the new potentials while the electrons acdjust themselves |
rapidly to them, The existence of s ftemporaery dc state iz
decided by solving a staticiproblem only; but if such a state
exists, then there is a poeéib111t3 for relaxotion type of

cacillations in the system with frequ@néies chsracteristc o

the ions. 5%‘*>2§ézﬂ/
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Intzroduction

The one-~dimensicnal model of a low pressure thermicnic
converter consista of two parallel, inflnitely extended plates
separated by a distance "a" [Fig. 1]. A comstant potentialn(va)
is applied across these plates, one of which i8 at a higher
temperature (T). The high temperature plate is capable of
eaitting both electrons and lons towards the colder plate mith
half-Maxwellian velocity distributicns (the full Baxwellian
distributions have temperature T), snd with given saturation
current densities (Jai’ Jge)‘ It ig asmumed that the plasma
diode thus deseribed works at such low pressures that all
ccllisional effects between charged particles or éharged par-
ticles and neutrals can be neglected; thus, the forces acting
on the charged particles are due only to elsctric fields. The
additional assumption is made that the boundary plaies gre none
refleeting, 1.e. all particles that reach either plate are
collected and lost for the asystenm,

This dlode uwould operate as an efficient thermionic cone
verter 1f a small positive potential applied across it could
cause electron saturation current to flow through it. Anaiyzing
the dec states of this diode model, ﬁcintyrel has found that if

the emission is "lon-rich," meaning that the parameter @, defined

by
d_. n
¢ = J""ai ‘ai (1)
ae ®

axycesds 1, and V& is poasitive, then the potential is positive

everyuhere in the dicde (see Pig. 2); and according to the static
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theory, no elacirons are returned to the smifter. On the baéie
.of these calculations, 4t was cupected that the clactyron szaiura-
tion current uould flow in & theriicnic comvsrter as iong 08 @ is
' kept larger than l; however, experiments with cesium diodes,
that epproeximated the dessoribed theorsticzl model, well showed
(see References 2, 3 for exemple) that electron saturation
current does not flow in the converter at all times. These
expsriments showed im fact that the current through the lox
pressurs thermionic converter is not congtant in timé, but
it haa lsrge amplitude oscillations, &nd thug, the time
average of this current remeing well below the value calculated
cn the basis of dc analysis. |

It is apparent nowu thet dc¢ analysis cannot suffiolently
deacribe the opsration of the low pressurs thermidnic cone
verter, In order that we might gain soms insight into its
time-varying hehavioy, the operstion of the low pressurs
themionic converter wuas simulated on & computer. In the
following, we deacribe the characteristics of the computer-
gimulated converter. The understanding gainsgd from studying
the large amplitude cacillations exhibited by thy simlated
syatem will enable us ¢o draw conclusions about the atability

of dc stetes in more general ion-electron systsms,



Characteristics of & computer-simulated model of the low

pressure vhermionic converters

The behavior of & one-dizensionsl plasme diode (both
static and time varying) can be undsrstood from the study of
the motion of charged perticles betwaen two infinitely extended
parallel plates. In the one-dimensional formulation, charged
particles bocoms chargsd planes, op shests that are also
infinitely extendsd and ér@ parallsl to the boundary plates.
The motion of each charged shset (only motion perpendicular
to the planes of these sheets is considered) is determined by
ite 1aitial veloeity at the emitter and by the electiric fislds
it experiences throughout its motion in thse dlodes., The electric
field and potential distributions in the dicds space as well
as the current through the diode are determined from the com-
bined effects of a large number of moving charged sheets locatsd
batueen the two boundery plates.

With the facilities of modern high-speed computers, it is
posgible to follow the motions of & large number of charged
gheaets in the assumed ons-dimensional space of the converter.
The computation of the trajectories of chavged sheeta is
gxecuted by increasing time in steps. During each time step,
new charge sheets are started at the position of the boundavry
plane which takes the role of the emitter. The initlal vel-

. oclties of these injscted sheets (both positively and nega-
‘tively charged) are chosen wandomly and according to the half-

Maswmellian velocity distribution law of a thevmionic emitter.
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The shsets are advanced step-by-ctep sccording to thoiw
veloclties and the electric field they experience until they
rgach either boundary plene when they are assumed to be lost
for the systenm.

Similer shset caloulations have been ussd by many authovs
(References &, 5, 6, 7, 8, 9). It 48 not our objsctive here to
desceribe in detell theae caleulations or prove their oredibility:
for that the zeeder is directed to the cited meforences, e
only use the resulte of these caleulstions in ordsr o get an
“ingight into the mechaniszm which causgs large awplitude
cacillations in the state of this ong-dimensionsl system. In
order to show that the ogeillatory bzhavior of the particular
example of & computer-simulated converter chossn is not ecaused
by effects related ¢o the computationnl wmsthods themsslvas,
it 18 n2eessary %o point out the following:

1. Thers ape large amplituds oscillations in the cuprant
of the computer-simulated dinde regerdless of the exsct pass-
meters chosen aa long as a > 1, V, 13 positive and 1s of the
order of a few volts, and the length of the diode is larger
than EOXDBV where 1ns is the electron Debysz length corres-
ponding to the full-Mazwellian electron distribution at the
emitter.

= 2 2
\np o (2)
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where the electyon denelty pec is pelinted to the electron

saturation current by the following expressiont

kT

Peo = Jge . B, | - ()

2. The behavior of the simulgted diode is indepsndent
of the size of ths time atep (the size of (he time stop used
here is8 1/50 of the average electyon transit ¢ime), i.e.
ealeulations made with smaller time steps showed exactly ths
same current vs, time curve as shown on Flg. 3.

3. The noted behavior of the cém@atergsiaulated diods
is causzed by collective 2ffects of a large nunber of charge!
sheets (thers are at least 3,000 shesta in the diode space at
any 4instant) and thie behavicr does not chenze when we incroRRe
the number of sheets used for the calculations of the chat-
acteriatics of the diode. Henece, the current vs. time curve
is not infiuenced by shot-noiges effects amaociated with che
simple particle descyription of ths ayetem.

The foregoing obgervationz suggest thet 1arga.aﬁmlitud@

oscillations are genuinely inherent in the physical dlode gystewm.

In Pig. 3 we show soms resulis of compubter calculations
that simulated the operaticn of & low pressure thernionic aone-
varter with the following parameters.

The normalized potentizl value was g ™ 5. The normaligzed
distance between the boundary platea £; = d/dpy = 50. The
parameter a {sae BEq. (1) ) was chossn equsl to 1.2. £ mass



ratio m,/m, = 64 was used for these calculations. The predicted
de potential distribution in this diode (mee Pig. 2) is
gimiler to that of Melnbyre which suggests that saturation
electron current should flow through the diode.

The actukl current through the computer-ginmunlated diode
normelized ©0 the electron &%urAtion current is shown on
Fig. 3 as funciicon of ims. Time is avrmoliczed to the average
transit time of the electron. (We define an average slectron
transit time &s the time that is taken by en electron traveling
with the velocity V 2kl/m, to cover the distance 4. An
avarage lon tramsit time would bs Vm,/m, times or in this
example, 8 times longer, )

The lapge amplitude omeillations in the diode curvent,
i.e. in the nusher of elsctrons re8ching the collecstor, can
be related to the potential distribution in the diode at
differant timas. The potentiel diatributions at a few instances
during ons cycle of the oscillations are shown in Pig. 3. At
the normalized time vaiue § = 30.4, the potential in the diode
looks very much liks the expsceted de potential ddstriduticon
{gee Pig. 2). We know that thia is a gelf-consistent soluticn
of the static equation, but the potential does mot kesp ALS
shape and 4t changes repidly to the potential form shown for
¢ = 31.2. 1In other words, within @ time interval of 0.8
times the average tyeneit time of the ¢lectrons, the potential
compietely changzes its shape. It is cobvious that the diode
potential ecapnct stay in this latter form since in que course,
nractically =211 tha icns are rsturnsd to the emitier, and after

> e



the ions have left the conter part of the diode, the potantial
hag to collepse. This actusliy starts to happen at ¢ = 33.6.
The potential chenges its shape again becsuse ions leave the
middle of the dicde, but new lons ecannot arrive yet from the
enitter because of their slow speed., The lack of ions at the
middle of the dlode chenges ths form of the potential dy
deprasaing 1%, ard & potential minimwus 15 formed, This
minizem turng baock soms elostrons £o the emitter, and limite
the current through the dlcde (sso potential distribution at
t = 36.4). Conasquently, ths current has to dscrease. It 48
seen from  this diggram that the current indesd has a dig dip
reaching & minismum at € = 37. Kow it dspénds only on the ion
motion how long the potentisl staye beiow the axis, bechuse
when they £1l1 up the potential minimum (an ion trap) at the
front of the emitter, the potential &t the widdis will start
to inerease (see potential at t = 39.2). The form of the
potentisl then again approzimates ¢the expscted dc potsntizl,
and the whole c¢ycle starts all over again.

The only apperent "mystery” in the described process is:
why dees the potential not atey at its expested do valua?
This myetery can be resolved by re-examining the predicted dc
golution of the ion-electron systom in a new light.

Before we can show That the de state of Sthe low pregsure
thermionic converter iz indsed unstable, we have to reviex the

method by which this de state was determinsd.
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The usual way of calculating de states for ong-dimensional
diodee ig {soe, for inatancs, Reference 1) to assume Pirst the
form of the de potantial distribution. If the form of the
potential distribution is known, 1t is possible to express the
spaceé charge conbributicne of the smitted particles anywhere in
the diode as tha fumetion of ¢the potential, RKuouwing the ezact
form of the functlonal dependanrce of the total space chavge
on potential [p(V)], Poleson's equaticn has ¢o bs satisfied
Iaav7dxa = ~p(v)k0]. Poissonis equation ean be intsgrated
once direetly to yield - the stress balance, leaving a quad-
raturs. The potential shoun in Fig. 2 has an assumsd form
such that it ;a positive and monotonie for the whole diode
space. In thie gase the gpace chargs funetiona of glectrone
and ions normalized to P,, {(Bq. 3) have the following dependence
on the normalized potential, n:

F (n) (%)

nofr

Peln) = -

py(n) =26 OF (ng-m)  (5)

where the functions P (n) and F'(n) are cefined as:

F{n) =e" (1 - erey7) (6)
F'(n) = e" {1 + ertyn) (7)
T _ﬂt?.
using the error function erf(n) = 2/\f§'£ @ dt. The

f£inal integral can be written in a normalized form (see Ref. 1)t
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7
' 4t
*(n) { [G7(t) + @ e” "4 G+(qd—t) + Gbllfz‘ (8)

where I 18 x/an and x 18 the distance in the diode measured
from the smitter. It i’ sssumed that the potential is zero

at the emitter; GO is an arbitrary constant yet to be determined.
The functions @ (n) and G*(n) ere defined as

0 (n) = £2 L0 o 5 () + 2y A (9)

and

at(n) = 4F ) o p*(n) oy (10)

(It nas to be mentioned here that the mess ratio (mi/me)

does not enter into the de analysis. Only the parsmeter
Jsi\[5;75;'ia used for determining «; and as long as o gtays
constant, the same potential ve. distance curve is obtained
for any value of mi/me.) The arbitrary constant, Go s 18
chosen such that #(ng) = P, = d/App . Once this constant has
been found,; the dc potentisl diatribution is determined, and

it can be calculated numerically. The computed de potential
distribution of the diode with paramster %d = 50, = 5, a=1.,2
is shown on Pig. 4 along with the normalized apace charge
functions of ions and electrons in the diode space foy the same
dc solution.

This dc golution is the self-congistent de solution of




this ion-electron system; therefore, this is the state in which
the diode could atay in equilibrium. Let u3 assure that the de
state has developed in the converter so that the potential and
the space charge functicng are those shown on Fig., 4. We will
show that starting from this dc solution the diode could by
the rearrangement of only the slectrons pass to another state
which i8 in "eguilibrium” for as long as the heavy ions can be
treated as fixed. In other words, we look for such "temporsry”
equilibrie by allowing only the electrons to move and keeping
the distribution of the ione intact. This aznalysis is Jjusti-
fied by the large mass-ration of ions and electrons.

He expect that the space charge distribution of the
electrons is free to find any equilibrium state it desires
within g tire 1nterva1 of a feu average elsctron tRansit times;
and since in a physical device mifme > 100, the distribution
of ions is hardly affected during this intervel. Bat doss an
alternative "tempeorary” equilibrium state exizt? The problem
of finding such a state is formulated mathematically as follows:

The normalized space charge density function of the ions

for the original dc state can be expressed (or at lezat tabulated)

as a function of normalized distance (pi(z)). If the elsctrons
are in equilibrium for en arbitrary potential function (n(7))
that satisfies the condition #(®)> O for 7> O, then their

normalized epace charge function hag the form p.(n) = -1/2 F(n).

Poisson's equation now takes the forms

e
'352"3 =2 ¥(a) - py(7) (12)
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where p,(7) iz the old ion distribution which is not in de
equilibrium with the new potentiel distribution. The second
order differential eguation (11) has a boundary condition
#{0) = 0. With certain particular choicee of the initial
derivative dvw/d%, one expectas after integrating across the
dlode, to find that the specifisd terminel value n = q &t

¥ = %4, One choice of the initial derivative lsads to the
alrgady known de solution. But there msy be enother solution
to Bq. (11) satiafying the condition ﬂ(Ed) = g ¥ith & 4iff-
erent initisl value of dAn/4%.

Wo have solved Bq. (11) numerically. Por the original
de solution, the initial value of dn/d% wss 1.068; a second
golution wes found for dvw/df = 2.58. The second solution is
shoun on Fig. 5.

The ipportence of this second form of the potential
function which we call the "temporary de state" is the
follouwing. Once the baslic static golution has dsvaloped in
the dlode, the electrons have & choice of redistributing them-
selves and find a different potential function in the diode
which 13 also 2tatic as far as the electrons sre concerned.
This later gtatic solution, on the othey hand, is only temporary
because it 18 not consistent with the distribution of ions and
in a time interval of an average ion- transit time it has to
change. The speed of this lattsr change depends on the ion
translt time, and this is the rezson why the main oscilllations

are charactaoristic to the average ionic speed.

We supply one hypothesi# for the question why the slactrons
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find the temporary static stete more desirable than the proper
dec state. It 18 clear from observing the two potential curves
on Fig. % and Mg. 5 that the transit time of the electrons ia
shorter for the temporary de state than that for the real deh-
state becauee in the former case they aye accelerated nesr tha
emltter; while in the latter case they travel along the plasma-
like region with comparatively smaller veloeities. In fact,

it wc'perturb the proper dc state in such a menner that

its form is more eiﬁilar to the temporary state, then we £ind
alao thet the electrons heve a smaller average transit tiope. ;
Conzaqguently, the application of ths principle of least

action for this problem would find the temporary dc state to
be the more probable atate than the proper de state. We

point to the results of the computer-zimulated diode to sup~
port the fact that the rsarrangsiment of the slectron distri-
bution in this situation actually does taka place.

The sxistsnce of a temporery dc state allows the electrons
to stay in equilibrium‘aa long a8 the distribution of ions
stays comparatively constant. This state ies thus responsidbls
for the large amplitude, relsxation type of cascillations
exhibited by one-dimensional ion-slectron systems such as the
low pragsure thermionic converter. Tha charascteristic rreQVh
Quancy of these oscillations depends on the tiransit time of
the iong.

A& general conclugion regarding equilideia of electiron-

Lbn syatems can be drawn from our gpscific anglysis: when
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de states of ion-electron systems are sought, it is not
gufficient to £find the self-consistent dec states only which
disregard the difference betwesn tho massee of ions and elec-
trone. Based upon the self-consistent de states, 8 search for
tenporary dc atates is required in order to tell whsther a
rapid rearvengenent of the elsctrons could bring them into
equilibrium in a atate different than the self-consistent

dec state. If such & temporary state is found, large

saplitude relaxation ozscillations are possible in the gystenm,
and the geif-consistent dec state might eppear only &8 &

trangitory state during the system's actual oparation.

Conclusion

Becauge there ig a largs difference between the masgses
of iona and slectrons, it is possidble to ro-examine the dc
states of a physical systen (eontaininz ions and elsctrons)
for a time period that is significant only for the motion of
the electrons, but ia insignificant for the ions. The con-
ditions of this re-exeminstion are to keep the distribution
of ions unchanged but change the distribdbution of electrons in
gearcen of a new golution to the static equations. If the
gtatic eguations can be satisfied for the electrons under
these new concitions, then it is posaible that in the lab-
oratory the electrons will rapidly rearrang? thomselves when
the original dc state is reached and cause the aystem to stay
in the temperary stable state (which is not consistent with the



dietpibutioﬁs of ions), The tomporary de state will bramk
up a2 soon 38 the effegt of this new stats starts to show
in the motion of the ions. Through this "relaxation"
machanlism lon-glectron systems can exhibit oscillstions
that avrs characteristic of the motiocn of the ilons.

The low pressure thormionic conversey indeed has &
wsll-dolined temporary de state which would agecount for the
low frequency, large smplitude oscilletione it exhibits in
the laborzatory.

15,



Fig. 1

Pig. 2

Pig., 3

Plg, &4

Pig. 5

FIGURZ CAPTIONS

The achemetic model of a low pressure tharmionic
convervar,

The expected do potential distribution in the
converter for slightly lonherich operation
(T34 ge >V/E;7E;) and & positive applied
potential on the collector,

Charectaristics of the computer-simulated
converter. Tims is normalized vc the average
transit time of ths electrons, current is
normalized to thelr saturation current,

The self-consiatent de atates of the diode,

The temporary dc astate of the dicds, The space
charge density function of ions is the same as
that on Fig. 4, but the space charge density
funetion of eleotrons is yearranged so that the
electron space charge 18 self-consistent with
the new form of ths potential function,
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