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Abstract. The possibility of creating an alternating current source based on a thermionic en-
ergy converter is because, under certain conditions, an electron instability can develop in such
a diode in the collisionless mode, leading to a sharp current cut-off. To implement this effect,
it is enough to short electrodes through inductance. To select the optimal operation mode of
the generator, it is necessary to study external inductance influence on the development of
the instability. This problem is theoretically studied in the proposed work, and both over-neu-
tralized and under-neutralized modes are considered. Dispersion equations are obtained. It is
shown that when external inductance is included an instability threshold can be moved below
the Pierce one. Besides, this type of instability can develop only for inductance values from a
limited range.
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AHHOTanmua. Bo3MOXHOCTh coO3maHMS HCTOUYHMKA IIEPEMEHHOIO0 TOKa Ha OCHOBE
TePMO3MUCCUOHHOIO ITpeodpa3oBaTeisi SHEPIUM 00YCIOBIECHATEM, YTO BOECCTOJIKHOBUTEIbHOM
peXuMe B TaKOM [UOLE NPU ONPEHEJIEHHBIX YCIOBUAX MOXET Pa3BUBATbCA DJIEKTPOHHAS
HEYCTOMYMBOCTb, TMNPUBOASAILIAS K pe3Koil oTceuke Toka. Jljasg BbIOOpa ONTHMAJbHOTO
pexuMa paboThl TeHepaTopa HEOOXOAWMO W3YYUTh BJIUSHUE BHEIIHEW WHIYKTUBHOCTU Ha
pa3BUTHE HEYCTOMUYMBOCTU. B naHHOW paboTe paccMaTpuBalOTCS MEPEKOMMNEHCUPOBAHHBINM
M HEIOKOMIICHCUPOBAHHBIN peXuMBbl. g HUX MNOJy4YeHbl IMCIIEPCUOHHBIC YpPaBHEHMUS
U TO0KAa3aHO, YTO HEYCTOMYMBOCTb MOXET Pa3BUBATBHCS TOJBKO MNMPU 3HAYECHUSX BHEILIHEH
WHAYKTUBHOCTY M3 OTPAHUYEHHOIO Iuarna3oHa.

KioueBbie c¢j10Ba: D3JICKTPOHHAs HEYCTOMYMBOCTb, IUIA3MEHHbIM AMOM, ILJIa3MEHHBIE
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Introduction

Thermionic energy converter (TEC) is used for direct conversion of heat into electrical energy,
and is usually a DC source. A concept of AC source based on TEC has been proposed after
the study carried out at the loffe Institute [1, 2]. This was made possible due to the fact that,
under certain conditions, an electron instability develops in the TEC leading to a sharp current
cut-off. To implement this effect, the TEC should be in the collisionless (Knudsen) mode, and
the electrodes must only be shorted through inductance. The operability of such a device was
confirmed experimentally [2]. Thus, both obtaining of electric energy and conversion of DC
voltage into AC one are carried out directly in the TEC. There is no need for additional voltage
converters. As a result, there are prospects to reduce weight characteristics, to reduce cost as well
as to increase reliability of the power plant based on TEC. However, in order to develop the
generator it is important to optimize operation modes of the device.

In this paper, we present results of studying the stability features of TEC stationary states and
investigate at what values of an external inductance the instability can occur in the diode from
external circuit system.

Materials and Methods

This paper considers a collisionless (Knudsen) diode with surface ionization (KDSI) in which
electrons are supplied from the hot emitter by thermal emission and ions are supplied by surface
ionization.

There are two modes of operation: over-neutralized and under-neutralized. In the first case,
more ions than electrons enter from the emitter (the neutralization parameter y = n,/n,, > 1,
where n , (n,,) is the ion (electrons) density escaping from the emitter surface, at the emitter).
As a rule, self-consistent stationary solutions are characterized by potential distributions (PD)
that have a broad quasi-neutral plateau in the most part of the inter-electrode gap, while there
is potential jump in small near-electrode regions. There is a monotonic potential distribution if
v > 1. It consists of zone with a sharp potential jump near the emitter, a plateau zone with a zero
electric field and a potential jump near the collector that has the same sign as that at the emitter.
On the contrary, in the case of y <1 PDs vary non-monotonically: a virtual cathode (VC) is
formed near the emitter, reflecting a portion of electrons back to it. There is a strong potential
jump and a quasi-neutral plateau region. The potential jump near the collector is of the same sign
as that at the VC outside. These are PDs with virtual cathode (VCPD).

At the KDSI, the velocity distribution functions of electrons (EDF) and ions escaping from
the emitter surface are semi-Maxwellian with the emitter temperature 7,. The charged particle
densities in the stationary mode depend only on the potential at the current point and on the
potentials at the points of particle reflection from the potential barriers. For the case of KDSI,
one can obtain analytical expressions for charged particle densities for any type of PD [4].

For the convenience, we turn to dimensionless quantities, and choose the electron energy at

the emitter W, = kT, / 2 and the Debye-Hiickel length 25 =26, /(¢*n,,) ] (here e is electron
charge and €, is vacuum permittivity) as units of energy and length. Then the dimensionless
potential n is normalized to k7. / e.
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In the over-neutralized mode with MPD the particle densities are given by
n,(M) = n,  exers(n),

n,(M,Me) =7vn,,[2exp(—n) —exp(-n Jexers(n. —n)].

ey

Here n,. is the potential difference between the electrodes, and the function
exers (x) = exp (x) [1—erf(vx)]. The relationship between the neutrahzatlon parameter y and the
plateau potential n, is determined from the quasi-neutrality condition.

exers(n,) —v| 2exp(-n,) — exp(-n,Jexers(n, -n,) | = 0. )

In the under-neutralized mode with VCPD the particle densities are given by
n.(m,m,,) = n,,exp(n,, Jexers(n-mn,,)

[Zexers(—n) —exp(—n,)exers(n,. — n)] , n<o0, 3)

m(M,Ne) =7vn, 4, {[2exp(—n) —exp(—n.)exers(n, —n)], n>0.

We need to solve a system of two equations to calculate the minimum potential n  and plateau
potentlal n, The first of equations corresponds to the condition of quasi-neutrality at the plateau
n=n, and the second one corresponds to the condition of zero total charge on the VC outer
part, i.e. between points n and n,, where the electric field strengths vanish:

exp(n,, Jexers(m, —m,,) —Y [ZGXp(—np) —exp(—n¢)exers(n. -, )] =0,
exp(n,, )| iers(n, —n,,) —1]—y{2liers(-n, ) —exp(-n, )]+ 4)
+exp(-nc)[iers(m —n,)—iers(n, —m,) |} =

Here, the function iers (x) = (2/Vr)(Vx)exers (x). One can find more detailed consideration of
all types of PD in the KDSI in [4].

In our work, we study the electron instability of solutions both with MPD, and with VCPD. In
this case, the ions can be considered as immovable. We derive formulas for the diode impedance
taking into account the presence of inductance in the external circuit, and use them to study
dispersion characteristics of the diode.

In the over-neutralized mode with MPD and in the under-neutralized mode with VCPD, a
flow of accelerated electrons with small energy dispersion enters the plasma.

Therefore, we assume that a mono-energetic electron flow enters from the emitter at a velocity
which value will be determined below for each mode.

Results and Discussion

Stability of solutions with MPD in the over-neutralized mode for a diode included in an
external circuit without reactive elements was studied in [5]. The PD was represented as

(G, 1) =1,(8) +1(Q) exp(=iQ1),  [N(C) [« My (C)- )

Here 1 (), 7({) and Q are the unperturbed PD, the potential perturbation amplitude, and the
complex frequency respectively. Evolution of small potential perturbation was tracked.

In this case, the potential perturbation in the plasma does not affect the EDF at the emitter
Jo(u,) The following equation was obtained for the potential perturbation amplitude:

Q)+ [ duyu, f. (uo>j j dyexpliQo(G,uy)—o(y,uy) [} (y)——aj (©6)

Here u(C,u,) and o(C,u4,) are the electron velocity at point { and its motion time from emitter to
point { in ﬁeld with potent1a1 n,(0), and J is an amplitude of the total current-density perturbation.
At n,>» kT / W the EDF at the emitter can be approximated by 3-function: f°(u)) = n,8(u,~u,)
with’ n,= n =+ (kT,/m). Then in Eq. 6 one gets rid of one integration. Equatlon (6) allows
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one to find the perturbation potential amplitude for the mode without reflection of electrons from
potential barriers at any form of n (0).

The boundary conditions for perturbations at the emitter are the same as in the Pierce diode,
where the monoenergetic electron flow moves through a uniform background of immovable ions,

and n,(§) =0: )
n() |z;:0: 0, J.(©) |g:o: 0. (7)

Here ]: is a perturbation amplitude of the electron convection current-density.

In studying an effect of the external circuit on stability features of the diode it is convenient
to consider the impedance of the diode Z (Q,0) = —j (Q,0)// ; here § (Q,0) is an amplitude of the
collector potential perturbation.

When the unperturbed potential of the collector coincides with the plateau potential, the
situation is close to the Pierce diode: the electric field in almost the entire gap vanishes. Some
differences are that the EDF at the plateau is slightly different from the mono-energetic one,
and the near-emitter region, where the potential and charged particle densities vary greatly, has
a width although small compared to §, but finite. When n,» kT./ W where W kT /2 +e D,
is the kinetic energy of the plasma electrons the thermal spread of electron velocmes can be
neglected. In [5] it was shown that the EDF at the emitter should be chosen as following:

feo(V)ZneES(v—«/kTE /m).

When deriving an equation for the potential perturbation we follow [5]. The electron energy
Wp in plasma and Debye-Hiickel length A7 = [2€0Wp /(eznp)}mare used as energy and length

units. Note, that plasma energy and Debye-Hbckel length parameters are connected with the
emitter ones by formulas [5]

W, =W, +e®,, A,=1E([1+2n, ()] exersin,(M)]) . (8)

Here n, =ed® /kT is the plasma potential calculated in the “emitter” units.

The diode 1mpedance is made up of the impedance Z,(Q) of the emitter region (0, {,) and one
of the plateau region Z (Q) (s 8). In the near-emitter region, the unperturbed PD is approximated
by a straight line: no(c) = k(. It is found that {, magnitude is well described by the formula
¢, = 0.62y (AL /Ar) for y values from 2 to 10. The following expression is obtained for Z,(Q):

i T (o v o~ 1
2,.¢,) =5{cE [l @dxx%(y,x)exp[z@%(yz —xz)}}. ©)

Here o = 2/x, u,, = V(W /W) is a characteristic electron velocity at the emitter,
T, (y,x) = J ()N, — "J (y)N (x), ané J, and N, are Bessel and Neumann functions of index 1.
The following express1on is obtained for Z (Q d):

1 1- Q/ 3 ) 3 B
Zp(ﬂ,f>)=—m(l_gz)[1 (+g ) {1 -explifl+ Q6 -, )} "
—T—Q(l+g>{1 expl—i(1- Q)5 CE)]}+2iQZ(6—cE)}.
Here
g =1+ QI-Q)f +ifil, g =1-QA+Q)f ~if,], o

S =—1QZ(Cp) -1, f,=iQZL(Cp),
and Z', ((,) and Z",(C,) are the values of the Ist and 2nd derivatives of the impedance Z, at the
right boundary of the region (0, ;). In the case under consideration

T ¢ iQ
fszzjﬁadxxzfd(a,x)exp{z(xz—az)}, s=1,2. (12)
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The matching condition for a diode with an inductive external circuit is
Z,(Q,5,)+Z,(€,8)-iQL =0. (13)

This equation with L =0 was solved in [5]. The dispersion curves, i. e. the dependences of
the eigen-mode growth rate I' and frequency Q on the dimensionless inter-electrode gap § were
plotted. It turned out that both these dependencies are close to the similar dependences for the
Pierce diode. The instability threshold is close to that for the Piers diode 3/ = n. The picture of
the KDSI generation regions is similar to that for the Pierce diode, too [3], but, unlike the latter,
in the KDSI the generation regions are localized. This is due to the fact that the real part of the
emitter region impedance is positive.

We have studied solutions of the dispersion equation (13) when inductance is present in the
external circuit. It is shown that, same as in the Pierce diode [6], an external inductance leads
to the appearance of a new instability branch. In addition, it can intersect I' = 0 axis at d values
below 5”. This means that by varying the inductance it is possible to change the emission current
value at which sharp current cut-off occurs, i.e., to optimize the TEC operation regimes. It is
also shown that instability can develop only at values of the external inductance lying in a limited
range. For example, at y = 10 this range is 0 < L < 2.5 (see Fig.1, a). It should be noted, that new
branch are corresponded frequencies higher the plasma frequency.
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Fig. 1. The growth rate I vs § for various values of an inductance L = 0.1 (1), 0.5 (2), 1.0 (3), 1.5 (4),
2.0 (5), 2.5 (6); dashed curve is the Ist aperiodic Pierce branch in over-neutralized regime, y = 10 (a),
and in under-neutralized regime, y = 0.002 (b)

When studying stability of PDs with VC, one can exclude the area between the emitter and
the position of VC top {, due to the small width of this area and study an equivalent problem,
when the emitter is placed in a point with coordinates ({ , n,). Current supplied by “new” emitter
corresponds to flow of the electrons which overcame the potential barrier n, occurring in the
stationary field, i.e. the current is j = j.exp (v ) [7, 8]. In this case, we can assume that during
the initial stage of the instability development, perturbation of the VC top position and of the
electric field at this top are zero.

The following equation is obtained for the potential perturbation amplitude:

Q) ] a0 [ dvexp ko)~ ) BT () =
B (14)

- —éjj': dul”lfeo (u))[exp{iQo(C,u,)§ —1].

Here u, is the electron velocity at the “new” emitter. The “current” term in the right part of
Eq.(14) is due to the fact that in this case it must be taken into account a perturbation of the lower
bound of the velocity region at the emitter, over which the integration takes place when density is
calculated. It should be noted, that in this approximation, the potential in the plasma is actually
increased by the VC height |® |, and is Ad = ® — @ . When A®D turns out to be large enough,
the thermal velocity spread of electrons in the pfasma can be neglected and the EDF at the new
emitter can be chosen in the form f°(u) = (j, /e) d(u,)/u,.
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The boundary conditions for perturbations at the emitter differ from the Peirce-like ones (7)
and have the form

MO =0, N (Q)|-=0. (15)

When calculating the impedance, we approximate the PD on the external part of the VC by
the law, which corresponds to the vacuum diode with zero electric field strength at the emitter:

1/3
O(z)=az?, a= 3\ (min . (16)
2 2ee,

This approximation describes well the behavior of the PD to the right of the VC top [7]. For
the position of emitter region boundary ,, electron velocity at the plateau u, and electron transit
time through the emitter layer o, we have

e =(27/3)m, —n, )" w, =(6772)¢, o, =(65,)". (17)

Here units of length and energy are selected using the emitter parameters, but only with the
replacement n, with An=n —n To go to plasma units, we need decrease , by ratio of the plasma
and emitter Debye—Hiickef lengths: AL /A = (M, —n,)*exp(-n,/ 2).

To study the diode generation regions and plasma dispersion, let's consider its impedance. As
in the over-neutralized mode, it is composed of the impedances of the emitter layer Z,(Q, {,) and
that of the plateau region Zp (, 8). In this case, we have the following expression for Z,(Q, (,):

Z.(9,¢,) =é{é(§205)3 +iQo, +2+(z’QcE —Z)CXp(iQGE)j|. (18)

The impedance of the plateau region Zp (Q, §) is determined by the formulas (10) and (11), but
only with other functions f, and f:

1 . .
f = Qz—cé[l +(iQo , —1)exp(iQo )],

4
fo= o [ 24(9707 +2i0%, - 2)exp(i0,) |
O

(19)

Regions of the KDSI generation for solutions with VCPD in the under-neutralized mode with
a purely active external circuit were studied in [7]. It turned out that these regions are localized.
This is because the real part of the emitter layer impedance is positive. The Q(3) dependences
turn out to be close to those in the over-neutralized mode. The I'(§) dependences are similar to
those in the over-neutralized mode, but are shifted in the region of negative I' values. Besides, all
bifurcation points on aperiodic branches that are the oscillatory branch start lie below the I' =0
axis. The instability threshold is shifted to the right of the & point by a value, approximately
equal to ,. When there is inductance in the external circuit, new eigen-mode similar to that in
over-neutralized mode appears, and it has frequency higher than the plasma frequency. Its I'(5)
dependence can intersect I' =0 axis at & values below the Pierce threshold (see Fig.1, b). For
example, at y = 0.002 it happens when L~ 1.4.

Conclusion

In order to create an alternative current directly in the TEC, its electrodes are bridged over
an inductance with a magnitude of about several units of pH [2]. Feasibility of such a generator
is based on the electron instability development in collisionless plasma diodes resulting in the
current cut-off effect. We have demonstrated that presence of an external inductance induces a
new unstable eigen-mode, which can make the instability threshold lower than the Pierce one.
Thus, by varying the external inductance one can control current density magnitude at which the
cut-off occurs and affect the generator performance.

In order to calculate the optimum magnitude of the inductance one has to calculate the non-
linear time-dependent process in the KDSI plasma taking into account a time variation of the
collector potential caused by the presence of an inductance.
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