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The effect of an immovable charged particle background on the stationary states of a diode with the electron
beam is studied. An addition of uniform positive charged particles results in an increase in the space-charge limit of
the electron current as well as in the new branches of equilibria arising. On the other hand, extra negative charged
particles result in a strong decrease in current cut-off limit, the cut-off being the total one. This effect can be used to

perform the fast switches.
PACS: 52.35.Hr

1. INTRODUCTION

90 years ago it was revealed an effect of a sharp
current cut-off in the diode. Bursian explained this
phenomenon assuming that, in such a diode, two
stationary states with the clearly different current levels
can exist simultaneously in the given range of the
external parameters and, with an excess of the electron
beam over certain threshold value of j- , named the
space-charge limit (SCL) current, retained are only the
solution with current’s restriction [1].
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Fig.1. Emitter electric field &, as a function of the

diode length 6 for the Bursian diode drawn for three
values of the voltages V: curve I corresponds to V =0,
1l to 0.2, Il to -0.4. Normal C branch is marked by
number 1, overlap C branch — 2, B branch — 3

In Fig.1, an example of ¢,(0) for three values of an
external voltage V' is given (here &, =eEA,/2W ,
0=d/A, and V =eD./2W are the dimensionless

emitter electric field, diode length and external voltage,
respectively; the beam energy and Debye length

W=mO)/2, A,=[W/2re’*n’)]"?, (1)

are chosen as units of energy and length with n’, v°

being the beam density, velocity). The normal C branch
corresponds to a regime with a total current, and the B
branch corresponds to a regime with current’s
restriction, when, in the diode gap, a potential barrier
arises (named a virtual cathode), which reflects a part of
the electron flow on the emitter backwards. Each curve

£,(0) has two bifurcation points: SCL point, which

determinates a limit current of the Bursian diode, and
BF point, which corresponds to Child-Langmuir current.
The properties of the Bursian diode are investigated in
details in a number of works, see Refs. [2]-[5], and
references cited therein. For coordinates of the SCL
point, the explicit form is obtained [3]:

O, (V)= (\/E /3)1+ m)m ’
Eo,s5cL > = \/5(1 + m)—uz.

In this paper, an effect of the background of charged
particles on characteristics of the electron beam diode is
studied. It may be, e.g., a flow of extra particles injected
in parallel along the electrodes or a dust plasma.

2. UNIFORM POSITIVE ION
BACKGROUND

In Ref. [6], an effect of uniform background of
positive ions on characteristics of the electron beam
diode was studied. As a quantitative parameters of an
ion background, it is used a nonneutrality parameter y

defined by

2

b 0
y=n//n;, (3)
a value of y being the same as the parameters of the
electron beam are varied. Fig.2 shows in what manner
the Bursian branch (C branch) develops with an increase
in ¥ . One can see that the presence of the ions permits
to increase substantially o, . As j(d)~ o ?, it makes

feasible to say about sensitivity of the true SCL current
to an increase in y. On the other hand, a BF point

location is weakly dependent on y value, and the Child-

Langmuir current, defined by the BF point, remains
almost the same.

Follow the change in C branch when increasing a
nonneutrality parameter from 0 to 1, one can see that the
Bursian branch (y =0) transforms continuously into a

similar branch of the Pierce diode (7 =1), a bifurcation
point O, (0)being transforming into a bifurcation
point J 4 (1). With an increase in current (an increase
in a parameter J ), when reaching SCL point, there is an
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aperiodical instability in the diode and, as a result, a
plasma is transforming into a state of electron reflection,
strongly different from the initial one. Such scenario
does not depend on y . Thus, one can deduce that the
Bursian and Pierce instabilities are the special cases the
same aperiodical instability being inherent for the
electron beam plasma diode.

T T T T T

15 . ]
L y= 0.001 a\j;]} E
€o = 0.5 N

L7 =VU.0 ~) —— normal C

1.0 [y =0.99 S :.\ ——=— C-overlap | ]
\\.
b ~ = 1
05 N =0} ]
L ~ B
~
'\\ o
~ y
L » SCL A
0.0 ]
L 1 1 i 1
0 1
2 5 3

Fig.2. Emitter electric field &, as a function of the
diode length & for three values of y =0.001, 0.5, and
0.99. The diode voltage is V =0 . For each curve,
closed circles indicate the SCL critical state, whereas
open circles indicate the BF state

There are no stationary solutions with &, <0 at
V<0 in the Bursian diode (y =0). However, when
¥ >0, such solutions exist. It results in arising the new
branches which are shown in Fig.3 for a series of V',
where a region on a plane {¢,,0} corresponding to

S <2my~'? is presented.

Fig.3. Manifold of equilibrium curves &,(5) for y =0.9
drawn for different values of the collector potential V.
Curve 1 corresponds to V =-0.3, 2to—0.1, 3 to 0, 4 to

0.1,5t00.2,6t0 V=V, =02469, 7t0 0.3, 8 t0 0.7,
and 9 to 1.2

One can see that it is separated in four fields by the
bold solid lines which correspond to a voltage being
equal to a critical value of V_, (y). At V' <V, there are
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only C (Bursian) and C branches (the upper-left and
lower-right corners, respectively). For each voltage, the

C branch transforms into a relevant C branch if the
first is rotated by 180° relative to a point (0,7zy >'?). In
lower-left and upper-right corners, there are two new
branches — £ and E corresponding to ¥ >V, , the

solutions with a single maximum on the potential
distribution corresponding to the £ branch, and all these
solutions are stable. A critical value of V' determining

the boundaries of the sectors (two bold curves) is
determined via a formula

V,=20-97". )
At y=1 V_, =0, and at y >0 (a transform to the
Bursian diode) V, —oo. The bifurcation points (BF

and SCL) exist only at V' <V_, ie., on C and c

branches.
The coordinates of SCL point are determined via the
formulas

Eo.sc = (m — 7[/ _1)1/2 V71/2’ (5)

S5 = r—arcsiny =y, & gy < \/;,
SCL arcsin y — y, \/; <&usc SN2-7, (6)

Y= 2\/;‘90,561 /(}/+g§,SCL )-
At y > 0, Egs (5) and (6) transform into Eqs (2).

At value of V' fixed, a value of J,, (7) increases
with increase in y (see, Fig.2). Hence, an addition of
the ion background results in an increase in the limit
Pierce current density. Each value of V' a critical value
of y is corresponded, also, being consequence of V,,

existence for every y. Upper limit in j,, and O

can be found from Eqgs (5) and (6), with substituting the
critical value of y determined from

7, =W 1+2V =y @)

From the very fact that there are new stable E
branches at y >0, it follows the very important
conclusion: in the stationary regime, the currents above
the limit Pierce current corresponding to the well-
known Pierce threshold o4, (), can pass. At any
y#0, one can continuously increase o (hence, an
electron beam current density), practically, with no
restrictions when taking V' >V .

Above, it is supposed that a parameter y (see,
Eq.(3)) is a constant. Of interest is to consider a diode
when the density of the background charge is fixed and
the electron beam density is varied. The solutions for a
problem with the constant ion background can be easily
found, having a lot of calculations at different fixed y
values.

Nevertheless, take the equations describing the
steady states of a diode with constant background
charge. Those are the equations of continuity, of
electron motion, and the Poisson’s:

n(z)v(z) = (1+r)ngv,,
a
dt

vz) =v(z>%v<z) =—%%®(z), ®)

2
d—2 ®(z) = dre[n(z)—nl¥]
dz
and boundary conditions are
v(0)=v,, n(0)=n,, 9
D0)=0, D(d)=D,. 2
In Egs. (8) and (9) parameter » is a coefficient of

electron reflection from a virtual cathode. When
considering the steady state in a regime with electron
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reflection, the problem is as follows: both electron flows
— direct and backward — are supplied from the emitter
with the weights / and r, i.e., the electron flow with a
weight /+7 “leaves” the emitter and, to the right of the
virtual cathode, an electron flow of a weight /-r arises.

Rewrite a parameter n.* as

* be
=" (10)

i
=L, K
o n,

bg
R R
i * (. 0>

n, n,

Here 7, is an emitter electron beam density for a diode

with no background particles at the SCL point. Now, in
the problem under consideration in the dimensionless
form, a problem (8) and (9) is of the same form as the
previous one with y fixed, but, everywhere, y is

substituted by «. Contrary to y, a parameter «

depends on a dimensionless diode length &, so, the
main parameters of the problem (g,, minimum

potential 77, and its position &, , and so on) can be

found only with calculating the potential distribution
over the entire diode.
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Fig.4. Emitter electric field &, as a function of the
diode length & drawn for three values of k,=1.1
(curve 1), 3.3 (1), and 5.5 (1II). The diode voltage is
V =0. For each curve, a values are shown for three
points

Fig.4 represents dependency &, on & for a diode
with =0 for a regime with no electron reflection for
three «; values. The branches obtained correspond to C
branch for ¥ <1 (see, e.g., curve 3 in Fig.3). Consider,
for clarity, curve I. At SCL point, « =0.590, and, with
0 decreasing, this parameter increases: on the upper
branch, up to 0.866 at BF point, on the lower branch —
up to 1.0 corresponding to ¢, =0.

3. UNIFORM ELECTRON BACKGROUND

When studying an effect of the electron background
on the characteristics of an electron beam diode, first,
evaluate the values of a series of the parameters at the
SCL point for short-circuit diode by a concrete example:
a voltage forming the beam, V" =1V, and a diode length

5

d’=1mm. Then for minimum potential @ , beam

m?

. * . * . Lk *  x
velocity v, density n,, and current density j, =en,v,
we obtain
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®, =-0.757, v, =59289.10" <2,

. s (11)
eny =3.1438-10" =+, i =1.8639-10° —..

cm cm

A total charge in a gap relative to the units of a length
and square of the electrode for the SCL point equals

-

Q = i* I dzn(z) = L*en*v*t* = Een; =

d d 3 d " 2
=4.7157-10""C/.cm’.

For the background electrons would affect the diode

states, their total charge should be of the order of Q/d"

Eq. (12).

When studying the steady state, as in the case of the
ion background, Eq. (10), represent the -electron
background density as a form
A coefficient x,, determining the background electron

(12)

(13)

n, = pn,.

density, is related with n’% via n" =(9/16)x,n; .

If the beam electrons are absent, it is maintained the
potential distribution ®(z) = —7e(9/8)x ,n,(d - 2)z,
which minimum potential ®, =—(97/32)ex n,d’

locates at the center of a diode space and its
dimensionless value 7,, =—(1/8)x,, in the diode. For

e’

the Bursian diode with no background 77; =-3/8 at

the SCL point. x, =3 corresponds to such value of

n,. When n, =-1/2, an electron beam, left the
emitter with the energy m(v,)> /2, stops at the point

z,, and x, =4 corresponds to this case. Thus, an

essential effect of the background is expected at a
parameter x, within 3 and 4.

Now, involve an electron beam of fixed energy
W, =eV" from the emitter in the vacuum diode with

background electrons. Depending on a relation between
the beam and background density, there are different
regimes within the gap: an entire beam reaches the
collector or a portion of electrons (as well as total ones)
is reflected by potential barrier and backwards the
emitter, resulting in a current cut-off.

A system of equations in the case under
consideration coincides with Eq. (8) when substituting
a by —f . Performing similarly to that as in [2] and [7]
this system can be transposed to a single ordinary
differential equation of the 3™ order:

d|( d

—(—g—ﬂgjznr. (14)

dr\ dr’
Here 7 is a time-of-flight of an electron from the
emitter to a point ¢ . Integrating Eq. (14) with relevant

boundary conditions, one can calculate potential
distributions and build up dependencies the emitter
electric field &, and a convective current at the

collector j on a diode length & .



In the regime with no electron reflection we obtain
an equation for a relation ¢, with &

1+B | &, | +wp

1—\/?504—,8 ’
gy ==& +2w=1)+ (W 1),

Here w=(1+2V)"2.

electron reflection (0<r<I) an equation relating ¢, with

125 =Be,+]e;)-In
(15)

In the regime with partial

o has a form

52—y = |y |-Gy B8 1B

1-r

B¢, =ps, —<1+r>1n—””f‘9° 2
B
g =20+1)+ B, & =—2(1-r)w+w’f.

Here ¢, is a position of a reflection point.

(16)

And at last for the regime with total electron
reflection for the reflection point and for a potential
distribution to the right of this point we obtain:

ﬂs/zgr :\/E(go_gr)_zmz"'\/ﬁgo"’ﬂ

2+Be. T (17
g =\le. —4-p,

M =35 -E)+5PC-C0 a9

Then, in a regime with a total reflection, we have a
relation &, with ¢ as follows

S=C + B (e +:)e> + W p). (19)

Now, with the background electrons, the solutions
with the virtual cathode, giving the solutions with the
total reflection within a gap at V' <—1/2, can exist. At
the potential minimum point, we have

(=B le. m, =—%(l+ﬁ"€f)- (20)

Using the obtained formulas, the dependencies ¢,
on 6 were built up for a number of a background
density x, values. Fig.5 demonstrates a background
electron density effect on the curves g, (0).

4.0 — 4
e 3
2
2.0 -
1
0.0 T T T
0.4 0.8 1.2

o
Fig.5. Emitter electric field &, as a function of the

diode length 6 drawn for four values of «, =0 (curve I),
1(2), 2.3 (3) and 3 (4). The diode voltage is V =0

As for the conventional Bursian diode, for a diode
with a background, these curves show two bifurcation
points — SCL and BF. A density of background
electrons affects strongly the locations of these points.
With an increase in a background density, the
bifurcation points shifts to the lower o, facilitating
their using as the memory elements in the information

technology.
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Fig.6. Collector convection current as a function of the
beam current diode length 6 drawn for 4th values

of k. Parameters are the same as in Fig.5

Fig.6 shows in what manner the changes in a
dependence of the passing current on the beam current
occur. An important point of the background electron
diode is that a current cut-off in such a diode can be as
low as zero (see, i.e., curve 4).
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Fig.7. Emitter electric field ¢, as a function of the
diode length & for x, =3 drawn for three values of

V=0 (curvel), 0.1 (I), and -0.1 (IIl). Dashed curves
correspond to the regime with total reflection, and star
indicates left boundary of such region

The dependencies &, on & are presented in Fig.7,

for a diode with the background electrons with x, =3

drawn for three values of the external voltage V. Here,
using points A — D and a vertical line drawn through
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them, an example is shown for presentation of the
manner in which a device can be realized with a fast
current switches to zero level and vice versa using a
series of short voltage pulses. An initial state lies on a
curve [ corresponding to an external voltage V' =0 ata
point 4. A flowing current j = j,. When supplying a
short negative voltage pulse AV =—0.1, the diode turns
out to be, initially, on a curve /I] at a point B where
j =0, then, it returns to a curve [ but, at a point C,
corresponding to a regime of total reflection. Now, if a
short positive voltage pulse AV =+0.1 is supplied, the
system is transferred, first, to a curve /I at a point D,
where j=j,, and, at last, it turns out to be on a curve /
again, at a point 4. Emphasize that the duration of the
control pulses can be only several time-of-flights of an
electron via the diode gap.

This work was supported in part by the Russian
Fund of Basic Researches under Grant Ne 06-08-01104.
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3JEKTPOHHBIN MYYOK IIJIASMEHHOI'O TUO/IA, OKPY ) KEHHBIN 3APAKEHHBIMU
YACTUIHAMHA

A.A. noep, B.U. Ky3ueyos, X. Illamens

Wzyuaercst BnusiHne 3(Qdexra OKpYKEHHsS HEMOABMKHBIMH 3apsSDKEHHBIMH YacTHIAMU Ha CTallMOHApHBIE
COCTOSHUSL JHOAA C DJIEKTPOHHBIM ITydKOM. [IONOJIHEHHE OIHOPOIHBIX IIOJIOKUTEIBHBIX 3apPSIKEHHBIX YaCTHIL
IIPUBOJUT K YBEIMUYEHUIO IPEJCIIBHOIO OIPAaHUYECHHOIO IPOCTPAHCTBEHHBIM 3apsiIoOM TOKA 3JIEKTPOHOB, a TAKXKE K
BO3HMKHOBEHHIO HOBBIX 0oOJacTell paBHOBecusi. C Ipyroil CTOpOHBI, H30BITOK OTPUIATENILHO 3apsKEHHBIX YacTHI]
MIPUBOJHUT K CHIILHOMY YMEHBIICHHIO NPE/IENFHOTO TOKA, a TaKkKe 00I11Iero Toka. 9T1oT 3p(heKT MOKHO UCTIOJIb30BATh
JUISL CO3/IaHMsI OBICTPBIX MEPEKITIOYaTEIIeH.

EJIEKTPOHHUI IMTYYOK IJIA3MOBOTO JIOJIA, IIIO OTOYEHUII 3APS/KEHUMHU
YACTUHKAMM

AA. Enoep, B.1. Ky3ueyoes, X. Illamens

BuBuaeTbcs BIUIMB e(heKTy OTOYCHHS HEPYXOMHMHM 3aps/PKEHHMH YaCTMHKaMHU Ha CTalliOHapHI CTaHM Jiozaa 3
€JIEKTPOHHUM IY4YKOM. JIOTIOBHEHHSI OJJHOPIAHUX MO3UTHBHUX 3aps/DKEHUX YAaCTUHOK MPUBOJHUTH A0 301JbIICHHS
TPaHUYHOTO OOMEKEHOTO IPOCTOPOBUM 3apsZIOM CTPYMY EJIEKTPOHIB, a TaKOX JI0 BUHUKHEHHsS HOBHX oOJsacTeit
piBHOBary. 3 iHIIOT0 OOKY, HA/UIMIIOK HEraTHBHUX 3api/PKCHUX YaCTHHOK IPH3BOAUTH JIO CHIIBHOTO 3MEHILICHHS
TPaHUYHOI'O CTPYyMy, a TAaKOX 3arajbHoro crpymy. Lleii edexT MoxHa 3acTOCYBaTH Uil CTBOPEHHS HIBHIKHX
MIePEMUKAYiB.
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