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Charging dielectrics with a beam of charged particles

oy
J
A.A.Vorobyev, O, B.Evdokimov, and V.N,Gusel'nikov

The interest in the charging of macroscopic particles

of matter has grown in recent years, This is connected
with the desire to accelerate macroscopic particles to
high velocities witn the goal of modelling the benavior
of micrometeorites, and initiating thermonuelear fusion
(1], In addition, charged macroscopic particles are

used as "fuel" in reactive electrostatic motors. The
means usually used in sharging macroscopic particles
inpart to them a surface sharge. The development of
acceleration technology has made it possible, in recent
years, to give a volume charge to dielectrics, through
irradiation C2] by fast electrons or gamma rays. This
method allows one to charge the entire volume of a diel-
ectric with cross-sectional area up to several square
centimeters, The charge deposited within the dielectric
by this method can be so large that discharge, or even
spallation, sets in rapidly.

The deposition of cnarge in volumes of matter opens
new possibilities in the investigavion of the processes
of electron trapping, breakdown, electron mobility in
dielectrics and semiconductors. Also the effect of self-
charging in a se ies of highly radioactive substances
on their catalytic and absorptive properties can be
determined,

The problem of charge deposition in dielectrics by
fast electrons has two basic aspects:

(1) transport, moderation, and tnermalization of
fast electrons, with the creaition of volume charge;

(2) drift, capture By trapping, and neutralization
of thermal electrons, [
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In this article we investigate certain theoretical
spects of the build-up of eharge in dielectrics by fast

electrons,

The Theory of Cnarge pulld-up in the Approximation
of wffectively Mobile £Kle € trons., The motion of elect-
rons arrested in tne dielectric is considered in [3],
from the point of view of an investigation of the con-
centration and deptn at which the electrons are trapped.
In the accumulation of cnarge in the dielectric it is
important to distinguish deep and surface trapping sites,
The latter, to a significant degree, determine the mob-

ility of carriers, and hence determine tne limitations

of cnarge build-up in the dielectric, The deep sites
determine, all other conditions being equal, tue value of
tne residual charge, and its duration,

The maximal stored charge in tne dielectric, nat-
urally, is determined by the current of the beam of el-
ectrons, and the properties.of the dielectric, amon: which
are specific electric conductivity, the type of carrier,
the mobility of the carriers, and their concentrationm,
and the density and depthes of the trap sites,

These latter properties, in turn, to some extent
depend on the beam current, and the absorbed desage.
necessary conditions for the build-up of a significant
amount of charge in the dielectric, under lectron bomb-
ardment, are: small specific conductivity for the diel-
ectric, and low electron mebility. For example, photo-
conductors can not be used for charge deposition via

radiation.

(8




Analysis shows tnat large charge build-up is most
likely when:

e(‘””e,(ﬂ”on ' a0, (l)

where n is the concentration of the electrons which have
accumulated in the dielectric, || is their mobility, n

o)
is the concentration of "free" electrons at equilibrium,
and e+,xj+. and n+o arec the respective concentration,

mobility, and equilibrium concentration of nositive
charges,

We will examine the accumulation of charge in a diel-
ectric fulfilling condition /1/, assuming that the con-
centration of édeep sites is small, and the influence of
surface sites can be accounted for by the effective
mobility {\. The concentration of electrons n(x,t), accum-
ulated in a plate dielectric, in this case, is determined
by a system of equations:

BE(xY) _ _ enixt)

ox g i (2)
Cdni,t) i) 3
SEE Q) t g (unE), (3)

where g(x,t) is the density, peqhnit time, of arrested
~
electrons, i.e., the source of the volume charge,

The magnitude of the charge in the plate will be
determined by the properties of the dielectric, and not
by the properties of the surrounding medium, In order
to determine boundary conditicons we supnose that the
nlate is short-circuited, that is, at any instant of time

{
"’fE(x,t)dx-Of (4)

where J is the thickness of the plate, (We note that the
2
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above condition on the ineffectiveness of the surrounding
medium holds for the case when the plate is in contact
with a conductive medium), Condition (4) indicates that,
in fact, inside the dielectric there is a point of

zero field X=X at which

E(xy,¢) =0, /5/

In the general case the locaticn of the point of zero
field is a function of time, and is determined by the
form of g(x,t).

In practice we meet with two types of electron
sources: steady-state and pulsed,

Steady-state slectron Sources, g(x,t)=go\x)

Within the framework of the model under examin-
ation the limiting values n(x,t—y @) and E(x,t—> M)
can be obtained from the random distribution of arrested
electrons go(x). In as much as when t —> @ we have YN t=0
then from /2/ and /3/ it follows that

(e

( df‘) 2eq, /6/

Taking condition /5/ into account, we obtain, as t— Q@
the field inside the tielectric

« § Ve
=t V2ejue ([ ax ’f % (x‘)de ) /v
4 *o

where the plus sign is used when x< Xor and the minus
sign when xf>xo. The 1limiting distribution of electron
density is obtained from /7/ and /2/:

Y Ve
Net VeE/ipe jg, ) dx’('fdl’jga (l’?dxﬂ L

Then tha abs=olute value of the maximum charge in a plate
with density S ¥
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The point of zero fiequﬁs determined from /4/. From
equation /9/ it is clear that the maximum charge in the
dielectric is proportional to Ve . from this, in part-
icular, it follows that with a uniform distribution of
sources go\x)zgo

0. = (eeg, /115, /1

where we have put x0=1/2. We now turn our attention to
the fact that the maximum charge is proportional to ﬁ; 5
as with self-charging radieactive preparations [al.

The dynamics of the charge in time are determined
by equations /2/ and /3/. From these tnere follows an
equation for E

5(2’;’ !’5%6) = L

In the general case obtaining a solution to /11/ in elem-
entary functions is not possible, Finite formulas can

be obtained, for example, when g(x)sgo. In this case, as
may be ceen from /8/, the distribution of charge remains
uniform as t—s @, hence E(x,t)= (Y- X)E (t), and tne
solution of equation /11/ has the form

Enb)= <eg)%exp[[z ZF 7, {}]-’ ( l ) iad

l_k [e )t '“')=Qﬂ)(%')‘

where th = tanh. The distribution of charge in time is

n(xt) « (e€ g, /)" M[(-‘-’%fe—)”t_] /18/

and the charge of the plate is
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Qut) = - (fffﬂ)yzzs en(2ige ), i /i)

From equation /14/ it fellews, that if t—@ then /14/
reduces to /10/. The time required for the charge to
accumulate is

b, = (€ /epgy) " Artn (k/100) /15/
where Arth = tanh™ .

It is clear that the accumulation time lessens as
the beam current is increased, or with the increase of
4 6/- .
the mooility.

The process of discharge after the radiation is
shut off is also interesting. The process of discharze,
within the framework of the model we are assuming, is
described by equation /11/ with g=0 ; from this there
follows

-5’75- ue .o, /16/

Equation /16/ has as its solution

. Eolty) (%'x)
E(x;t)- f“an tg (t‘tg) ) . /l7/

where we have taken into account the fact that at time
t=t,, when the radiation is shut off E(x,t) takes its
value from /12/, and the mebility of the electrons without
radiation Yo is to be distinguished from the value this
quantity assumes in the presence of radiation,_ om

/17/ it follows that the charge of tne plate changes in
time according to the law:

Q(t) = -€15& (tp)/1+Ho€o (G)(E-1,). /18/
With the condition /1«y£, (R(t-¢,) the behavior of the

charge in time does not depend on the magnitude of the
initial charge, that is:
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Q)= -€lS/uplt-t,), /19/

and is determined exclusively by’b/u0 . However, it must be
nebvieed that for large values of the quantities t,t,

the charge of the dielectric will be determined by the
depth of the sites, and in this case formula /19/ does

not give a sufficiently precise answer,

Pulsed Radiation. In this instance two limiting

cases must be distinguished:

rirst: Klectron mobility is large, and the res-
idual charze, at the moment of tne arrival of subsequ-
ent pulses is practically zero;

cecond: zlectron mobility is small, and a signif-
icant numpber of pulses must arrive for a condition
close to saturation occurs,

In the first case formulas /14/ and /18, can be
adopted witheut change. In the second it is necessary
to take into account the fact that in the sample there
is a charge, the value of which grows from impulse to
impulse, When tnhe number of pulses, necessary for
charge saturation, have arrived several times over, it
is possipole, without difficulty, to obtain Zormulas
for the dynamics of the charge in time, using equations
/11/ and /16/. Witn still greater numbers of impulses
tnhe formulas pecome to cumbersome, The maximum cuarge
can be ootain, if one takes into account the fact that
the conditiou of dynamic equliliorium is cnaracterized
by equality oetween tne cnarge iu tne pulse Qs and tne
charge neutralized between pulses,(It is assumed that
the loss during the pulse arrival may be ignored). Then
from /18/ it follows thnat

2
4 dz T fi 02 T
Mol g Ly ¢ il

7
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where Qo is the charge of the dielectric at the end of
the pulse, and T is the interval between pulses,

Solving equation /20/ for "maximum" charge Q,, We
obtain:
H
£Ls
0 e Y o &
It .%&>>%%- , then Qg% q,. This happens in cases where
it is possible to ignore the length of the pulses, the

mobility is large, and the dielectric has discharged at
the time of arrival of the next pulse, With -« then

a, ﬂ/%'- /22/
This is the more realistic case. The result /22/ reduces
to /40/ if we take into account the fact that g, and q
are connected by the relation

Bu = fstST, ‘ /23/

The identity of relavions /10/ and /22/ indicates,
that with either pulsed or steady-state radiation, for
a dielectric with large internal conductance and low

-

electron mobility, maximum charge is stored. However, v
one must remember that M >Me, and therefore, all other
things being equal, with pulsed radiation it is possible

to stere a larger amount of charge in the dielectric,

Conclusions

Maximum charge in the dielectric is determined
by the magnitude of the beam current,
The accumulation of charge in time obeys a law of

hyperbolic tangents 8




The discharge of the dielectric follows in inverse proportion to
the time.

With pulsed radiation the magnitude of the maximum charge is
greater than with steady-state radiation.
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