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METHODS OF OBTAINING MAXIMUM ELECTRICAL POWER IN SHORT PULSES
M. V. Babykin, A. V. Bartov

[Key words: thermonuclear studies, maximum powers, methods of
obtaining, short pulses, energy accumulators.]

I. INTRODUCTION

In 1964-1967, electron accelerators were developed for large
currents (100-200 kA) with an electron energy of more than 10 MeV
and a total energy in the pulse of more than 100 kJ which use ccld
emission from a point [1-6]. This gave rise to hopes of
implementing the idea of Harrison [7] who proposed initiating a
thermonuclear reaction by heating a small volume of solid or liquid
DT-mixture by the impact of a macroscopic particle of a solid
("macron") accelerated to a velocity greater than 108 cm/s.
Harrison's idea remained unexecuted due to the absence of macron
accelerators., With the appearance of powerful electron beams, a
more realistic possibility appeared, utilizing the effect of the
collective interaction of an electron beam with plasma and accom-

plishing the heating of some critical volume of thermonuclear

fuel to the necessary temperature. This was indicated independently
by Ye. K. Zavoysk in the USSR [8] and F. Winterberg in the United
States [91].




The critical parameters necessary for the initiation of a
thermonuclear reaction were calculated by Harrison [7] and also by
other authors [10-13]. Harrison showed that some optimum temper-
ature which is independent of volume exists at which the ratio of
the energy which is released due to thermonuclear reactions to the
energy lost to expansion 1s maximum. For the DT-mixture this
temperature is 18.25 keV, and for DD-36.8 keV. With a temperature
higher than the optimum the power expended on expansion begins to
grow with an increase in temperature more rapidly than the yield
of the thermonuclear reaction. Harrison also showed that some
critical radius exists and, consequently, a critical volume in
which the power which is released in this volume at a given temper-
ature begins to exceed the power which is expended on the expansion
of the critical volume. Obviously, the critical radius has a
minimum with optimum temperature.

For the DT-mixture it equals ~2 mm, i.e., for the initiation
of a thermonuclear reaction it is necessary to heat approximately
30 mm3 of DT-mixture to a temperature on the order of 20 keV. For
this it is necessary to apply an energy on the order of 5-10 MJ to
the critical volume during a time which is less than the time for
the scattering of this volume and which, for order of magnitude,
is equal to one or several nanoseconds. This means that a source
of energy with an energy reserve QO = 106—107 J and time of action
T = 10-9-10"8 s is necessary.

There is no difficulty in accumulating the necessary amount
of energy. Even now, accumulators with an energy of up to 100 MJ
or more are known. It proves to be more difficult to contribute
this energy to a load during a very short time, i.e., to create an
energy source of great power and to contribute this power quickly.
In order to illustrate how short the necessary time is, it is
sufficient to point out that during a time of 3-10—9 s the
electrical pulse is propagated along a line or cable over a distance
on the order of 1 m.




As M. V. Babykin and V. V. Starykh showed [13], it is possible
to find the optimum temperatures at which the energy or power
necessary for the initiation of a thermonuclear reaction have a
minimum. For the DT-mixture this temperature equals respectively
15.4 and 12.5 keV. It 1is interesting to note that the most
important power optimization is obtained with the least of all

f temperature cases.

5 The power necessary to initiate a thermonuclear reaction,
3 according to estimates, should be on the order of 1014—1016 W and
the rate of increase in power on the order of 1023-1025 W/s. This

| means that the basic problems are the creation of an energy source

of great power and rapid commutation of this power.

The rate of increase of the electrical accumulators in the
case where it i1s not restricted by the processes of current devel-

opment in the commutator 1s inversely proportional to the total

é inductance of the commutator and the load (if we consider the
accumulator non-inductive or if an accumulator is employed in the
form of a matched electrical line). To ensure the necessary rate
of power increase it is necessary that the inductance be less than
10"1—10-2 cm, i1.e., a single concentrated commutator is not suitable :
and it is necessary to employ elther a very broad commutator or a
set of commutators which operate in parallel. Hence it follows

that one of the basic problems is the control of a broad dis-
tributed commutator or the synchronization of a large number of

. commutators with an accuracy on the order of 0.1 ns. For the

E same reason, a concentrated load is not suitable either since it

@ would have introduced too great an inductance; furthermore, the

surface of the load should be large for another reason - because
the energy flow across a unit of load surface is limited by the
break-through strength of the dielectric gap.

The purpose of this work is to examine the question, what
determines the maximum powers and rate of increase in the power of
various systems and under what conditions can parameters be obtained

3
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which are necessary for the initiation of a thermonuclear reaction.
Here, we will consider only the final stages of energy accumulators
which are able to create power pulses shorter than 10"7—10"8 s. All
the slower sources of energy such as, for example, explosion-
magnetic generators which can ensure a current pulse rio shorter
than 5-10 ps will not be examined here although they, along with
regular capacitor batteries and inductive and electromagnetic
accumulators, can be used as preliminary sources of energy for fast
systems and their comparative evaluation unquestionably will be

necessary 1in the future.

The problem of rapid commutation of large powers and the
precise synchronization of parallel discharges is still poorly
developed and special studies are required for its solution.
Therefore, examination of the commutation problems 1is not included
in the goal of this work. In the subsequent presentation, we will
proceed on the assumption that the commutation problem can be
solved in some way. For example, one of the solution methods may
be the employment of a controlled plasma cathode in which the
functions of the commutator and electron emitter can be combined
while another is the use of dischargers with multiple breakthrough
[14].

2. ELECTROMAGNETIC ENERGY ACCUMULATORS

The energy which is stored in a unit volume occupied by a
field equals

EE . _MH?
i& % 71 ! ?nn T 8a

It is interesting to note that the maximum energy density in a
magnetic field may be considerably higher than in an electrical
field since the maximum permissible fields are determined by
different physical limitations. In the case of an electrical
accumulator the maximum energy density is determined by the




electrical strength of the selected dielectric (or the strength
of the vacuum in the case of vacuum capacitors).

In contemporary paper-and-oill capacitors the electrical field
which has been maintained for a long time by a dielectric attains
106 V/cm and the energy density in a unit of volume is 0.1 J/cm3.
The same field value is attained in the gas gaps in Van de Graaf
accelerators. The strength of the vacuum gaps reaches 500 kV/cm.
Fields on the order of 200-300 kV/cm were attained in water capaci-
tors. There is a hope of obtaining a field on the order of 750-
1000 kV/cm in the water of the field in pulses shorter than 0.3 us.
(V. M. Lagunov. Dissertation. Institute of Nuclear Physics,
Siberian Branch of the Academy of Sciences USSR, Novosibirsk, 1969.)
1t can be hoped that the employment of a pulsed charge as well as
operation in the line mode with a traveling wave will permit
increasing the electrical field 8-10 times in the case of paper-
oil or gas insulation, i.e., achieving field intensities on the

order of lO7 V/cm and energy density on the order of 5-10 J/cm3.

It should be noted that autoelectronic emission begins to
appear with fields greater than 107—108 V/cm; therefore, fields
n 108 V/cm apparently are limiting. i

The maximum permissible magnetic fields are determined by the
magnetic strength of the coil material. It is possible to obtain
fields on the order of 500-600 kOe without destroying the coil.
With such fields, an energy of more than 1 kJ 1s contained in

3. Unfortunately, the obtaining of these advantages is

1 em
connected with the necessity to use an explosive current breaker
which does not permit obtaining a commutation time shorter than
lO"7 s and, as a rule, 1s not self-restoring, i.e., it requires

disassembly and replacement after triggering.
The total volume and size of the accumulator system are

determined by the permissible energy density, i.e., in the final
analysis by the permissible field. For example, with an electrical
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field of 10~ V/cm the energy density is 0.1 J/cm3 and for the
accumulation of 107 J 100 m3 of dielectric are necessary. With a
field af lO7 W/cm, the necessary volume will be only 1 m3. For &
comparison, it is interesting to note that in a magnetic accumu-
lator with a field of 5-105 oersteds an energy of 107 J will be
contained in a volume equal to only 10 liters but, unfortunately,
the magnetic accumulator cannot release energy with the required
speed.

Both types of accumulators (both electrical and magnetic) can
be made both in the form of an oscillatory circuit as well as in
the form of a line segment with distributed or concentrated
parémeters. Let us first examine accumulators in the form of
lines with distributed parameters.

3. ELECTRICAL LINES WITH A CONSTANT WAVE IMPENDANCE

First, coaxial electric lines whose external conductor is
the tank of a Van de Graaf accelerator and whose central conductor
is the internal shield of the accelerator were used to obtain
powerful electron beama Subsequently, special lines including
double lines (Bloomiine lines) were constructed; however, these
lines retained tune characteristic features of high-voltage electro-
static accelerators. The basic parameters of the electron beams
which have been obtained down to the present with the use of these
lines are presented in Table 1.

The capacitance and inductance of a unit of length of coaxial
line equal respecively

e S . R
““26d L=2pbna-

The wave impendance of the line equals

-t 2 . R
}3::\!;§L = ’Kﬁ?"fﬁ -
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The electrical field on the surface of an internal conductor
equals

With fixed V and R this field is minimum when on »,E-:{ M

when -,ZR- = 2,72

.
£ =

min

In the case of a vacuum or air line a wave impedance of 60 @
corresponds to this relationship of the radii. This relationship
of the radii is selected in those cases where it is desirable for
the line to withstand the maximum voltage (for example, for a
transmission line or in accelerators when it is necessary to
obtain the greatest energy of the particles; see [1]).

The energy per 1 centimeter of charged line equals

L

Here E - the electrical field on the surface of the internal con-

2 2 p
o L S
.7*‘“‘86 =l z

ductor. With a given R and fixed electrical field (with the given
strength of the dlelectric E = Emax) the energy on 1 centimeter of
line has a maximum width §o R _ 4/, 1.e., witn R . 1es. e
g = 2 vios g i
power which is transmitted over the line is also maximum with

fbé%::fz. With € = 1 a wave impedance of 30 Q corresponds to
this ratio of the radii.

The maximum power developed by the line with a given strength

of the dielectric Em and fixed dimensions equals

ax
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For example with ¢ = 100 cm, E = 106

W/cm the maximum power
max

reaches 1014 W.

In the case of a matched line in the traveling wave mode the
current and power equal

o
,7=-—¥‘ 'V\f:.}/__

}./)

Here V - the pulse amplitude.

If a charged line is connected to a load with resitance R = p
using a commutator, the current and power equal

e M e MR Y
j}STQF?_zp) W= R " B

If the matched load possesses inductance, then in the traveling
wave mode the current and power in it increase in accordance with e
the laws

T=F -2 w = [1- st

The rate of power increase depends on the time as:

v freri _284 _2P
iy E o L

The rate of power increase has a maximum at the point of time when

L

A R FT
2p

i L ?
et "=, [:—Zﬁ—é’n2=059
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With this time value, the product of the exponential terms equals
1/4 and the maximum rate of increase in the power equals

-2
dW | :_V_.
dt lex L

The power increases from zero to 0.9 W during time t = 1.5

L/p.

max

In the case of a line which is charged with a constant voltage
and which is connected through a commutator to resistor R % p,
the voltage, current, and power in the load are determined by

expressions

LR
V =';é‘5"(’l e

e
L

)

4 T
); ng;’e’\{])'“”e S
Rip

- RiL o a’W B ot
W (Rﬁ (1 . )5 dt =(ReplL (1 o

Q+/Ot

With R = p the maximum rate of power increase

el
Cft iax 41L :

i.e., four times less than in the traveling wave mode. The rate
of power increase has a maximum at point in time

The power, just as in the traveling wave mode, increases from zero
to 0.9 wmax during time t = 1.5 L/p.

If the line operates as an inductive accumulator, i.e., if
a constant current 3% .flows through it, and then the current is
broken by a breaker (explosive element) and the line is connected
to resistance R = p, then the voltage, current, power, and rate of
power increase are given by the expressions:

9
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where C - the spurious capacitance of the breaker and the load.

R

The maximum rate of power increase in the case R = p is attained
at point in time t = 0.693 RC/2 and equals

dw | _ o
dt [max sz'

The power increase from zero to 0.9 W
(with R = p).

- durlng time t = 1.5 ps

In the technique for obtaining powerful pulsed beams great
propagation has been received by double lines which, in foreign
literature, are most often called Bloomline lines. The advantage
of double lines is convenience in commutation with a grounded end
of the line and also the possibility of obtaining a double voltage
in the interrupted mode as a result of the consecutive connection
of the lines, and on a matched load a voltage which is equal to
the initial charg: voltage while in the case of a single line
only half the charge voltage is obtained on a matcled . load.

A shortcoming of the Bloomline scheme 1s the necessity of
’ employing charging inductances or inductors when charging lines
E from one source. These inductors shunt the load; therefore, their
inductance cannot be made low and this interferes with obtaining

a short time for charging the line. Two charging sources can be
employed; however, this increases the cost of the device and
complicates it due to the necessity for the precise synchronization
of the sources.

10




In connection with the wide employment of the Bloomline scheme
which uses coaxial lines arranged one inside the other, it is
interesting to consider the question of selecting the relationships
of radii and wave impedances of the lines with which it is

possible to obtain the maximum voltages and powers with a given

external diameter. Calculations show that with the placement of
one line inside another higher voltages and powers are obtained

with unequal wave impedances of the lines.

Let us first examine the problem of obtaining maximum voltage
under the condition where the voltages and intensities of the
field are the same in both lines:

Here R%n is the external radius, € - the small radius of
the interior line, R - the mean radius. Let us take, for example,
the voltage on the external line

U=E,R @n .Lka

(here EO - the permissible load) and we express it by the ratio

R 5
T X4 R
U=E Ry, L p R, 700 %
o by —=- ahVe R T
A g b .
The voltage has a maximum as in the case of a single line
with

R R
e”"'c— = i' i.e., with > e=272,
The power of an asymmetrical double shaping line which is
calculated with consideration of the pulse reflection coefficient

is maximum with the load resistance RH =0 + P and equals

L
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Expressing everything through X ="§"—’ '

j‘z
= YEELR,  tnx g i
. 60 T+ X ;

The power which is developed by an asymmetrical double line

on a matched load R = + 05 has a maximum with x = ol/p2 = 152

i

c
and, accordingly, wave impedances of the internal 1ine‘}%¢5_g; Q
¢

'_‘
ok
and external line /0 *‘JT“- Q and equals
VE
105-90"VE E2 Re,
= L / \
-WI:1GX /] o H.

As calculations show, the power utilization coefficient in
the main pulse comprises

_4pp
(jjv "'/z)

and with pl/p2 = 1.52 = 0.95, 1.e., 1Is close to unity while wlth
pl/p2 = 2 1t loses about 11% of the power.

In order to have the opportunity to estimate the difference
of the power from the maximum value with the deviation x:ié?-:-él
from the optimum value and also to select compromise versions,
where it is desirable to have both high voltage and great power,
calculations were conducted and graphs of the dependence of voltage
and power on A~ 2 Wwere constructed both for a double and for single
lines. From Table 2 and the graphs in Fig. 1 which were constructed
according to the data from this table it can be concluded that the
compromise versions, where the voltage and the power are less than

the maximum values altogether by only 5-6%, are accomplished for

&2
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single lines with -g.- a2 and p=‘-~‘.j'.-? 2 and for Bloomline lines

. with R and 385 @ ana P =202

& 7T =L P‘ V& A \£

&

¥ Table 2 presents the calculated data.

* The voltage on the load of a single line depending on ¥ =.é% !

g l ]
Ej ngcﬂ) b& = 7

The voltage on the load of an unsymmetrical double line

Ui = EoRGH’{zS 'z{z=—€g-;-(e_ :

i- The power on the load of a single line
W _\vUEoP’

The power on the matched load of an asymmetrical double line

431 s ¥ X

HaxX

VEE 2 . ptE
W= i =% Tuai

In the calculations a practical system of units was utilized

(voltage in volts, power in watts).
4, ELECTRICAL LINES WITH VARIABLE WAVE IMPENDANCE

Let us now examine non-uniform lines, i.e., lines whose
parameters (linear inductance L'x and capacitance C'X) vary along
the length of the line, in which regard we will limit ourselves

E . here to the case where the wave impedance of the line fﬂk) C
X

increases monotonically in the direction of propagation of the
pulse.

This case is most interesting for the problem being examined
here since it permits increasing the pulse voltage (which would
be very important since it is rather difficult to make a commuta-
ting device for a voltage V ~ 107).

13
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As is known, a line with variable wave impedance (Fig. 2)
possesses the property of transforming the pulse which is fed to 1it;

-

in the case where the initial pulse has the shape of a voltage
step with infinitely steep leading edge and height VO’ on the out-
put of the line which is loaded for matched impedance (equal to the

NS LORS R

wave impedance at the end of the line R = p(£), the pulse also

(]
P

15 a subsequent drop in accordance with some law which depends on the

£ /[’
& function p(x) and the length of the line g \, ‘f .\ ﬁé” f( )"

: ' 'K'Vo'j(t},

WV/:%Erv - the pulse transformation coefficient.

; has the form of a step (see Fig. 2) with height\r—Tr V with

Thus, in a non-uniform line (without losses) the pulse peak
is distorted as a result of reflections (in an actual line, of
course, the steep slope of the pulse front will also occur due to
losses at high freqeuncy), i.e., an increase in pulse amplitude
is accompanied by the reflection of part of the transmitted energy
which is low only in the case of a sufficiently short pulse duration

f o
T and becomes noticeable with T~ J_:igfk -é— 'with %ﬁ"‘i + where

C - the rate of pulse propagation along the line. For a quantita-
tive estimate of the fraction of energy which is transmitted to
L)t MU
the load, it is necessary to know the function f(¢)=-L a7
(-]

(usually called the transient function); its calculation for a
non-uniform line is extremely difficult in the majority of cases
since the system of basic equations of the line

_ﬁu Luhu,

91 i (x) Bu

does not lead to a wave equation as for a uniform line.

R - .
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For one of the simplest cases of the so-called exponential
A 8 4y o X =
line in which ['fx)=[ e¥ cfx)=C e and accordingly fo(x)

=}3&ﬂ-e*j detailed calculations were accomplished for the first
time in work [15] and exact solutions were obtained. Let us
present as an example one of the graphs from this work (Fig. 3)
which presents the time dependence of the calculated value of a
line's efficiency which is equal to the ratio of the energy trans-
mitted to the load to the energy which is fed by a given point

in time to the input of the line (for times less than the duration
of the applied pulse).

From these curves 1t 1s evlident that if we want to accomplish

the transmission of energy with efficiency n = 0.6 and transforma-
. =[O _ a7t . Jeit

tion coefficient K = P (o] —[_)~.-. =5, we need: .f*_é_. = G,5, 1i.e.,

P-2ct bnb~35ct . with t = 1078 s, ¢ = 2.101° cm/s (as in a

regular high-frequency cable) £ = 7.2 m¥,
5. LIMITING POWER VALUES OF ELECTRIC LINES

The limiting power flux which flows through 1 cm2 of line
cross section as well as through a unit of load surface in the
case where it is matched with the line is given by the Umov-
-Pointing formula if we substitute in it the maximum electrical
field which 1s permissible for a given dielectric

_ v L[ExH]
W =eVE =

¥As follows from the theory of nonuniform lines, for the case in
FPig. 2, 1.e,, #A-the case of Ri = p(0), the exponential line is

optimum, i.e., with a change in wave impedance p(x), in accordance
with another law, with assigned value of transformation coeffi-
cient and efficiency a greater line length is needed.

15




In a traveling wave E = H, consequently
2
M *C¥e 45

The limiting values of the power flux for different values of E
with € = 1 are presented in Table 3.

For real dielectrics this value must be multiplied by VQ? .
It is interesting to note that the power flux per unit of area
depends considerably more strongly on the electrical strength than
on the dielectrical constant e.

Ther?fore, the dielectric should be compared for the product
\V/ ]"/ :
f E: or 5 f?. It is interesting to compare, as an example, such

dielectrics as transformer oil (e = 2.2) and water (e = 81). The
water may become more advantageous than oil when

L
Eg V& E.=04Eu.

In a comparison with castor oil (e = 4.5) the electrical strength
of the water should be greater than half the strength of the oil

EB > 0,5 EM .

Since the power flux is limited by the strength of the
dielectric, this means that the area of the line's cross section
and the area of the load surface cannot be lower than some value

W
5

Table 4 presents the minimum permissible wvalues of radii of
line and load with an intensity of the electrical field equal to
107 V/cm and a distance between the electrodes of 1 cm (V = 107 '
From Table 4 it is evident that the dimensions of the load turn
out to be impermissibly large.

16
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However, it 1s possible to reduce the dimensions of the lcad
through an increase in the power flux which, in the general case,
is determined by the product [E x H] and, with the same E, can be
increased in comparison with the traveling wave mode if H > E.
(This, for example, occurs in a regular oscillatory circuit.)

Such a situation can also be accomplished if, for example,
we replace a load of annular shape with radius ZV and resistance
R which has been matched with a line having wave impedance)?(&)zlﬁ,
with a load which is less than the radius t2'< Z,'but with the same
resistance R and we connect it with the former line by a segment
of a disk line (see Fig. 4) which, of course, introduces additional
inductance and leads to an elongation of the pulse front. This
permits rasing the density of the energy flux and obtaining the
necessary total power on a load of smaller radius if, of course,

we can permit some elongation of the pulse front.

Actually, in this case, as 1is evident from Fig. 4, we are
dealing with a non-uniform line which has not been matched at the
point where the load is connected, since R =/2(%.)< (22}, Therefore,
a pulse having the shape of a step with height V at point C

will have amplitude V=V 1/ ?/JO in reaching ;.

As a result of reflection (as a result of the line's mis-

' R-J')(:") ,C(Z 4) -Jc('?'Z)
bt il d R = ot {= o= e
match) we obtain on loa V,:;» V('f.cw). where c Ktk (C5) p(z,)-;/o (22)

- the reflection coefficient of the pulse from load R. As a resulst,

we obtain

NS ] P?.ﬂ. 2
VoW 25 VeVm A
W \/)Z,P. 4

Accordingly no sz

Y/

Vo
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Thus, with Pz/j? =5 1, =%S_é ~ 0,5, 1.e., at the moment of the

pulse's arrival the power equals 56% of the pulse power; then

Lo 0 ne vaiue or
C_—N —_ e value n

during a time on the order of f £y
reaches 1 (see Fig. 4) and the density of the energy flux increases
during time 1 from P ::f'lop -—-- to P O 4 "‘L and exceeds the

initial density of energy flux 5 times in the example under con-
sideration with the same field intensity at the place where the
load is connected. It should be noted that at any intermediate

point ¢ between 7and 'Zz a traveling wave mode exist during time

T c—’;(:ffji)— during which the 1ncrease in density of the energy
flux is accompanied by an increase in field intensity to E > EO’
assigned initially.

27 .-
However, if the pulsed (for time 'C~-‘=!i1-c—z—z)~) electrical

strength of the line's dielectric Emmn noticeably exceeds EO’ the
described procedure can be used to attain an increase in the density
of energy flux. Furthermore, the value of the transformation coef-
ficient of the segment of non-uniform line under consideration for
an actual pulse with a build-up front To less than the value
presented here for a stepped pulse is approximately

K= ':" = \[ /p’ ([— = _), where fcn ("‘—) a constant

voltage drop on the output of the non-uniform line (f - the line's
transition function).

If 1, is small, i.e., in the case where 31631' £ ‘Cé{, (more

precisely;ﬁ——/«--z Tos), the segment of line (from ¢, to?Z,) does

not possess transforming properties and it can be replaced in an
approximate examination by the concentrated inductance L which is
equal to the inductance of this line segment [.=2d & __zZ,; (Fig. 5).
The presence of inductance L leads to an increase in the front of

7 !
th 1t 1 ‘z NJ-I_ 2w e
e initial pulse by the value R~ "7
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Here, also, an increase in the energy flux density 1is accom-
panied by an increase in the time during which the pulse power
achieves maximum value and by the emergence of a reflected wave
(in point ¢, as a result of mismatch), and consequently over-
voltage E/EO > 1 for the time t ~ L/R. Here, E/EO < 2 and in the
case of an actual pulse with front T¢ this value may prove to be
a little greater than one.

With the operation of short lines in the mode of connection
to an inductive load the system can degenerate into a regular oscil-

latory circuit with concentrated parameters. Systems with con-
centrated parameters, evidently, may also be of interest; however

they require a specific calculation. 1

6. SOME PROPERTIES OF SYSTEMS WITH CONCENTRATED PARAMETERS. AN
APERIODIC INDUCTIVE ACCUMULATOR

Of the general systems with concentrated parameters most
interesting for the problem keing examined here is the dependence
of the extreme power PBHCT which is released in the load of the
oscillatory circuit in the current maximum on the relationship

between the resistance of the load R and the characteristic
resistance of the circuit j%é\ﬁ%L s, 1.e., on the values of the

circuit's attenuation § = 1/Q =

o |0

(or § = % for the parallel

connection of the load).

In the case of connecting a capacitive accumulator which has
been charged to a voltage VO to an active l.ad which possesses some
spurious inductance, an oscillatory circuit is obtained with the
series connection of resistance R (6). In this case, the current

Vo " E

varies in accordance with the law j(f) = L e

o V-G

In the case of a break in the current in the circuit of the
inductive accumulator an oscillatory circuit is obtained from the ?

 a L
Sin@), L  where

19
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inductance and spurious capacitance which is parallel to the load.
In this case the voltage on the load varies in accordance with the
following law

Urt) = wc - @ 2R T sinyt

where

@), .—_'\[’/Lc - ‘/(2.‘3(:)7‘

Combining the condition of the maximum power for time and
for R, we can obtain the condition of maximum peak power in the
load (matching condition)

wherelx._——~——f:1n the case of the series connection of R and

1
= ————r= for the parallel connectlon of the load.
REFRaae 5

This equation has two solutions: x = 0.552 and x = 1. The
first of them corresponds to the power maximum and the second -
to the bending point on the curve which corresponds to the tran-
sition to an aperiodic mode.

The maximum value of PSHCT (Fig. 6) equals 0.68 PO’ where

cV
F%=="E“ &) —'Z*“*C) - the initial reactive power of an unloaded
circuit. At the bending point the power which is developed on the
load is 0.54 PO. With x = 0.55 the minimum power value is attained
1.23

at point in time t = N and with x = 1 at point 1in time £t = e
0 0

These calculations determine the optimum (to obtain maximum
power) value of the characteristic resistance of the circuit if
the load resistance R 1s considered given. Thus, for example,

if the load of a circuit is the accelerating gap of an accelerator,
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its resistance with given geometry may not be less than some value
due to the space charge created by the electrons.

It is of interest to examine separately the properties of an
inductive accumulator which is discharged to the load resistance
aperiodically with a rapid break in the current. This accumulator
may prove to be more compact and cheaper, especially under the
condition where the electrical strength of the medium which is
formed during the transition of the breaking element to the non-
conducting state and, namely, the burst products of the metal foil
or plasma which has been converted to a poorly conducting state
as a result of some instabllity, proves to be greater than the
strength of the dielectrics which are used in the output devices

in systems with capacitive accumulation. Questions of obtaining

large powers with the aid of magnetic accumulators during their
operation on an inductive load to obtain strong rapidly increasing
magnetic fields were considered earlier by several authors [16],
[17]. We will not be interested in questions of the speed and
effectiveness in the transmission of energy from an inductive
accumulator to an active load. The basic factor which limits the
k power and rate of increase in power in the case of inductive ac-

3 cumulation is the rate of current cutoff.

The minimum current cutoff times obtained in the experiment

reich ’\:10—7 s and the maximum rates of current change approach
z 1013 ass [16, 171.

: The maximum power developed by a= inductive accumulator equals
.VV = jV:'Lj—ciz)
dt

7\2
] and the rate of increase in power is proportional to (Ei‘)

dt

dy
- L




To attain powers of lOlu—lO16 W and a rate of power increase of

:
1023-10°°

-10 W/s, currents of 106—107 A and a rate of current cutoff

i}%‘“loltdole A/s are necessary.

A schematic diagram of an inductive accumulator which operates
on an active load is presented in Fig. 7. To simplify the problem,
we assume that the current in the breaking element varies according
to the exponential law

g
jP — jo'e

with characteristic time T, which, in the general case, 1s not
equal to the characteristic time for the discharge of the accumu-
lator to the load

The equations of the electrical circuilt are written as follows:
o
_d_:?f_',_ (‘jZ/:__&_j
dt at B
dJH 1 .Uo ‘t/tt
'—_gH"' e

+

ot T

The solution of this system is
J ::7 To (e-t/t: e‘tlto)
d t‘-t
With 1= Ty the solution of the initial equation has a different
j :j .t—_ e "t/to
H ° ?'o .

In the case (Tl # To) the current achiesves a maximum with t

form

2é




t,': Lo L' en =

T~ '[ ’Ec ,f./
’to "t/tg = cll
maz :jat"bq (e -€é /.

with T, &T,y,[="1,n == and Uma " vo.
4

In the second case the current maximum occurs with t = 1., and

0
equals
Dy 0 50
e = g -
The maximum power‘Nfay :ijeand with Ty = o equals
jz
qux" -~O{3S':’ R,
W, L I LE. d]
iy = = 0,27 = 0435 LI 3% -
max P
ez C, e dt
The maximum rate of power increase t%?rMTu is attalned in the

case of =) << T with t::t;-fnz s, and in the case Ty ® T, at

point in timet- (4— '1:)[0 and equals

o' ]
(ad%?mnv jn 4 (\/2 {) ot = 0,23 o R

To

2N

or

(c_c{{‘{;’)m =048 LL{Z =0zt ( g‘g“)oz :

The total energy which is released in a load in the case of
T # T equals

= 2/? ___lgﬁ..——-— :.__L.gg_ 'C.P._...
ol 2(Tottd) ~ T2 Ty

0 this energy equals half the stored energy

With Ty ™K

""Z 70 L’“’
Q=J K. 3o= 2
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Giving energy Q which should be distinguished by the accumu-
lator, the time for liberation of the energy T and voltage Vmax
which it is desirable to obtain may comprise a system of equations
which determine the necessary current value :Q , accumulator
inductance L, and load resistance R. With Ty %% 9 this system

of equations

A
Ljo = ',o::Q l. -1[:1—

—
— —— O

{3

&
2
-
<
{ 4

x

has the following solutions:

With Ty the system has the form
I. J = U .LL-:'_ ;B.EL::T
J ==L [)’ R Lo 3 max
(here e = 2.72 - the base of natural logarithms) and gives the

following solutions:

/LC:? GZV'-Z - 2
j = y - Az:.'g- 0 - .-—-. Lo i
v e\’;r«d. '~° L /r'-(,lé ’ ﬁ / L"‘/':

To illustrate the possibilities of the method of inductive
accumulation Table 5 is presented below and provides ;Q S By

and W at different Q, Tgo and Vm for the case tq4 = %

ax il 0=
In Table 5 we accepted T W lO_7 s everywhere, which is the
shortest time obtained in the experiment. If we assume that in

the future this time will be decreased to 10_8 s, then here the

necessary current increases by an order, the inductance which is
needed will be 100 times less, the resistance decreases 10-fold,
and the power increases 10-fold.

From this table we can draw the conclusion that the inductive i

accumulators unquestionably are of interest for this problem and
thelr capabllities must be studied experimentally.

S v i 4
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In particular, perhaps, we will succeed in obtaining shorter

current cutoff times using the instabilities of plasma with current

or the instabilities of the current in plasma which lead to the
turbulent state of the plasma and a sharp decrease in its conduc-
tance. Such phenomena have already been observed in the experi-
ment of N. V. Filippov and others [18]. With the collapse of a
non-cylindrical plasma shell a very fine current channel is formed
and a discontinuity is formed on the oscillograms of the current
and voltage which testifies to a certain change in current. The
authors explain this phenomenon by the explosion of the material
of the anode through which a current of very great density flows.
However, it is not excluded that this occurs as a result of the
development of turbulence in the plasma and a strong decrease in
its conductance. At the moment of the emergence of the discon-
tinuity on the oscillograms, the appearance of X-ray radiation
from the anode with an energy which exceeds by several-fold the
applied voltage and an intensity which corresponds to the flux of
accelerated electrons on the order of half the complete discharge
current '\»0.5-106 A is observed. The total energy of the electron
beam in the experiment of N. V. Filippov and others reaches lO5 gy
the energy of the electrons - 100 keV, and the duration of the
current of accelerated electrons on the order of 10_7 s. These
data, evidently, tell us that an inductive accumulator can be
created with a plasma current interrupter for great powers;

however, special experiments are necessary for this.

Thus, the data which have been presented show that inductive
accumulators can be of interest for obtaining powers up to lOlu W
and higher under the condition where the problem of the breaking
[ during a time shorter than 10~7 & will

be solved. This method of accumulating energy would be especially

of large currents 2> 10

convenient when using explosive-magnetic energy generators which

utilize the energy of explosives to generate experimental magnetic
fields.

25




7. LIMITATION OF CURRENT BY A SPACE CHARGE AND THE MATCHING OF
THE ENERGY SOURCE WITH THE LOAD

In contrast to current in a metal of plasma, with the emission
of electrons into a vacuum there is no space compensation for the
electric charge and the space charge can change the electrical

field at the cathode so much that this affects the emission current.

It is known, for example, that with a thermoelectronic emission
the field can even change direction, forcing a large portion of
the electrons to return to the cathode. The current of auto-
electronic emission strongly depends on the electrical field;
therefore, some self-consistant value of electrical field is
established at the cathode which ensures the emission current,
the space charge of which leads to a reduction in the initial
electrical fleld at the ecathode right up to this value. Limiting
will be a current which decreases the field at the cathode to
zero since with a zero field both the autoelectronic emission as
well as the emission from the plasma cathode knowingly cease.

The distribution of the potential, the field at the cathode,
and the total current depending on the voltage can be found by
integrating the Poisson equation

A(,OZ"A‘?T()’/ , Where § = —z-/ff ;

with consideration of the dependence of emission current on the
electrical field (the Fowler-Nordheim law in the case of auto-
electronic emission).

The limiting current which is calculated with consideration
of the effect of the space charge alone will be overstated and
will be the upper limit of the attainable current. Such an
examination provides the opportunity for the approximate determin-
ation of the nature of the dependence of J on v and the lower
1limit of the accelerating gap's resistance, which is necessary for
the calculation of the generator's matching with the load.
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If a voltage 1s applied to the gap which is much greater than
0.5 MV, the electron will pass through the major portion of the
path at a rate close to c. Therefore, for an approximate solution
we can disregard the dependence of v on the potential difference
which has been passed through, 1.e., of v on x, and consider
v = ¢. Then

6(30 s
Yo b
C

dx®

" since

The "minus" sign in the right side is replaced by a "plus,
the speed of the electrons is directed opposite to the current

voltage. Integrating this equation once, we obtain

: Ay
a¥_ hyiv
B gl

From the condition with X = 0 we obtain e, = Ek’ where Ek - the
electrical field which is established at the cathode. Integrating

for x from 0 to d, where d - the distance between the electrodes,

we obtain

U :...‘?_T'Jédz + EKd

Here U = the total voltage.

E With large U, where % >> Ek’ the last term can be disregarded !
and we introduce the specific resistance of the gap: f
U=2md  paM _ 27
c ) d C

This means that with large current voltages the space charge is

determined and is weakly dependent on Ek and on the properties of
the emitter in general. This simple result was known earlier. It
also 1s presented as the limiting case by V. A. Godyak, L. V.

4 Dubovoy, and G. R. Zablotskaya [19].

For a more precise examination we can introduce the dependence
of current density on Ek' If a current is determined by auto-

electronic emission, the current density is determined by the
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Fowler-Nordheim law and the corresponding system of equations is
reduced to a transcendental equation which is easily solved
graphically., It follows from the calculations that for the effec-
tive use of a high voltage, i.e., to obtain the maximum possible
with the given current voltage and, consequently, the maximum power,
most advantageous is the mode where the current is limited by the
space charge and is weakly dependent on the intensity of the field
at the cathode, which corresponds to the approximation examined

above.

Thus, in disregarding the dependence of the electron speed
on the potential difference which has been passed through, the
current is proportional to the voltage between the electrodes and
we can introduce the resistance of the gap which determines the
current density in the limiting case with Ek << EO’ l.e:, with
very large voltages where the current is limited only by the space
charge and does not depend on the emission mechanism. In the

plane case this resistance per cm2 equals

or in a practical system of units
o S i S .
/onn = 604rc1 OJ.CM?.

In the cylindrical and spherical cases the following are obtained
respectively

.P’i :-%[R“Z(en"%+i):]5 /‘)(4:60[}?‘1(9-"%“'1):] oM-CM,

ch,:lg-(%+fn—.§—— ),- /JC?=3O(%;—+€n—r%—4) oM.

From these expressions, it is possible to make an approximate
estimate of the lower boundary of resistance which the gap
possesses. The best approximation to the actual geometry of a

28
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single point or band emitter is a point in the form of a hyper-
boloid of rotation or hyperbolic cylinder arranged opposite a flat
anode. The case of the hyperbolic point with a plane provides a
resistance value on the order of 50 Q.

The resistance which is introduced in the ultrarelativistic
approximation determines the upper limit of the current which can
be obtained in a vacuum gap without compensation of the charge.

A more exact calculation with consideration of the dependence of
v on X provides a smaller current value. Such a calculation for
the plane case was done using electronic computers by V. A. Godyak,
L. V. Dubovoy, and G. R. Zablotskaya [19]. This calculation showed
that the ultrarelativistic approximation in the plane case can be :
used only with voltages greater than 5 MV. Unfortunately, the 4
equations of the cylindrical and spherical cases could not be
reduced to such a form that the results of the numerical calcu-
lations which have been mentioned could be used; therefore, now
we cannot indicate a voltage beginning with which the ultra-

relativistic approximation is valid 1in these cases. We can only
express the assumption that this voltage does not differ greatly
from the value for the plane case.

In connection with the presence of the limiting resistance
of the diode, the limiting power of the beam which the diode can
create also exists.

In a practical system of units the specific powers are ex-
pressed as:

plane diode

I 2
-:S’w: Eo(‘—o EK) - -E:% ‘/C)”'b

cylindrical -%\[= E:':Lu W C’)‘na-
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spherical -\/\f = u Ww.

In the plane case the specific power from 1 cm2 is determined
by the square of the intensity of the electrical field, and in
the cylindrical- case the power per unit of length is proportional
to U2 and inversely proportional to the radius of the cathode,
i.e., the intensity of the field on the cathode is determined in

the absence of current Ek also by the total voltage. In the
0
spherical case the power from one point is proportional to the

square of the voltage and is weakly dependent on the cathode
parameters.

Let us examine briefly the questions of the matching of lines
with a load. As the calculations which have been presented as
well as the experimental data show, the gap with one point has a
resistance on the order of 50~100 @ and it can be matched only
with a line having the same resistance. If the line has a lesser
resistance, we can employ several points or use a distributed
ring emitter. The number of points can be determined from the
following approximate equality:

— 60d, _ 60
'3 YVER T N JL.

Here dl - the distance between the conductors of the line, R - the
radius of the 1line.

Hence

N =YER
~“'d"“‘~')
<
i.e., the points should be Pplaced at a distance from each other

on the order of dl'




In the case of employment of a ring emitter we can utilize
calculations of specific resistance per centimeter of length for
the cylindrical case, considering that the current fills an angle
on the order of 1 radian in the cross section of the cylinder. In
this case, the resistance of the ring load with radius R equals

S = '@;d"'

where d - the distance between the cathode and the anode.

Equalizing the resistances

£0dc . 60d -
e - Rp 0

we obtain the approximate matching condition

Thus, employing a ring emitter, it can be matched with a line,
selecting the € of the line and the distance between the electrodes
of the accelerating gap. Here it should be stressed once again
that these matching calculations should be considered only as
estimates since approximate expressions for the resistance of the
accelerating gap are used in them.

8. CONCLUSION

From everything which has been stated above, we can draw the

conclusion that the problem of obtaining electrical power of 101“_

lO16 W in a short pulse is very difficult but not hopeless. To
obtain such powers using the direct acceleration of an electron
beam, megavolt electrical accumulators with a large cross sectional
area are necessary to ensure the necessary power flux which is
determined by the Umov-Pointing vector. This requirement is in
certain contradiction to the requirement for a strong focusing of

the beam; however, in accordance with theoretical concepts, we can
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also hope to focus tubular beams with a rather large diameter.

In conclusion, the authors consider it thelr duty to thank
Ye. K. Zavoyskiy for his constant interest in this work and
\ numerous discussions and L. I. Gudakov and I. N. Slivkov for

useful discussions.
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Table 3.

- .“-747‘""“"’
E et W' /e, \We . er/ad
10° 2,4.10°
107 2,4.1011
108 2,4.1013
Table 4
W s |/ T
2 1013 6 cM
10t4 60 ‘cx
1015 6 UM
1015 60 1t
Table 5.
ao T"ﬁ Vr:x, Jo, L ) R, ) V‘
' cew v a PeHPH P
=J - . by o w”
107 107 10’ 1,5.107 1,9.1077 1,9 1,5.10%4
10 107 107 1,5.10° 1,9.10°% I9 1,5.7013
10° 1077 107 1,5.10° 1,9.107° 190 I,5.1012
10° 107 10® 1,510 1,9.10°8 0,2 1,5.1013
10° 1077 10 1,5.108 1,9.1077 1,9 1,5.10%2

| S

.




1
T

A
¥

Sede

.8

L gos

Pig. 2.

35

. N ¥z
e %
7 e T
4 ' l ’_‘g
08 l T L2
a2 | ! ; ' !
’ . L i {_—;‘_—l
@ a2 ¢y o4 C5 zzi
Flg. 3




0522 -
0540, 1

0,552 3 &

Fig. 6 Figs T-




BIBLIOGRAPHY

I. A.S.Deatoln, IZE3 Transaction on Nuclear Sciseace, v. 3-12, N3, 780 (1955).

2. W.7.Link. IYZZ Trans. Mucl. Scierce, v.N5-1%, N3, 777 (1357).

3. S.E.Graybill, S.V.Nadblo. IE%Z. Trans, KJucl., Scieace, v.N3-14, K3, 732 (1967).

F.U.Charbonnier, J.P.2arbour, J.L.Brecwster, ¥?.,P.Dyke, F.J.Grundhauser. IXE5 T

Nucl. Sclerce, v.iL-14, N3, 789 (1967).
5. T.G.Rcberts, W.H.Eennett, }vasaa Paysics, v.10 , N4, 381 (1968).
6. T.H.artin. ISZE Yrans. Mucl. Sciecce, v.li3-16, N3, 59 (156%).

7. E.R.Farrison. Poys. Rev. Lett., v.II, {12, 535 (1963).

8. M.B.boGukiH, E.K.3azoficxsedt, A.A.Yeakos, N H.Pynaxos,
Loxnan Ha IV Mezmyuopomiyw RoHICQSMIIMD DO $iidike mnaswu, Madtcod, CUA, IST7I,

9, F.¥interbers. Pays. Rev., v.,17%, W1, 212 (1963).

I0. Ch.Moisonnier, Luovo Cicento, 623, 332 (1980).

II. N.H.Pyrazon, Z9TQ, T.59, eum. I2, 2091 (IS7Q).

I2. A.A.Yeanos, JX.1.Pyrakos, 3T, T. £8, 1332 (1970).

I3. M.BEadwast, B.B.Crapux, 19, 1. XLl , 2.8, IGI8 (IS?I).

I4. W.N.AJowsw, M.B.Bacuwim, A.B.Bapres, MT3, %k 2, I97I,

I5. P.R.3hatz, E.M.Williazs. P.I.R.E., 1950, 38, 1203.

I6. K.Catto, G.Courlen, J.C.Lirnart. Ca,Malsonnier,
NpempssT RT/21 (€6)5, P, dpackarty, I965.

I?. R.C.Early, P.J.Martin. Rov., Sci, Instr., v.36, N7, 1CCO (1955).

18. B.M.Aralfokoz it qp. Wl MerayHapoanad RORICLCMIGIA OO Gudime MTadnd,
Hoeocidipcx, ISE8 r. [nwiag Cli-24/G-2.

19. B.A.Toraz, I1.B.fyGoeol, I'.P.3edromraq. E3T9, T. §7, Bun. S(II), I795 (IS69. .

37




