
AO—U51 7$6 FORLIIN TCCWCI.Ofl DIV �IIHT PATtC*SON AFI OHIO F/s fO/ ~ICYHOOS OF OSTAININ5 MAXI *M ELECTRICAL. POWE* IN SHORT PttSC$ (W
DCC 77 M V PASYKIN. A V BARTOV

a IlED FTD—ID(RSPT 2035_77

I 
___!

t i

~~~

LA

~~ 

U

DAYt
_______ L~~ED

I



1.0 ~~DlI~ ~~
_ _ _ _  

I~ ~flI~ 2.2
I.

-

I I. ’ ~~~~~ 

‘ :~i

HH ’ 8
DID ‘ ~ III1Ii•~. ~
M R ~~) PY PE ~~~ N E~~’

NA PU’~f A  ~~~~~~~~~~ ~j .  . U .;



FTD—ID(RS)T—2035—77

FOREIGN TECHNOLOGY DIVISION

c~ 
METHODS OF OBTAINING MAXIMUM ELECTRICAL POWER

IN SHORT PULSES

by

M. V. Babykin , A. V. Bartov

D D~~~

Approved for public release;
distribution unlimited.

-~~~~J----------------



-

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- • • ~~~~~~~~~~ _.—,--~~~

_ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ .- -_- - -- -~~——e—~-~~~

FTD -I D ( R s) T - 2 0 35-77

• EDITED TRANSLATION
FTD—ID(R S)T—2035—77 l~4 December 1977

MI CROFICHE NR: -~/D 7~’-C- COC O ( 0
METH ODS OF OBTAININ G MAXIMUM ELE CTRI CAL POWER
IN SHORT PULSES

By: M. V. Babykin , A. V. Bartov

English pages: 37

Source: Institut Atomnoy Energil im . I. V.
Kur chatova , IAE— 2253, 1972, pp 1—2 )4

Country of origin: USSR
Tran slated by : Bernar d L . Tauber
Requester: FTD/ETDP
Approved for public release; distribution unlimited.

-
~~~~~~

•
.‘.-

-—

i~~r’,I~ , ~$tfl ? t~S4I I)

~~~~~ ______

• 
_ _ _ _ __ _

THIS TRANSLATION IS A RENDITION OF THE ORIGI .
HAL FOR EIGN TEXT WITH OUT ANY ANALYTICAL OR 

__________

EDITORIAL COMMENT. STATEMENTS OR THEOR IES PREPARED BY:
ADVOCA T EDOR IMPLI EDAR ETH OSE O F THE SOURCE

• AND DO NOT NEC ESSARILY REFLECT THE POSITION TRANSLATION DIVISION
• OR OPINION OF THE FOREIGN TECHN OLOGY DI. FOREIGN TECHNOLOGY DIVISION

VISION. WP.AFB . OHIO .

FTD —ID(Rs)T— 2o35—77 Datel)4 Dec 19 77

in. L~~~ITTTI



-— - -  --  -~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~TJ 
~~~

U. S . BOARD ON GEOGRAPHIC NAMES TRANSLITERATION SYSTEM

51cc,: Italic T’ans1~ teraticn Slick Italic Transliteration

A a ?~, a P p  R , r

£ 5  B , b C c  C c  S , s

B S 7 , -r T T m T, t
r .  :; ,~~ Y ~
n o  D i  F , f

E s Ye , y e ;  E , e~ x X x Kh , kh
-• JR ~c Zh , oh ~~ -~ Li sj Ts , t~S

3 ,  :, : L
~~~~~L1 ~j  Ii • 1h , ch

H u I , I ~ i w i/I w Sh, sh

I? a Y , Y ~ 111 sq Shch , she!;

X x  K , k U

• 
11 A , 1 w Y , y

M M  h , io b b  b ~
H N  : ,~~ S s 9 ’  E, e

c O o  O , o ~~~c ~~ Yu , y i ~
/7 n 5 , p 3 ~ Ya , ya

*ye i n i ti al ly ,  after vowels , and after b , ~; e 
elsewhere .

7hsn w r it t e n  as 3 in Russian , transliterate as y3 or 3.
The c~~e c~’ diacritical marks is preferred , but such mar~:s
nay be omitted when expediency dictates.

• GREEK ALPHABET

~ lr ha  A c~. ~ Nu :: v

Seta S Xi S

Omicron 0 o

D el t a  C Pi
E o s i l cn  S Rho P p •

Z ç Sigma e c

E t a  H Tau T T

T h e t a  S S ~ U p s i l o n  0 u

Iota i Phi

Kappa K )t K ~ Chi X x
Danbda A A Psi ~‘ i4~
:~i~ Omega w

1~

- -  . 7



R U S S I A N  AND E N G L I S H  T R I G O N O M E T R I C  F U N C T I O N S
Russian English

sin sir~
cos cos

tg tan

ctg cot

sec see
• cosec csc

sh sinh

ch cash

th tanh

c t h  c o t h
• sch sech

csch csch

arc sin sin 1

arc cos cos l

arc tg tan~~
arc ctg cot~~— larc sec sec

—larc cosec csc

arc sh sinh~~
arc ch cosh~~

— 1~arc th tanh
—1arc cth coth

arc sch sech~~— 1
• arc csch csch

rot curl

ig log

G R A P H I C S  D I S C L A I M E R

A l l  figures , graphics , tables , equations , e tc.
merged into this translation were extracted
from the best quality copy available.

ii

• 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _



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.J

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 cold

emission from a point [1—6J. 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 [8J and F. Winterberg In the United

States [9].

1
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The criticul 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 is 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

•1 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 NJ 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 Q l0~—l0

’
~
” J and time of action

= l0 —l0 s is necessary .

There is no difficulty in accumulating the necessary amount

• of energy . Even now , accumulators with an energy of up to 100 NJ

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.lO~~ s the
electrical pulse is propagated along a line or cable over a distance
on the order of 1 m .

2
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As N. 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 is interesting to note that the most

important power optimization is obtained with the least of all

temperature cases.

The power necessary to initiate a thermonuclear reaction ,

according to estimates , should be on the order of lO
l4_l016 W and

the rate of increase in power on the order of l023_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 is not restricted by the processes of current devel-

opment in the commutator is inversely proportional to the total

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

1o
_l

_l0 2 cm , i.e., a single concentrated commutator is not suitable

and it is necessary to employ either a very broad commutator or a

set of commutators which operate In parallel. Hence it follows

that one of the basic problems ~s 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

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

• • 
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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 lo
_7_lo

_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

accumu lator s, can be used as prelIminary sources of energy for fast
systems and their comparative evaluation unquestionably will be

necessary in 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 is 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

• 
A1H2

~e ô i 1 ’

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

4 
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electrical strength of the selected dielectric (or the strength

of the vacuum in the case of vacuum capacitors).

In contemporary paper-and—oil 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 p5 .

(V. N. Lagunov. Dissertation . Institute of Nuclear Physics ,

• Siberian Branch of the Academy of Sciences USSR , Novoslbirsk, 1969.)

it 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 1O7 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 l07_108 V/cm; therefore , fields

~ 10
8 V/cm apparently are limiting . /

The maximum permissible magnetic fields are determined by the

magnetic strength of the coil material . It is possible to obta’n

fields on the order of 500—600 kOe without destroying the coil.

With such fields , an energy of more than 1 kJ is contained in

i cm3. Unfortunately, the obtaining of these advantages is

connected with the necessity to use an explosive current breaker

which does not permit obtaining a commutation time shorter than

l0~~ s and, as a rule, is 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

5
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field of io6 V/cm the energy density is 0.1 J/cm3 and for the
accumulation of l0~ J 100 m

3 of dielectric are necessary . With a

field of l0~ 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•l0~ oersteds an energy of l0~ 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
• parameters . Let us first examine accumulators in the form of

• lines with distributed parameters.

3. ELECTRICAL LINES WITH A CONSTANT WAVE IP4PENDANCE

F’irst , 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 beams. Subsequently , special lines including

double lines (Bloom L the lines) were constructed ; however, these

lines retained Lije 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

_ _  r .
~~~enf ~‘ 

L 11 r~

The wave impendance of the line equals

17’ 2 \ ~~ R

6

li • i ~~~~:~~~~::~~::~~~ •—~~~~ 
• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _



The electrical field on the surface of an internal conductor

equals 
-

V

With fixed V and R this field is minimum when , i.e.,

when R 2,72:

V

In the case of a vacuum or air line a wave impedance of 60 Q

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

2 2 R

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

ductor. With a given R and fixed electrical field (with the given

strength of the dielectric E = Emax) the energy on 1 centimeter of

line has a maximum width ~~ ~ , 
i.e., with 4— = 1,65. The

power which is transmitted over the line is also maximum with

eri..Q~ 1/2. With = 1 a wave impedance of 30 ~2 corresponds to

this ratio of the radii.

The maximum power developed by the line with a given strength

of the dielectric Emax and fixed dimensions equals

7
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For example with ‘~, = 100 cm , E = 106 W/cm the maximum power

reaches 10 W .

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

T .... V . 
~~T— ‘~‘

Here V — the pulse amplitude .

If a charged line is connected to a load with resitance H = p

using a commutator , the current and power equal

I = -s- , 

- 

T - ~~O
2 

I~~__ - Vo 2
~“ p+ E~ 2~~~’ 

- ___

If the matched load possesses inductance , then in the traveling

wave mode the current and power in it increase in accordance with •

the laws

The rate of power increase depends on the time as:

cIW : _~v
2 / ~~~~~ !&_ j

dL - L

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

e 4~
t
~~_ ; t

8 
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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

d\~J ’ 1~L .
L

The power increases from zero to 0.9 Wmax during time t = 1.5
L/p.

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
p-’~L)

T
v~~~~~~ ( 4 2 T~~) ;  ~~-(~-e L )

~4. C’+ l) .L

- 
VO

2
R I - 2 d W 2 ~~V

2
YV - 

(R~~j~ 
( 1 e 1 ,  df  (R ~

p) L I

With R = p the maximum rate of power increase

dw/ 
- 

V~ •
dt /~-~ TL

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 .TJ4~, ,flows through it , and then the current is
broken by a breaker (explosive element ) and the line Is connected
to resistance R C p, then the voltage , current , power , and rate of
power increase are given by the expressions:

9
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(R÷~p)2 ~ / cit R+j ’ ~ /
where C - the spurious capacitance of the breaker and the load .

The maximum rate of power increase in the case R = p is attained

• at point in time t = 0.693 RC/2 and equals

~
,w/ ~~~~j 0

Z
— 

4~c

The power increase from zero to 0.9 Wmax during time t = l.~ p5

(with R = p).

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 ~oltage while in the case of a single line

only half the charge voltage is obtained on a matched - load .

A shortcoiriing of the Bloomline scheme is the necessity of

employing charging inductances or inductors when charging lines
• • 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
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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 :

£z e4 = E R e n~ -~;
,~
, 

- 
‘z p~~R . RtH -“1R R ‘ R

Here 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 0Ren i
~~

(here E0 — the permissible load) and we express it by the ratio
R

U E o Rr H 2 f r e rR~~~
iPn

~

The voltage has a maximum as in the case of a single line
with

• { i.e., with e ~~2,72.

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 = p1 + p2 and equals

11
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1

• ‘l — _ _ _ _ _ _  

~~~~~~~~~
_ _ _ _  

~~2~~~~2 ~

R2 7~~
•

Expressing everything through X ..-.j~1~~~we obtain• 

~~

E L~k. en.~ e 
- ~- En

60

The power which is developed by an asymmetrical double line

on a matched load H = p1 + p 2 has a maximum with x = p 1/p2 = 1.52

and , accordingly, wave impedances of the internal line

i
_
L~

1
~and external line ~2 and equals

= 1,O5~1O 
3Vr E RE~1.

As calculations show , the power utilization coefficient in

the main pulse comprises

and with p1/p2 = 1.52 = 0.95, i.e., is close to i~nity while with
= 2 it loses about 11% of the power .

In order to have the opportunity to estimate the difference

~ Rof the power from the maximum value with the deviation X = -~--1•
1•

~’ Z
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 were 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

12
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single lines 
~~~~~~~~~~~ 

and j 3 :~~~ .2 ~ and for Bloomline lines

H -~ith R and () ~~~~~~~~~~~~~~~~~~ ~2 and f ~?0?. c~.
r ~~~~~~~~ fi ~~~ 2

Table 2 presents the calculated data.

The voltage on the load of a single line depending on X
t/RI =EO R~~~~; ~4 — f~~•

The voltage on the load of an unsymmetrical double line

U = E ~R~~t~ ; ~~~~~~~~
The power on the load of a single line

r _~~~
’ E~~R~ • U L~~11~~.‘U - 6O~~~~~~

) dJ - ‘
~t X 2

The power on the matched load of an asymmetrical double line

T. - V~ E R~1 . — . i~:~i:.VVRE 
- 50 I~’ Y1 —

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’
~ 

and capacitance C’x ) vary along
the length of the line, in which regard we will limit ourselves

• here to the case where the wave impedance of the line
/ cx

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 d~ iice for a voltage V “~ l0~ ).

13



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

in the case where the initial pulse has the shape of a voltage

step with infinitely steep leading edge and height V0, on the out—

put of the line which is loaded for matched impedance (equal to the
• wave impedance at the end of the line R = pCI), the pulse also

has the form of a step (see Fig. 2) with height’ with

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

function p(x) and the length of the line e V1 =V0 ~~~~~ 
f ( {)

~

— the pulse transformation coefficient .

Thus , in a non—uniform line (without losses) the pulse peak
is distorted as a result of reflections (in an actual line , of
cours e, 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

r and becomes noticeable witht—~~--~~~ p— -.f with 
4~

-~~j .where

C — the rate of pulse propagation along the line . For a quantita-

tive estimate of the fraction of energy which is transmitted to
the load , it is necessary to know the function f(~)~f ~~~~

• (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

— -~-‘~=L
’(x)~~-~

21)-c (x)

does not lead to a wave equation as for’ a unIform line .

14



For one of the simplest cases of the so—called exponential

line In which  L’(x)~ L0C~ c7~)~c0 e~~ and accordingly 9(x) =

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 it is evident that if we want to accomplish

the transmission of energy with efficiency n = 0.6 and transforma-

tion coefficient 1< Y~-~~c’~ 5 1 we need : A~-L 
~~~~~ I . e . ,

e=2c~en~ .—~6ct . With t = lo
_8 

s, C = 2.1010 cm/s (as in a

regular high-frequency cable) I = 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 is permissible for a given dielectric

*As follows from the theory of nonuniform lines , for the case in
Fig. 2, i.e., in the case of R1 = p (0), the exponential line is
optimum , i . e . ,  wi th  a change in wave impedance p ( x ) ,  in accordance
with another law , with assigned value of transformation coeffi—
cier~t and efficiency a greater line length Is needed.

• 15



In a trave ling wav e E = H , consequently

The limiting values of the power flux for different values of E

with ~ = 1 are presented in Table 3.

For real dielectr ics this value must be mul t ipl ied by
It is in teres t ing to note that the power flux per unit of area
depends considerably more strongly on the electrical strength than

on the dielectrical constant e.

Therefore , the dielectric should be compared for the product

V~’E
2 

or V/?E. It is interesting to compare , as an example , such

dielectrics as transformer oil (c = 2.2) and water C e  = 81). The

water may become more advantageous than oil when

E8 >~~~~E~~=W tE~ .

In a comparison with castor oil (c = 4.5) the electrical strength

of the water should be greater than half the strength of the oil

E~> o,sE,1.

Since the power flux Is l imited by the s t rength 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

Table LI presents the minimum permissible values of radii of’

lIne an d loa d wit h an intens ity of the electrical  field equal to
l0~ V/cm and a dis tance between the electrodes of 1 cm (V = l0~ V ) .
From Table 14 it is evident that  the dimensions of the load turn
out to be impermissibly large .

16



However , it is possible to reduce the dimensions of the  load
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 and resistance

R which has been matched with a line having wave impedancep (’~)=R,
with a load which is less than the radius ~ ~~ ,but with the same

resistance H 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 Is evident from Fig. LI , we are

dealing with a non-uniform line which has not been matched at the

point where the load Is connected , since R P(t.)~ .P(Z~!). Therefore ,

a pulse having the shape of a step with height V0 at point ?~i

will have amplitude V=V,’Jo2/04 in reaching ~~~.

As a result of reflection (as a result of the line ’s mis—

• R — ’ ~~) C(z~)—~’~(Z2)match)  we obtain on load H ~~~~~~~ where

— the reflection coefficient of the pulse from load H. As a result ,
• we obtain

~~~~~~~~~~~~~~~~ ~/~~~~4

~~~ p1 
_ _ _ _ _ _Accordingly 1?0 (

~~~
) /~~ iL
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Thus , with J ~2/~ = 5 17o ~S2 ~ 0,56, I.e., at the moment of the

• pulse ’s arrival the power ~~ua1s 56% of the pulse power; then
.r— ‘L— ‘1~’ ~during a time on the order of 1. —

~

---

~~ ~
. .

~~ - the value of q

reaches 1 (see Fig. L I )  and the density of the energy flux increases

during time T from p~- t~0 P1 ~~ ~e 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 2 and ?2 a traveling wave mode exist during time

t ~L&_?i1. during which the increase in density of the energy
flux i~ accompan ied by tr~ increase in field intensity to E > E0,
assigned initially.

• However , if the pulsed ( for t ime C_~~L 
_
~~

))
~ electrica l

strength of the line ’s d ie lec t r ic  E noticeably exceeds E0, 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 less than the value

presented here for a stepped pulse is approximately

~~~~~~~~~ h), where a constant

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

If T cn is small , i.e., in the case where ~~1~~~ 2.’ < tçp (mor e

precisely~~~
_;-.
~
.-~.V ç~ ) ,  t he segment of line (fr om Z, to ) 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 L 2defl -~ (Fig. 5).
The presence of inductance L leads to an increase in the front of
the initial pulse by the value V ._ ~...

• ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Here , also , an increase in the energy flux density is 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/E0 > 1 for the time -r ~ L/R . Here , E/E0 < 2 and in the

case of an actual pulse with front 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 .

6.  SOME PROPERTIES OF SYSTEMS WITH CONCENTRATED PARAMETERS . AN
APERI ODI C IND UCTIVE AC CUMULAT OR

Of the general systems with concentrated parameters most

interesting for the problem Leing examined here is the dependence

of the extreme power P which is released in the load of the
3f {CT

oscillatory circuit in the current maximum on the relationship

between the resistance of the load H and the characteristic

resistance of the circuit J ~=\f ~-. , i.e., on the values of the

circuit ’s attenuation 6 = l/Q = ~
. (or 6 = ~~

. for the parallel

connection of the load).

In the case of connecting a capacitive accumulator which has

been charged to a voltage V0 to an active L ad which possesses some

spurious inductance , an oscillatory circuit is obtained with the

series connection of resi8tance H (6). In this case, the curr ent

varies in accordance with the law J~) 
~~~ 

~~~~~(ii C~~€~ 7wher e
Jill _L~ 12! V  Lc ( 1

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

19



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

WL) = e ~
where

&~ =1~i~° 
— h/ (2Rc ) 1 .

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)

1 FT ~ 
, 

(i •
~ xe), [T~~7V 3~ 

‘ I )

where X =— —— in the case of the series connection of R and
2Cr)G L

X ~~~~~
_ —

,
~
--

~~~ for the parallel connection of the load .

• 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 max imum va lue of 
~~3 K C T  

(Fig. 6) equals 0.68 P0, where

p cV 2
~ - the initial reactive power of an unloaded

circuit . At the bending point the power which is developed on the
load is 0.54 P0. With x = 0.55 the minimum power value is attained
at point in time t = 

1.23 
and w i t h  x = 1 at point in time t =0)0

These calculations determine the optimum (to ob t ain maximum
power) value of the characteristic resistance of the circuit if
the load resistance H is considered given . Thus , f~r example ,
if the load of a circuit is the accelerating gap jf an accelerator ,

20
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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 cur ren t . This accumula tor

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 instability, 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 t16],

[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

power and rate of increase in power in the case of inductive ac—

cumulation is the rate of current cutoff .

The minimum current cutoff times obtained in the experiment
reach ~l0~~ s and the maximum rates of current change approach
10 A/s [16 , l7J .

The maximum power developed by a’-i inductive accumulator equals

W= ~i.v=L J-~~,
and the rate of increase in power is proportional to ( ~

j
~J

~c~t J .

21

• • 
_ _ _



To attain powers of 10l14_1016 w an d a rate of power increase of
2~ 2~ 610 ~— iO ~ W/s , currents of 10 —10’ A and a rate of current cutoff

rJJ 14 16.~—~—~~~IO -10 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
• e-1

1~ 0

with characteristic time T
1 
which , in the general case , Is not

• equal to the charac ter i s t ic  t ime for  the discharge of the accumu—
• lator to the load

• -r ~- ±— 
R

The equations of the electrical circuit are written as follows :

~7 + I  ~i‘-‘H “IL 1

• ci
~~~~~dt 1. M~

dJM
dt +-;~ :- H — -~--e

The solution of this system is

,J ... j  ~~~~~~~t/t~ 
e~~~~~~~

t
0)

With Tl = the solution of the initial equation has a different
form

i
H

0

In the case (T
1 ~ 

T
o
) the current achieves a maximum with t

22
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= .t j
~

_ 
-t.,

- t/t 0 
-

~~ /C~

~~~~~~~~~ 
e — I

With t1~
4t02t= t1th~~ 

and J (7~P~ ~~~~~~~

In the second case the current maximum occurs with t = T
0 

and

equals
• _ ci0rna~ — -

~~
--

~~

The maximum ~~~~~~~~~~~~~~~~ and with T
1 

= T
0 
equals

• 

• 

-
~~~~~~~

- ~~~ 4135.

• 
-~~~~~~~~~~~ = 427

The maximum rate of power increase 

~~ 
is a t ta ined  in the

C~t ,~czW

case of with t~~~t4 - 2r)
~~ , and in the case = at

point in time±
~~~1_:h)t0 

and equals

or 

~~Z () 
(~f~

’_ 
i) 

2+~~ 
~~

-. ~~~~~~

~~ 
= 0,46 423 l~ ~~~~~~d t r~ x

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

~ T
0 

equals

Q = /? -~4~
-_ = ~~~ ~~~~~(L 0 ‘t0’rL 1

With = T
0 

this energy equals half the stored energy

n ~a 1, ‘L0 _ t. J~

23
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Giving energy Q which should be d is t inguished by the accumu-
lator , the time for liberation of the energy -r

0 and voltage Vmax
• 

•• which it is desirable to obtain may comprise a system of equations
• which determine the necessary current value j0 , accumulator

inductance L, and load resistance H. With 11 << T
0 

this system

of equations

~~c~;4~-=t~
j ~~~~~~~~

has the following solutions :

— 2 O~ T _ _ _  

_ Vr~~y ’CoR

Wi t h T
1 

= T cJ the system has the form

~~~~~~~~~ 

— 0 1

• (here e = 2.72 — the base of natural logarithms) and gives the

following solutions :

~~~~~~~~ ~~~~~~~~ R= ea\ 7 C ~~.s~irw ~-e

To illustrate the possibilities of the method of inductive
accumulation Table 5 is presented below and provides J ~ , L, R ,
and W at different Q, r~~, and Vmax for the case T1 = T~~~.

In Table 5 we accepted T~~ 
= io~~ s everywhere , which is the

shortest time obtained in the experiment . If we assume that in

the future this time will be decreased to io 8 s, then here the

necessar y 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

accumulat ors unquest ionably are of interest for this problem and
their capabilities must be studied experimentally .
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In par t icu lar , pe rhaps , we will succeed in obtaining shorter
current cu to f f  times using the ins tab i l i t i es  of plasma wi th  current
or the instabilities of the current in plasma which lead to the

turbulent  s ta te  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 ~\~0.5.10
6 A is observed. The total energy of the electron

beam in the experiment of N. V. Filippov and others reaches lO~ J,
the energy of the electrons - 100 keV, and • the duration of the

current of accelerated electrons on the order of 10~~ 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 10114 w
and higher under the condition where the problem of the breaking
of large current s ~ l0

’
~ A during a time shorter than 10~~ s will

be solved. This method of accumulating energy would be especially
convenient when using explosive—magnetic energy generators which
utilize the energy of explosives to generate experimental magnetic
fields.

25
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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 spac e 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 exampJe , 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 e lectr ical  f i e ld;
therefore , some sel f—consis tan t  value of electrical  f ie ld  is
established at the cathode which ensures the emission current ,
the space charge of which leads to a reduction in the initial

electr ical  field at the cathode r ight up to this value . Limi t ing
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

O -47 ~, ~ where
• w i th  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 wi th  consideration
of the e f f e c t  of the space charge alone will  be overstated and
will be the upper limit of the at ta inable 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
limit of the accelerating gap ’s resistance , which is necessary for
the calculat ion of the generator ’s matching with the load .
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• If a voltage is applied to the gap which is much greater than

0 .5  MV , the electron will  pass through the maj or portion of the
path  at a ra te  close to c. Therefore , for an approximate solution

we can disregard the dependence of v on the potential difference

which has been passed through , I. e . ,  of v on x , and consider
v = c .  Then

C

The “minus ” sign in the right side is replaced by a “plus ,” since

the speed of the electrons is directed opposite to the current

voltage . Integrating this equation once , we obtain

• 
~~~~~~~~
~~ -—c—+cl.

From the condition with X = 0 we obtain c1 
= Ek, where Ek 

- the

electrical field which is establ ished at the cathode . In tegra t ing
for x from 0 to d , where d — the distance between the electrodes,

we obtain

U

Here U the total voltage .

With large U, where ~j - >> Ek ,  the last term can be disregarded
and we introduce the specific resistance of the gap :

This means that  with large current voltages the space charge is
determined and is weakly dependent on Ek and on the properties of

the emi t te r  in general . This simple result  was known earl ier .  It
also is presented as the limiting case by V. A. Godyak , L. V.

iiubovoy , and G. R. Zablotskay a [19].

For a more precise examination we can introduce the dependence

of current densi ty  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 t ranscendenta l  equat ion which  is easily solved
graphically . It follows from the calculations that for the effec-

t ive 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 << E0, i.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

Q , 2yrd 2
- .;

~ 
—

or in a practical system of units

1~A 
= C c:.t.ct.

In the cyl indrical  and spherical cases the following are obtained
respectively

JD~ ~-~- [R-t (C -~ +~ )]; p~=6oER-’i(e4÷ i)] CM - cM,

~~~~~~~~~~~ 
en4~- _ i ) ;  p~ =3oc - + efl- ~-- 1) OM.

From these expressions , it is possible to make an approximate
est imate of the lower boundary of res is tance  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 ~2.

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

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 . ith which the ultra-

relativistic approxima t ion is valid in 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 ~ 
E0 (E 0— £ K)

cyl indrical ~ T= E~~U

kt ~~t 
)
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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 experiment al data show , the gap with one point has a
resistance on the order of 50—100 ~2 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:

~ 6Od4~~ 60 j 1~,~1 -S
~kW-~ i~T

Here d1 — the distance between the conductors of the line, H — the
radius of the line .

Hence

i.e., the points should be Place d at a distance from eac h other
on the order of d1.

30



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

H a — 60d
H iii

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

Equalizing the resistances

i~c~~ cod

we obtain the approximate matching condition

Thus , employing a ring emitter, it can be matched with a line ,
selecting the c 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 1014_

iol6 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 nec essary to ensure the nec essary 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.
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San Leandro , California; (15) North Carolina State University ,
Raleigh , Liorth Carolina; (16) Cornell University; (17) Sandia Firm ,
Albequerque , New Mexico; (18) Physics International Company ; (19)
[word illegible] Research Laboratory , Washington; (20) Maxwell
Laboratory , San Diego, Cal.; (21) Henry Diamond ; (22) Model ; (23)
Hermes II; (24) Snark ; (25) Gamble; (26) Black Jack; (27) Aurora ;
(28) Line on the basis of a Van de Graaf generator ; (29) Ardad ’yeva—
Marks generator ; (30) Bloomline line ; (31) Insulation — mylar ; (32)
Insulation — water; (33) Insulation — oil.
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Table 3.

~ j 2

106 2 , 4.I0~• 2 , 4.I 0~~
io8 2,4.I0~~~ -

Table 14 .

W . V
4 - io’~ 

• 
6 C M

• io’4 60 ‘CM

lois 6 M

— 
ioI6 60

Table 5.

tl, V~x 
R ,

Gew~ ~~~“ A L~ _ _ _ _ _ _ _ _ _ _

~~~~ io~~ to? I,5.I0’~ ~~~~~~ 1,9 1,5. 1014

io6 io~~ 10? 1,5.106 I,9.I0~~ I 9 1,5.1013

I0~ I0~~ io~ I , 5.I0 ~ I ,9. IO~~ 190 1 , 5.10 12

106 
~~~ io6 i,5.io” I,9.Io_8 0,2 1.5.1013

10~ IO~~ I0~ 1 , 5. 106 I ,9.I0~~ 1,9 1.5.1012
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