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This paper is devoted to a detailed theoretical and experimental investigation of the processes occurring
during propagation of brief electromagnetic pulses in radial transmission lines. The main mechanism of
pulse amplitude and time transformation have been studied. The amplitude transformation effect is shown
to depend on the wave transit time, electric-field rise time at the line input, and the magnetic relaxation
time of ferrite placed inside the radial line. A gain of 360 keVin the electron energy has been obtained
in a system involving three radial lines at a supply voltage of 38 kV. The time-transformation effect may
be used to generate short (sub-nanosecond) electric pulses.

1 INTRODUCTION

In the last few years much attention has been given to accelerating structures relying
on radial lines driven by an external pulse generator. 1

-
6 The interest in these

structures comes from the fact that, on propagating from the periphery to the center
of the radial line, the electromagnetic pulse grows in amplitude. 1

-
3 Consequently,

the electron beam traversing along the axis of a sequence of radial lines is influenced
by an accelerating voltage in the cell considerably exceeding the supply voltage. It
is reasonable to employ radial lines loaded with ferrite to reduce substantially the
overall dimensions of the accelerating structure, for relatively long pulses. As the
electromagnetic pulse propagates inward its duration is reduced; this effect can be
used to obtain short accelerating pulses.

This paper presents a detailed theoretical and experimental description of the
amplitude and time transformation of electromagnetic pulses in their propagation
from the periphery to the center of the radial line, and of their interaction with an
electron beam.

In Sections 2 to 4 we consider the amplitude transformation and beam interaction
of electromagnetic pulses in a single radial line and in a sequence of such lines. Section
2 gives a theoretical analysis of electromagnetic pulse propagation in a radial line.
As a result, a complete space-time distribution pattern is constructed for the electric
and magnetic fields in the radial lines as a function of the parameters of the driving
pulse, the radial line, and the loading material. In particular, magnetic relaxation in
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ferrite is treated. Sections 3 and 4 present the experimental results for the transforma­
tion of pulse amplitudes in the radial lines with and without ferrite. Electron beam
acceleration is studied in a single radial line and in an array of them. The influence
of the beam on transformation effects is also investigated.

In Section 5 we study the time transformation of electromagnetic pulses in a radial
line. The inverse problem is solved for finding the necessary amplitude and shape of
the supply voltage pulse in order to obtain the assigned pulse amplitude and shape
on the axis of the line. The possibility of obtaining pulses of sub-nanosecond
duration with a relatively long supply voltage pulse is demonstrated by both
calculations and measurements.

2 ANALYSIS OF PULSE AMPLITUDE TRANSFORMATION IN A RADIAL
TRANSMISSION LINE

Let us consider the transformation processes of an electromagnetic pulse propagating
from the periphery to the center of a radial transmission line (Figure 1). The radial
line has two metal disks (1) of a radius R and a ferrite element (2) of thickness d
between the disks. The line is uniformly driven from outside by a pulse voltage source
U(t) with impedance p.

The analysis (in Gaussian system of units) is based on the joint solution of
Maxwell's equations and Bloch's equation for ferrite magnetization:?

dM 1
-=-(XH - M ),
dt Lp

(1)

where H is the magnetic field of the electromagnetic wave; M, X, and Lp are,
respectively, the magnetization, magnetic susceptibility, and relaxation time of the
ferrite. For the Fourier component of the electric (Ewz) and magnetic (HwqJ fields of

1..

f

2 R

FIGURE 1 Radial transmission line.
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(2)

(3)

the TM010 wave at radial distance r, it is easy to derive the following expressions:

Ewz(r) = ~ Jo(~ Je J1 + 4~X r),
I c 1 + IW!p

Hw<p(r) = Je AJ1(~ Je J1 + 4~X r),
4nX c 1 + IW!p

1+---
1 + iw!p

where W is the frequency, B is the dielectric constant of the ferrite, c is the speed
of light, and Jo and J 1 are the Bessel functions. Proceeding from Ohm's law, we get
the boundary conditions at an external radial distance R:

(4)

where d is the disk spacing of the radial line; Uw, [w, and Eware the Fourier
components of voltage U(t), the current and the electric field at the line input,
respectively. Equation (4) is derived by the use of the relationship [w = (cR/2)Hwep(R),
which is a consequence of the boundary condition at the external radius
rot H = (4n/c)j Uis the current density). From Eq. (2), and with Eq. (4) in view, we
obtain,

Ew Jo(~ Je J1 + 4~X r)
c 1 + IW!p

E wz = ---------------------------

{Jo(~ Je J1 + 1 :~~rp R)
+ i peR. Je J (~ JeJ1 + 4nx R)}

2 J 4nx 1 c 1 + iw!p
1+---

1 + iw!p

(5)

4nx { (w r= J 4nx )1+--- J -v8 1+ . R
1 + iw!pOe 1 + iw!p

EwJe J 1(~ JeJ1 + 4nx r)
c 1 + W!pHwep = i----------------------. (6)

{
+ iP;R J Je4nx J{~ JeJ1 + :~ R)}}

1+--­
1 + iw!p

Let us consider the amplitude and shape transformation of a trapezoidal pulse
of amplitude Eo with a rise time tl, fall time ~, and flat-top duration T. Calculating
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the Fourier-transformed image of this pulse, then substituting it into Eqs (5) and (6)
and calculating the Fourier integrals, we obtain the following expressions for the
electric and magnetic fields at p = 0 and a small relaxation time (W!p ~ 1,

w 2!p(R/c)Je(1 + 4nX) ~ 1):

Yf+T t Yf+T+~--<-<----
f) -f)- f)

H~=HG)

Ez = EG) - Ee ~ ~)

H~= HG) - H(_t--f)-~) + H(_t-_~_-_T)

_ (t) (t - Yf) (t - Yf - T) (t - Yf - T - ~)Ez - E e - E -f)- + E f) - E f)

_ (t) (t - Yf). (t - Yf - T) (t - Yf - T - ~)HqJ- H e - H -f)- + H () - H ---f)--

(7)

Yf+T+~ t----<-
f} - f)'

where

and

(
t) f) {t 00 e-(a

,
7/2)(tp/

8
)(t/8) [ ( r). t

E - = E - - - L x 2J (J - SIn (J -
f) 0 Yf f) n= 1 (J; J 1( (Jn) 0 n R n f)

!p 2 r ( r) tJ}+ - (J - J (J - cos (J -f) n R 1 n R nf)

(t) f) If{r 00 e-«(1~/2)(tp/8)(t/8) [ (r) t
H- =E - - -+L -2J (J- cOS(J-

f) 0 Yf J.1o 2R n= 1 (J; J 1( (Jn) 1 n R n ()

!p 2 r ( r). tJ}+e (Jn RJ0 (Jn R sIn (Jn e .

(8)

(9)
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(10)

Here f) = (R/c)~ is the total transit time of the wave, Ito = 1 + 4nX is the magnetic
permeability of the ferrite, and an are the roots of the function Jo.

The above expressions can be used to find out the main regularities of transforma­
tion effects as functions of excitation conditions and radial-line parameters.

For the particular case of 11-+ 00, Eq. (8) obviously gives Ez/Eo = 1, i.e., at an infinite
pulse rise time, the transformation of amplitude does not occur.

In the other limiting case, 11 -+0, Eq. (8) changes to the expression derived in Ref. 2
for the electric field at r p = 0:

t
cos an -

E 00 f)
~=1-2L .
EOn = 1 an J 1(an)

We first consider the transformation effects at r p = O. Figure 2 shows the calculated
space-time distribution of the electric field in the radial transmission line. It is seen
that during inward propagation, the pulse amplitude grows substantially while the
length of the pulse is reduced. The calculations of Eqns. (8) and (9) have shown that,
with a shorter pulse length, shape distortion becomes less significant and the shape
of small-duration pulses remains practically the same during pulse propagation
within the distance R/3. From Eqns. (8) and (9) it follows that the pulse amplitude
transformation effect depends only on the relationship between the wave-transit time
along the line f) and the pulse risetime 11 at the line input. The generalized dependence

4

o

r
R

FIGURE 2 Time dependence of the electric field at different radii of the radial line (riR = 1, 0.78, 0.55,
0.33, 0.11, and 0) at 8111 = 4.5, TI8 = 0.22.



256

10

5

V. V. ZAKUTIN AND A. M. SHENDEROVICH

I

2

----JL.----.,3
----+--------tLf

o (0 20 BI'Z
FIGURE 3 Dependence of the electric field in the radial line on the O/t/ ratio for r/R = 0 (curve 1),0.11
(curve 2) 0.33 (curve 3), and 0.55 (curve 4). (la) r/R = 0, !p/O = 1 x 10- 4 ; (lb) r/R = 0, !p/O = 5 X 10- 4 .

of the electric-field amplitude on this relation at different line radii is shown in Figure
3. It may be seen from the figure that the transformation of pulse amplitude may be
rather large, e.g., at e/11 = 5, the electric-field value on the axis is greater by a factor
of 6.3 than that at the line input. It is also seen that, in the center of the line, the
transformation effect depends strongly on the f)/11 ratio, whereas from r/R ~ 0.3 the
f)/11 dependence of the effect is substantially weaker.

The ferrite loading of the radial transmission line enables one to greatly reduce its
transverse dimensions. In this case, in calculations it is necessary to take into account
a magnetic relaxation in ferrite which may cause the accelerating-field pulse
amplitude and shape to change. The dashed line in Figure 3 shows the amplitude of
the electric field on the line axis (r = 0) as a function of the magnetic relaxation time
Lp • The pulse shape on the radial line axis at a finite magnetic relaxation time is
shown in Figure 4. As may be seen from Figures 3 and 4, magnetic relaxation spreads
out the pulse and reduces its amplitude. The present analysis shows the magnetic
relaxation time, at which the pulse amplitude and shape remain practically the same,
to be Lp ~ 10- 3 e. As demonstrated in Section 4, this is quite feasible at sufficiently
great fields.

The calculated magnetic field distribution of the electromagnetic electronetic pulse
along the line varies, depending on the e/11 ratio (Figure 5). At a low f)/11 value, the
magnetic field amplitude falls off smoothly to zero from the periphery to the center
of the line (curves 1 and 2). At a large f) /11 ratio value, as the pulse propagates to the
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FIGURE 4 Pulses on the line axis (riR = 0). (1) 81Y! = 2, !p18 = 0; (2) 81Y! = 2, !p18 = 0.06.

line axis, the magnetic field first increases and then falls off to zero; the greatest
magnetic field value is observed at short rise times, its maximum position shifting
closer to the line axis. The data shown in Figure 5 allows one, in particular, to
determine the restrictions due to ferrite saturation by the magnetic field of the
electromagnetic wave during transformation of powerful pulses. At a given ()/'1 (using
the curves in Figure 5) we first determine the maximum Hm/lOHo ratio and then,

by calculating H 0 == O.15Eo~, we find the greatest magnetic field Hmof the pulse

0.75Q50,25o

0,5

Hm._--_~---r-----r--____,
10Ho

FIGURE 5 Magnetic field amplitude distribution at a radial distance for elY! = 0.9 (1), 1.15 (2), 1.5 (3),
2.25 (4), 4.5 (5). Ho = 0.15EoJJio.
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in the ferrite. The H m value should be lower than the magnetic field of ferrite
saturation.

In the above analysis we have found the mechanism of pulse amplitude transforma­
tion in the radial transmission line, which involves the compression of the elec­
tromagnetic field during pulse propagation inwards and energy transfer from the
magnetic field of the wave to the electric field near the line axis. The amplitude
transformation is shown to attain significant values.

3 EXPERIMENTAL STUDIES OF PULSE AMPLITUDE
TRANSFORMATION IN THE RADIAL LINE

Pulse amplitude transformation effects were experimentally investigated in radial lines
with and without ferrite, thereby providing favorable conditions to elucidate the role
of magnetic relaxation. The radial line containing no ferrite had an external radius
R = 90 cm (f) = 3 ns), the distance between the disks d varied from 2 to 13 cm, and
the radius of the hole in the center of the line was a = 1 cm. The type 60 NN
(Bm= 4200 G, J1 = 60, 1m = 55 MHz) ferrite-loaded radial line measured only R =
9 cm (f) = 4.5 ns), d = 2 cm, a = 3 cm. The hole dimensions in the center of the line
were small as compared with the minimal wavelength in the pulse spectrum; therefore
the above calculations for the "solid" line are applicable to describing the present
experiments. This is confirmed by the measured data given below. The lines were
driven by a pulse generator with a pulse of amplitude U = 1 kV, and the pulse rise
time 1] ranged froni 1 to 10 ns. The pulse from the generator was applied to the input
of the radial line at regular radial spacings at 24 points through 50-ohm cables, each
6 m long. The voltage pulse in the center of the line was supplied, via a divider, to
an oscillograph. The time resolution of the measuring system was better than or
equal to 0.5 ns.

Figure 6 shows the amplitude transformation effect in the radial line without ferrite
as a function of 1] (experimental data points on curve 1). The results of the
measurements agree with the calculation (curve 1) and thus confirm the conclusion
of the theoretical analysisthat the transformation effect increases with the f} /1] ratio.

The same figure shows the measured transformation values for the ferrite-loaded
line. These results differ from the calculated values at ! p = 0 (curve 2) and are in
agreement with the calculations for !p/f} = 0.067, i.e., !p = 0.3 ns (curve 3). Besides,
the measurements have shown that the electric-field pulse shape also agrees with the
calculated one for the given relaxation time. It may be seen from Figure 6 that in
accordance with the calculations, the pulse amplitude decreases under the influence
of the magnetic relaxation in ferrite is especially significant at small 1], e.g., at f}/1] = 4
it amounts to 15%.

To make a practical use of the radial line, it is of interest to clarify the dependence
of the transformation effect on the conditions of excitation of the line. The measure­
ments have shown that the variation of the number of excitation points (n) weakly
affects the pulse amplitude and shape for n ~ 2(nR/c1]). For example, for the
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FIGURE 6 Electric field versus 0/11. (1) r/R = 0, !p/O = 0; (2) r/R =~, !p/O = 0; (3) r/R =~, !p/B = 0.067.
(0: without ferrite load; D: with ferrite load).

ferrite-loaded line with R = 9 em at YJ = 3 ns, we obtain 2(nR/cYJ) ~ 0.6, i.e., it is
sufficient to use 2 or 3 excitation points.

To a greater extent, the transformation effect is influenced by the ratio of the source
impedance P to the input resjstance of the line, Po. Two sets of the corresponding
measurements were made for

i) the line without ferrite filler by varying Po from 1.3 to 9 ohms through changing
the gap between its electrodes at a constant P of 2 ohms and also for

ii) the ferrite-loaded line varying P from 2 to 25 ohms with an appropriate choice
of the number of feeder cables N at a constant Po of 40 ohms. The results of the
latter measurements are given in Figure 7 (results of line measurements without ferrite
are similar). It may be seen from the figure that the amplitude of the pulse decreases
as N is reduced, and that it becomes flat-topped. This is explained by the change in
the boundary conditions for electromagnetic wave travel and reflection at an external
radial distance of the line. As a consequence of the continuously changing wave
resistance of the line, as the wave propagates inward, there appear reflected waves
propagating in the reverse direction. At low p/Po, these waves, reaching the external
radius R, form a reflected wave of the same amplitude but of opposite polarity. This
wave, reaching the center of the line, leads to the electric field reduction, and this
accounts for the pulse falloff with time (see Figure 7, N = 24). As the p/Po ratio grows,
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5ns
I

FIGURE 7 Oscilloscope traces of pulses in a ferrite-loaded radial line with a different number of feeder
cables (r/R = 1; 11 ~ 2 ns).

the amplitude of the reflected wave of opposite polarity diminishes, leading to a
reduced pulse falloff with time (N = 12, ... , 2).

Thus, the results of the measurements show the possibility of obtaining flat-topped
pulses in the center of the line via choosing the optimum piPo ratio.

4 EXPERIMENTS IN HIGH-AMPLITUDE ELECTROMAGNETIC PULSE
TRANSFORMATION AND INTERACTION WITH AN ELECTRON
BEAM IN RADIAL LINES I

High-voltage pulse transformation experiments were performed using the device
shown schematically in Figure 8. Here the voltage pulse of amplitude

U = 20, ... , 40 kV and risetime ranging from 1 to 10 ns comes from the pulse
generator (3) via 50 ohm cables (2), 6 m long, to a system of radial lines (1). The
60 NN ferrite-loaded radial lines, 18 em in outer diameter and 6 em in inner diameter,
were uniformly fed at 4 points on the circle. To sum pulses from several single radial
lines, a system of double radial lines may be used, arranged either in line or
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FIGURE 8 Experimental layout. (a) with beam transport, (b) without beam transport. (1) radial line
system, (2) coaxial cables, (3) pulse voltage generator, (4) open-circuited radial line, (5) short-circuited
radial line, (6) cathode, (7) anode-grid, (8) metal rod, (9) measuring system.

coaxiallyl,8 and creating a non-potential electric field. In our experiments we used a
sequence of open- (4) and short-circuited (near the axis) radial lines (5) forming double
lines.

A burst-emission cathode (6) was used as a source of electrons. In our experiments
it was placed either in the electric field of a single radial line (Figure 8a) or in the
total electric field resulting from all the three radial lines (Figure 8b). In the first case,
the beam, in passing along the axis of the three-line system, acquires an energy equal
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to the sum of the accelerating voltages of each radial line. The beam is transported
by a longitudinal pulsed magnetic field produced by coils (10) located in the
short-circuited sections of the radial lines.9 In the second case, the voltage pulses
were summed by the use of a metal rod, at the end of which was mounted the cathode
(6). By this means the cathode was placed in the total electric field of all the three
radial lines.

The accelerated electron beam passing through the anode grid passed into the
system (9) measuring beam current and energy. The beam current was measured by
resistance pickups. Particle energy measurements were made using the aluminium-foil
absorption technique and the electromagnetic analyzer. The latter was a plane
capacitor with a homogeneous electric field inclined at an angle of 19.7° to the axis
of the radial line array. A typical oscillograph trace of the beam curent pulse is shown
in Figure 9.

In the experiments we studied the particle energy gain as functions of the beam
current, and of the amplitude and rise time of the supply voltage pulse. Energy spectra
of accelerated particles were also measured versus time.

The measured dependence of the particle energy on the pulse risetime at a pulse
amplitude of 22 kV for the two cathode positions (see Figures 8a and b) is illustrated
in Figure 10. (The same figure shows the electric field strengths calculated from these
data for each accelerating gap). The measured data are in good agreement with the
calculations (solid curve) at r p ~ O. Thus, at a large pulse amplitude the magnetic
relaxation produces practically no effect on the transformation. As shown above (see
Section 3), at a relatively low voltage U = 1 kV, magnetic relaxation in the ferrite
leads to an appreciable decrease in the pulse amplitude on the line axis (rp = 0.3 ns).
These results can be explained by the known fact that magnetic relaxation time

1200A

tOns
I

FIGURE 9 Oscilloscope trace of the beam current pulse.
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FIGURE 10 Gain in the particle energy and electric field strength in the gap as a function of the pulse
rise time at the line input (U = 22 kV). 0: layout of Figure 8a; .: layout of Figure 8h.

decreases with the magnetizing magnetic field (e.g., see Ref. 10). In our case, the
magnetic field was that of the pulse.

The present measurements have demonstrated the dependence of the particle
energy gain on the amplitude of the supply voltage pulse to be linear up to U 40 kV,
in agreement with the calculation. At U = 38 kV and YJ ~ 1.5 ns, the three-line system
gave a particle energy gain of 360 keY. This corresponds to an electric field strength
in the gaps of 60 kV/cm.

The results obtained are in agreement with the single-line measurements, i.e., the
particle energy gain in three radial lines is equal to a three-fold energy gain in a
single radial line.

The energy vs. time measurements of the electron beam produced and accelerated
in the three-line system were carried out with the electrostatic analyzer. Time
dependences of the beam current during the pulse were measured, the beam particle
energies being greater than an assigned Gb value. It was found that, with increasing
Gb' the pulse time is reduced and is 2 or 3 ns at large Gb values. This is in agreement
with the results of the theoretical analysis.

The inverse effect of the beam on the transformation processes was studied by
measuring the maximum particle energy gain as a function of the beam current.
Based on these measurements, we have plotted the particle energy gain as a
generalized function of the beam resistance R b = Glef, resulting in the curve shown
in Figure 11. From this plot one can determine the beam current below which the
particle energy gain does not vary significantly. For example, at U = 38 kV, reduction
in the particle energy at 100/0 takes place at a beam current of about 400 A. Hence,
in radial lines loaded with type 60 NN ferrite, beams with currents of hundreds of
amperes can be accelerated efficiently.
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o 250 750 Rb,OItIn
FIGURE 11 Generalized dependence of the electric field amplitude on the beam resistance Rb = elel.
a: beam measurements; 0: measurements with the resistance simulating the beam.

5 TIME TRANSFORMATION OF PULSES IN A RADIAL LINE

The analysis undertaken· in Section 2 has shown that, in propagating from the
periphery to the center of the radial line, the pulse changes not only in its amplitude
but also in its shape. For example, at fJ/l1 = 4.5 and TlfJ = 0.22, the pulse length at
the base diminishes by 300/0, while the falloff time decreases by a factor of 3 (see
Figure 2). We discuss this problem in more detail below.

For this purpose, we define the electric-field pulse shape at the input of the line
that is necessary to obtain, for the accelerating field, a trapezoidal pulse of amplitude
Eco ' flat-time 2A, and rise and fall time T on the line axis. Substituting into Eq. (5) the
Fourier-transformed image of this pulse,

Eco . . . 2E =-- {e- lWt + e-lw(t+A) _ e- lW( t+A) - I}
wc 2'TrTW 2 '

by simple manipulations we get

tAT
-<-1---- E·=OfJ - fJ fJ Il

_ 1 - ~ - ~ < ~ < - 1 _ ~ E . = E ~ {t + A + T [~
fJ fJ - fJ - fJ Il co 'TrT fJ 2

+ arcsin t + ~ + rJ + )1 -e+ ~ + ry};

(11)
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A t A () {1t-r t + A + -r . t + A + -r
-1 - - < - < -1 + - E· = E - - + arcsIn ---

() - () - () II co 1t-r 2() () ()

J (t+ A + -r)2 J (t + A)2 t+ A . t+ A}+ 1 - - 1 - -- - -- arcsIn -- .
() () f) ()'

A t A -r f) {t + A + -r t+ A + -r
-1 + - < - < 1 + - + - E1 , = E - arcsin ---

() - f) - () () l co 1t-r f) f)

J (t+ A + -r)2 t+ A t+ A J (t - A)2+ 1 - () - -()- arcsin -()- - 1 - -()-

_~ (t - A - -r) _ _t-_A arcsin _t-_A}.
2 f) () ()'

A -r t A -r f) {t + A + -r t+ A + -r
-1 + - + - < - < 1 - - - - E· = E - arcsin ---

f) () - f) - f) f) II co 1t-r () ()

J (t+ A + -r)2 J (t + A)2 t+ A . t+ A+ 1 - - 1 - -- - -- arcsIn --
'~ () () f) ()

J (t- A - -r)2 J (t - A)2 t- A - -r . t- A - -r+ 1 - - 1 - -- + arcsIn ---
() O· f) ()

t - A t - A}
- -()- arcsIn -f)- ,

1 _ ~ _ ~ < ~ < 1 _ ~ E, = E ~ {~ (t + A + -r) _ t + A arcsin t+ A
() () - () - () II co 1tr 2 () () ()

J (t + A)2 t- A - -r . t- A - -r J (t - A - -r)2- 1 - -- + arcsIn + 1-
() () () ()

J (t- A)2 t- A t- A}
- 1 - .-()- - -()- arcsin -()- ;

A t A () {1t-r t-A--r t-A--r
1 - - < - < 1 + - E· = E - - - + arcsin ---

f) - () - () II co 1t-r 2 () () ()

265

(12)

J (t- A - -r)2 J (t - A)2 t- A t- A}+ 1 - () - 1 - -()- - -()- arcsIn -()- ;

A t A -r () {t - A - -r t- A - -r 1t (t - A - -r)
1 + - < - < 1 + - + - E 1 , = E - arcsin - -

() - () - () () . l co 1t-r () () 2 ()

A -r t
1 +-+-<- E ,=0()() - () II .
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FIGURE 12 Time dependence of the electric field on the axis (la, 2a, 3a) and at the input of the radial
line (lb, 2b, 3b) for riB = 0.1 and AlB = 0.9 (1),0.7 (2), and 0.5 (3).

Some results of the calculations by Eqs. (12) are given in Figure 12. It is seen from
the figure that to have electric field pulses with short rise time and a flat top (of type
1a to 3a) on the axis of the radial line, pulses of a particular shape (see Ib to 3b)
must be supplied to the line input. In this case, we observe an essential reduction in
the length of the pulse and its edges. For example, at 2A = (), ! = 0.1(), the pulse time
diminishes by a factor of 3.5, and the rise time by a factor of 11.

The calculations predict the possibility of even a greater reduction of the pulse
time. Thus, for 2A = 0.05() and! = 0.05(), the pulse time may be reduced by a factor
of 7.5, e.g., from 3 ns down to 0.4 ns. Note also that a substantial change of the
voltage pulse shape at the line input (from 1b to 3b in Figure 11) causes only a small
change in the flat-top time of the pulse on the line axis (curves 1a to 3a). From Eqs.
(12) it follows that the transformation of the pulse and edge times is determined by
the ratio of these paramters to the transit time of the wave along the line.

For the case of long pulses, after integration in Eq. (10), we obtain

t A!
-< -1---c- E ·=0
() - () () If

A ! t A () {t + A + ![n . t+ A + !J-1 - - - - < - < - 1 - - E· = E - - + arCSIn ---
() () - () - () If co n! () 2 ()

-1 _ ~ < ~ < 1 _ ~ _ ~ E. = E .! {~ ~ + t + A + r arcsin _t_+_A_._+_r
() - () - ()() If co nr 2 () () ()

J (t + A)2 (t + A) . t+ A J (t + A + r)2}.- 1 - -"'--'- - -- arCSIn -- + 1-
() () () ()'
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1 - (j S (j S - 1 + (j Eli = Eco ;
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Some results of the calculations by Eqs. (13) are depicted in Figure 13. It is
seen that the time of the long pulse actually undergoes no transformation, though

Ec Efi
Eco'Eco

1

-6 -4 -2 o 2 6 i/9

FIGURE 13 Time dependence of the electric field on the axis (a) and at the input (b) of the radial line.
(1) A/fJ = 5, r/fJ = 0.8; (2) A/fJ = 5, r/fJ = 0.5; (3) A/fJ = 2, r/fJ = 0.1; (4) A/fJ = 1.1, r/fJ = 0.1.
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there is an essential reduction in the risetime. For example, at ! = 0.18, the pulse
propagates from the periphery inward, and its risetime is reduced by a factor of 15.
According to our analysis, this time-transformation effect depends only on the ratio
of the risetime to the wave-transit time.

The results presented above were obtained for the source impedance p = 0 and
were found to be practically the same at p ~ 30 d/R (ohm).

It is evident from the analysis that sub-nanosecond pulses of the accelerating field
with short risetimes can be generated on the axis of the radial line by driving this
line with relatively long pulses that have comparatively long risetimes.

Some basic regularities of the time transformation of pulses in the radial line-in
particular, possible attainment of short-time accelerating fields, were confirmed
experimentally. The measurements were made on a device similar to that of Section
3. The data obtained for the case of time pulses are represented in Figure 14. It is
seen from the figure that the input pulse has nearly a triangular shape, with rise and
fall time of ~ 5.5 ns, and. that pulse on the line axis has practically a trapezoidal
shape with ! ~ 2 ns and the flat-top time ~4 ns. There is good agreement between
calculations and measurements. Some discrepancies observed may be attributed to
the input pulse shape being somewhat different from that calculated by Eqs. (12).
This discrepancy is insignificant, and therefore, when the line is driven with pulses
having exponential rise and fall, which is easily realizable in practice, there occurs
an important transformation of both the pulse time and the rise and fall times.

Figure 15 shows the measured transformation of the pulse rise time !. As is seen,
the experimental data are in agreement with the calculation and confirm the

t,ns105o

0,5 to---~~~--PIr----+---------t

FIGURE 14 Measured (dashed line) and calculated (solid line) data for the case of short pulses. (1) pulses
on the axis, (2) input pulses.
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FIGURE 15 Transformation of the electric field on the line axis as a function of its rise time at the
input of the radial line (for 1" < () < A). Solid line represents the calculations, dots show measurements.

conclusion about possible significant reduction of r. For example, the pulse rise time
of about 8 ns at the line input is reduced to ~ 2 ns as the pulse propagates to the
axis of the line.

6 CONCLUSIONS

We have studied the physical processes occurring during propagation of short
electromagnetic pulses in radial transmission lines. Pulse amplitude-transformation
and time-transformation effects are demonstrated to take place in the radial line. It
is found that the amplitude transformation value depends on the ratio of the
wave-transit time to the electric field build-up time at the line input. In the case of
a ferrite-loaded radial line, this transformation also depends on the ratio of the
magnetic relaxation time of the ferrite to the wave-transit times. It is demonstrated
that electron beams of currents of hundreds of amperes can efficiently be accelerated
in radial lines with ferrite loading. A system of three double radial lines of a total
length of 12 cm gave a 360-keV particle energy gain at a supply voltage of 38 kV.
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It is also shown that, with the propagation of short pulses in the radial line, the
pulse duration and rise and fall times are reduced. This can be used to obtain short
(sub-nanosecond) accelerating pulses. In the case of long pulses, only rise and fall
times are reduced. The time transformation effect is determined only by the ratio of
the pulse time and rise time to the wave-transit time.
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