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1. INTRODUCTION

During the last few years considerable interest has developed in
the feasibility of designing accelerators capable of accelerating pulsed
high-current electron beams to tens of MeV. Possible applications of
such devices include electron-beam fusion, collective ion accelerator
injection, and deep flash radiography. While single-stage diode accel-

erators exist which are capable of handling current pulses of up to 106
amperes, the energy limitation of these single-stage machines is on the
order of 10 MeV. The AURORA facility at the Harry Diamond Laboratories,
for example, was designed to produce a 120-ns, 1.6-MA pulse of 15-MeV

electrons.1 To get to higher energy the beam must be subjected to a
succession of properly-phased accelerating fields. Multi-gap concepts
2-5

for achieving this include the magnetic linear induction accelerator,

6) >

the autoaccelerator, and accelerators based on iron-free inductors

lB. Bernstein and I. Smith, "AURORA, An Electron Accelerator," IEEE Trans.

Nucl. Set. NS-20, No. 3, 294-300, 1973.

2R. Avery, G. Behrsing, W.W. Chupp, A. Faltens, E.C. Hartwig, H.P. Her-
nandez, C. MacDonald, J.R. Meneghetti, R.G. Nemetz, W. Popenuck, W.
Salstig, and D. Vanecek, '"The ERA 4 MeV Injector," IEEE Trans. Nucl. Sct.
NS-18, No. 3, 479-483, 1971.

31V.C’. Christofilos, R.E. Hester, W.A.S. Lamb, D.D. Reagen, W.A. Sherwood,

and R.E. Wright," High Current Linear Induction Accelerator for Elec-
trons," Rev. Sei. Inst. 35, 886-890, 1964.

4J. Letss, NBS, private communication.

5A.I. Anatskit, 0.S. Bogdanev, P.V. Buckaev, Yu P. Vakhrushin, I.F.
Malyshev, G.A. Nalivaika, A.I. Pavlov, V.A. Suslov, and E.P. Khalchitskit,
"Linear Induction Accelerator," Sov. At. En. 21, 1134-1140, 1966.

u. Friedman, "Autoacceleration of an Intense Relativistic Electron Beam,"
Phys. Rev. Lett. 31, 1107-1110, 1973.

7J.K. Burton, D. Conte, M. Friedman, T. 0'Connell, and J. Shipman, "The

Autoaccelerator - A Generator for Producing a High Energy Intemse Rela-
tivistic Electron Beam by the Autoaccelerator Process," IEEE Trans.
Nucl. Sei. NS-24, No. 3, 1628-1630, 1977.

8A.I. Pavlovskii, A.I. Gerasimov, D.I. Zenkov, V.S. Bosamykin, A.P.
Klementev, and V.A. Tananakin, "An Iron-Free Linear Induction Accelera-
tor," Sov. At. En. 28, 549-550, 1970. ‘

o Pavlovskii, and V.S. Bosamykin, "Linear Inductive Accelerators
Without Irom," Sov. At. En. 37, 942-947, 1974.
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s . 10-1 ~ : :
or pulse transmission lines. 9-13 Pulse-line accelerators which use in-

ternal switches to generate the accelerating voltage have received
little attention, at least in this country, probably because of the
number of high-current, high-voltage switches that must be operated

synchronously. Recently, however, Pavlovskii e: 1.11 have describ. 1 a
radial pulse-line accelerator of this type for high current (100 kA),

in which they claim to have solved the switching problems. Furthermore,
very significant advances are being made in this country in high-speed

simultaneous switching for application to electron-beam fusion.14 It

is therefore appropriate to reconsider the possibilities for accelerator
design based on energy storage in pulse transmission lines. In this
report we present the mathematical details of an analysis of internally-
switched pulse-line accelerators based on constant-impedance lines. It
is assumed throughout that the lines and switches are ideal and lossless.

The results of this analysis have been submitted to the open literature.13

Also included is a discussion of how a repetitive voltage waveform pre-
sent in the transmission-line cavities might be used to repeatedly ac-

celerate a current pulse which is recirculated through the accelerator.
Techniques for recirculating high-current beams are presently being in-

vestigated at NBS with a magnetic induction linear accelerator.15

2. BASIC PULSE LINE CONCEPTS

2.1 The Blumlein Pulse Line

The workhorse of most single-stage diode accelerators is the Blum-
lein pulse line. A simplified diagram of a strip-line version of such
a line is shown in Figure 1. Other geometries are also employed - in

10 ¢, Hartwig, "Pulsed Line Acceleration of Electron Rings," Proceed-
ings of Symposium on Electron Ring Accelerators, Feb. 1968, pp 44-64,
UCRL 18103, 1968.

A.I. Pavlovskii, V.S. Bosamykin, G.D. Kuleshov, A.I. Gerasimov, V.A.
Tananakin, and A.P. Klementev, "Multielement Accelerators Based on
Radial Lines," Sov. Phys. Dokl. 20, 441-443, 1975.

JZV.I. Kazacha and I.V. Kozhukhov, "Use of Radial Transmission Lines in
Pylsed Accelerators,” Sov. Phys. Tech. Phys. 21, 841-844, 1976.

D. Eccleshall and J.K. Temperley, "Transfer of Energy from Charged
Transmission Lines with Applications to Pulsed High-Current Accelera-
tors," submitted to J. Appl. Phys.

14, P 5 - . . >
K.R. Prestwich and T.H. Martin, Sandia Laboratories, private communi-

eation.

15J. Leiss and M. Wilson, National Bureau of Standards, private communi-
eation.
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Figure 1. Blumlein pulse line.
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AURORA, for example, coaxial Blumleins are used.1 The main feature of
the Blumlein line is that the full charging voltage is applied to a
matched load, whereas with a simple coaxial line, for example, only half
the charging voltage appears across a matched load. The principle is
easily understood. The center strip in the diagram of Figure 1 is
originally charged to some voltage V, and no voltage appears across

the output end. We note that if the same dielectric material is used

in all regions of the line, then the speed of an electromagnetic wave

is the same in all three regions. The time of travel per unit length,
T, is just

I 1i2e 1/2 . - 1/2
T = (Ll Cl) = (L2 CZ) = (L3 C3) . (2.1

.
where Li’ Ci are the inductance and capacitance per unit length in each

of the three regions. If the switch S is closed at time t = 0, a volt-
age step of amplitude V will travel to the right in line 1. At t = T%
it arrives at the discontinuity and is partially reflected with reflec-
tion coefficient

G - : 2,2)

The transmission coefficient is

y 222 + Z1
22 + Z1

(2.3)

The transmitted voltage divides across lines 2 and 3 according to the
ratio of their impedances. Hence at time t = Tzl + T(L - 21) a voltage
step

2l ® 2
V., = 2l oy (2.4)

arrives at the output of line 3. If a matched load of impedance Z1 +Z,

is connected across the output this voltage will be developed across the
load and no reflections occur at this end. The voltage step reflected

back into line 1 at t = Tkl has magnitude

Vi® v Vv (2.5)

10
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and is reflected out-of-phase from the shorted end of line 1 at t = 2T21.
The voltage step transmitted into line 2 at t = Tll is

Vo = i (2.6)

and is reflected in-phase from the open end of line 2 at t = 2T£1. At

time t = 3T21 both these steps arrive back at the junction with line 3,

and each is partially reflected and partially transmitted. The voltage
step generated at t = 3T2. and traveling to the left in.line 1 is

1
fihia 22 < -ZZV 3 Z1 A Z1 + Z3 - 22 22 g
1 22-0-21 ZZ+Z1 Zl+Z3 Zl+Z3+Z2 22+Z1
Z502 = Z5)
= _.?—1.__._2_.\[ . (2_7)
(Z1 + 22)
In line 2 we have
2 Z4 Z2 v g Z, L Z2 + Z3 = Z1 <- 22 v)
v2 Zl + 22 Z1 + 22 22 + Z3 Z, + 2, + Z1 Z2 + Z1
2 (2 —7.)
s —2———1———3—v. (2.8)
(Z, + 7,
The voltage step in the output line generated at 3T2l is
%% Z3 222 + Z1 -Z2 b Z3 221 + Z2 Z2 .
3 Z3 + Z2 Z2 + Z1 Z2 + Z1 Z3 + Z1 22 + Zl Z2 + Z1
—222
= —_—V . (2.9)
22 + Z1

This step arrives at the load at time t = 3T&, + T (2 - El). Hence the

1
load voltage i3 constant during the period T2 < t < TR + 2T&_, so that
for constant voltage output the useful pulse length is 2T2,." In par-
ticular, we see by adding all steps in the lines, that if %1 = 22, the
voltage goes to zero in lines 1 and 2 after 3T21, and drops to zéro

11




across the load at t = T2 + 2T21. To see that in this situation the

total energy stored in the line is delivered to the load, we note that
the stored energy is

TES {Z.19)

and the energy delivered to the load is

2
ZTJ?,1 v

load Z1 + Z2

E (2.11)

Now, C, = T/Z1 and C, = T/Zz. Defining the efficiency e to be the ratio

1
of the energy delivered to the energy stored, we have

2
2Tl1 v /CZ1 + Zz) 421 Z2
A= = - = 5 g (2.12)
LTh, v 5 i s =)
2 1 2
= 1 when Z1 = ZZ'

We also note that € is close to unity even for quite dissimilar lines
(e.g., € = 89% for ZZ/ZI = 2). While multi-gap transmission-line accel-

erators based on various Blumlein configurations have been proposed,m’16

the geometry of these designs is extremely cumbersome. We turn now to
a different type of transmission-line accelerator.

2.2 The Radial Pulse-Line Accelerator

Consider a series of radial pulse lines arranged as in Figure 2a.
With the switches open, the center electrodes are charged to a voltage
V. An electron beam sent down the accelerator tube will be alternately
accelerated and decelerated with no net energy gain, as shown in Figure
2b. Suppose now that each set of switches, which are situated around
the inner circumference of the cavity structure, is closed just before
the electron beam reaches that gap. A voltage pulse will be generated
within the cavity, but until this pulse has traveled to the open gap
the electron heam will see only accelerating voltages and hence will
gain energy as indicated in Pigure 2c. There is unfortunately a basic
objection to this conceptually simple design. The impedance of the
radial pulse line varies as a function of the radial distance from the
center. Hence any waves traveling in the line see a time-varying

166. Yonas, T.H. Martin, and K.R. Prestwich, Sandia Laboratories, pri-

vate communtcation.
L2




Vv \" Vv \"
S € =13 €
—mmlle
BEAM —— . 5 d 6
(a)
Ee

(b)

(c)

Figure 2. (a) Non-constant impedance radial pulse line
accelerator. (b) Electron energy with switches
open. (c) Electron energy with sequential closing

of switches.
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impedance and, in particular, the interaction of a uniform high-current
beam pulse of finite duration with the cavity will be time-dependent and
the net accelerating voltage acting on the beam will not be constant. A
constant accelerating voltage could perhaps be achieved by appropriate
time-shaping of the beam pulse, but for applications in which both con-
stant current and constant voltage are required the inhomogeneous radial
line is not suitable.

2.3 The Pavlovskii Accelerator

The accelerator design proposed by Pavlovskii et al.11 is shown in
Figure 3a. The principle of operation is the same as in the radial
puise-line acclerator - the alternately accelerating and decelerating
gaps are to be switched in phase with the passage of the beam so that the
beam sees only accelerating potentials. The important innovation here
is the shape of the cavities. By tapering the sides so that the lateral
boundaries are conical an approach to a constant-impedance cavity is ob-
tained. In fact if the outer boundary is made spherical, as in Figure
3b, rather than cylindrical, one arrives at a constant-impedance spheri-
cal reentrant cavity with a disc in the middle. In the following we
treat the configuration of Figure 3a as being made up of constant-
impedance lines.

We take the impedance of regions 1 and 2 in Figure 3a to be Z. For
a first approximation we assume d, R-r<<%. The inner conductor is
charged to a voltage V in the absence of a beam; no net voltage appears
across the gap. When the center electrode is shorted to the cavity side
by closing the radial switch system, S, the voltage V appears at the gap
and a voltage pulse is generated within the cavity. After a period 2T%
this pulse appears at the gap. In the absence of a load the pulse under-
goes an in-phase reflection, and the gap voltage changes to -V. A period
4T%2 later the pulse has traveled back to the short circuit, reflected
out-of-phase, and returned to the gap to restore the voltage again to V.
The open-circuit voltage is now a square wave alternating between -V and
V with a half period of 4T2. Assuming that +V is the appropriate polar-
ity for acceleration, a beam pulse of current* I sent past the gap dur-
ing a constant-voltage period will see an accelerating voltage Vg given
by

Vg =V -12Z, (2:13)

where the polarity of the voltage step IZ generated by the beam is al-
ways such as to oppose acceleration. Defining the efficiency as in
Section 2.1, we obtain

—
We assume throughout that the beam pulse consists of highly relativis-

tic electrons, so that the velocity and therefore the current are in-
dependent of particle energy.

14
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(a)

(b)

Figure 3. (a) Pavlovskii accelerator design.
(b) Spherical-reentrant-cavity-like
modification.
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L. IZ2(V = 1Z)
e = _EL~——7?—~———— ; (2.14)
TV
where Lp is the time duration of the pulse. If we differentiate this

with respect to I and set the derivative equal to zero we obtain the con-
dition for maximum efficiency:

(2.15)

R}~

This is the matched-load case. If a matched-current pulse of length
Lp = 2T2 is sent past the gap during the period 0<tg<2T%, which corres-

ponds to the first output voltage pulse, the accelerating voltage is
_v
vV = 3 (2.16)

and the efficiency of energy transfer to the beam is 50%. This can be
increased to 100% by taking Lp = 4T% and accelerating the beam during a

later voltage pulse, which has duration 4T2. The accelerating voltage
is again half of the charging voltage. This can be increased only by a
deliberate mis-match of the beam current to the cavity impedance, with
a consequent decrease in the efficiency.

The above analysis has neglected all effects on the voltage pulse
due to the discontinuity between regions 1 and 2. Possible complications
to the accelerating waveforms can be seen by considering what happens
to a step voltage as it transits from 1 to 2, for example. The discon-
tinuity can be described by introducing an equivalent circuit in paral-

lel with the lines in the manner described by Whinnery and others.”-19
However, for a design such that the major time constant of the equival-
ent circuit is less than 2Td an approximate analysis based on principal
modes can be used. In this approximation a voltage step V in line 1
traveling toward the outer discontinuity will see line 2 in series with
a line of impedance approximately 2Z which is shorted after an electri-
cal length Td. We will call this line 3. When the voltage step arrives

77J.R. Whinnery and H.W. Jamieson, "Equivalent Circuits for Discontinui-

ties in Transmission Lines," Proc. IRE 32, 968-115, 1944.

JBJ.R. Whinnery, H.W. Jamieson, and T.E. Robbins, "Coaxial-Line Discon-
tinutties, " Proe. IRE 32, 695~709, 1944.
19

J.R. Whinnery and D.C. Stinson, "Radial Line Discontinuities,” Proc.
IRE 43, 46-51, 1955.

16

e ——————T T —— ~ —r—— - e ————




-

at the discontinuity it is partially reflected with p = %u A step of

amplitude %-is transmitted into line 2, and a step of amplitude V is

transmitted into line 3. This latter step is reflected out-of-phase at
the shorted end and arrives back at the junction a time 2Td later, where
it is totally transmitted into lines 1 and 2 with amplitude %—in each
line. The steps in lines 1 and 2 then appear as shown in Figure 4a, if
the initial voltage on the center electrode is taken to be negative.
Thus the effect of the discontinuity on the step transmitted into line

2 is essentially a deterioration of the risetime. These steps can now
be followed through their subsequent history in an analogous manner,
taking account of reflections at the ends of lines 1 and 2 and of par-
tial reflections at the junction with line 3. The resulting open-circuit
waveform at the output end of line 2 is shown in Figure 4b.

We see from the above analysis that periods of length 4T¢ during
which the open-circuit output voltage is constant at +V still exist, at
least in this approximate, idealized analysis, even when the discontinu-
ity at the outer end of the line is taken into account. However, if we
\%
27
during one of these periods, the accelerating voltage will be further
affected by the discontinuity. To see this, we note that the arrival
of the beam front at the gap causes a voltage step VB to be sent up line

now try to achieve 100% efficiency by accelerating a pulse with I =

2. Assume for purposes of argument that the beam front arrives at the

gap at t = 2T% + 2Td which, according to Figure 4b, is the beginning of
a period of 4T2 during which the open-circuit voltage is constant at V.
For the matched-current case the beam-generated step is

=-Y
bg=-% . (2.17)

(2.18)

i<

The step VB is partially reflected at the junction with line 3 and re-

turns down line 2 with

(2.19)

17




E LINE 2
V/2-
< et— 2Td
vzl -
LINE 1
(a)
Vi Eidtic
672 1072
212 +47Td +47d
272 6TL 1074
+2T7d +2Td +6Td
-V
L
Figure 4, (a) Effect of coupling region on steps in lines 1

and 2, (b) Resulting open-circuit output voltage.
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This step arrives back at the output at t = 4T2 + 2Td, is reflected in-

phase, and cancels out Vg' In the meantime the part of VB which was

transmitted into line 3 has reflected out-of-phase at the shorted end
and been partially transmitted back down line 2. It arrives at the out-
put at t = 4T + 4Td and restores the accelerating voltage to %. Hence
the perturbation on the accelerating voltage due to the discontinuity

at the outer circumference of the cavity is of short duration, but very
severe.

While the above analysis is approximate and ideal, it strongly sug-
gests that if one requires a constant accelerating voltage for a con-
stant beam current the beam pulse length should be restricted to 2T%.

As has already been pointed out, the maximum efficiency possible in the
Pavlovskii accelerator for this pulse length is 50%. We turn now to a
detailed analysis of a design which overcomes this drawback and also

permits accelerating voltages greater than one-half the charging voltage.

3. THE ASYMMETRIC-LINE ACCELERATOR

3.1 The Equivalent Circuit

Figure 5 shows examples of general line configurations in which re-
gions 1 and 2 can have different but constant characteristic impedance.
In this chapter, in which we treat the open-circuit behavior of such
lines, we will ignore complications at the line junction. Arguments
similar to those in Section 2.3 for the Pavlovskii accelerator indicate
that the effect of the coupling region on the open-circuit output volt-
age will be a deterioration in the pulse risetime. We will return to
this later. The basic accelerator operation is the same as before:
the center electrode is originally charged to Vg and at t = 0 the

switch system S shorts this electrode to the side of the cavity. In
the approximation that d, R-r, c<<2, the equivalent circuit is as shown
in Figure S5c. For the line of Figure 2a the characteristic impedance

20
1s

o
tan

- T 2
Z, = 2"\/1‘_ ¢n IE (3.1)

tan 7

,
. For the coaxial line of Figure 5b we have'0

and similarly for Z2

S b )
1 77 Ve &n N k32

3
uOI.A.D. Lewis and F.H. Wells, "M{llimicrosecond Pulse Techniques,"

Pergamon Press, New York, 1359, p 367.
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and similarly for Z,, where u, € are the magnetic permeability and per-

2
mittivity of the cavity medium. Throughout we assume that all regions
of the cavity contain the same dielectric. The special case considered
in section 2.3 corresponds to Figure 5a with B = 90° and y = 7 - a.

We will analyze the equivalent circuit with the aid of Laplace
transforms. The voltage waveforms at various points in the equivalent
circuit are designated as in Figure 5c, where the arrows denote the di-
rection of travel of the waves. We let the Laplace transform of V be
V and let the Laplace transform variable be s. We take p to be the re-
flection coefficient at the discontinuity for a wave traveling from 1
to 2:

p = (Z2 - Zl)/(Z2 + Zl) : £3-:3)

The equivalent circuit generators set up the initial conditions, i.e.,

the generator in line 1 generates a voltage step -V, at t = 0 and the gen-

erator in line 2 applies a voltage V_  across the (open-circuit) output

0
at t = 0. We assume 1deal switches so that the voltage waveforms are
step functions and

= 1
E = - VO (3.4)
The transformed output voltage is given by
VexE+Y, . (3.5)
where
> <
V2 = V2 4* v2 C (3.6)
We have
-5 ->
:~-=-1,+—=1,v2=2v2=2v2 (3.7)
vV v
1 2

Noting that the reflection coefficient for a wave traveling from 2 to 1
is just -p, and that the transmission coefficient is one plus the reflec-
tion coefficient, we can write




and

Furthermore, since the time

TL, we have

+ o
Vg =0 Ty s (1 ~0
= i
Vg = P Vp, + (14

=
Y15 ©

From (3.7), (3.10), and (3.11) we get

From (3.8),

<|+

1

b 2sT%
iy e
gtV ®

(3.9) we obtain

->

P) Vip -

Substituting (3.15) and (3.16) into (3.14) gives

“

v

2% (

p +

e

-2sTR

&
) + sz TRT R

)=-Q0+p)Ee

Using (3.12) and (3.13) in (3.17) we obtain

SRR SO—
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< ->
Uy e v ™y o7, 1+ 0™ = s v 0) EeT (518)
From (3.7) and (3.18), then
7. = =20 +p) B (3.19)
27 [, AL, 5 2sTE

Using (3.4), (3.5), and (3.19) we obtain for the transformed output volt-
age

= V0 e-25T2 1
L 8 - 2v0 QA + ) s -4sTR ~2sTR (520
1l +e + 2p e
3.2 The Open-Circuit Output Voltage
To obtain the inverse transform we rewrite (3.20) in the form
S -2sT2 1
vV = e = V0 (1 +p) e Ty ) (3.2L)
se (cosh 2sT2 + p)
The poles of the second term in (3.21) are
RN h
sn = O, & 7% (2nm FOO) M= Goag =2y =lg O N 2y o (3.22)
where* 6 = arccos (-p). These poles are all distinct. Setting D(s) =
se_ZSTQ(cosh 2sTL + p), we obtain for the derivative
D'(s) = e 2T% (cosh 25T2 + p) - 25TRe 2°T% (cosh 2sT2 + o)
+ 25T8 e 25T% ginh 2sT2 . (3.23)
Evaluating (3.23) at the poles gives
D" (0) =1+ op
D! [t ?%i (2nm + e)] = - (2nm + 6) sin ® [cos & + i sin 0]

X
We use the notation arecos x to mean the principal value of cos—l e
e




Hence the inverse transform of (3.21) is21

t-2TR

- el (2n7+8) (S5
V= Vju(t) -V, (1+0) u(t-2T2) {3;3-+nz-w -(2nw+6)s1n9[cose )

. t-2TL
- omi(anme0) (50)

+n=§m - (2nm + 8) sin 6[cos 6 + i sin 8] }

=V, u (t) - V0 u (t - 2T2) x

0
o cos 6 cos [MB(E-2T8) , B(t-2T8),

2TL 2T2
x {1+(1+p) [2 ] ~(Znm+8) sin ©

n=-o
etz . nm(t-2TL) . 8(t-2T4)
o sin 8 sin [ >TX * =S5 ] 1) 2.
i -(2nm+6) sin 6 ’ j
where the unit step function is defined by

%<8
u (t) = : (3.25)

1,t>0

Noting that cos 6 = -p, sin 6 = /1 pz , we can rewrite (3.24) in the
form -

= VO u (t) - V0 u (t - 2T2) x

nm(-2T8) | 0(t-2t%)
5 Lt agitie (t-2T%) cos [y T )
o |° 72t b, Tnu(t-21R) |, B(t-21D)
TR 2TL

© [ngj;-ZTE) . 8(t-2T2),
’] ‘ (3.26)

A1 - (t-212) § s 2T¢
2T¢ n=-o nqj;sz{I’+ 8 (t-2TR)
T2 2T2

21R.V. Churchill, "Modern Operational Mathematics in Engineering," McGraw-

Hill Book Co., Inc., New York and London, 1944, p. 170.
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The summations in (3.26) can be evaluated explicitly22 to give

V = VO u(t) - VO u (t - 2TL) x

= cos(2k+1)%- = sin(2k+1)5
1+\/ g [p +V1-p ————3—] , 2KTR<t-2Te<2(k+1)TL . (3.27)

1-p sin 2 sin =
2 2

We now define x = arccos p, so that x = m- g, and substitute into
(3.27) to obtain

vV = V0 u (&) - V0 u(t-2TR)
k cos (2k+1)%

, — (-1)¥ sin (21X (-1)
x |1 +‘}—£ CoS X + sin x
1-p X X
cos > cos >

=V, u (1) . Vyu (t - 2T0)

‘ % sin(2k+3)§
x Flw (=1] R , 2(k+1)Te<t<2(k+2)T2 . (3.28)

sin -
2

We now define

v®) C yie) |, 2mTe<t<2(m+1)T2

and obtain from (3.28)

) _
LA /N

: X
p Sin (2m+1)§

ve -y ™ , m2l
sin %

which is the same as

5y, Mangulis, "Handbook of Series for Scientists and Engineers,"
Acgdemic Press Inc., New York 1965, p. 102.
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sin(2n+1)%
e (3.29)
sin ~2-
Expression (3.29) is our final expression for the open-circuit output
voltage. An alternate derivation, which is somewhat longer but perhaps
retains more physical insight, is given in the Appendix.

v L ey

We see from the form of (3.29) that, if the impedances in the asy-
mmetric line are chosen so that x is a rational multiple of w, then the
open-circuit output voltage will be repetitive. To determine the period
of this repetition, we note that a given sequence of voltage pulses will
repeat after some number k of intervals of 2T% if there exists a value

of k such that V(m+k) = V(m) for all m, that is, if

2m+1

)m+k cin 2m+2k+1 ! 1T

(-1 (579 x = (1" sin (

Put x = g-n, where p and q are integers with no common factors. Then we
have

1™ sin (gﬂigkilj g-w

m+k .. 2mtl p k 2m+1 p . kp
= (-1 in —— cos T + COS =——— & T sin — T
(1) fsin S &y con TR 5 2

If Eg-is an integer, the second term in the above expression vanishes.
The smallest value of k for which this occurs is k = q. If p and q = k

are both odd, the first term is (-1)m sin Eﬂ%l g-n, and v(m+q) = V(m).

m _. 2m+l p
T

[f either p or q = k is even, the first term is -(-1)" sin In

this latter case the smallest value of k for which the pattern repeats
is k = 2q. Therefore the voltage patterns repeat after q intervals of

2TL if x = %—w where p and q are both odd, and after 2q intervals if

X = g-n and either p or q is even.

It is also easy to show that these repetitive voltage patterns con-

tain intervals of 4T% for which the open-circuit output voltage remains
constant. For this to be true we must have
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e ———

or

k-1 2k-1

sin (&4 x = (-1)¥ sin (&

7 ) X

(-1

for some value of k>0. Taking x = B 7 and letting n be any positive
integer, we observe that 9

_aahg-k . . 2ng-1, p _ _ nq . P W
(-1) sin (—_TT—J q ™= (-1) cos npm sin q 2

and

Ty 2ng+l, p _ _ nq .. P®
(-1 sin C—7?—0 q m = (-1) ' cos nprm sin q 2

Therefore the open-circuit voltage remains constant for all intervals of
4T% given by (nq-1)2T2<t<(nq+1)2T2. Furthermore

s (32%119 g:n

i £ o
sin &3

yn) o )My

= (-l)nq V, cos npm = (_l)n(P*Q) Vo

0

That is, the open-circuit voltage during the double-length intervals is

L VO‘ If p and q are both odd the voltage is + VO' If either p or q

is even the voltage alternates between + V0 and - VO in successive

double-length intervals. Indeed, in this latter case we have in general

sin (2m+1 +q) P,

el e o™ vy g e
sin 22
q 2

cos pm sin i

= (-1)™dy 2 9
0 ie B X
sin & =
q 2

= _y(m

&t




The idealized Pavlovskii line treated in Section 2.3 can serve as a sim-
ple illustration of these general results. For this case we have p = 0,

X = %-n = g-n. The voltage pattern repeats every 2q=4 intervals of 2TX.

During the last 2 intervals of each half-period (which in this case con-
stitutes the total half-period) the voltage is constant, alternating
between + VO and - V0 in successive half-periods. The open-circuit vol-

tage patterns for this case and for the simple asymmetric line cases

.T_T.and = l_ —21
3 LSl

To summarize the results on the open-circuit line pair, then, we
have shown that the output voltage is

g = %u X = are shown in Figure 6.

2m+1
e

sin >
2

sin (

V(m) - (—l)m VO , X = arccos p . (3.29)

If x = % m, p and q integers with no common factors, the voltage is a

repetitive pattern with period 2qT% if p and q are both odd and period
4qT2 if either p or q is even. For the repeating patterns the voltage
remains constant for intervals of 4T% given by (nq - 1)2Tf<t<(nq + 1)2TR,
and is equal to + VO if p and q are both odd. 1If either p or q is even

it alternates between + V9 and - V_ in successive half-periods. In this
latter case we have V(m+q = - V(m9.

4. ENERGY TRANSFER TO THE LOAD

4.1 Maximum Efficiency

n the principal mode approximation considered in Section 3 an
axiall, symmetric constant-current beam of short duration (<2T2) will
couple resistively to the line of impedance Z2 through image currents

in the conducting walls of the structurel.3 If the beam_pulse is timed

so that it passes the line opening during the interval 2mT2<t<2(m+1)T%,
the net accelerating voltage at the gap, Vg, is

v ay® _ 72

5 5 (4.1)

where I is the beam current, equal in magnitude to the current induced

in the walls. We have implicitly assumed the convention that V(m) and
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I have the same sign for the case of acceleration. If the length of
the beam pulse is 2T2, the energy gained by the beam at the gap is

E. =228 V. I . 4.2
g 4 ( )

We define the efficiency, as in Section 2, to be the ratio of the energy
transferred to the beam to the energy initially stored in the lines.
The stored energy is given by

. R 2
E=300C Vo“+320C,V, " . (4.3)

Recalling that Z, = vL./C, , Z, = VL,/C, , and T = VL.C, = VL,C, , we
. 1 11 2 2 2 171 272
obtain
4 Z: Z
g ——51———2—-—- v® _ B (4.4)
VO (Z1 + Zz)

For a fixed external charging potential, V_, and taking Z1 constant,

0
(4.4) can be differentiated to obtain the conditions for optimizing the

A ~

efficiency. We label these conditions by €, V(m), I, etc. Differentiat-
ing with respect to I and setting the derivative equal to zero yields
vy

s,

& ’
222

- >
1]

(4.5)

which is the generalization of the result we obtained for the Pavlovskii
accelerator. Differentiating with respect to Z2 (or, equivalently, with

~

respect to p) and substituting (4.5) then yields an expression for 22'
It is somewhat less laborious, however, simply to note that the largest
value the efficiency can possibly have is 1. For m = 0 this requires

Z2 = 0, a physically unrealizable case. In the following we take m>0.

If we substitute (4.5) into (4.4) and set ¢ = 1, the solutions (if any)
will clearly yield the conditions for maximum efficiency. Making the
substitutions gives
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- - ~ c@m) . (m)
o 4 Z1 22 (v(m) ) VA Zz) ' _
2 c 2Z 2%
V0 (Z1 + ZZ) 2 2
A 2 - 2
v Zy y@® -
= 3 — = 2 (1 - O) . (4'6)
VO Z1 + 22 2Vo
Putting € = 1 then yields
S 1/2
v oLy <—2—-> . (4.7)
4 B
-p
We now use (3.29) in (4.7) to get
o sin (2m:+21)x ) 1/2 v,
(-1) vo———-T——=:v( ) = 4 > 4
0
sin = Sl sin X
2 2
(-1)™ sin (2';*1) |
Therefore
*  294) .
x=-2—fn-}Tn, j=0,1, ..., m-1 ; m>0. (4.8)

Hence we see that for m>0 it is always possible to choose an impedance
ratio such that all the energy stored in the lines will be transferred to
a matched-current pulse of length 2T2 during the period 2mTR<t<2(m+1)TR.
In fact, there are m different ways in which this impedance ratio may

be chosen. We note in passing that the values of x are the same as those
which result in an open-circuit output voltage pattern which repeats
with period (2m+1)2T¢. The beam may therefore in principle be timed to
pass the accelerating gap during any period of 2T% beginning at
[m+n(2m+1)]2T2, where n is zero or a positive integer. We further note
that using (4.7) in (4.1) gives

|‘}gl = l;&l <-—2—-> . Lol . (4.9)
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That is, the accelerating voltage in the maximum-efficiency case is al-
ways greater than the accelerating voltage in the Pavlovskii accelerator.

The conditions which maximize the efficiency are shown in Table I
form =1, 2, and 3. We see that for the m = 1 case, with p = %—, the
system operation is similar to a symmetric Blumlein line in transferring
all stored energy to a matched load at a voltage across the load of VO.

For other values of m and p , accelerating voltages in excess of V0 can

be achieved while still maintaining ¢ = 1. The impedance ratios required
in these cases are large, however, and such configurations might be very
difficult to achieve in practice.

We remind the reader at this point that the effect on the output
voltage of the coupling region between the two lines has been neglected
in our analysis. The effects of the coupling region can best be deter-
mined experimentally or through computer analysis of the equivalent

circuit using lumped circuit elements”"19 to simulate the coupling

region. To gain a qualitative understanding, however, we can approxi-
mate the coupling region as a shorted transmission line of impedance
Z1 + 22 and electrical length Td, and trace a voltage step through the
system as we did in Section 2.3 for the symmetric lines. The results
of this analysis for x = %-and X = ;~n are shown in Figure 7, where we
compare the open-circuit output voltage obtained for d = 0.052 with
that obtained when the coupling region is completely neglected (d=0).
We see that additional short pulses arising from reflections in the
coupling region are superimposed on the waveform at intervals of 2T%.
Except for the double-length pulses, where small pulses occur at the
mid-point, the net effect is that the rise- or fall-time of the wave-
form at t = 2mT% is 2mTd instead of zero. We therefore expect that in
a real cayity the effect of the coupling region will be to cause rise-
time deterioration which will become increasingly severe in successive
periods of 2T.. The constant-voltage pulses will therefore be shorter
than 2T%, and the length of the beam pulse to be accelerated must be
shortened accordingly. The efficiency will be correspondingly reduced.

4,2 The Double-Length Pulse

In our initial discussion of the Pavlovskii accelerator in Section

2,3 we showed that, neglecting perturbations caused by the discontinu-
ity at the outer circumference of the line, 100% efficiency for energy
transfer from the cavity to the beam can be achieved by accelerating a
pulse of length 4T? during an interval of that length for which the open-
circuit yoltage is constant. In Section 3.2 we showed that there are
also asymmetric line configurations in which the voltage remains con-
stant for an interval of 4T%. 1In Section 4.1 we showed that some of
these configurations (namely, those in which the open-circuit voltage
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Figure 7.

Effect of coupling region on open-circuit output voltage.
(a) x = n/3, coupling region neglected. (b) x = /3,
coupling region approximated by transmission line of
length d = 0.05 2. (¢) x = 57/7, coupling region neg-
lected. (d) x = 5m/7, coupling region approximated by
transmission line of length d = 0.05 &.
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is always + V0 during the interval 4T% for which the voltage is constant)

correspond to 100% efficiency for energy transfer to a properly-matched,
appropriately-phased beam pulse of length 2T&. It is of some interest
to ask what happens if an accelerator designed for € = 1 in the case of
a pulse of length 2T% is used to accelerate a constant-current pulse of
length 4T2 during one of the double-length voltage intervals.

Since we are interested in a total time of length 4T%, it is easi-
est to analyze the situation by following the reflections and transmis-
sions of voltage steps in the lines. As in our initial analysis of the
Pavlovskii accelerator, we will neglect the complications caused by the
region where the lines are coupled together. We denote by Vgl the

accelerating voltage during the first half of the beam pulse and by ng

the accelerating voltage during the second half. We know that the open-
circuit voltage is VO‘ When the front of the beam pulse passes the gap,

a voltage step - 122 is sent up line 2. As before, we use a caret to

designate parameters corresponding to a design which gives unit effi-
ciency for a pulse of length 2TR. We therefore have

¥ .=¥, ~14,. (4.10)

A time TR later this step reaches the line junction and is reflected
with reflection coefficient

By w2 ;
DY W i W (4.11)
Z] + Z2

At time 2T% the reflected step arrives back at the output end and is
reflected in-phase, changing the accelerating voltage to

=V - 12 12 4.12
ng V0 IZ2 + ZoIZ2 " ( )

We see that unless I is negligibly small, which is not a case of inter-
est, the accelerating voltage is not constant for the duration of the
pulse, but rather changes abruptly at the midpoint.

While for most applications this is not acceptable, we will for the
sake of completeness note some efficiency formulas for this case. We
have

~

42,12
es ol 21 0n+Ve) . (4.13)

V0 (Z1 + 22)
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If we take

\Y
1=-2 (4.14)

222

which is optimum for the case of pulse length 2T%, we obtain

4 Z1 & 2 & 2
gl #p] = (1l ~p) (A vp)=2~p - (4.15)
Z1 + 22

For this situation the efficiency is less than 1. It is possible, how-
ever, to choose an I such that € = 1. We demand

S 1 200 ~ 12,0, % 3005 = 1 . (4.16)
i g~ s 2
o %q.* %
Solving (4.16) for I we obtain

v
£ i s (4.17)

22, (1 ~»)

The accelerating voltages for this case are

N g a3
L Rl e
g s EER
Vv
0 1
\Y% = 5 — . (4.18)
g2 2 3 -

4.3 Maximum EnexgzﬁTransfer

Although it seems paradoxical at first, it is possible to transfer
more total energy to a pulse of length 2T2 than is transferred in an
accelerator designed for ¢ = 1, while still keeping the same charging
voltage VO. The penalty for doing this is that even more energy must be

stored than is transferred to the pulse, so that € < 1. To determine
the conditions for maximum energy transfer to the beam, which we denote

~

1 §(m), etc., we use the expression (4.2):

E =2TeV_ I . 4.2
g " g (4.2)
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Writing this in terms of Z_ and p, we obtain

|
- (m) 1+p
Eg = 2T I [V (0) - 12, i?E'] " (4.19)

Taking the derivative with respect to I and setting equal to zero gives

4 > (m)
1="

—aaad® (4.20)
222
in analogy to the case for maximum efficiency. Unlike the maximum effi-
ciency treatment, however, there is no way to derive general expres-
sions which completely determine the optimum conditions without taking

9E
the derivative with respect to p (or 22). Setting 555-= 0 yields
(m) 21 Z
agp (p) _ 1 y - (4.21)
(1 -09)
Substituting (4.18) into (4.19) we obtain
= = av™ (o) (m) =
1 +0)A - p) 3% = V7 (p) (4.22)

p=p

as the equation which specifies p. Referring to (3.29), we see that
(4.22) is a trigonometric equation in x = arccos p, which must in general
be solved numerically. For m=1, however, we have

sin X

Wil T

0 . x

sin 7

sin x cos X + cos x sin %
= .Y 2

0 P
sin 5

5 l+cosx
= - V0 [2 ( > ) + cos Xx]

= - Vo (1+2p) .
The solutions of (4.22) in this case are
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> 1% /8
g = 2 ’
and only the plus sign is physically meaningful.
It is shown in the Appendix that V(m) can always be written as a

polynomial of degree m in p. Hence (4.22) is a polynomial of degree m+l
in p. The complete set of conditions for maximum energy transfer for
m=1, 2, and 3 are shown in Table I. Note that in each case there are
only m physically meaningful roots of (4.22). We see that in each case

; g v v
[I] < |1] and | VE-I > fv31 . The maximum energy transfer is therefore
0 0
achieved by accelerating a larger current and not by increasing the
energy gain per particle per gap.
S. THE RECIRCULATING ACCELERATOR

5.1 Time-Dependent Voltage Generated By a Beam Pulse

The recirculating accelerator is based on the idea that a beam
pulse can be accelerated to a higher energy by repeatedly circulating
the beam pulse through an accelerator. For example, in a single-gap
accelerator, if the output voltage exists across the gap for a period
several times as long as the time required for one recirculation, the
pulse will be accelerated on each passage. For the transmission line
accelerators we have been discussing the desired accelerating voltage
exists only for a period 2T2, which might typically be on the order of
10 nanoseconds for reasonably-sized cavities. To circulate the pulse
several times through the accelerator in this time frame is not possible,
and it would be difficult to recharge and switch the cavities between
beam passes. The repeating voltage patterns derived in Section 3.5,
however, offer the interesting possibility that the cavities could be
charged up once, and the beam recirculation timed so that the pulse ar-
rives back at the cavity when the open-circuit output voltage repeats.
The derivation of the repeating waveforms assumed lossless lines and
there will in practice be an attenuation of the voltage amplitude as
well as progressively shorter periods of constant acceleration voltage
(Section 4.1) available for each successive pass through the gap. Ex-
periments* on line-pair systems using high-quality coaxial lines, how-
ever, have yielded results which encourage us to pursue the concept fur-

ther analytically. Of course, the current must be less than I, or else
all the stored energy will be transferred to the beam on the first pass.
We shall see that with proper choice of parameters it is theoretically
possible to achieve € = 1.

E;
Experiments performed by C.E. Hollandsworth, BRL.
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To analyze this case we require a general expression for the time-
dependent voltage generated in the cavity structure by the passage of a
beam pulse. We have encountered this problem before, in Section 2.3 and
4.2, but there we were interested in times so short that it was possible
simply to follow the reflected voltage steps and determine their influ-
ence on the output voltage. To derive the general expression applicable
to a recirculating pulse we will proceed with a Laplace transform analy-
sis.

The idealized transmission line configuration is shown in Figure
8a, where we are now concerned with the time behavior of a voltage step
generated at the output end of line 2, with line 1 shorted as shown. As
in our earlier analysis we neglect the effect of the intermediate region
which in the real configuration serves to couple the lines together.

The input impedance looking back into the lines i523

1 % o, e-Zsle

L., =4 , (5.1

where Py is the reflection coefficient at the line junction looking back

from the open end,
Py & gy (5.2)

and Zl is the input impedance looking into line 1 from the line junction:

-2sTR
Z. = Z l—:—_e__—_-—l.=2

L 1 -2sTR 1
e 1

tanh sTSLl . (5.3)
1 +

Using (5.2) and (5.3) in (5.1) yields, after some algebra,

Z1 tanh sTJL1 + 22 tanh stz

Gz > & .
in 2 Z1 tanh sTIL1 tanh sng + Zz

(5.4)

Since in the cases of interest the two lines are of the same length, we

now put ll = 22 = 2. Then in terms of the reflection coefficient
L, =&
p = 22—777—- used in our earlier analysis we can obtain (5.4) in the
form . .
23

I.A.D. Lewis and F.H. Wells, "Millimicrosecond Pulse Techniques,"
Pergamon Press, New York, 1959, p. 39.

39




A
K
\/
A
fo

N

212 t
(b)

Figure 8. (a) Idealized transmission line configuration for
calculation of voltage pulse by beam. (b) Time
dependence of beam current.
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zz et~ e-4sT1)
Z = 2 (5.5)
in L'a 2a e-ZSTZ . e-4sT2

We assume that the current is a square pulse, as shown in Figure 8b:
I-= I0 [u(t) - u(t - 212)] , (5.6)

so that the transform is

-2sTR
. 1 e
T = I0 s B (5.7)
Hence for the transformed voltage we obtain
¥ o4sTR) " o-25T2 (1 - e-4sT)
2210 S ¥ 2pe—25T2 . e-4sT2 s 1+ Zpe—ZSTZ g e—4sT2
9 sinh 2sT& 3 e-ZsTE sinh 2sTg® (5.8)
s(cash 2sTL + p) s(cosh 2sTL + p) ° 3
5.2 The Inverse Transform
We introduce the notation
v _  sinh 2sT% :
V1 = STcosh 2572 + ) (5.9)
Then from (5.8) we have
7_1{_: o1 {Vl _ ¢~25TR Vl}
2°0
= V1 (t) - V1 (t-2TR) . (5.10)
The poles of V& are
o ke FUTTRIE. SEe. NER S SR
sn - T2 (2nm + 6) , n “ 2 45 =l
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where 6 = arccos (-p), and these are all distinct. Evaluating the deriva-
tive of the denominator of V1 at the poles gives

Dt (sn) = - (2nm + 0) vl-p2 s

so that the inverse transform is21

2 . t
R Z i ¢1_02 e(21nn + 1i8) L
1 = -0 —(zn'ﬂ' + 6) ,1-02

. A t
¥ Vl-pz e-(21nw + 16)§Tf

n=-o -(2nm + 6) YI_OZ

i : nnt ot
= % j o osin [+ oyl (5.11)
=-® nmt Ot ’
T 2TR
From Reference 22 we then have
sin (2 + 1)
NOE 3, 2kTR<t<2(k+1)TL . (5.12)
sin %
Similarly, for V1 (t - 2T4) we obtain
© (t-2TR)
sin(2nm + 6
Vi (t - 2T2) = 2 u(t-2T2) ) S )T
1 =-c 2nm + 8
2 0
sin(2k + 1)7
= u (t-2T8) ———p5—= 2kTa<t-2T2<2(k+1)T2 . (5.13)
sin %
2
We again define
v o oy(e) , mTa<t<2(me1)TR. (5.14)
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From (5.12) and (5.13) we then have

o) _ :
\'f = 22 I0 -

o) sin(2m+1)% : sin[2(m-1)+1]—g-

z,1 ._ 6 i 0
2°0 sin 3 sin 5

2 cos 1 [(2m+1)F + (2-D)Esin 3 [(2+1)F - (-1)Y)

. 8
S1n 7

2cosmé , ml (5.15)

To conform with our previous notation, we again substitute x = arccos p
=7 - 8 to obtain from (5.15) our final expression:

0) _
Lastal 9 S

v® .2 )® z, 1, cos mx , m>1 . (5.16)

0

5.3 Acceleration of a Recirculating Beam

We now analyze the situation in which a cavity is charged extern-
ally to a voltage VO’ and the device is used to accelerate a recircu-

lating beam pulse of length 2T% and current I. For the voltage at the
gap due to the switched applied voltage we have

2m+1

(m) S o s
\' = (_1) Vv » (3.29)
A 0 sin %

where m counts the intervals of 2T% which have elapsed since the closing
of the switches. For the voltage at the gap due to a single passage of
the beam pulse, which opposes the impressed voltage, we have

vK) o kK

B 22, 1 cos kx , k >1, (5.16)

2
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where k counts the intervals of 2T% which have elapsed since the beam
arrived at the gap. We wish to choose an impedance ratio which results
in a repeating open-circuit output pattern, so that according to the re-

sults of Section 3.2 we must have x = g-ﬂ, p and q integers. If p and

q have no common factors, the pattern repeats every 2qT2 if p and q are
both odd,and every 4qT% otherwise.

Assume that the beam pulse passes the gap for the first time dur-
ing the interval 2nT2<t<2(n+1)T2, where t is measured from the time the
internal cavity switches are closed, and every 2jqT¢ thereafter, where
j is an integer and must be even if p and q are not both odd. Then the
accelerating voltage during the first pass is

sin(22+1) %’ﬂ

- Z

| R (5.17)
sin Eds 2
q 2

) _ y(m)
vé“ . (-1)" 1= v& .

2

Between the first and second pass, 2(n+1)T&<t<2(n+jq)TL, we have

(n+k) _ ,,(n+k) k y <
v = - (1) 22, 1 cos kﬁ« s 12ksiq-1 . (5.18)

The second time the beam is sent through we get, since Vﬁn) = V£n+1q) 5
vé“*JQ) - vi“) - (-1)Ja 22, 1 cos jpm - 2, 1 . (5.19)

Similarly, for the third time through the accelerating voltage is

vén+2jq) . Vin) B (_1)2jq 2z, I cos 2jpr

- (139 2z, T cos jpr -2, T . (5.20)
The sth time through we get
n+(s-1)jq) _ y(n) st riq -
Vé JU - V& - Z2 I - Z (-1) ZZ2 I cos rjpm , s>1 . (5.21)
r=1
Now, if j is even, (-1)rjq =+ 1, cos rjpm = + 1, and we have
s-1 £
¥ (-9 22, 1 cos ripm = 2(s - 1) Z, I . (5.22)
r=1
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If j is odd, then so are p and q. Then (-1)rJq = (-1)r and cos rjpm =

(-1)r so that the sum again has the value (5 .22). Hence we have for
(5.21)

vé“*(s - ja) _ vﬁ“)- 2,1 (25 - 1) . (5.23)

Suppose the beam pulse is to be circulated through the accelerator
a total of « times. The energy gained will be

E =
g

[ LN o ¥

V™ -z 1@ -y

s=1

= 2T I & (Vﬁ") B (5.24)

The energy stored initially is

Z.+2Z.
] 2 "1 "2
E 3 TQ,VO T (5.25)
12
Taking the ratio of (5.24) to (5.25) we have
4 1« {Vﬁn) - K Z2 1}
€ = ——— % (5.26)
i
TRl
192
To maximize the efficiency we first set g% = 0 and find
) v&n) :
I = 7 22 (5.27)

That is, the matched current in the recirculating case is %-times the

matched current in the single-pass case, where k is the number of times
the beam circulates through the accelerator. To determine the conditions
for unit efficiency we substitute (5.27) into (5.26) and set ¢ = 1, giv-
ing

o(n) o (n) vy
Va ~tn) VA 2 %2,
4 ~ K {V -'_—'} =V ~
% 2 J é 07 2
2 1 22
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: Z 1-p
Recognizing that A % o W have
Zl+22

i 1/2 v
vim) oy (20 = & o . (5.28)
A 0

1-p X

sin 7

)
Putting in the explicit form of Vﬁn) which we required to get a repeating
voltage pattern gives'

2n+l, p
sin ( ) \'f
-n" v -
o sin EX sin P2
q 2 q 2

which implies
(2n+1)p=gq (22 +1) ,

where £ is any integer. Hence we have

o oo 2kl
X = Soer T L=l 1, 2 oo0p Nl , (5.29)

where n designates the interval during which the beam is first circu-
lated past the gap. In the unit efficiency case the total voltage
through which the beam is accelerated is obtained by summing (5.23),
which gives

c v

& A
Veor = —5— - (5.30)

The beam pulse gains a decreasing amount of energy each time it passes
o (n)
v

the gap, the gap voltage decreasing each time and going to zero

K
after « passes. If the beam were to continue to be recirculated it
would of course lose energy to the cavity.

These results are surprisingly simple. The particles in the
matched low-current beam which circulates through the accelerator «
times gain « times as much energy as would the particles in a matched
high-current beam which passes the gap only once. There are, of course,
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1/x times as many particles in the low-current beam as in the high-
current beam. The conditions for unit efficiency are the same in the two
cases: make p = cos %%;%-w, and accelerate the beam pulse during those
intervals of length 2T% starting at t = 2nTL and/or any multiple of
2(2n+1)2T% thereafter, the "and" referring to the recirculating case,
the "or" to the single-pass case. We note additionally that the gap re-
ferred to could be a multi-gap accelerator through which the beam circu-
lates. As was pointed out earlier, these results were obtained under the
assumption of ideal, lossless lines and switches, we have treated only
the principal mode in the lines, and we have ignored complications arising
from the cavity region which couples the two iines together.

As a simple numerical example, suppose that a cavity is designed
with p = %, 2TL = 10 ns, V0 = 1 MV, and Z2 = 50 Q. Then the open-circuit
output voltage pattern will be as shown in Figure 6b. A 20-kA, 10-ns
beam pulse will be accelerated through 1 MV by passing it through the
cavity during the 10-ns period beginning at 10 ns (or 40 ns, or 70 ns,...)
after the closing of the internal cavity switches, and all the stored
energy will be transferred to the beam. In a recirculating mode we can
circulate a 2-kA, 10-ns beam pulse through the cavity 10 times at intervals
of 30 ns (or 60 ns, or 90 ns, ...) starting at t = 10 ns (or 40 ns, or 70
ns, ...), resulting in a total acceleration through 10 MV, and again all
the stored energy will be transferred to the beam. Since the accelerat-
ing voltage decreases with each pass, 75% of the total acceleration is
achieved after 5 passes.

We now record the behavior of the output voltage between beam passes,
since this could be important for identifying voltage excursions which
cause breakdown. As before, we have x = E-n, where p and q are integers
with no common factors. Then during the period between the s™ and the

(s+l)th passes at time t between 2T2(n+(s-1)jq+k) and 2T2(n+(s-1)jq+k+1),
where 1<k<jq-1, we find

s-1
y(*(5-123qvk) | y(mek) 57 1§ ™K o5 (mjqek) B n
A 2 q
m=0
(n+k) sl o ymia+k
- Ve =22, 1 ) (-1) cos mjpm cos k E n
: q
m=0
= y(*k) _ . .k P
= VA (-1) 222 Is cos k q W 5 (5.31)
A7

o e e— _ o
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In particular, for the unit efficiency case we have q = 2n+l and p odd,
say p = 2r+l., Then (5.31) becomes

G(n+(s-1)j(2n+1)+k) -

= v (0¥ 2571 cos kZEL v | (5.32)
But
: 2n+1 2r+1
G(n+k) £ (_1)n+k v sin ( 2 + k) 2n+1 .
0 L 2r+l i
2n+1 2
T 2r+1
% o ek V0 (-1)" cos k TS
= (-1) ——pr— (5.33)
SE0 el 2
Using (5.33) and (5.27) in (5.32) results in
k+n+r 2r+1
S+ (s-1)j (2ne1)+k) _ D o S Y s »
B . 2r+l w (1 - Eﬂ oA
SR el 2

Clearly the voltage given by (5.34) is identically zero after «k passes,
when all the stored energy has been delivered to the beam.

It is of some interest to note that the recirculating accelerator
described here affords the possibility of a quite high accelerating grad-
ient for relatively low-current beams. It is possible to show that a
single-pass accelerator designed to accelerate a high-current beam with
given efficiency will always exhibit a higher accelerating gradient than
a single-pass accelerator designed for the same efficiency at a lower
current. Furthermore, as shown above, if a beam of current I0 is circu-

lated « times through a machine designed to accelerate a current I = « I0

through a voltage V, the lower-current beam will be accelerated through

a voltage kV. In the recirculating case one thus increases the acceler-
ating gradient through two effects: the recirculation of the beam and

the use of design parameters appropriate to a higher current than that

to be accelerated. The accelerating gradient in a recirculating accel-
erator is therefore more than a factor of « greater than in a single-pass
machine designed for the same current and efficiency; for some : designs,
in fact, this gain in accelerating gradient approaches a factor of «<.

The details of the analysis leaaing to these conclusions will be published
in a separate report.

48




6. SUMMARY

We have shown that, under the assumptions of ideal, lossless lines
and switches, and within the approximations of a principal-mode analysis,
a transmission-line accelerator using asymmetric line pairs can be de-
signed which will accelerate a constant-current beam pulse of length 2T
through a constant voltage with a theoretical efficiency of unity. Fur-
thermore, we have demonstrated that the accelerating voltage in this case
is always greater than half the charging voltage applied to the lines.

We have demonstrated that, while periods of time of length 4T% exist for
which the magnitude of the open-circuit output voltage remains constant
at VO’ a constant-current beam pulse of length 4T2 will not experience a

constant accelerating voltage for its full duration. In addition, we
have shown that a lower-current beam pulse can be circulated through
the accelerator several times resulting in a total accelerating voltage
several times that of the single-pass case, and that in this case also
total transfer of the stored energy to the beam pulse can be achieved.
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APPENDIX

We here present for the open-circuit case an alternative derivation
of the time-dependent output voltage. While somewhat lengthier than the
derivation given in Section 3.2, it has the heuristic advantage of ex-
plicitly demonstrating that the voltage periods of length 2T% are due to
the step-function character caused by repeated reflections in the trans-
mission lines. We start with (3.19):

-2sTR
-2sTR
e

Vé L o=2 (v} E e

(A.1)
i e-4sT2 & 29

From the binomial theorem for negative integral exponents, we obtain for

(A.1)
Vé = -2 (1 * g) E-e—ZSTl z (_l)n (e-4sT2 4 zpe-ZSTl)n (A.2)
n=0
We further expand the summand in (A.2):
© n
v-z = -2(1 + o) E e-2$T9, 2‘ (_l)n Z (;(1) e-4(n - k)STQ(Zp)k e-2k5t£
n=0 k=0
(-] n '
= -2(1 + p)E e—ZSTl 2' (_l)n Z (Zp)k (;(l) e-(4n - 2k)sT2 : (A.3)
n=0 k=0

Using (3.4), (3.5), and (A.3) we obtain for the transformed output voltage

e-ZSTz o " n
Vg=2Q+plVyg=—— ] (-1} (20)
n=0 k=0

V = (A.4)

(7 B

k/n\ _-(4n - 2k)sT2
\K) e >

Taking the inverse transform of (A.4) we obtain the output voltage
as a function of time:

© n
V(t) = vy u(t)-2(1 + o)V, § (-1)" §

(:)(Zp)k ut - 2(2n - k + 1)TL]. (A.5)
n=0 k=0
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We note that the output voltage is a series of step functions, and that
the value changes every 2T&. In particular, we see that for any t, the
summand is identically zero for values of n and k such that .
2(2n - k + 1) Te>t. We therefore define

v@®) - y(e) , 2mTe<t<2(m + 1)TL . (A.6)

We now make the substitution i = 2n-k and replace the sum on n with a 1
sum on i. We see from the above that V(o) = VO’ and for any value of

m>0, i is summed from 0 to m-1. To obtain the new limits on k we note
the following correspondence:

n k i

0 0 0 1
0 2 i
1 1

2 0 4 b
1 3
2 2

3 0 6
1 5
2 4 :
3 3

4 0 8
1 7
2 6
3 5
4 4

We see that for i even, k is summed from zero to i in steps of 2, and
for i odd, k is summed from 1 to i in steps of 2. We therefore substi-
tute k = 2j when i is even and k = 2j + 1 when i is odd. Making these
substitutions and using the definition of u(t), we obtain

0
Vo=,
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m-1 2 i+2j i+2j
v@® ey c2as0wv) ) Ten T2 (3 \ e
i=0 j=0 2} .
i even
1 iél' ivgial o 2EAL
. g e 2 2j+1
) } -1 2 sie) 129 , m>0 (A.7)
i=0  j=0 J
i odd
Putting i = 2n in the first sum and i = 2n + 1 in the second sum gives
-1
[Ei—]
(m) B n+j [n+j 2j
YWrla, <20 e, £ Fo B0 [N @a
. j
n=0 j=0
[E] = 1 . 3 .
% f e ma <n§q+1) 202" [, w0, (A.8)
Y5 i+l
n=0 j=0

where the square brackets denote ''largest integer contained in.'" Inter-
changing the order of summation results in

m-1, m-1
["'2—"][ 2] . . 2i
vy -2ae0, | £ Icn® J(g;’)(ZD) i

j=0 n=j
Mool
N L (“;;:l)m #1(, wo . e
J*0 n=j

Making the substitution i = n-j yields

21 [5H-)

(m) _ - 2j+i [i+2) 2j
AR AR NS IA jéo izo (-1) (2j (20)
Rl N |
g (I (B20) @ wo (A.10)
= i=
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To recombine these into a single sum we put 2j = k in the first sum,
2j+1 = k in the second sum:

. e S
v v -2+ )V 3 ¥ 1™ (" ) (20)
2 0) k=0 =0 k
k even
203 G- 55 3
e G (1;k) o)X |, mo . (A.11)
k=0 i=0
k odd

We note that if m is odd (even) the first sum goes to m-1 (m-2) and the
second sum to m-2 (m-1). We can therefore combine the sums, and we ob-
tain a power series in 2p for the open-circuit output voltage:

¥ _
v ey

[m-k—I]

m-1
v sy o2 asey, I DK @k
k=0 i=0

I~

-t (iik), w0 . (A.12)
Values of V(m) form=20,1, ..., 6 are given in Table AI.

TABLE AI. EXPRESSIONS FOR OPEN CIRCUIT VOLTAGE ON AN ASSYMETRIC LINE

L) B
L

ytl o -V, (1 + 20)
v(2) . Vy (-2 - 402
v 2y e g - 40? - 8%

V(4) = VO (1 - 4p -~ 1292 + 8;)3 + 16p4)
/(5)

O

=V, (1+6p - 1202 - 325° + 160% + 329

-V, (1- 60 - 24p% + 320° + 80p" - 320° - 64p%)

n
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To reduce (A.12) to the closed-form expression (3.29), we first in-

change the order of summation to obtain
=
2 7 m-(2i+1) Lol
¥ g .2 ey ) TR R L A TN (A.13)
gl 50 =0 :

now put n = k+2i+1, and replace the sum over k with a sum over n:
m-1
[~

m . . 4
s dga b g ("‘;'1>(zo)"‘21’1 . (A.14)
i=0 n=2j+1

m .y

v

e more reversing the order of summation we get
n-1
n 177 : : .
W ow - Gl T et "'?'9 Y (A.15)
L n=1 i=0 i

now define x = arccos p, as in the main text. From Reference A-1 we

d
n-1
bl el .
sinnx = sinx ) (-nt (“‘?‘1) (2 cos x> 1 (A.16)
i=0 -
ng (A.16) in (A.15) yields
m
v -y e oy Qeeesx) § )M ginnx (A.17)
n=1
s sum can be explicitly evaluated ash-?
? (-1)" gin nx = -sin x + (-1)™[sin mx + sin (m+1)x] (A.18)
Al 2 (1 + cos x) ; i

therefore have

A-1

A=2

V. Mangulis, "Handbook of Series for Scientigts and Engineers,'" Academic
Press, Inc., New York, 1965, p. 16.

V. Mangulis, "Handbook of Series for Scientists and Engineers," Academic
Press, Inc., New York, 1965, p. 104.
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y (@

and

This reproduces

m sinm x + sin (m+l) x
sin x

=V, - Vg + Vg (-1)

2 sin (Z%Ilg X CcOs %

-ntv
0 X X
2 sin 3 cos 5

sin (22+1) X

]
~—~
1]
[
~—
=]
<

, m>0 , (A.19)

o X
sin 3
2

0 _
Vi e vy

(3.29), as required.
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