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ABSTRACT

This paper analyses a proposed accelerator,
less than 1 meter long, capable of accelerating
bunched electrons with a peak current of 100 A
for a period of 50 rf cycles (20 nsec). The accele»
rator consists of an S-band disk-loaded circular
waveguide, similar in design to the SLAC machine,
incorporated into a waveguide resonant ring. An=-
alysis of this system indicates that significant
power buildup can occur if the length of the accele=
rator part of the ring is less than 1 meter. Fur=-
ther analysis of the power buildup and energy
storage is made for a variety of rings having an
accelerator section which is three, four, and five
wavelengths long. Following the initial buildup of
ring energy a beam of current bunched into 1/6th
wavelength (60°), having a peak value of 100 A and
an initial energy of 100 kV, is injected into the
first cavity of the accelerator. Such a beam would
extract half of the energy withinthe ring in approxi=-
mately 20 nsec and have a nominal output energy
of 10 MeV. By operating at 100°K, five such
accelerators could be pumped by the same power
source, thus increasing the output energy level to
50 MeV.

The problem of handling a 100-A beam at low
velocities is also investigated and a method utiliz-
ing epace-charge neutralization by ionized gas is
discussed.

INTRODUCTION

The accelerator is shown pictorially in Fig., 1b.
It incorporates a section of circular waveguide
accelerator as one leg of a waveguide ring. The
waveguide ring is shown schematically in Fig. la
Waveguide rings of this sort possess many inter-
esting properties wh‘icgt have been investigated by
a number of people.*”™ A brief review of the
operation of the ring using the notation of S. J,
Miller will be included for completeness. The
coupler, if lossless and matched at all four ports,
can be represented by the scattering matrix §,
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The matrix elements s, are called the scattering
or coupling coefficients and- give the contribution

from a wave incident at port m to the outport wave
at port 1, For example, if the wave a, is incident

#Work performed under the auspices of the U.S.
Atomic Energy Commission.

at port 1 then 85 x a, will appear at port 3, The
complete output wave at port 3, by, is glven by,

n
by=Q Sy a, ()

ms

For a four-port device, such as a coupler, n is 4.
We may choose the reference planes of the coupler
as we see fit and if the choice is made so that the
output wave at port 4 is in phase with the input at
port 1 we may rewrite S as,
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where C is the voltage coupling coefficient of the
directional coupler. Build up of the wave in the
ring occurs in the following mamner. A wave is
incident at port 1. Some of this wave is coupled
to port 3. It then propagates around the ring to
port 2, being attenuated in the process. Some of
this wave incldent at port 2 is now coupled to
port 4, but the rest goes across to port 3, and if
the path length around the ring is an integral num=-
ber of wavelengths then the waves incident at
ports 1 and 2 will add in phase at port 3 and add
180° out of phase at port 4. In this case the wave
leaving port 3 after one complete trip around the
ring has been made is,

by = jC + ;CcT/i-¢ (4)

The process repeats again and again and after N
trips around have been made the wave out of port
3is,

N n
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3N

Similarly the wave out of port 4 after N trips a-
round the ring have been made is,

n (6a)
b4N = Ji-et o+ (OFT Z (rv/i-e"
n=0
and by performing the summation we obtain,
N-l
b, = et (l - (1vi=c] ) (6b)
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In the limiting case, as N goes to infinity, bay and
b"'N become,

. C
[4,‘—::’ b3N = b3o° J | ~TJi-C~ (7
et
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For a fixed value to T there is an optimum value
of C which permits a maximum buildup to occur,
This value is,

C =y i1-72 (9}

By substituting this value of C into the previous
equations, bz and b, simplify to,

b, = -T2 b L 1
3 T J (““ _:T""‘z ; 3o JJT:'_"— (10)
and N
= 2N .
bAN = T ) ‘)4 = o (ll)

Since we are primarily interested with the buildup
of the wave, we may drop the j and so consider
only the amplitude of the wave in the ring, We are
also concerned with the power gain G in the ring
which is eaqual to the sguare of the wave amplitude,

G ~ fl“'Tzsz
N (-T2

From the last equation it is apparent that if the
value of T is close to 1, then the power gain Iin the
ring can become quite large,

An accelerator utilizing feedback, similar in
concept to this resonant ring, was built by Messrs,
Mullard Ltd. in collaboration with A, E.R.E.” By
using a feedback they were able to increase their
input power from 2 Mw to an effective 4 Mw and so
obtained an increased energy output from their
linear accelerator., Our purpose in investigating
a rescnant ring is directed toward achieving a de-
sign having a large amount of energy stored per
unit length to facilitate accelerating beams having
a peak current of 100 amps. It is further desired
that the accelerator have an output energy of at
least 10 MeV, and be as compact as possible.

(12)
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ACCELERATOR PARAMATERS

The constant gradient 2w /3 mode has been se~-
lected for the accelerator since this mode sup-
presses the adverse radial forces of the TM,,
mode, maintains a constant (hence maximum)
gradient throughout the accelerator, and a large
amount of technology pertaining to it already ex~
ists. The parameters used in the analysis of the
performance of the accelerator include: the shunt
resistance, r; the ; the attenuation constant,
and the group velocity, v,. In the Stanford linear
accelerator reports, SL&C—? and SLLAC-8, curves
and tables for these parameters are given for
eighty-five cavities. Polynominals were deter-
mined which {it the data given. To accommodate
a 100-amp beam it is desired that the irises be a8
large as possible, and so the polynominals were
used to extrapolate the values for the cavity di=
mensions and the properties of the cavities back
from the fifteenth cavity of the SLAC section
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through the first and on for another 185 cavities,
The "a" dimension of the irises for these 200 caviw
ties ranges from 0.479 inch at the first cavity to

0. 678 inch at the last.

Groups of 9, 12, 15, and 18 of these cavities
were then combined to permit analysis of accele-
rators of 3, 4, 5, and 6 wavelengths regp ectively,
After determining the essential properties of a
ring having a given accelerator section, a new
section, formed by dropping a cavity from one end
and adding the next cavity to the other end, was in-
corporated into the ring. This new resonant-ring
accelerator was then analyzed. The process of dew=
letion of a cavity from one end and adding a cav-
ity to the other was continued until each of the 200
cavities had been included in at least one accelera~
tor section.

Plots of the power gain, the energy stored, and
the electric field are shown in Fig., 2, Fig., 3, and
Fig. 4 respectively. In Figs. 3 and 4 the values
for the ordinates correspond to an input power of
6 Mw, From Fig. 3 it is seen that for each length
of accelerator section, the energy stored de=
creases as the diameter of the iris increases. The
opening of the iria is accompanied by a reduction
in the attenuation constant of the cavities which
allows greater buildup of power, but at the same
time the velocity of propagation is increasing
which results in a reduced ratio of stored energy
to input power, For the values used, the increase
in group velocity is more significant than the in-~
creased power buildup. It can also be seen from
Fig. 3 that althoughthe longer sections have more
attenuation that the shorter section and so less
power buildup, the energy stored in the sections
is almost independent of length. Figure 4 indi-
cates that variation of electric field strength as a
function of accelerator length and iris opening. It
is seen that as the irises become larger, which is
desirable for transporting a high-current beam,
both the stored energy and accelerating gradient
decrease. A compromise must therefore be
sought which will optimize the output energy and
pulse length for a given beam current and appli-
cation.

To get an estimate of the minimum energy out-
put of the accelerator, calculations will be made
based on an accelerator section having the maxi«
mum size irises. It is also assumad that a kly-
stron of the type being developed for SLAC which
has a peak output power of 24 Mw will be avail-
able for the input power to the ring. From Fig.2,
it is seen that the power in a ring whose accele=
rator section is three wavelengths long would
buildup to 360 Mw, have a gradient of 48 Mw/m,
and the amount of energy stored would be 9.7
joules. The electrons coming out would initially
have a2 maximum energy of 14.4 MeV and would
extract 0.1 joule per cycle for a bunched beam
having a 60° phase spread and having a peak cur-
rent of 100 amps. This rate of extraction corres=~
ponds to a power flow out of the ring of 286 Mw
which is over ten times the rate that energy is be=
ing fed into the ring. At this rate the stored
energy will decrease to half its original value af~
ter approximately 50 bunches have been accele~
rated. This would take 17.5 ns. During this time,
the output energy of the beam will have decreased
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to 10 MeV, 1/,/2 of its original value. The curves
shown in Fig. 2 indicate the power which the ring
will buildup to as the number of trips goes to in-
finity. However,the pulse length from the kly~
gtron is 2.5 ps and so the fill-time = d discharge~
time combined must not exceed 2.5 ps. In addi-
tion to this limitation it is desirable to discharge
the ring as soon as possible to keep the amount of
energy converted to heat down to 8 minimum.
From the relations in Eq. (12}, it is seen that the
ratio of the power buildup after N trips to the
total buildup possible is,

G
Qoo

= (1-T)* (13)

From this equation, we can solve for N, the num-
ber of trips required to reach a certain percentage
of the final value, that is

l°1("F'Z:)

2ley T

(14)

if we wish to let the powe r buildup to 95 percent

of its final value, then for the 3-wavelength accele=~

rator under consideration the number of trips re-

quired is 51. Each trip takes 24 ns and so the

time required to buildup to the 95 percent level is

1,62 ps; well below the pulse length limitation.
Similar calculations for a 6-wavelength section

having the maximum diameter irises and for 3=

and 6-wavelength sections having the minimum

diameter irises are included in Table 1.

Table 1
Summary of Calculations
for Various Accelerator Sections

I I v v vi VI VI

I

3 10 195 52.8 12.0 16.2 11.5 18.9
3 200 350 42.4 9.2 13.3 9.4 18.2
6 19 106 37.8 12.2 23.8 16.8 12.8
6 200 195 31.7 9.5 20.0 14,1 11.9

IX

1.25
1,62
1.44
1.73

Where the columns are:

I Number of wavelengths in the accelerator
section
II Input cavity number
TOI 0.95 x G (Mw)
IV E., Maximum electric field on axis (Mv/m]}
V Energy stored in ring (Joules)
VI Initial outpwt energy of electrons (MeV)
VII Output energy of electrons when half the
energy has been depleted (MeV)
Time required to extract half of the stored
energy (ns)
Time required to buildup ring power to 95
percent of G {us)

VIII
X

The values shown in columns V and VI corres-
pond to the energy an electron would have if it was
always on the peak of the wave. Since there is a
60° phase spread to the electrons, all of these
electrons cannot have this peak value., Also, the
electrons slip in phase until they achieve their
terminal phase. Analysis of the dynamics involved
results in the following equations of motion in the
axial direction of the accelerator,
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= a« Cos 28 5
€ (18
dA - _L. — __L (16)
dE s i
where,
= mass of electron in units ofelectronrest mass
g = axial distance in unite off{ree space wavelength
a = energy an electron on the peak of the wave can
gain in one wavelength in units of electron rest
energy
A = phase of electron in number of cycles with
respect to the crest of the travelling wave
B = ratio of phase velocity of accelerating wave to

the velocity of light

Equations (15) and (16) were numerically integra-
ted on a computer using the Runge-Kutta 2"9-order
technique for various values of g. The computer
program was run for a number of input velocities.
For each input velocity, a number of variations of
B as a function of § were run. And for each of
these configurations results were computed for a
set of values of input phase beginning at +80° and
going to -70°, computations being made at incre-
ments of 10*. The results of these computations
indicate that the variation in output energy due to
phase spread, phase slippage, and input velocities
corresponding to 100 kV 150 kV can be kept within
an energy band of 15 percent. By using a value of
B <1 in the first two cavities, it is possible to
bunch the electrons tightly at some phase angle in
front of the crest. Doing this results in a more
homogeneous energy output, but at a reduced level.

FURTHER RESEARCH AREAS

The values determined for the power and elec-
tric field in the accelerator are much greater than
what is currently found in accelerators. Tests at
Stanford using standing wave resonators have indi-
cated that the proposed level of operation of their
accelerator is considerably below the breakdown
level.8 If it should be found that the values deter~
mined above exceed the allowable levels of opera=
tion then the power from the klystron can be split
to feed two rings operating in tandem. The in-
creased complexity and cost of such an arrange-
ment would at least be partially compensated for
by an increased energy inherent in this arrange-
ment. If the accelerator is cooled, the resistance
and so the attenuation constant decrease, At
-200°C approximately the temperature of liquid
nitrogen, the dc resistance of copper is one-tenth
that at room temperature., If a similar reduction
occurs for the attenuation constant at radio fre-~
quencies, then the power gain in a ring could be
increased by a factor of five over that obtainable
at room temperature, Or, the input power could
be split to feed five rings. Such a technique
would enable one to obtain electrons of consider~
able energy using a single r-f source. Whether
such a scheme is feasible will depend to a large
degree on the stability of operation of the resonant
rings. One further point which requires mention=
ing is the technique to be used in preventing a
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space-charge-caused radial blow up of the beam.
Currently under consideration is the utilization of
positive ions along the beam path to neutralize

the charge of the electrons. For a peak current
of 100 amps in a beam having a radius of 1 ¢m,
the re%uired jon pressure for neutralization would
be 10~° Torr. The scarcity of research in this
field and the lack of agreement about the results of
experimenters indicates the need for further ex-
perimentation before any conclusions can be drawn.
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