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Abstract

A single-cavity buncher has been developed that
resonates at toth the fundamental and twice the funda-
mental frequency to form a more nearly ideal bunching
voltage waveform in the gap. The cavity utilizes the
TMg20-1ike mode as the first harmonic of the funda-
mental T™pjo~-1ike mode. Field distributions on or near
the axis, which are seen by the beam, are esserntially
identical for the twe modes. Many beam bunchiag ap-
plications require two bunchers with the harmcnic : .
buncher being physically as close as possible to the
fundamental frequency buncher - the buncher dascribed .
here accomplishes this property with a single cavity
and excitation of two modes. Caiculated parameters for
cavity designs with a fundamental frequency of 0.45 GHz
are presented for different cavity lengths which repre-
sent a range of interest for accelerators and rf tubes.
Means of tuning and fabrication are described. A
geometry chosen for PIGMI is described in more detail.

Introduction

Many types of bunching systems are usec hatween a
dc source of charged particles and a systea o. rf
cavities that accelerates or decelerates the bunched
particle beam. Usual practice is to impart a small
time-varying energy difference to the monoenergetic dc
beam followed by a drift of the beam until the more
energetic particles catch up with the less energetic
particles - hence bunchirng ac:tion. The bunching system
provides a reasonable interface between the dc source
and the rf fields of the following rf cavity structure.

Some bunching systems employ two bunchers - the
second at a harmonic of the first. In many 'nstances
it is advantageous to have the distance between the
fundamental and the harmonic bunching cavity as small
as posgible. This paper discusses a novel way to
minimize this separation - having the two frequencies
excited in a single cavity.

*Visitor from Chalk River Nuclear Laboratories, Chalk River, ont., Canada, K0J1J0



A family of buncher geometries has been determined
using the computer code SUPERFISH.! . The family can be
used to select a single-cavity bugcher design that
requires specific relationships between the two modes.
The fundamental mode is-the usual TMp)g-like mode
employed in accelerating structures, and the harmonic
at twice the fundamental frequency is TMgyg-like.
Electric field distributions in the region occupied by
beam are essentially identical for both modes.

N Cévi:y Géoﬁetry

The ratio of the TMypp and TMyyp mode frequencies
in a right circular cylinder is' 2.3. Only small
changes in the geometry should be required to make this
ratio exactly two. However, for the buncher cavity to
have a reasonably high effective shunt impedance, Z2T2,
and to be of suitable length, &z drift tube nose is re-
quired close to the beam axis. After studying various
geometries, the one shown in Fig. 1 was selected. The
radius at which the outer protrusion (with gap g,) ends
was found optimum at 0.6 R,. This radius produces a
maximum frequency shift as a function of g, for the
TMgy0-like mode while the TMpjp—-like mode experiences
an almost maximum frequency shift of the opposite sign.
A 30° Arift tube nose was selected to improve rf effi-
ciency.? For a 0.45 - 0.9 GHz cavity, Ry was 0.15 cm.

Calculations with a representative cavity gave the
following fractional frequency shifts of the (IMpig,
TMOQO) modes for the variables showm in Fig. 1.

582 AR
/T = -0.2, 0.1) ; 4=C- a1,
2 c
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For half-cavity length, L, with beam bore hole,
, and gap, g}, changes to the outer cavity radius,

R., and g, produce the required resonance conditions.
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Calculations

Tables 1 to 4 summarize some of the calculated
results for different buncher geometries. A large
range of geometries can be selected for the electron
beam case, whexeas choices are limited for 1~w beta
proton beams. Large L geometries do not have transit
time factors listed for low beta proton beams because
rf fields change sign as the proton beam traverses the
cavity. Small and L are desirable for low beta
proton beams. Different ratios of ZTI2 between the
TMgyo—-like and TMyy09-like mode can be selected for
different applications by inspection of the tables.

Geometrical parameters listed in the first few
colums of ine tables are defined in Fig. 1. Results
of calculations for the rf properties are found in the
last eight columms. The first four rf properties are
resonant frequency in GHz, quality factor, Q, for the
mode, shunt impedance, Z, in MQ/m, and the ratio be-
tween the maximum electric field on the cavity metal
surface to the average on-axis electric field,

Esurfa /Eo' Transit time factors given in the last
£64E 88fumis for particle betas of 0.0231, 0.04, 0.328
and 0.741 were determined using the calculated on-axis
electric field distribution. 2T? for a particular
velocity particle can be determined using the sixth
last column with a transit time factor, T, from one of
the last four columns. For example, to impart 16 keV
at 0.2 GHz and 4 keV at 0.4 GHz to a 750 keV dc proton
beam, peak powers of 319 and 29 watts, respectively,
are required for a buncher with dimensions scaled from
those given for L = 2 cm, = 0,25 cm and g = 0.08 cm
in Table 3. The buncher would have a 1.13 cm beam bore
hole diameter and would be 114 cm in overall diameter.

R, and g»/L are plotted as a function of g)/L in
Fig. 2 for various L and combinations of an 0.45 -
0.9 GHz buncher. Figure 2 can be used to specify geom-
etries not listed in the table by interpolation between
the curves. A survey calculation showed that an
axially symmetric mode at three times or at four times
the fundamental frequency could not be excited for the
geometries studied, hence these geoinetries are limited
to double frequency operation. Electric field distri-
butions for the TMpyo and TMpzo mo’es of an L = 8 cm,
RH = ] cm and g1 = 2 cm cavity are shown in Fig. 3.



While converging to the geometry with desired
frequencies by adjusting g2 and R, for subsequent =
SUPERFISH calculations, fractiOnaS'frequency-shifts-

éﬁ_Agz and AS_ARC were (-0.221,°0.0817) and $f07939,

f 82 £ RC

-0.879), respectively, for the (TMpjp, TMg2q9) modes:

PIGMI Buncher

A double-frequency aluminum huncher has been built
for a Pion Generator for Medical .Ixradiation, PIGMI,3
being prototyped at LASL, using-a geometry similar to
that given in Table 3. Figure 4 illustrates the
geometry selected and field distributions for the two
modes. The buncher is symmetrically loaded near the
axis with a pair of “5° conical nose cones, inztead of
30° shown in Fig. 1. The buncher, which bas been
built, tuned and mounted on the PIGM1 beam line, was
designed to bunch a 250 keV proton beam in an 80 cm
drift distance. This requirement corresponds to a peak
energy gain of 3.2 keV from the fundamental mode and
0.8 keV from the harmonic mode. With proper phasing
between the two modes, the resultant rf wave will be
alnost linear over 220 degrees of phase space. Table 5
lists relevant parameters for the PIGMI buncher.
Transit time factors were evaluated using the on-axis
electric field distribution. Average rf powers were
based on one percent duty factor.

The buncher design shown in Fig. 4 incorporated a
pair of vanes for fine tuning. Each 2 c¢m wide vane is
mounted on a radlal rod that can be rotated for tuning
purgoses - the two vanes are strategically located to
perturb the two modes differently. The lower or inner
vane is centered at the '[Mgyp-like mode clectric field
minimum. Rotation of this vane out of the buncher
plane raises the TMpz9—-like mode frequency and lowers
the T™Mpj)p-1ike mode frequency. The upper or auter vane
is located to have virtually no effect on the TMpyp-
like mode frequency. Rotation of this vane out of the
buncher plane increases the TMp)p-like mode frequency.
Pervt:urbations from the vanes were studied using SUPER-
FISH - the mid-range position is illustrated in Fig. 4.



Discussion and Conclusions

A family of geometries has been determined for
single~cavity double-frequency burichers. Based on par-
ticular applications the data presented can be used to
select an optimum geometry. Having two modes excited
in the same cavity with virtually identical rf fields
in the beam bore hole is a novel method for producing a
double bunching scheme. Besides saving space on the
beam line, the single cavity reduces fabrication.

A single-cavity double-frequency buncher has been
built for PIGMI. Performance of the buncher with beam
and high power rf will be determined shortly. Since
the cavity can be excited exactly at twice the funda-
mental frequency, precautions have to be taken to
isolate the rf drive properly from the resonant load.

An accelerating structure could be made from a
chain of rf cavities using geometries determined for
the single-cavity buncher. RF coupling between the
cavities could be done on the web with slots located
between 0.6 R, and the drift tube nose. The structure
could then be operated as a "harmonic accelerator
with a fundamentzl mode frequency and a harmonic at
twice the fundamental. With proper amplitude and phase
cortrol the rf accelerating wave could be linearized
over a large range.
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L(cm) R, (cm) g, (cm) g, (cm) R (em)

8.0

6.0

1.0

1.0

TABLE 1 =

Parameters for a Single~Cavity Double-Frequency Buncher with L = 8 and 6 cm

0.5

1.0

2.0

3.0

4.0

0.21

G.6

1.0

2.0

3.0

3.35

5.04

6.15

6.19

5.84

2,24

4,22

4,68

4.57

4.25

20.69

22.06

23.96

25.22

26,44

20.68

22.38

73.65

25.69

26.94

Freq.
(GHz)

0.45
0.5
0.45
2.9
0.45
0.9
0.45
0.9
0.45
0.9
0.45
0.9
0.45
0.¢

10.45

el
0.45
0.9

0.45

0.9

Q

19136
19818
23246
24452
26756

- 28437

27561
31267
27959
33738
15931
15781
20842
22940
22422
25236

22007 |

28607
21813

30323

Z(MQ/m) E

30.3%
3.93
41,03
11.37
45.85
26.23
44,76
39.68
39.69
48,01
27.95
2.98
37.69
14.00
40.58
23.95
35.68
39,21
31.01
44,43

surface

20.0Q
19.8
12,3
12,1
8.0
7.9
6.4
6.4
5.3
5.3
29.8
29.5
13.3
13,2
2.9
9.8
6.1
6.0

/%,

4.6 -

4.6

Transit Time Factors
Electrras

Protons

250 keV 750 keV 30 ke.

0.282
0.021

0.974
0.899
0.959
0.846
c.908
0.669
0.824
0.412
0.717
0.145
0.977
0.911
0.971
0.891
0.9€0
0.850
0.910
0.677
0.829
0.426

230 keV

0.995
0.979
0.992
0.968
0.981
0.927
0.964
0.860
0.940
0.774
0.975
0.982
0.994
0.977
0.992
0.968
0,982
0.929
0.965
0.864



TABLE 2

Parameters for a Single~Cavity Double-Frequency Buncher with L = 4 cm
Transit Time Factors

Ereq. Protcas Electrons
?ﬁ(cm) 3y (cm) gz(cm) Rc(cm) (GHz) Q Z (M2 /m) Byt acelgo 250 keV 750 keV 30 keV 250 keV
1.0 0.16 2,92  21.53 0.45 15685  31.33 ~ 22,4 0,056 0,300 0,978  0.995
0.9 17754  20.35 22.2 0.0001 0,028 0,916  0.983
0.5 3.33 23,98 0.45 17456  32.16 10.8 . 0.210 0,974 0,995
0.9 21088  25.98 10.7 0.0004 0.899  0.979
1.0 3.04 25,90 0.45 16747  26.63 6.7 0.961  0.992
0.9 22857  33.55 6.6 0.853  0.969
1.5 2.86  26.86 0.45 16118  23.40 5.0 0.940 0,988
0.9 23427 34,87 5.0 0.780  0.953
2.0 2,75  27.54  0.45 15679  21.40 3.9 0.912  0.982
0.9 23582  33.82 3.9 0.681  0.930
0.5 0.5 3.28  25.05 0.45 17442 29,67 10.1 0.475 0,989  0.998
' 0.9 22245  35.82 10,0 0.009 0,957  0.991
2.0 0.5 2,77 23,09 0.45 15741 27,45 10.3 0.922  0.984
0.9 18814 11,78 10.0 0.724  0.938
3.0 0.5 2,13 22.96 0.45 13839 21,31 10.0 0.871  0.973
0.9 16137 5.7¢ 9.3 0,560  0.897
4.0 0.5 1.68  23.09 0.45 12367  16.65 10.2 0.836  0.966
| 0.9 13764 3.34 9.1 0.451 0,869
2,0  2.C 2,81 26,98 0.45 15923 22,36 3.8 0.871  0.974
0.9 23300  30.79 3.7 - 0.558  0.897
3.0 2.0 2,78  26.76 0,45 15830  22.09 4.0 - ' 0.838  0.967

0.9 22655 26.06 3.7 0.459 0.871



TABLE 3

Parameters for a Single-Cavity Double-Frequency Buncher with L = 2 cm

' : Transit Time Factors
Ereq. Protons Electrons

Rﬂ(cm) 8; (em) 8y (em) Rc (em} (GHz) Q Z(M/m) Esur face/Eo 250 keV 750 keV 30 keV 250 keV
.1.0 0.08 1.76 22,82 0.45 10167 20.92 24.8 0.303 0,981 0.996
0.9 12703 14,46 24,6 . 0.036 0.925 0.985 .
0.25 1.57 25.65  0.45 9583 15.99 9.4 0.270 0,979 0.996
0.9 13679 21,87 9.3 0.022 0.920 0.984
0.5 1,42 27.05 Q.45 8949 ‘13.12 5.6 0.198 0.97¢ 0.995
0.9 13636  20.99 5.5 0.001 0,909  0.981
0.75 1.37 27.59 0.45 8695 11,97 4,2 0.972 0.994
0.9 13547 19,57 4,2 0.892 0.978
1.0 1.34 27.89 Q.45 8552 11.33 3.4 0.966 0.993
0.9 13468 18.45 3.4 0.870 0.973
0.25 * 0,.8 1.66 25.22 0.45 9865 17.70 25,0 © 0,662 0.869 0,998 1.0
0.9 13595 27,57 24.9 0,213 0.581 0.992 0.999
C.25 1.43 27.08 Q.45 9002 13.46 2.4 0.507 0.799 0.997 0,999
0.9 13753 23.93 9.4 0.034 0.400 0.987 0.997
0.5 1.37 27,62 0.45 8675 12,00 5.8 0.634 0.99% 0.999
0.9 13580 2C.76 5.8 0.086 0.975 0.995
0.75 1.34 27.95 0.45 8525 11,33 4,5 0.989 0,998
0.9 13463 19.05 4,4 ' 0.955 0.991
1.0 1.33 28.08 0.45 8466 11.00 3,6 , 0.581 C.994

0.9 13425 18.11 3.6 . 0.927 0.985



TABLE 4

Parameters for a Single~Cavity Double—Frequency‘Buncher withl=1cm

-y

Transit Time Factors

Ereq. ' Protons Electrons
RB(cm) gl(cm) gz(cm) Rc(cm) (GHz) Q Z(MY/m) Esurfacelzo 250 keV 750 keV 30 kev 250 keV"
¢.5 0.08 ~ 0.73 26,90 0.45 4830 7.18 12,6 0.349 0.695 0,995 0.999
. 0.9 7432 12.92 12.6 0.059 0.257 0.979 0.996
0.15 0.69 27,52 0.45 4650 6.42 7.5 ) 0.314 0.675 0.994% 0.999
0.9 738 11.27 . 1.4 0,066  0.221 0.977  6.995
0.3 0.67 27.98 0.45 4527 * 5.90 4.4 0.218 0.618 0.993 0.999
0.9 7204 9,90 4.3 0.019 0.127 0,973 0.995
0.5 0.66 28.18 0.45 4475 5.78 2.9 ' 0.991 0.998
0.9 7160 9.39 2,9 0.964 0.993
0.25 .08 0.70 27.36  0.45 §36 6.88 12.5 0.667 0.872 0.998 1.0
0.9 7343 12.71 12.5 0.217 0.586 0.992 0,998
0.15 0.68 27.75  9.43 4590 6.36 7.6 0.611 0.847 0.998 1.0
0.9 7267 11.21 7.6 0,141 0.519 0.990 0,998
0.3 0.67 28.05 0.45 4510 5,96 4.4 0.775 0.99%6 0.999
. 0.9 7197 9.97 4.4 0.342 0,985 0.997
0.5 0.66 28.22 Q.45 4669 5.74 2.9 0.632 0.994 0.999

0.9 7159 9.30 2.9 . 0,087 0.975 0.995



Table 5

Properties of the Aluminum PIGMI Buncher

Mode ™10 TMo20
Frequency (GEz) 0.45 0.9
Shunt Impedance, Z (MQ/m) 9.27 16.54
Quality Factor, Q 6602 9992
E urfare! Eo 11.2 11.2
TEansIe Tide Factox, T 0,725 0.275
Effective Shunt Impedance, 2T2(MQ/m)  4.87 1.25
Peak Energy Gain (keV) 3.2 0.8
Peak Gap Vcltage (kV) 4.4 2.9
Peak Power (W) 52.5 i2.8

Average Power (W) 0.525 0.128
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Fig. 1. Cavity geometry selected for the single-
cavity double-frequency buncher. (One-
quarter secticn of cavity.)



(L, Ry

§— o1 02 03 04 05

o/t (1,0.25))

1,025

= . (2,025)

S 29 /”“(ZJ’ LRy
..

g N

©° 26 \(3’”

(@) LR

m -

2 24t

> A

24

© g2t

52

-3

o

20557 ¢3 03 04 05
g, /L

Fig. 2. Outer cavity radius, R,, and g2/l as a

function of g1/L for virious L and Ry
combinations.



e Y eam— anpmaali

Fig. 3. Electric field distribution for a single-
cavity double-frequency buncher with
L = 8 cm, Rﬂ-lcmandgl = 2 cm,
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Fig. 4. Double-frequency buncher for PIGMI showing
tuning vane locations and field distributicns
for the two modes with the vanes simulated by
cylindrically symmetric perturbations.
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