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Introduction 

Longitudinal and transverse beam breakup defines 
an upper limit to the beam current that can be attained 
in a linear accelerator. 1,273 In a superconducting 
accelerator (SCA), the problem of regenerative beam 
breakup is particularly important because the inherent 
Q-values of the relevant modes are extremely large. 
On the other hand, the problem of cumulative beam 

1s comparable to that in a conventional 
pE;;EnyLiay In this paper we describe the re- 
generative beam breakup characteristics of the 55-cell 
multiperiodic structure which is the basic unit of the 
SCA being developed at Stanford.5 The breakup charac- 
%eristics of the capture section and th 

& 
pre-accelerator 

section have been described previously. In these 
studies it is demonstrated that the relevant breakup 
modes can be selectively loaded, and that the starting 
current for regenerative beam breakup in a SCA can be 
increased to 500 PA, a value well In excess of the 
initial design objective of 100 PA. 

Passbands of the 55-Cell Structure 

The basic unit of the SCA is a 55-cell multi-peri- 
odic structure of the iris loaded type. The structure 
is &cell periodic, and, as illustrated in Fig. 1, 
consists of seven sub-structures. The five long cells 
in the center of each sub-structure are h/2 in length, 
whereas the short cells are about A,/3 in length, A 
being the free space wavelength of the accelerator 
mode at a frequency of 1.3 GHz. 

Regenerative beam breakup must be suppressed for 
the longitudinal TMCl-band and the transverse HEMll- 
band. To determine the character of these bands, 
which are shown in Fig. 2, we have measured the reson- 
ant frequency of each mode and performed bead measure- 
ments to obtain field profiles. The effective wave 
number k of the individual modes are calculated from 
the expression k = EC/I. . The effective length L 
of eat:! mode,as well as its phase shift nri over 
this leng;h,were obtained by analyzing the bead measure- 
ments. The mutli-periodic character of the 55-cell 
structure leads to several unusual features in the 
TMCl-band and the HEM l-band. 

ih 
First, the modes of the 

TELL-like branch of t e HEHll -‘oand are localized to the 
,:roup of five long cells or ,o the group of short cells 
In each sub-structure. The reason for this is the 
strong dependence of the resonant frequency of a TElll- 
n;.?de *on cell length. Seccond, because the structure :s 
i!-cell periodic, the TM ll-like branch of the HEkIll- 
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band is split into eight sub-bands. Third, the TMll- 
like branch of the HEMll-band is double-valued, as 
is observed in some separator structures. 6,7 This 
behaviour indicates that the coupling between cells 
changes from magnetic to electric as one moves from 
one end of the TMll-like branch to the other, the 
magnitude of the coupling being relatively small near 
the minimum of the dispersion curve. Since the TE- 
admixture to the modes near the minimum is quite large 
and the coupling is small, it is not totally sur- 
prising that the modes at 1.742 GHz and 1.788 GHz, 
are localized to the five long cells of each sub- 
structure. 

Because of fabrication errors in real structures, 
the rotational symmetry is broken and the two polari- 
zations of the HEMll-modes are no longer degenerate. 
The splitting between the two polarizations of the 
HEMll-modes varies between 50 kHz and 500 kHz. 

Experimental Determination of ISQL-Values 

The beam breakup characteristics of the 55-cell 
multi-periodic structure are summarized by the IsQL- 

values of the individual modes of the TMGl-band and 
the HEMll-band. Is is the starting current for beam 
breakup in a mode where the loaded Q-value is QL . 
Measurement of the Is&L -value is essential in order 
to determine the external loading necessary for sup- 
pression of beam breakup. In order to experimentally 
determine the ISQL-value of a particular breakup mode, 
one excites this mode with an external generator, and 
measures the relative change in stored energy for this 
mode due to the exchange of energy between an electron 
beam and the electromagnetic fields. An 8 MeV electron 
beam from the superconducting injector, pulsed with a 
period of a few seconds, was employed in these measure- 
ments. The relative change in stored energy, the beam 
current, and the loaded Q-value of t e mode are suf- 
ficient to determine the I QL-value. e 
for the first and second s ?I 

The ISQL-values 
ructures in the SCA are 

given in Table I. These I Q -values 
f? 

have been cal- 
culated from the experimen a ly determined values 
assuming a dependence one 
theoretically predicted.'+, B 

ectron beam energy as 

External Loading of the Beam Breakup Modes 

The inherent Q-values in a superconducting 
structure are quite high, and thus to achieve large 
average beam currents care must be exercised that 
all releirnnt breakup modes are externally loaded. 
Our objective is to load all breakup modes so that 
their starting currents are 500 PA or larger. Once 
this problem is solved for the first accelerator 
section, it is also solved for all subsequent sections 
because the stsrtlnq current inacreases w i>h i ccr,-as in:; 
beam enerby. Therefore, we shall describe the loading 
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of this section first, referring to Table I for the 
achieved total external loading. 

91 
-modes near the accelerator mode can cause 

longitu inal beam breakup. Every other mode in the 
TMCl-band will be loaded down to the same order of 
magnitude as the accelerator mode (number 49 in 
Table I) by the rf input probe which is located in 
the center of the structure. The modes number 50 
and 52 in this band are loaded down selectively by 
2 magnetic loop probes coupling to the azimuthal mag- 
netic field He at the outer circumference of the 
short cell between sub-structures 2 and 3 (Fig. 1). 
This cell is unexcited in the accelerator mode and the 
power coupled out of these probes will be 70 mW for 
a tTypica1 accelerating field of 3.3 MV/m. 

Loading of the HENll-modes which can lead to 
transverse beam breakup is more complex. First of all, 
each HEM;l-mode has two polarizations, and thus two 
probes located about 90° apart in the azimuthal di- 
rection must be provided to insure that both polari- 
zations are externally loaded. In addition, due to 
the complexity of the multi-periodic strlucture, the 
HEM,l-modes are divided into four groups of modes 
each of which mus: be loaded by a separate set of 
probes. The main problem in loading down the HF.Mll- 
modes is that of achieving high selectivity, since 
one wants to load down the transverse breakup modes 
without coupling appreciable power out of the ac- 
celerator mode. The modes in the TFll- like branch 
are the simplest to load down in this respect, since 
they exhibit strong radial electric field components, 
E r,at she circumference of the structure and elec- 
trical probes coupling to E, 
larger than 105. 

have a selectivity 
This implies that less than 1 mW 

per probe will be coupled out of the accelerator mode 
for a typical ac:elerating field of 3.3 MVN/m. As 
shown in F;g:. 1, these loading probes have to be pro- 
vided in each sub-s:ructure because the TELL-like modes 
are trapped in sub-structures. The same is true for 
the TNll-like modes at 1.742 GFt'z, which also are local- 
ized in sub-stru-tures. These modes are the most 
difficult to load down selectively because their 
fields at the outer circutnferecce of the structure in 
the center of the cells are similar to those of the 
accelerator mode. For this set of modes magnetic 
loop probes coupling to Ee are used, and a band- 
stop filter which rejects power coupled out of the 
accelerator mode at 13OC NHz is used to achieve se- 
lectivity. With t:he band-stop filter, described in 
the following section of this paper, 35 mW of power 
Is coupled out for a typical accelerating field of 
3.3 Mv/m. 

The third group of mcdes which require special 
leading probes are the TM -like modes number 36 
through 4i. These modes ?&ve very small field 
amplitudes in the long cells of each sub-structure, 
but ha-ie strand fields in the three short cells be- 
tween sub-s:ructure:;. These modes will be loaded 
down sufficiently by the two loading probes in the 
unexcited cell between sub-structures 2 and 3 (Fig. 
l), which were described already. 

The fourth group of modes are the TM. -like modes 
number 1 through 35. These modes couple s "i rongly 

-cut-off mode in the beam pipe, 
f;::':h:; :;:: Eli. oaded by two maf3neti.c loop probes 
coupling t,: the Hz-(7omponer.t of thi.s cut-off mode 
at the outer circumference of the beam pipe (see 
Fig. I). r-and-stop filters are also used here and 
the power coupled ou; of one cf these filters will be 
10 mW under typizs.1 accelerating conditions. 

The t,>tal power coupl.ed out of all loadlnlg probes 

will be about 600 mW for the first accelerator 
structure. We can afford to dump this power into the 
helium bath, and thus the probes are terminated at 
helium temperatures with 50 S? loads. 

The second and all subsequent accelerator 
structures will have identical sets of loading probes. 
Table I lists the ISQL-values, the loading probes and 
the achieved total external !.oading for the second 
structure. Compared to the first structure, the loadins 
in the second one is simplified by loading the TE - 
like modes and the TM 

v 
-like modes at 1.742 GHz WL h l$ 

the same set of magne ic loading probes in each sub- 
structure. The plane of these loops will be oriented 
at 45O with respect to the axis of the accelerator. 
Therefore, such a probe will couple both to the 
Hz-component of the TE- 
component of the TMll- ?&,'i~~d~?esAa~~t~~ i!e3%-mW 
will be dissipated In the helium bath by terminating 
all probes of the second structure at helium temper- 
ature. 

Description and Performance of the Pand-Stop Filter 

The purpose of the band-stop filter 9 is :o re- 
ject the power coupled out of the accelerator mode 
at 1.3 GHz without affecting the coupling at the 
frequencies of the breakup modes which lie between 
1.5 and 1.9 GHz. This can be achieved by shunting 
the output of the loop probes with a resonant cir2ui.t 
in the form of a shorted coaxial line, h/2 in 
length, A being the wavelength coresponding to the 
accelerator mode frequency. The design of a filter 
based on this principle is illustrated in Fig. 3. 

The width of the stopband can be chosen wi;hin 
limits by the characteris:ic impedance of the resonant 
line. An impedance of 28 f? was found to be optimal. 
The position of the shunt relative to the coupling 
loops is important and has to be approximately ),/Ii . 
Ynder this condition. the wave travelling into the 
filter is reduced by a factor of 2 in the ideal 
lossless case compared to a wave excited bv a loop 
probe with no filter. This increases the attenuation 
of the filter by 6 dB and reduces the Dower dissioated L . 

in it. An impedance transformer between the slhuni and 
the loop increase the coupling for the breakup modes. 
The length of this transformer is one quarter wave- 
length at approximately 1.7 GHz and its characteristi: 
impedance is 28 R . The 50 il output line connected 
to the shunt Is thus transformed to a low impedance 
at the loop, which increases the loading by 5 dF . 
The shunt at these higher frequencies has changed to 
high impedance and does not affect the wave propaga- 
tion much. 

In order to minimize the rf-losses at helium 
temperature, the filter is built out of niobi,m. 
The performance of a filter at room temperature is 
shown in Fig. 4. The maximum attenuation is !I6 63, 
and the Q-value is about 300 for the rescnant stub. 
For an imnrovement factor of I_& for the supercon- 
ducting filter compared to the normal conducting 
version, the rf-losses at helium temperature should 
be smaller than 1 mW for 100 watts of power coupled 
into it at 1.3 GHz. 

In an experiment employir!;~ a superconducting 
cavity resonan: at 1.3 GHz, a niobium filter was 
tested in its superconducting state. Keasuring the 
Q-value of the cavity as a function of field leriel, 
we observed that the filter Turned normal at an a?- 
cclcraticg electric field of 4.7 M?J!m. Taki?a int, 
account that our test filter was 0.38 cm nearer tc 
the cavity surface than the analogoIls filters in the 
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accelerator structure will be, we can predict that 
in the accelerator the filters will turn normal 
conducting at an accelerating electric field of 
about 20 MV/m. Therefore, the filters certainly will 
not limit the maximum attainable accelerating field 
in a structure. 

Conclusion 

During tests with the SCA average beam currents 
up to 290 PA have been accelerated, aLthough some of 
the loading prcbes indicated above had not yet been 
installed. With the full complement of loading 
probes, beam currents up to 500 PA with a duty factor 
of 1 should be attainable in the superconducting 
elec:ron accelerator. 
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TABLE I 

BEAM BREAKUP PROPERTIES OF FIRST AND SECOND 55-CELL STRUCTURES 

Bsnd* N+ 
* 

f(MHZ) 

First structure Second structure 

ISQL Q ext Qext 
(104A) Probe** Probe** (107) 

TM01 
11 

11 

II 

I, 

1, 

1, 

11 

I, 

II 

,1 

I, 

II 

,, 

y#) 

” 0) 

” (1) 

” (1) 

” (1) 

Tl 
1, 

II 

It 

It 

11 

11 

11 

11 

11 

0 

11 

!I 

II 

11 

1, 

42 1297.506 

43 1297.625 
44 1297.920 

45 1298.353 
46 1298.806 

47 1299.284 

48 1299.745 
49 1299.994 
50 1300.691 

51. 1301.000 

52 1301.232 

53 1301.495 

54 1301.622 

55 1301.847 

> 100 

> 12 
>360 
> 30 
<o 

> 13 

1 1470.666 > 300 
2 1499.406 > 70 
3 1542.625 > 50 
4 1599.236 9 
5 1660.242 <o 

1 1907.660 
2 1907.466 

3 1907.103 
4 1906.665 

5 1906.151 
6 1905.677 
7 1905.213 
a 1901.707 

9 1900.836 
10 1899.W 
11 1898.1~5 
12 1896.455 
13 1895.128 

14 1894.250 

1.5 1888.787 
16 1886.977 

> 240 
>160 

> 200 

> 240 

> 200 

> 100 

76 
<o 

17 
17 

<O 

-co 

-co 

> 50 

input 150 

input 8 

input 4 

input 1 

Ha(S) 80 
input 6 

Q(S) 470 
input 4 

input 2 

Er 

Er 

Er 

Er 

70 
10 

5 
5 

H,(BP) 
11 

,, 

II 

11 

,I 

It 

91 

,! 

I, 

11 

If 

It 

,l 

II 

II 

77 
21 

6.3 
6.5 
10 

10 

a 

14 

7 
5 
4 

5 
1.5 
6 
6 
3 

> 22,000 

<o 

<o 

-co 

<o 

<o 

> 1400 

> 160 

> 5000 
> 400 
<o 

> 1.80 

> 900 
> 210 
> 150 

27 
<o 

> 480 
> 320 
> 400 
> 480 
> 400 
> 200 

150 
-co 

37 
37 

(0 

<o 

CO 

> 100 

input 150 

input 8 

input 4 

input 1 

He(S) 80 
input 6 

Ha(S) 470 
input 4 

input 2 

H,(L) 
91 

,I 

II 

500 
74 
37 
37 

HZ(-@ 
1, 

1, 

11 

11 

II 

11 

11 

81 

It 

,1 

If 

II 

II 

!I 

II 

77 
21 

6.3 
6.5 
10 

10 

s 

14 

14 

5 
4 

5 
1.5 
6 
6 
3 

* (1) refers to number of substructure in 6 m structure (See Fig. 1). 

t mode number 

* frequency of only one polarization 

** probe which loads mode down to Qext ; 
input, Ha , A, , E, label both loading probes and fields to which probes couple; 
L , S refer to long and short cells, BP to beam pipe (See Fig. 1). 
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TABLE I (Continued) 

Band* N+ 

First structure Second structure 

Q 

f (MHZ) 
* vTJ ext 

(104A) Probe** Probe*+ (107) 

% 
11 

,! 

II 

,t 

,I 

I, 

t, 

11 

1, 

II 

II 

II 

11 

,I 

II 

11 

If 

11 

II 

1) 

1’ 

11 

If 

II 

” (1) 

” (2) 

11 (3) 
" (4) 
It (5) 
" (6) 
” (7) 

” (1) 

” (2) 

If (3) 
" (4) 

" (5) 
" (6) 
” (7) 

17 1884.751 CO 

18 1882.466 > 80 

19 1880. a@ > 38 
20 187'7.543 > 58 
21 1874.822 > 200 
22 1872.730 > 42 

23 1870.310 98 

24 1867.894 <o 

25 1865.902 65 

26 1864.123 <o 

27 1863.088 1.1 
28 1862.509 - 2.8 

29 1839.228 42 

30 1838.309 - 2.8 

31 1837.071 3.6 
32 1835.749 - 4.4 

33 1834.438 5 
34 1833.345 -5 
35 1832.925 14 

36 -“3.754 > 0.16 

37 ~824.868 > 0.3 

38 1824.241 > 0.3 

39 1823.355 -co 
40 1822.758 <o 
41 1822.290 0.8 
42 1741.495 19 
43 1742.237 24 
44 1741.306 30 
45 1741.201 36 
46 1742.274 41 

47 1741.583 47 
45 1741.340 53 
49 17ai3.000 <o 

50 17aa.000 co 

51 1788.000 co 
52 1788.000 co 

53 17aa.000 <o 

54 17a%ooo <o 

55 1788.000 <o 

H,(BP) 

II 

II 

I, 

II 

11 

11 

I, 

II 

0 

$1 

It 

It 

It 

II 

1, 

,I 

It 

It 

Ha(S) 

,t 

1, 

97 

II 

I, 

Ha(L) 

,I 

II 

1, 

II 

11 

17 

1.5 
2.2 

1.1 

1.8 
6 
1.8 
1.1 

2 

0.8 
1.4 
1.4 

2.5 
3 
3 
7 
13 
6 
10 
11 

<: 0.5 
< 1.1 

c: 0.35 
<: 1.7 
<3 
< 0.25 

8 
8 
8 
a 
8 
8 
a 

-co 

> 170 
>a0 
> 120 
> 430 

z=- 90 
210 

<o 

130 
<o 

2.5 
<o 

90 
<O 

7.7 
<o 

11 
-co 

30 
> 0.4 
>l 

>l 

<O 

-CO 

0.5 
> 53 
> 53 
> 53 
> 53 
> 53 
> 53 
> 53 
<o 
co 
CO 
<o 
<o 
<o 
‘co 

HZ@‘) 

11 

11 

I, 

,I 

I, 

1, 

,I 

$1 

11 

II 

91 

11 

u 

I, 

11 

II 

11 

II 

Ha(S) 
,t 

11 

II 

II 

I, 

Ha(L) 
II 

11 

!I 

I, 

II 

II 

1.5 
2.2 
1.1 
1.8 
6 
1.8 
1.1 

2 

0.8 
1.4 
1.4 

2.5 
3 
3 
7 
13 
6 
10 
11 

< 0.5 
< 1.1 

< 0.35 
< 17 
<3 
< 0.25 

50 
50 
50 
50 
50 
50 
50 
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