
s&wm-659 
November 1969 

LINAC BEAM INTERACTIONS AND INSTABILITIES* 

G. A. Loew, R. H. Helm, H. ,A. Hogg, R. F. Koontz, and R. H. Miller 
Stanford Linear Accelerator Center 

Stanford University, Stanford, California 94305 

(NC) 

I. Introduction 

The electron beam which IS accelerated in the SLAC 
two-mile accelerator exhibits both transverse and longi- 
tudinal interactions with the disk-loaded waveguide, The 
transverse interactions include such effects as rf steer- 
ing caused by field asymmetries which exist in the 
couplers, and beam breakup, The latter is a growing 
instability which occurs above a given current threshold 
and deflects the beam into the walls of the machine. 
The longitudinal interactions include bunching, accelera- 
tion and the general phenomenon of beam loading which 
causes spectrum broadening. Both beam breakup and 
beam loading are basically detrimental to the use of the 
beam and must be controlled or compensated for. Beam 
breakup, especially, is affected by the manner in which 
the beam is formed in the injector, and in particular by 
its time structure, i.e., whether the train of bunches 
is continuous or chopped. 1 

The purpose of this paper is to review’ some of the 
recent work done on the beam breakup and beam loading 
phenomena at SLAC. The review includes a description 
of the present beam chopping system and its associated 
instrumentation. The problems of beam breakup in a 
two-mile superconducting linac are also briefly con- 
sidered. Finally, the reader will find the description 
of an experiment, uncompleted so far, whiah uses the 
beam loading phenomenon and highly sensitive phase 
detection equibment to measure the velocity difference 
between two relativistic beams of different energies, 

II. Beam Breakup 

As illustrated in Fig. 1 and discussed by many 
authors (see for example Refs. l-lo), the beam breakup 
effect in electron linacs can manife,st itself in two dif- 
ferent forms: regenerative and cumulative. Both are 
caused by interaction of the beam with the HEM11 mode 
in the disk-loaded waveguide. Both start from noise 
which consists of or results in a small transverse mod- 
ulation of the electron bunches at the breakup frequency. 
However, the growth mechanisms are different. Regen- 
erative breakup, illustrated in Fig. la, occurs in one 
section and requires some form of feedback for build-up. 
Consider a noise generated HEMll wave traveling with 
a phase velocity in the same direction as the electrons 
but slightly slower than them so that they slip by 18Oo 
in their travel along the accelerator section. In the 
first half, the phase of the wave is such that the force on 
the electrons due to the HEM 

Ict 
fields is strongly de- 

flecting. AS they get deflecte , they also slip ahead in 
phase and in the second half of the section, they find 
themselves in a longitudinally decelerating field to which 
they give up-energy. If the mode is of the backward- 
wave. type or if there are reflections, this energy travels 
back upstream where it reinforces the original deflcct- 
ing field. Above a given starting current and pulse 
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length, the process becomes regenerative; both the 
field and the deflection grow exponentially, and the beam 

.ls lost. 

In contrast, the cumulative multisection type of 
breakup is illustrated in Fig. lb. Here, because of the 
same initial transverse modulation on the beam, small 
HEMl1 resonances build up itiindlvidual accelerator 
sections. As a result, later electron bunches which 
see these fields receive an additional amount of trans- 
verse momentum which over a given distance,translates 
itself into displacement modulation. This modulation 
further excites the resonant fields in the downstream 
cavities and these, in turn, deflect the bunches even 
more until finally they scrape the accelerator walls. 
Within each beam pulse, the effect is coherent and 
cumulative as a function of length and time. 

The phenomenon of cumulative beam breakup was 
first experienced in the 2 GeV electron linac at 
Kharkov . 1 Subsequently, the same phenomenon appeared 
at the SLAC two-mile accelerator, shortly after the 
machine was turned on in 1966. 
of intensive study ever since23 5- I 

t has been the subject 
o While the single- 

section regenerative effect requires starting beam cur- 
rents in the ampere range, the cumulative effect at 
first limited beam operation at SLAG to 20 mA at 1.6 
psec pulse length. As a result of several’improvement 
programs described below, the threshold has now been 
raised to 65 mA under optimized machine tuning con- 
ditions. By the time the present program is completed, 
this threshold should reach 80 to 90 mA. 

Several essentially equivalent theoretical treatments 
of cumulative beam breakup have been given (for a 
review of these treatments, see Ref. 9). The simplest 
transient solution, representing the response to an 
initial delta-function of transverse disturbance in an 
accelerator without focusing, may be expressed as 

x(z,t) xx e F 
0 

where x is the transverse displacement amplitude, x0, 
the initial value, is a slow function related to the initial 
impulse, t is time, I is the current, ~1, and Q are the 
frequency and quality factors of the HEMI,. resonance, 
C is a geometric factor proportional to the shunt im- 
pedance of the HEMll mode divided by Q, and y is the 
normalized energy. Experience at SLAC indicates that 
breskup occurs when the e-folding factor l? is on the 
order of 15. 

As a result of experimental, analytic and computer 
studies, it was predicted that the breakup threshold at SLAC 
could be improved in several ways. The first lmprovc- 
ment program involved strengthening the focusing 
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system. Originally, thh system employed quadrupole 
triplets at Se&Or intervals (one eeotor is one-thirtieth 

HEMI1 resonances ln a ten-foot section in sector 1, be- 

of the machine, or about 100 m). It was capable of 
fore and after detunlng by 4 MHz. The double peaks 

maintaining the optimum four-sector betatron Wave- 
represent th& vertical (higher Q) and horizontal (lower 

length (x$ for the first seven sectors but was limited &J 
Q) resonances caused by the coupler configuration. 

constant quadrupole strength thereafter. The quadru- 
poles were then rearranged so that there were eight 

A complete beam breakup plot of charge and current 

equally spaced alternating gradient singlets ‘per sector 
vs. pulse length for the entire accelerator under opti- 

for the first six sectors, and quadrupole doublets at 
mum focusing conditions is shown in Fig. 7. When 

sector spa&@ in the remainder of the machine. At full 
coppared with earlier si&lar curves’ taken at SLAC, it 

machine energy, this system opera&s at X = 150 *m In 
is seen that the improvement obtained through selective 

the first six sectors, x 
sector 24, and eonstan B 

= 400 m from set 4 r 6 to about 
detuning is only apparent for pulse lengths greater than 

qusdrupoie strength thereafter. 
0.6 psec. This is understandable since, for shorter 

When this rearrangement was completed in 1967, the 
pukes, the resonant buildup has insufficient time to 

breakup threshold was improved from the original 20 xn~ 
take place. 

to about 40 mA (see Table 1 and Fig. 2)‘. Any further improvement will have to result from 

The next improvement program at SLAC, which is 
additional focusing. A program is presently underway 

still in progress, ls’based on shifting the HEM 
to add pulsed quadrupoles in some of the drift sections 

res- 
onant frequency (4139.6 MHz) by detiming selec%d por- 

of the accelerator. The first pulsed doublet (see Fig. 8) 

tions of the machine. This d&u&g operation is fea,si- 
has been installed in sector 28. Although the tiain pur- 

ble because in the SLAC tapered constant-gradient 
pose of these pulsed lenses is to produce special focus- 

structure, the HEM 
ing conditions 09 a pulse-to-pulse basis, their use in 

few cavities of each +I 
resonance occurs only In the first 

6-cavity section. .Hence, by 
the last six sectors of the machine should ultimately 

physically “‘dimpling1 (i.e . , deforming or squeezing) 
raise the breakup threshold to 86 mA (see Table 1). 

cavities 3, 4 and ‘5 of each section, it is possible to 
shift the transverse resonance by several MHz (typically 

Attempts to reduce the initial noise have been made 

2 or 4 MHz) with an almost negligible effect on the 
.(rf filters In the klystron outputs, small gun cathode) 

accelerating properties of the section (correspondingly 
but ‘so far have produced no substantial improvement. 

four or eight degrees per cavity at 2856 MHz) or the 
In fact, when chopped beams are used as described in 

VSWR (typically < 1.1). 
the next section of this paper, the beam breakup thres- 
hold is decreased as the rejection ratio (or charge per 

Favorable choices of which sectors to detune by 4, 
bunch) is increased (see Fig. 9). 

2 or 0 MHz were determined by means of computer cal- 
culations . Some of these detuning schedules are illus- 

In connection with the f 
fl 

asibility study of the two- 

trated in Fig. 3. The nomenclature for curves A B 
mile superconducting linac, some consideration has 

and C is as follows: I .,’ been given to the beam breakup problems in such a 
machine. Under the typical high duty factor and long 

CurveA: +4MHz, Sectors1,2,7,8,13,14,19,20,... . 
pulse operation, beam breakup would take place under 
steady-state conditions. Analysis of steady-state 

+ 2 MHz, Sectors 3,4,9,10,X, 16,. . . breakup shows t 

0 MHz, Sectors 5,6,11,12,17,18,. , . 
is F 0~ ’ (QWy ) 1 3” 

t the behavior of the e-folding factor 
2 where focusing has been neglected. 

Numerical evaluation shows that a value of Q ? 105 
(i.e., 442200,442200, . . . ) would be required to attain the objectives assumed in 

Curve B: + 4 MHz, Sectors 1,2,9,12,X, 18, ; . . 
the study. Since supBrconducting Q’s are expected to 
be on the order of 10 to lOlo, it would seem neces- 

+ 2 MHz, Sectors 3,4,6,10,13,1.6,. . . sary to lower the Q of the breakup mode by selectively 

0 MHz, Sectors 6,7,8,11,14,17,,. . . 
loading the structure. However, the above result 
assumes that all parts of the machine are identical; 

(i.e., 4422200, 042, 042, . . . ) actually it is expected that the resdnant frequency of the 

Curve C: + 4 MHz, Sectors 1,2,12,X, 18,. . . 
breakup mode will vary in different sections of the 

+ 2 MHz, Sectors 3,4,5,13,16,19,. . . 
machine by a relative amount comparable to fabrication 
tolerances (i.e. ; on the order of one part in 104). This 

0 MHz, Sectors 6,7,8,9,10,11,14,17, ZO, . . . 
lack of coherence should be very similar to lowering 
the, effective Q. Further analysis and computer studies 

(i.e., 4422200000, 042, 042, . . . ) of these problems will be required. 

Schedule C has been adopted and is presently beiilg 
implemented (see Table 1 and Fig. 2 for the progressive 
improvements to date), The tool used to produce the 
“dimpling” is shown in Fig. 4. It consists of four small 
plungers at 90° whose degree of insertion is controlled 
by a pre-set screw adjusttient. The rate of insertion is 
controlled by a hydraulic system (see Fig, 5). At first the 
operation was monitored with a microwave phase bridge 
but when it was verified that the frequency shift couid’be 
controlled to better than 10% through proper use of the 
tool, “dimpling” was done dfrectiy, without even letting 
the accelerator down to air. Figure 6 shows typical 

The superconducting machine will also be expected 
to operate in a short pulse, high peak current mode. 
The beam breakup limit will then occur under highly 
transient rather than steady-state conditions, In this 
case, the breakup threshold is insensitive to the Q of 
the interaction. The most effective means of suppres- 
sion then seem to be (a) use of several structure mocli- 
fications so that the interaction takes place at frequen- 
cies separated by at least several MHz, in different 
parts of the machine, and (b) use of a fairly strong 
focusing system. 
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Ill. The Chopped Beam System, Principle and Perfor-’ on axis act as high frequency chokes. The monitor has 
mance a rise time of about 200 picoseconds and can differen- 

tiate between adjacent bunches in the beam pulse. Its 
A variety of chopped beams has been tn demand for response is flat down to about 100 kHz but at this stage 

various experiment8 at SLAC in the past years. Chop- of development, the device still exhibits some undesir- 
ping and monitoring equipment has been.growing steadily able reflections. 
more complex. Figure 10 is a block diagram of the 
system a8 it now exists, except for the fast pulaer Also shown in Fig. 10 is the main drive line sup- 
which will be installed shortly. Table 2 lists the capa- 
bility of this equipment. 

plying 476 MHZ cw power to the entire klystron gallery. 
This line can also be used to transmit l-50 MHz syn- 

The primary chopping equipment consists of two 
50 kW rf amplifiers, one tuned to 39.667 MHz (the 

chronisation signals from the chopper system to any of 
the experimental areas. 

72 subharmonic of the accelerator frequency), the other 
variable in tuning from 5 to 20 MHz. .The 39.667 MHz 

while this entire system has given excellent per- 

amplifier drives a set of resonant chopper plates just 
formance, two problems have so far remained unsolved. 

downstream of the gun (50-80 kV) and prebuncher. 
The first is the reduction in beam breakup threshold 

These plates can chop the beam into single or multiple 
with chopping strength, mentioned earlier and illustrated 

bunch pulses with a basic spacing of 12.5 nanoseconds. 
in Fig. 9. This effect is caused by the increased initial 

The length. of this bulse train is determined by the slow 
shock excitation of the more highly charged bunches. 

pulser which modulates the gun cathode. 
The second is the increased spectrum width, ,shown in 

The degree of 
chopping is determined by the power applied to the 

Fig. 12, for a chopped beam as compared to a regular 
This effect, which can be 

plates. 
beam of the same intensity. 
somewhat disturbing to an experimenter, has not yet 

The 5 to 20 MHz amplifier drives a set of nonreso- 
been clearly understood. Neither has it been under- 
stood why the net energy for the chopped beam seems . nant traveling-wave deflection plates located 15 feet 

downstream of the gun, at a beam energy of 40 MeV. 
to be lower by about 0.3%. After several other explan- 

These plates can be operated at frequencies which’are 
ations had been temporarily discarded (greater bunch 

subharmonics of 39.667 MHz, to produce pulse spacings 
width, increased conventional beam loading in the 

of 25, 50 or 100 nanoseconds. They can also be opera- 
injector), it was thought that the. time structure of the 

ted at any frequency between 5 and 26 MHz, unsynchro- 
pulse train could oause beam loading sidebands at dis- 
crete frequencies such as 2856 s 20 MHz, & 40 MHs, 

nized to the machine frequency, to produce multibunch 
pulse trains of variable spacing. 

h 60 MHz, etc. The experimentally measured spectrum 
shown in Fig. 13 actually oonfirmed the existence of 
these sidebands but calculations made so far seem to 

Occasionally accelerator, operation calls for two 
interlaced chopped beams with different pulse train 

show that the levels are insufficient to explain the 
observed spectrum broadening. Further work will have 

spacings. When the spacings have a 2 to 1 ratio, a set to be done on this problem. 
of pulsed steering magnets at the second deflector can 
be used. When off, it allows bunohes to be transmitted 
at the rf field zero crossings~ (Cwo lnmches per cycle) 

IV. Energy Transient Compensation 

and when on, it transmits-them at the peaks of the rf The phenomenon of beam loading as it manifests 
field (1 bunch per cyole) . itself in the SLAC accelerator is well known. I4 In- 

Many of the functions of the downstream deflectoi 
creasing the operating beam current not only depresses 
the electron energy; it also broadens the energy spec- 

plates and the pulsed magnet will be taken over by a trum because the net accelerating fields exhibit ripples 
fast gun grid pulser soon tobe installed. This pulser and decrease during the transient period at the begin- 
csn generate trains of 2-nanosecond pulses with spacings 
of any multiple of 12.5 nanoseconds. Up to three dif- 

ning of the bssm pulse. Tbe high-energy tail on the 
spectrum becomes increasingly long and undesirable as 

ferent spacings can be selected on a pulse-to-pulse the beam current is raised. 
basis,. The pulser can be used alone to produce trains 
of 2 nanosecond pulses or in conjunction with.the First-order compensation for the transient beam- 
39.667 MHz first deflector to produce single bunch loading energy spread is obtained by delaying the klys- 
pulse trains. tron turn-on time in one or more sectors of the accel- 

erator. The rising fields in the accelerator pipes 
The chopped beams described here are monitored supplied by these klystrons’then approximately balance 

by means of two ferrite-core, single-turn toroids (one the falling beam energy due to transient loading in the 
in the injector, the other in sector 27). .Both are con- rest of the accelerator. The balance is less than per- 
netted directly to viewing scopes by means of air di- feet, however, because the leading edges of the beam- 
electric coaxial cable. They can resolve pulses separ- loading waveform and the delayed accelerating voltage 
ated by more than 2 nanoseconds. Below this limit, in waveform do not follow the same law. Thus, when the 
order to differentiate between single and double (sdja- beam is analyzed and transmitted through narrow slits, 
cent) bunch trains, a special monitor and sampling 
scope system has been installed in sector 10 (see Fig. 
11) . . A one-inch ceramic tube has been inserted along 
the beam pipe. This discontinuity serves to launch an 
electromagnetic wave proportional to the beam pulse 
intensity on a slab line and high quality coaxial cable. 
This cable terminates in a sampling scope which can be 
monitored outside the radiation area. The ferrite cores 

a depression or “gulch” is often observed near the 
middle of the current pulse, as shown in Fig. 14. 

It is possible to fill the “gulch” by adding a short 
accelerating pulse of the correct amplitude, shape and 
timing. This compensating pulse could be generated, 
for instance, by energizing short accelerator sections 
(each having a filling time less than half the gulch width). 
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However, it has been possible to produce the desired we obtain: . 

pulse length using standard SLAC lo-foot accelerator 
sections. The method is illustrated 1n’Fig. 15. The 
incoming beam pulse is assumed to be mono-energetic, 

t1= i/v1 v/c = 1 - -+ 

with the exception of a triangular “gulch” beginning at 2’ul 
t2 and ending at t4. The first compensator section 
receives a klystron rf pulse of length (t3 - td. As this t2 = l/v2 v cB1-L 

.d 
pulse enters the section, it compensates for the first 4 
half of the triangular gulch, as shown. However, be- # 
cause of the long section filling time (0.83 psec), the 
energy vs. time waveform of the emergent beam, VI, t1 - t2 = 
has an upward step at the end of the pulse. This 
“overshoot” is corrected in the following accelerator c ) 

I 

+A& 

&/1 *2 

’ section which is energized by an rf pulse beginning at 
tg and ending at t The rf wave is appropriately phased 

If r2 is lar e, the time difference becomes simply 
. c w is the normalized energy of 

to decelerate the ?e cancelling the energy overshoot 
At = (L’%y&/ he re y 

am, the low en&y beam. F1 or 2 km, f/c SJ 7 x lo6 pico- 
at the end of the beam pulse. seconds and for 0.5 GeV, At = 3.5 picoseconds. At 

The method described above has been tried at SLAC 
2856 MHz, one electrical degree corresponds to about 

and works quite well; Fig. 14 shows the de&ee of com- 
one picosecond; consequently, the phase bridges must 
be able to resolve on the order of 0.35O to give a 10% 

pensation achieved with a 17 GeV beam analyzed through measurement of At. 
0.2% slits. The rf drive to two adjacent klystrons is 

This they can achieve faiVly 

gated by means of fast, high-power PIN diode switches. 
easily. 

Each switch is a strip-line assembly containing two 
diodes which shunt the rf through quarter-wave and half- 

While this experiment has not yet been done in its 
final form, initial measurements indicate that overall 

wave stubs. The switch is closed by triggering the 
“quarter-wave” diode into conduction, and opened by 

phase stability is quite good and that the experiment 

triggering the “half-wave” diode into conduction. Thus, 
should bs reasonably easy to perform. There is, of 

the &lay and width of the gated rf pulse can be oon- 
course, no a priori reason to suspect that the theory 
of relativity will not once more be verified. The 

trolled by separately varying the delays on the two trig- 
gers. Both diodes revert to their non-conducting states 

experiment is mostly done as an amusing exercise. 

during the inter-pulse period. The optimization of rf 
phase, pulse width and delay for the two klystrons is 
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TABLE 1 

SUMMARY OF BEAM BREAKUP THRESHOLD IMPROVEMENTS AT SLAC 
I 

Beam Breakup Thresh016 
Date Comment 

Computed Observed 

May, 1966 Qriginal operation 20 mA 

June, 1967 Quadrupole improvement 

completed 50 lnA (al 40mA’ 

October, 1968 Sector i detuned by 4 MHz 44 mA tb) 46 mA 

January, 1969 Sector 2 detuned by 4 MHz 49 mA tb) 54 mA 

July, 1969 Sectors 3,4,5, detuned by 

2MHz 57 mA tb) 60 mA 

August, 1969 Sectors ‘10,13,16 detuned by 

2 MHz 64 mA lb) 65 mA 

Future Sectors 19,22,25,28 detuned 

by2Mh .72 mA (b) 

Future Sectors 12,15,18,21,24,27, 

30 detuned by 4 MHz 80 mA (b) 

Future Additional focusing added in 

Sectors 24 to 30 86mAtb) 

(a) Normalized to May, 1966 conditions 
(b) Normalized to June, 1967 conditions; recomputed using presek best 

data on rf properties. 



TABLE 2 

CHOPPED BEAM CAPABILITY 

Chopper Frequency Burst Spacing Max. Average Pulse Current 
40 MHZ I 12.5 nsec (single bunch) 

I 
-1OmA 

40 + 20 MHz 25 nsec (single bunch) - 8mA 

40 + 20 MHz 25 nsec (several bunches) -12 mA 

’ 40 + 10 MHz 50 nsec (single bunch) -4mA 

40+6.6MHz 75 nsec (single bunch) - 3mA 

6.6-20 MHz 
(continuously variable) 75-25 nsec (several bunches) l-15 mA (gun limited) 

40 + 10 MHz + 50 hsec 
Gun Pulse One bunch (- 10 psec long) - 10’ electrons 
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FIG. la--Single accelerator section showing regenerative instability. 

LOCAL HEM,, OSCILLATIONi 

ELECTRON BUNCHES 

FIG. lb--Multi-section accelerator showing cumulative instability build-up. 
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FIG. 2--Improvement of beam breakup threshold at SI,AC as a function of 
calendar time (at 17 GeV and 1.6 psec pulse length). 
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FIG. 3--Computed beam breakup improvement factors for two-mile accelerator 
with several possible detuning sbhedules. Schedule C has been adopted. 
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FIG. 6-m~~~ resonances in ten-foot 
accelerator section in Sector 1 
before and after detuning. 
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FIG. 8--New drift section in Sector 28 containing both a regular dc quadrupole doublet and a pulsed doublet. 1418A16 
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FIG. g--Beam breakup threshold at end of accelerator as a function of 40 MHz 
chopper rejection ratio (at 17 GeV and 1.6 psec pulse length). 
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FIG. lo--Block diagram of chopped beam system. 
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FIG. ll--Fast chopped beam monitor. 
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FIG. 12-tComparison of energy spectra for regular and chopped beams of equal 
intensity (1.4 mA, 10 GeV, 1.6 psec pulse length). The chopped beam 
consisted of a train of single bunches spaced 5Q nsec apart. The four 
central foils have a spectrum width of O.l$, the two subsequent ones 
on each side, 0.2$, then 0.4$, etc. 
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13--Spectrum of signal induced in accelerator section by 
chopped beam with 50 nsec bunch spacing (ver%ical 
scale: 10 dB/div; horizontal scale: 30 MHz/div). 
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FIG. lb--Gulch-filling on a 17 GeV beam 
analyzed through 0.2% slits 
using two klystrons. 
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FIG. 15--Illustration of how energy gulch is filled by means of short 
rf pulses in successive accelerator sections. 
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FIG. 16--nltrstrat-ion of experiment to measure the velocity difference 
between two relativistic beams of different energies. 


