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Summary 

At beam currents above 1.5 x 10" protons/ 
pulse in the 8-GeV booster synchrotron, part 
cf the beam is lost during a time interval of 
2 to 4 msec just before transition. Particles 
are lost from several of the 84 rf beam 
bunches while the number of particles in the 
other bunches does not change. Electromag- 
netic coupling between the betatron motion 
and the magnet laminations which are not 
shielded from the beam by a vacuum chamber 
may induce the head-to-tail effect and cause 
the loss. This effect is sensitive to the 
chromaticity, 5 = (Av/u)/(Ap/p). Changing the 
chromaticity with dc sextupole magnets at 
three locations in the ring has eliminated the 
loss for beam currents as high as 4.5 x 10" 
protons/pulse. 

Experimental Observations 

During the early operation of the 8-GeV 
booster synchrotron at NAL,' no correction of 
the magnetic field gradients was used. At low 
intensities, there was no appreciable beam 
loss after the first 2 milliseconds in the 
acceleration cycle. As higher intensities 
were achieved, the beam intensity was observed 
to drop just before transition on occasional 
pulses. A typical beam loss pattern is shown 
in the upper trace in Figure 1. The loss 
phenomenon had the following properties: 

(i) The loss occurred during an interval 
of a few milliseconds just before transition 
and stopped at transition. 

(ii) The onset of the loss occurred 
earlier for hiqher injected current. 

(iii) There was a strong correlation of 
the amount of the loss with the intensity. 
The threshold value of the beam intensity was 
1.5 x 10" protons/pulse; below this value no 
beam was lost. 

Ccherent Vertical Oscillations 

At the same time that the loss occurred, 
a vertical coherent betatron oscillation was 
observed with a ferrite core transformer type 
beam position monitor. A typical signal from 
the position monitor is shown in the lower 
trace of Figure 1. The oscillation starts 
spontaneously and qrows in amplitude until 
transition energy is reached. Then the oscil- 
lation suddt~nly stops, and no beam is lost 
subseqluently. The fundamental frequency 
detected is 142 kHz. The tune calculated from 
settinq this frequency equal to (n-Li,)f,e, 
with n = 7 agrees with other t.une measurements. 

*Operated by Universities Research Association 
Inc. undi.r contract with the snitcd States 
Atoixiic Enerqy Commission. 

Frequency components corresponding to other 
values of n were also observed. 

Missing Bunches 

At transition, the beam in the booster is 
bunched at 52.2 MHz by the RF accelerating 
cavities. A beam current transformer with a 
300-MHz bandwidth was used to observe the RF 
structure of the beam. To observe losses from 
the various bunches, a train of beam bunches 
was displayed on an oscilloscope at several 
different times in the acceleration cycle. A 
typical photograph of four pulse trains is 
shown in Figure 2. The lower trace was 2-l/4 
milliseconds before transition. Each trace 
was taken one millisecond later than the one 
below it. The oscilloscope was triggered in 
such a way that pulses from the same beam 
bunch are lined up vertically. Beam is lost 
from some of the bunches but not from all of 
them. The loss is distributed among the 
bunches in an irregular way indicating that it 
is caused by a single bunch phenomena. How- 
ever, a large loss from one bunch is usually 
accompanied by some loss from its neighbors 
suggesting some interaction between neighbor- 
ing bunches. 

Effect of Radial Position 

The effect would come and go for reasons 
that were not clear until it was realized that 
there was a strong correlation between the in- 
stability of the beam and its radial position. 
Systematic beam loss observations were made as 
the radial position of the beam was moved with 
the offset program in the radial position 
feedback system. Programming the radial posi- 
tion 5 mm to the outside of the center of the 
aperture from injection to transition in- 
creased the loss. The loss decreased with the 
beam programmed 5 mm to the inside. Proqram- 
minq a short excursion to either the inside or 
ontside increased the beam loss when the beam 
was outside elsewhere in the cycle. A similar 
excursion had no effect when the beam was 
toward the inside. 

In conclusic,n, the losses were stronqly 
dependent on the radial position. It was sus- 
pected that this dependence of the loss on the 
radial position was related to a change in 
tune with radius. Coherent betatron oscilla- 
tions caused by effects of the type of the 
resistive wall instability can be reduced by 
increasing the sextupole or the octupole con- 
ponent in the magnetic fields. Coherent beta- 
tron motion can also couple' to the synchrotron 
motion through the head-to-tail effect! Since 
there is no vacuum chamber inside the booster 
magnets, and the ma<qnet laminations are ex- 
posed direcLly to Llie wake fields of the be;un, 
vertical coupling of this kind should be 
strong in the booster. The strength of the 
head-to-tail effect depends on the Klromatic- 
ity. 
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Effect of Sextupoles 

Tc cure this effect we installed 12 air 
core sextupcles in groups of four at three 
positions located symmetrically around the 
booster ring at locations in the lattice where 
the vertical betatron amplitude function By is 
a maximum. At the maximum excitation current 
of ?40A, these sextupoles introduce a 
chromaticity 

r r 
i x = +0.2 and 

<Y 
= 50.6. 

With the current in the sextupoles above 
25.9, no beam loss of the type described here 
has been observed for beam intensities up to 
5 x 10'1 protons/pulse, the highest intensity 
achieved, so far in the booster. At beam 
intensities above 1.5 x lo", loss is observed 
when the scxtupole current is below 15A. The 
loss increases as the current in the sextu- 
poles decreases, and when the polarity is 
reversed, the threshold intensity also de- 
creases until loss is observed at 1.0 x 10" 
protons/pulse with -4OA in the sextupoles. 
But in this case, a different instability 
process seemed to occur much earlier in the 
cycle. 

The chromaticity at various times in the 
booster cycle is shown in Fig. 3 for the un- 
corrected machine and for the value of sextu- 
pole correction in use. The twelve installed 
sextupoles, at the current of +25A, have the 
effect of cancelling completely the residual 
chromaticity of the machine at the transition 
on the vertical plane, but not on the horizon- 
tal plane. 

Figure 4 shows the dependence of the verti- 
cal tune at transition on the radial position 
of the beam with the sextupolcs on and off. 
With the sextupoles off, it is seen that the 
chromaticity is reduced by moving the beam 
inward. This agrees with the earlier obser- 
vation that the beam loss was less severe with 
the beam to the inside. Also, there is a sig- 
nificant increase in the octupole component 
of the fields toward the inside which should 
make both the head-to-tail effect and trans- 
verse cohrrent instability effect less severe. 

The Theory 

We exclude the possibility tildt tile beam 
decay observed at transition is due to a 
trznsvcrse coherent Instability enhanced by 
the coup1 i.ng of the beam to tile lamination of 
tr.c magnet. This mode of instability s:lould 
happen much earlier in the cycle (low -0 and 
is not ‘iffected by the crcssing of the transi- 
tion cnerg~i. Cs believe, instead, that it is 
cd-sed by the head-to-tail effect. The head- 
to-tail effect instability exhibits d growth 
rate which is 1 ust proportional to po':/ti, 
where (,- is the coupling factor between the 
beam and the surrounding media, ,-I the chrona- 
ticity, and r the moment,um compaction which 
is zero at transition and flips sign crossing 
the trdnsitlon. Well below and above the 
ti;.lrisi ti0iil i::icr~y , 1 is relatively large and 
the, growth time is also relatively small and 
t::e cf fc:ct not ncticeable . But at transition 

,,:/I; beccmes very large and the head-to-tail 

effect can cause the beam to decay. The sign 
of the quantity p,E/a is important to decide 
if the instability occurs before or after the 
transition. 

The head-to-tail effect has been theoret- 
ically discovered by C. Pellegrini2 and 
M. Sands.3 The theory was worked out only 
for the case of storage rings wh.ere the ener- 
gy is constant. Thus, we had to modify the 
results of the theory to include also the 
case with time dependence, which is important 
when, for instance, the beam is crossing the 
transition energy.' 

The instantaneous growth rate of the n-th 
mode (n = 0 corresponds to center-of-mass 
oscillations and n > 0 to throbbing oscilla- 
tions with center-of-mass at rest) is, at the 
time t, 

Npo 211! _ 
li,tt: = - Fn(x) o4 

81&e 
x= 1 1 5 --- 

2 2 
YT Y 

where N is the number of particles per bunch, 
w0 the angular frequency of the betatron 
oscillations, A the half lencrth of the bunch 
in unit of time, and the other quantities 
have the usual definition. We assumed that 
a0 is given by the coupling to the lamination 
of the magnet. To calculate Fn(x), we simu- 
lated each crack of the lamination by a cav- 
ity and calculated the wake field induced by 
the motion of a charged particle. Because 
of the very low figure of merit of the lamina- 
tion, the wake field decays rather fast, say, 
in a length which, at most, extends over two 
or three bunches. For our purposes, we 
approximated the wake field with a rectang- 
ular function, which is zero in front of the 
particle and just a0 behind. Besides, we 
disregarded any bunch-bunch effect. With 
these assumptions and approximations, consid- 
ering only the mode n = 0 (experimentally 
observed), we have 

pJ is pcsitive for short bunco, and negatyve 
for A 2 0.5 nscc. In-;he booster case A - 1 
nsec and p0 -' -20 set . Thus, the vertical 
motion is unstable belcw transition if the 
chromoticity 5 is positive. This is in agrcc- 
ment with the experimental observations.* We 
found also agreement between the measured 
chromaticity (5 = 0.6) and the calculated cne 
for the threshold val.ue of N = 1.5 x 10' 
protons/bunch. Thcsc Tlalues yield a maximun 
calculated blow-up of the beam size of ,J 
factor of 2, which is actually the amcunt of 
the vertical aperture available in the 
booster. 

"0bservc that in Ref. (4) tile approximdtion 
of very short bunch was used, which is not 
the case in the boostr:r and, hrnci:, would 
yield the wrong sign of the chromaticity. 
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Figure 1 Figure 2 

Upper trace. Beam intensity vs. time at 
2 msec/div. Transition is at 17 msec. Beam 
loss just before transition is characteristic 
of the "missing bunch" effect. 

Lower trace. Vertical coherent oscillation 
amplitude on same time scale as upper trace. 

RF bunch structure of beam. Time in the 
booster acceleration cycle is as follows: 
lower trace 2-l/2 msec before transition, 
second trace l-1/2 msec before transition, 
third trace l/2 msec before transition, 
upper trace l/2 msec after transition. 
Pulses from the same bunch are lined up 
vertically. 

E 
I 

3 
F 
9 
i? 
30 

I 

0 
TIME (M SECJ 

RADllL POS,T,OM (CM, 

-3 
(t.84 , 

-2 -1 0 I 2 
I I ! , 

6.82 I- I 

L 
,&.eo <: 
i' 
P 6.11 
& t 

&/. 
': . .I; 

;; ,.:.: >.:.. 
.: SEXT. o* ..,,, a:.:: :/ m . : ,: ; .:. 2:. -.:. ..i . . . . "." 

a::' . 
8.70 

t 

-j>... :, SEXT. OFF . .-*' .'+. i 2, . ...: . . . . ;::. -'* 

-I 
.z I P 3 466 7 I 

EHERGY (GEV) 

6.7. ’ I i 1 -1.5 -LO -3 0 .s 1.0 
CI P/P ~PERCENTI 

Figure 3 Figure 4 

Variation of chromaticity F; = Cv/v/Ap/p with 
time in booster acceleration cycle with 
sextupoles on and off. 

Comparison of radial variation of vertical 
tune for sextupoles set for best correction 
of beam loss (25A) and for sextupoles off. 
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