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Abstract Agy is the linear phase advance, is the longitudinal
R(?\lmi'['tance of the particle and is the emittance on the sep-

Beam echos have been measured at FNAL [3] and CE 9ratrix

[5]in coasting beams. A coherent oscillation introduced b
a short RF burst decoheres quickly, but a coherent echo of
this oscillation can be observed if the decohered oscillation
is “bounced off” a second RF burst.

In this report we describe first longitudinal echo mea-
surements of bunched beam in the AGS accelerator. We
applied a method proposed by Stupakov [1] for transverse
beam echos, where the initial oscillation is produced by a
dipole kick and is bounced off a quadrupole kick. In the
longitudinal case the dipole and quadrupole kicks are pro-
duced by a cavities operating ab&®° and0° phase shift,
respectively?!

a) After dipole kick

1 INTRODUCTION

The echo effect is well known in plasma physics and was
first introduced to accelerat@hysics by Stupakov [1]. In
his 1992 paper he proposed the use of a dipole kicker to
produce a coherent transverse bunch oscillation which de- 2
coheres rapidly because of Landau damping. After a time b) After timet d) After quadrupole kick
much larger than the decoherence time, a quadrupole kicker
is fired for one turn. The kick does not produce any imme-
diate coherent motion, but "rearranges” the particle distri- Z 1 @4
bution in phase space so that after another time interval
the "echo” of the initial coherent oscillation appears.
This method can be applied directly to the longitudinal
motion. The dipole kicker is replaced by a cavity phased to
accelerate the beam at the top of the wave, the auexdie
by a cavity phased to focus the beam at the node of the 1
wave. Such cavities can be turned on and off more eag_Aftertime2tWithoutquadrupolekick €) After time 2t with quadrupole kick
ily than a magnet and, since the longitudinal tune is small ) . ,
(v, ~ 10~%), the cavity may be turned on for several turnsHigure 1: Explanation of the echo mechanism in phase
The condition under which echoes can be observed 3¢
simple: the particles perform an oscillation where the am-
plitude is constant and the phase advance depends only orAn “anschauliche” explanation of the echo effect is
the initial coordinates of the particle. In this case the futurgiven in Fig. 1. The horizontal axis is the longitudinal
motion of a particle is determined simply by its amplitudedisplacement and the vertical axis is the energy deviation
The echo can then be generated by changing the amplituie- £y. Fig 1a. shows the bunch (represented by the small
of particles which will have the wrong phase when the oszircle) after the initial dipole kick. All particles have re-
cillations recohere. ceived additional energy, so the beam is shifted up in phase
This condition is perfectly fulfilled for the longitudinal space.
motion of coasting beams. The phase advance dependsye observe four particles of this bunch which are for
only on the energy of the particle. The condition is alsgimplicity selected so that after some timthe phase ad-
fulfilled for bunched beams, where the phase advance vanced ig(n; + %) <27, (na + %) 2w, (n3 + %) -2 and

w

approximately: (ng+ 1) - 27, respectively withy; << ng << nz << n4.
. The center of mass for these particles is approximately
Ad=A¢g-(1— 6_2) zero, the coherent motion has disappeared (Fig.1b).
€ If no quadrupole kick is applied, these particles end up

Iwork supported under the auspices of US DOE. after another time in the positions shown in Fig. 1c and



the average motion is still zero. However, if we apply anly the dipole kick is given. The resulting oscillation de-

guadrupole kick, the amplitudes of particles 1 and 3 areoheres within 14 msec. No echo is observed. Figure 3
changed (Fig. 1d) and they will not end up in a position teshows the same dipole kick followed by a quadrupole kick
balance particles 2 and 4 (Fig. 1e). Therefore an echo & 15.7 msec. This produces a number of echos with de-
observed. creasing amplitude, as predicted by the theory. Only after

This simple picture of the echo process explains why athe end of the measurement we realized that something was
echo can be observed at timafter the quadrupole kick, wrong with this picture: the first echo appears after twice
independent of the timeand the strength of the kick. It the predicted time.
does not explain the shape or phase of the echo. These
guantities depend on the initial distribution of the particles
and the strength of the quadrupole kick. fp mes nnerex  avien am an R it en o

The echo is produced by tiny changes of the amplitude === ! |
by the quadrupole which causes large changes in the phz
advance. Any effect that changes the amplitude of the pz
ticles, like RF noise or intra-beam scattering, will therefor:
destroy the echo. Measuring the amplitude of echos wit
varying delay times is a tool to measure the diffusion timi
of such effects. The echo effect in the presence of diffusic
is studied by Stupakov and Chao in [2].

Of special concern to the operation of RHIC is intra-
beam scattering which may limit to the integrated luminos
ity. In preparation for echo measurements in RHIC we pe
formed an experiment in the AGS accelerator. The goal ¢ ] i —
our experiment was a proof of principle that echos can k T Tas e 2@ e B 38 -
observed in bunched beams in order to measure the growth
of the beam from intra beam scattering. Figure 2: Coherent Beam signal (linear scale) with a single

dipole kick. The horizontal axis is the time, the width of

2 AGS MEASUREMENTS the graph is 100 msec.

The AGS is a synchrotron with a cycle time of 3 seconds.

The radius of 807.12 m. It is used as a source of parti-

cles from protons (30 GeV) to gold (12 Gev) for fixed tar- fp TEr 3.mm7 v aTTEM 18 s st Dl
get physics. The echo experiment was performed after vewsssn [ T ' ]
run producing iron ions at 1.8 Gev. Time did not permi
changes of any machine parameter. Because of the sy
chrotron cycle only a time interval of 100 msee (10°
revolutions) could be used.

The RF system consists of 10 cavitiesedduse of the
relatively low energy of the beam one of the ten cavi
ties was dedicated to produce the longitudinal dipole ar
qguadrupole kick. [ :

In order to observe longitudinal oscillations of the bean ' o — : -
the feedback system for phase correction had to be di '
abled. It turned out that without the feedback the bunche 10 * ]
made oscillations comparable to the expected effect. Th ™™ " 25" 0. % wie Ve S T N il
problem was also observed at CERN. [6]

The solutionto this problem was to kick the four bunchegjgure 3: Coherent Beam signal with a dipole kick fol-
in alternating directions. This was accomplished by opefowed by a quadrupole kick
ating the kicker cavity with half the usual frequenéy= 6
instead ofh = 12). The average phase signal was not af-
fected by the echo experiment. The feedback system couldThe explanation, verified with a tracking program, is that
be left turned on. The coherent oscillations of the echthe echo produced in our setup had not opposite phase for
process were then measured with a spectrum analyzeradernating bunches and was eliminated by the feedback
the frequency corresponding ko= 6. system. What we measured was the “echo of the echo”.

The results of the measurement are shown in Figure @nfortunately, we had no chance to repeat the measure-
and 3. The beam is kicked in both measurements 29% ment with the correct setup. More studies will be per-
of its initial width. Figure 2 shows the beam signal wherformed when RHIC is operational.




3 COMPUTER SIMULATION

A simple tracking program was written to understand the
interaction between echoes and the feedback system. The
program generates two bunches with a Gaussian distrib
tion of 10000 particlegach and follows the motion over
80000 revolutions. The program records the sum and dif-
ference of the average longitudinal position of the two -2.0 1
bunches.

Figure 4 shows the difference signal for a dipole kick %o 200000 40000.0 ~ 60000.0 800000 100000.0
with 2; = 6 and a quadrupole kick with, = 12. The e
sum signal remains zero. This is the correct setup for echo
measurements. Figure 4: Difference signal with; = 6 andh, = 12.

Figure 5 and 6 show the difference and sum signal, re-
spectively, where both the dipole and quadrupole kick has
ha = hy = 6. The echo appears in the sum signal. This
is what we would have measured with the feedback system  +°
turned off.

Finally, Figure 7 shows the the same situation with the &
feedback system turned on. The sum signal is forced to
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be zero, and the echo appears after twice the time in thes
difference signal. 5 L. ]
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Stupakov’s method of producing beam echos has been suc-
cessfully applied to the longitudinal motion. The problem
of phase stability has been solved by keeping the feedback
system turned on. The dipole kick must be produced with
an alternating direction, so that the feedback system does
not eliminate the oscillation. The quadrupole kick must be
the same for all bunches in order to produce an echo with
opposite phase for alternating bunches. 20| ,
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Figure 5: Difference signal withy; = hy = 6.
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Figure 7: Difference signal with; = h, = 6 and phase
feedback enabled.



