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Abstract

The presented work summarises the results of two experi-
ments in the CERN SPS. Longitudinal echo signals can be
produced in the CERN-SPS by exciting a coasting proton
beam at 120 GeV/c with two short RF pulses at different
harmonics of the revolution frequency, separated by a suit-
abletime-delay. The aim of the experiments wasto confirm
the analytical predictionsfor abeam echo inthe SPSand to
probethe applicability of the beam echo for a measurement
of the energy distribution and diffusion coefficients in the
accelerator.

1 INTRODUCTION

Echo phenomena have been well known in plasma physics
for many years [1]. However, the effect has only been re-
cently introduced to accelerator physics. Thefirst measure-
ments of the effect were made one year ago in the 8 GeV
anti-proton accumulator ring at FNAL [2]. These first re-
sults were very promising and encouraged further studies.
For example, echo techniques might offer a new approach
for investigating diffusion and collective effects in hadron
storagerings[2]. Theaim of the presented work wasto mea-
sureecho signalsinthe CERN SPSandtoinvestigatetheap-
plicability of the beam echo for ameasurement of the energy
distribution and diffusion coefficients in the accel erator.

The echo signal is an interference pattern of two consec-
utive short RF-pulses. A theoretical anaysis of the echo ef-
fect shows that the time and the amplitude of the echo re-
sponsedependson thetimedel ay between thetwo RF-kicks.
Thebasicideaof theanalysisisto treat the energy gain dur-
ing the two RF-kicks as small perturbationsand to expand
theinitia distributionfunctionin a Taylor series around the
unperturbed variables[3].

Without diffusion, the equations of motion for a coasting
beam can be easily solved and one can show that the beam
echo appears a atime
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after the second RF-kick, where At isthetime separation of
the two RF-kicks. Adding diffusion to the particle dynam-
icsand using similar approximationsas in the case without
diffusion, one getsfor the echo responsein the beam current
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where D isthe diffusion coefficient, p(p) theinitia energy
distribution, = the time measured relative to the centre of
the echo response (r = ko(hz — k1) - (t — t*)) and ¢ the
time measured from the second RF kick. J,,(z) are Bessel
functions of thefirst kind with
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€1 and e, are the perturbation parameters in the Taylor ex-
pansion
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where T; and T, arethekick lengthsand V; and V, arethe
kick amplitudesof thefirst and second RF kick respectively.
The strong cubic dependence of the damping term on time
suggests the possibility of measuring even very small dif-
fusion coefficients in areasonably short time interval. Fur-
thermore, Equation (2) indicates a strong influence of the
actua energy distribution on the shape of the echo signal,
suggesting the possibility of measuring the energy distribu-
tion in the storage ring with the echo response. For exam-
ple, Fig. 1 shows the absolute value of the anaytical esti-
mate for the echo response for a Gaussian energy distribu-
tionand Fig. 2 theanalytical estimatefor a parabolic energy
distribution [4].
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Figure 1: The analytical estimate for the echo shape for a
Gaussian energy distribution: At = 45ms, o, = 6-107*
and parameters of Table 1.
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Figure 2: The analytical estimate for the echo shape for a
parabolicenergy distribution: At = 45 msand the param-
etersof Table 1.

2 EXPERIMENTAL DATA

Fig. 3 showsthe experimenta setup for the echo measure-
ment. All the data discussed in this section was measured
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Figure 3: Schematic setup for the Echo measurements.

for two RF kicks with harmonic numbers A; = 4600 and
ho = 4620 and a kick amplitude of 500 kV per kick. Each
kick lasted for approximately 4 turns(7; = 92.221 us). The
beam intensity was approximately 1.2 - 102 particles. Ta
blelliststherelevant parametersfor the CERN SPS storage
ring. Fig. 4 showsalongitudinal Schottky spectrum towards

frev [kHZ] 7
43.23 1.8-10°3

Ey [GEV]
120

frr [MHZ]
200

Table 1: Machine parameters of the SPS.

the beginning of a new protonfill and Fig. 5 showsthe cor-
responding echo signal for atime separation of thetwo RF
kicks of At = 45 ms. One clearly recognises the multi-
ple peaks from a non-Gaussian energy distribution. Fig. 6
shows a longitudina Schottky spectrum approximately 1
hour after the injection of aprotonfill and Fig. 5 showsthe
corresponding echo signal. The time separation of the two
RF kicks was again At = 45 ms. Inthiscase, the mea
sured echo response correspondsto an approximately Gaus-
sian energy distribution.

Both examplesillustrate nicely the sensitivity of theecho
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Figure 4: The measured energy distributionin thelongitu-
dinal Schottky spectrum. The horizontal scale extends from

9.90575 kHz to 10.90575 kHz.
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Figure5: The measured echo signal onalogarithmicscale.
The measurement corresponds to the beam distribution in
Fig. 4. One clearly recognises the multiple peaks from a
non-Gaussian energy distribution.

response on the energy distribution in the beam. In princi-
ple, thedistributionfunction can berecovered by aninverse
Fourier transform of the echo response (see Equation (2)).
However, a detailed study of this potentia application for
beam echosisstill in progressand areconstruction of theen-
ergy distributionfrom the beam echo has not yet been done.
The energy spread in the beam distributionis given by the
time separation Ay, Of the two maxima in the echo re-
sponse. For example, for a Gaussian energy distribution,
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Figure 6: The measured energy distributionin thelongitu-
dinal Schottky spectrum. The horizontal scale extends from
9.90575 kHz to 10.90575 kHz.
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Figure 7: The measured echo signal on a linear scale.
The measurement corresponds to the beam distributionin
Fig. 6. The measured echo response corresponds to an ap-
proximately Gaussian energy distribution.

one obtains from Equation (2)

,82
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Using Equation (6), we get from Fig. 7 o, = 4.1-107%,
M easuring the energy spread directly from the longitudinal
Schottky signal in Fig. 6, we get 0, = 5.2 - 10~%. Both
values agree rather well. However, reading the frequency
spread from the Schottky signal is more cumbersome than
reading the time separation of the two maxima in the echo
signal.

Fig. 8 shows a series of 22 echo measurements for differ-
ent time separations between the two RF kicks. The verti-
cal axis shows the amplitude of the echo response and the
horizontal axisthetime measured after the second RF kick.
The appearance of theecho signal isproportional tothetime
delay between the two RF kicks (see Equation (1)) and the
beam echo appears the later in time, for alarger time sep-
aration between the two RF kicks. The time separation in
Fig 8 varied between 5 ms and 220 ms and horizonta scale
varies from 0 sto 50 s. The solid envelope shows the ana-
lytical estimate for the maximum echo response from Equa
tion 2. Because the amplitude of the measured beam echo
depends on theamplification and the el ectronicsin the mon-
itor, we had one free parameter to adjust the amplitudeof the
measured beam echo to the analytical prediction. In Fig.8
we used this free parameter for matching the amplitude of
the first maximum in the measured data with the analytical
estimate. Up to atime separation of 130 ms, or echo sig-
nal s which appear within 30 s after the second RF kick, the
agreement between the analytical estimate (2) and the mea-
sured echo signal is rather good. For atime separation of
more than 130 ms, the measured echo response is dightly
smaller than the analytical estimate. The introduction of a
non-vanishing diffusionterm (D = 10~ 13s~1) to Equation
(2) resultsin avery good agreement between the measured
envelope and the analytical estimate even for atime sepa
ration of the two RF kicks of more than 130 ms. (A small
diffusion coefficient of D = 10~!2 resultsin adoubling of
the energy spread after 107 s.) A detailed study of the effect
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Figure 8: The picture shows the superposition of 22 beam
echosfor different separationtimes At asa functionof time
after the second RF kick. The time separation of the two
RF kicks varies between 5 ms and 220 ms. The solid enve-
lope shows the analytical estimate for the maximum echo
response from Equation 2 with D = 0.

of diffusion onthebeam echoisstill in progress. Inarecent
experiment in the CERN SPS storagering an additional dif-
fusion was generated by applying a noise signal to one of
the RF cavities. The noise signal was calibrated by measur-
ing the growth of the energy spread in the beam for differ-
ent noise amplitudes with the longitudinal Schottky signal.
Over atimeinterval of 100 s, the Schottky signal was sen-
sitive to noise signalswhich correspondto D > 1072571,
Once the noise signa was calibrated the noise amplitude
was reduced to values where we could no longer observe
a growth of the energy spread in the longitudinal Schottky
signa (D < 10~9s~1). The beam echo could be success-
fully used to measure noise amplitudes which were at |east
two orders of magnitude smaller (D ~ 10~11s~1).

3 CONCLUSIONS

The beam echo measurements in the CERN SPS agree well
with the analytical expectations and encourage attempts to
use the beam echo for measurements of beam distributions
and diffusion coefficientsin the beam. The measurement of
intensity dependent effects might be another potentia ap-
plication of beam echoes. The ongoing study at the CERN
SPSforeseesto anaysetheeffect of wakefieldsonthebeam
echo in the upcoming experiments. So far, the studiesinthe
CERN SPS were limited to longitudinal beam echos in an
un-bunched beam. However, the ongoing work aims at ex-
tending the studiesto bunched beams and to the transverse
plain.
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