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1. Summary 

As a part of the LEP injector chain, the main 
function of EPA consists in fast accumulation and dam- 
ping in ordefOto build up eight high intensity bunches 
(8 x 2.5 10 ) of electrons or positrons at 600 MeV 
with a high Injection efficiency and stahility. 

During desiqn and construction, great care 
was taken to minlmlze the impedance of the ring as 
well as the eFfects of the residual gas on the beam. 
The lonqltudlnal Impedance of every element was meas- 
ured and reduced when possible. Rased on these 
measurements a model of the overall lonqltudinal and 
transverse impedances was conceived and the beam 
hehavlour simulated. A stainless steel vacuum cham- 
ber was choserl to minimize the gas desorption by syn- 
chrotron radiation. Low impedance electrodes clear 
lorls trapped In the beam potential well. Thanks to 
these design features and sufflclent acceptance, high 
lntenslty bunches well above nominal current could 
rapidly be obtained. Measurements of current depen- 
dent beam effects are presented and compared with the 
predlctlon by the models. 

2. Introduction 

The main design parameters of EPA [I ,2] have 
been chosen In order to favour an efflclent and stable 
accumulation up to, at least, the nominal intensity. 
At inject ion, low intensity pulses from the fast cyc- 
llnq LEP Injection L~nac LIL [ 31, at 100 Hz, succes- 
slvely fill the eight EPA RF buckets. Accumulation in 
betatron ohase space is based on a stronq horizontal 
damping (Jx = 2) provided by combined function mag- 
nets with small bendlng radius [4]. The moderate 
IonqIt~~dlnal damplng (J, = 1) leads to relatively 
large momentum spread CUE/E = 6*10w4) at equlllb- 
rlum which contributes to beam stahllity. The thres- 
hold of the various instablllties is raised by the 
1 onq equlllhrlum bunch length (us = Zlcm) resulting 
from the low frequency of the RF cavity (19.1 MHz). 

The main performance limitation was antici- 
pated to come from a vertical mode-coupling instahill- 
ty excited by the transvftse Impedance of the kickers 
with a threshold of ‘,*I13 particles per bunch. 

The accumulator has been commissioned with 
electrorrs during the last six months of 119R6 at an 
erlergy of 500 MeV [5]. A yparge of 2.1.10 electrons 
In a single bunch and 6.10 Lrr eight bunches could he 
accumulated with an lnjectlon efflclency of 80%. 

3. Model of the Beam Coupling Impedance 

The longitudinal Impedance of all elements 
implemented ln EPA have been systematically measured 
with arr improved coaxial line transmlsslon method [6]. 
Great care was devoted to damp the high Q resonators 
detected in the different vacuum tanks as well as the 
hlqher order modes of the RF cavity [ 71. The bcoad- 
band lmpedarrce was systematically mlnlmlzed by tape- 
rlnq the vacuum chamber and by a careful design of the 
ilumer‘ous elements Like bellows or beam posltlon mono- 
tors [B]. The overall Impedance budget polnted out 
that high Q resonators driving multi-bunch Instahl- 
lltles are concentrated In the rf cavity with the more 
danqerous mrlde around 100 MHz and a quality factor of 
150. Rroad-band Impedances are dominated by the 

injection and extraction travelllng wave kickers In- 
stalled Inside the vacuum tank for fast rise and fall 
times. 

Thus, as far as single bunch effects are con- 
cerned, the Impedance of the four installed kickers 
for electron-operation served as a basis for construc- 
ting a model of the ring impedance. The real and 
imaginery part of the measured longitudinal impedance 
could be well approximated by two broad band resona- 
tors with resonant frequency F,, quality factor Q 
and shunt impedance R,A. Similar models were adop- 
ted in the transverse planes by scaling the shunt im- 
pedances R,t with the simple relation valid for 
circular cross sect ions, Rst/R,l = c/(xb*F ) 
where b is the kicker half aperture (50 x 17.5 mm*?. 
The parameters of the two resonators representing the 
impedance model are summarized in the following table. 
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In fact, the low frequency resonator can usually be 
neqlected. 

The main beam parameters at equillbrlum like 
bunch length and transverse emlttances as well as 
their variation with the circulating beam intensity 
have been recorded under various conditions. 

The bunch length was measured by means of the 
wide-band pick-up monitor [9]. For vanishing current, 
it is found to be 10% higher than expected. With 
higher charge per hunch, potential well and turbulence 
[IO] induce bunch lengthening. The absolute value of 
the impedance of an equivalent broad-band resonator In 
the limit of zero frequency, (Z/rlo = 13.662, can be 
extracted [II] from the bunch lengthening above the 
turbulence threshold (Fig.1). The corresponding shunt 
Impedance, Rsl I 3.6 l& for F, = 635 MHz is close 
to the above impedance model. 
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Fig. 1: Varlatlon of the bunch length, os, w1tl-i the 
charge per bunch, N/k, for different 
rf cavrty voltages, V,f. 
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Transverse beam profiles 1n horizontal and 
kz6 

vertical planes have been recorded from observation b 
a diode array camera of the synchrotron light [I’2 ? 
emitted 1n a bending magnet where the dispersion 1s 
negllgeable. The corcespondlng equllibrlum emlttances 
are deduced after fitting a gaussian dlstributlon 
(F1g. 2). For vanishing currents, they are close to 
the theoretlcal figures with a 11% coupling between 
transverse planes. With one clrculatlng bunch only, 
both emittances are independent of the charge per 
bunch. However, a high-lntenslty multi-bunch beam 
suffers a strong blow-up by a factor 3 in horizontal 
and 23 in vertical endlng up with equal emlttances and 
a full transverse coupling. This effect has been 
clearly attributed to a beam pertucbatlon by posltlve 
ions created in the residual gas and trapped in the 
beam potential as simulations had shown. In fact, If 
the clear lng electrodes are switched off, the 
transverse blow-up is enormously increased with 
profiles which are not gausslan anymore. 
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Fig. 2: Varlatlon of the transverse equlllbrium emit- 
tances EX, E , 
N/k, for di ferent ? 

with the charge per bunch, 
numbers of bunches, k. 

5. Transverse Modes 

The effect of the ions 1s even more obvious 
from the varlatlon of the vertical tune (betatron mode 
zero) with the charge per bunch (Fig. 3). 

Without Ions, the effect of the vertical 
impedance reduces the tune as observed with a single 
bunch. The measured tune shift IS in agreement with 
the calculation [13] based on the impedance model. 
Taking Into account bunch lengthening the modes 0 and 
-1 were predicted to couple for a charge per bunch of 
5.101’ particles. However, a charge four times higher 
has beer) accumulated with a vertical tune shift of 
three times the synchrotron tune. The mode -1 could 
not yet be observed. 

The vertical tung of a multi-bunch bearn 1s 
increased by up to 3 .lO- due to an additional fo- 
cuslng by the Ions. They induce also a large tune 
spread up to f 1.10-l as shown or, Fig. 4a in the 
particular case of 4 equldlstant hunches. As a con- 
sequence, the particles cross betatron resonances 
which results in blow-up, coupling and Intensity liml- 
tatlons. If the four bunches occupy consecutive 
buckets leaving half of the rlnq empty, the ions 
escape to the vacuum chamber and the transverse fre- 

quency spectrclm shows narrow and well separated modes 
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Fig. 3 Shift of the vertical tune, Q , versus the 
charge per bunch, N/k, for dl ferent number -? 
of bunches, k. 

(Fig. 4b) as in the case of a single bunch. As a 
consequence, the charge per bunch, llmited only by the 
rf cavity beam loading, can be doubled without any 
transverse blow-up (Fig. 2). 

6. Beam Stability 

A single bunch beam does not show any coher- 
ent lnstabllity neither in the transverse nor in the 

lonstt udinal plane even at the maxlmum charge of 
2.10 particles. 

A multi-bunch beam 1s also very stable up to 
nominal intensity. With higher currents, intermittent 
transverse coherent instabilities have been observed 
in both planes with growth and repetition rates depen- 
ding on the voltage applied to the clearing elec- 
trodes. The detected frequerrcies around 900 kHz are 
compatible with beam modes excited by H?+ 10"s 
oscillating in the beam potential well. 

Although the foreseen longltudlnal damping of 
the higher order modes of the cavity [7] preserves the 
beam stability up to nominal current, coupled-bunch 

;$“;; ,99 
cillations (m = I) start above a threshold of 

particles in eight bunches without any beam 
losses. The driving source of this instabllity has 
been attributed to higher order modes in the rf 
cavity, as the mode number n, of the beam oscillation, 
deduced from the phase shift between following bun- 
ches, car, he modified from 1 to 5 by slight changes of 
the cavity tuning. The thresholds of the Instablllty, 
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Fig. 4: Shift and spread of the transverse tunes, 

QX and 4, with four bunches (3.10”e-) 
equldlstant !case a! or consecutive (case b). 
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just above the deslyrl lrrtensity should be increased by 
a factor three, when ooarating at the nominal energy 
of 600 MeV. For higher 1ntens1t 1es, a lorrgltudlnal 
feedback ~111 he doveloned. 

The head-tall stahlllty has been deduced from 
the danpillq and growth rates of the beam response to 
coherent transverse excitations (Fug. 5). Fittinq 
the varlat 1011 with chromatlclty of the calculated 
growth rates [14] with the measured ones yields shunt 
imptidsrlcr:; of the high-frequency resonator of 
f&h = 300 kajm close to the model 111 the horlzantal 
plan?, but a factor flbe below, R,v=400 kQ/m,in the 
vertical plane. For varrlshlnq chromatlclt les, the 
damplnq rates are found higher thall expected from 
s~rlctlrot.rorr tari1at LlXl with a factor two irr the 
ht?rlrnntal plane and two orders of maqnitude 111 the 
rl’lt 1ral r>r,t>. 
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F1q. 5: Varlatlon with the chromatlclty,Q’x, of 
the coherent horizontal damping rate zxvl 

7. Lifetime and Performance limltatlons 

The llfetlme of a stored sinqle bunch varies 
from three hours at low intensity to one hour for the 
rnaxlmum charge recorded, which IS compatible with beam 
particles scattering on the residual gas (Fig. 6). The 
observed minimum of lifetime for bunches of 8*101’ 
particles occurs at the expect.ed onset of self- 
clearl:lq of the Hz+ 1011s by the 

“l;lm;ar:;~lgyr;a; tlon of the accxJmulatiorl around ‘20 10 
sinqle hu:lch colncldes with a strong llfetlme reduc- 
tlorl of the stack when klcked towards the septum for 
successive Injections. 

The larqe transverse blow-up generated by the 
ions trapped 111 an eight bunch beam decreases its 
1 lfet Ime to some. rnlnutes and 1 lml tes the accumulation 
to abolJt ?.5. 
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Q. Conclusions 

All the design specifications with electrons 
have been fulfilled. The beam quality, at the maximum 
lntensi ty , a factor SIX above the iromlnal current, 
suffers mainly from the transverse beam blow-up 
generated by the ions trapped 111 the beam potential. 
More powerful clearing electrodes closer to the beam 
have just been installed. Their beam coupling Impe- 
dance could be reduced by two orders of magnitude 
with a new design using ceramics with a resistive 
coating. 

The predicted vertical mode coupling lnstabl- 
llty has not been observed though the single bunch 
vertical tune was found to be shlfted by several syn- 
chrotron tunes at the highest intensity. Operation 
with positrons, just start.ing, will demonstrate, if 
this lnstablllty has been suppressed for the elec- 
trons, possibly by Landau damplnq resultinq from the 
spread in frequencies due to the trapped ions. 
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