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Abstract
This paper describes a review of an experimental study of
electron cloud effects at the KEKB LER.

1 INTRODUCTION
Vertical beam blow-up has been obser in the KEKB

Table 1 : Main parameters of the KEKB LER

low energy positron ring (LER) since early operation period CB:ieriummizz?éé(?ri\)/) 30565
[1]. The beam size as a function of beam current started to -
increase at a threshold beam curem was almost doubled rf bucket spacing (ns) 2
at 300 mAunder typicaloperating conditions. Thus the Bunch length (mm) 4
blow-up was one of the mostragus problems limiting the Bunch spacing (ns) 8
luminosity of KEKB. Number of bunch 1200
The main characteristics of the blow-up observed in early Beam current (mA) 1400
operation period areummarized as: 1) the blow-up was a Particles / bunch (16) 7
single beam and a multi-bunch effect; 2) the blow-up has a Emittancee,/ £,(10°m) 18/ 0.036
threshold intensity which was determined roughly bynth Average beta function (m) 15
current)/(bunch gacing); 3) no dipole odtation hasbeen Critical energy (keV) 58
observedvhen the vertical chromaticity is enough high; 4) Vacuum chamber oper (round
the blow-up was almost independent of betatromries; 5) Chamber radius (mm) a7

the blow-up did not depend on the pitions of the veical
masks, which are among the main impedance sources; 6) the
blow-up did not depend on theacuum pressureespecially
for hydrogen, in the arc; and 7) no blow-up was olegein interferometer and a gated camera and by the measurement of
the horizontal plane. the luminosity. Then more solenoids were installed in the

A model to explain the blow-up was @posed by F. ring. The number of the solenoids installed so far amount to
Zimmermann and K. Ohmi [2]. In themodel the blow-up about 8600. As the result theneasurement by the
is explained as a singlednch insability of a positron interferometer in February 2002 showed no beam size blow-
bunchdue to a largenumber of electrons, i.e. "electronup up to 1300mA in regulapperation condition for the
cloud", generated byhotoemission orezondary efission. physics experiment.
The instablity will occur only in miti-bunch operation The electron dud can cause not only tieam blow-up
since the electron @lid is biit up by the siccessive but also a tune shift along the traamd acoupled bunch
passage ofhe bunches. Thecoherent dipole oditation of  instability, which are both observed in the KEKB LER.
positrons along the bunch caused by the “wake” fdueeto This paper describes an experimental study of the electron
the electron cloud appears as either regulastoong head- cloud effects at the KEKB.ER[3,4]. As a refenece main
tail instability. A beam size blow-up iV be obseved as a parameters of the KEKB LER jresent operation condition
result of the head-tail oscillation of the instability. are listed in Table 1.

Many smallpermanentmagnets, called “C-yokes”, were
attached tovacuumducts to sweep out the electrons from 2 CLOUD BUILDUP
November 1999 to July 2000. The C-yokes wereacenl t0 2 1 Electron measurement
solenoid magnets1 Septembe000 because a simulation , )
showed that the sahoid magnets were more effective than AN €ledronyield wasmeasured by reted fieldanalysers
C-yokes to suppress the buildup of the electrauctI[6]. (RFA's) [5] which are located at 1.2m and 8.downstream

The effect of the solenoids on the blow-up was confirmed P & bend'. Figure 1tows the electron curremheasured
the measurements of the vertical beam size by the RFA's. A simulation by K. Ohmi gives an electron
current of 1QA and JuA at the upstream-and dowstream-

RFA respectively. Thus themeasurement is roughly
consistent with the simulation.
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Energy distribution of the electrons was ateeasured by
the RFA. Measuredenergy dstribution (Fig. 2 (a)) is well

reproduced by a simulation [6] (Fig. 2 (b)).
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Figure 1 : Electron current measured by the dethfield

[ The monitor is located at 8.0 m
2+ downstream from a ky i
0 L L L L L Il

0 100 200 300 400 500

600

anaysers.
. . Fill pattern (40/24/4)
. Beam current 513 - 390 mA
I e | | | | | ]
01 e oo e e b :
E P : : : 1
L] i i
L] | '
— L Teeleee, 3 3 3 ]
i L Sesy i ; ;
] A S R A S
[ . . . i %0 0%, o ]
e
-50 0 50 100 150 200 250

Electron energy (eV)

Figure 2 (a): Energy distribtion of the electrons

measured by the retarded field analyser.
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Figure 2 (b) : Energylistribution of theelectrons by the

simulation [6].

300

2.2 Tune shift and build-up time

Fig. 3 (&) shows a tune shift along the bunch train
normalised by the charge density of the beam. The tune shift
wasmeasured by a gatedrte meter [7]. As shown by K.
Ohmi et al. the tune shift is gopod measure of the density
of the eledron cloud [8]. The saturated tune shift is
consistent with the resulof the simulation which is
indicated by a dotted line [9]. Build-up time of the tune
shift, as een in Fig. 3 (a), is about 20 bunches which is
also consistent with the build-up time of the electron cloud
density obtained by the simulation [9] ; see Fig. 3 (b).

2.3 Decay time

To measure thalecay time of the electronocld atest
bunch was injected at thend of a train with variable
distance between the labtinch of the trainand thetest
bunch, then the tune shifind the vaical beam size was
measured. Fig. 4 (a) and (b) show the tune shifafid] the
vertical beam size respectively. The decay time was 28ns
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Figure 3 (a) : Vertical betatron tune shift along the train for
four differentbunch spacing, 3, 4, &nd 8 rfbuckets. The
tune shift is normiesed by the chargedensity of thebeam
(i.e. bunch currertbunch pacing in the unit of rbucket)

[3].
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Figure 3 (b) : Simulation resut of the cloud build-up [9].
The horizontal axis is the time s and the vertical axis is
the number of the electrons / meter if.m



from the data of théune shift. For the wécal beam size
the blow-up was disappearedwhen the test bunch was
injeced 24ns after from theend of the train. Two
measurements are roughly consistent with each other.

Fig. 5 (a) shows the result of amnother experiment
which also indicates the decay time of the electronct([3].
Two trains which wereeparated by64ns were injected in
the ring, then the vertical beam size edch bunch was
measured by the gated camera [10]. While the blow-up
stated at about 7th bunch in the first trainecendbunch
already blew-up irthe second trainThe result is @gpported
by a simulation [6] as shown in Fig. 5 (b).

While thedata in Fig. 4 suggest thdecay time ofabout
30ns, the data in Fig. 5 (a) suggest teeay time dnger
than 64ns. It seems that there are two components whic
govern the decay time [11].

Vertical beam size(a.u.)

2.4 Change of vertical tune shift

Fig. 6 compares theune shift in July 200Cand April
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Figure 5 (a) : Beam sizesver two trains masured by the
fastgaed camera. Train-to-traigap which is not shown in
fhe Figure, is 32 rf buckets [3].
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spacing was 4 rf buckets. cause the decrease of the cloud density.
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Figure 8 : Beam size ang the train obseed by the fast coupling instability TMCI) theory, thedependence of the
gated camera in various chromaticities. Diffraction effect isthreshold cloud density on the vertical chromaticity is rather

not corrected [3]. weak, i.e. it increases 17 % if the chromaticity increases by
10 [13]. It is not clear that the observation is consistent
3 BEAM BLOW-UP with the result of the TMCI theory.

A test bunch was injected immediatdighind a train to  1he averagebeam size at various bunch spacing was
prove the single bunch nature of the blow-up. Beam measured by the mterfmnetgr [1_2] as a_uhctlon of the
size of the test bunch wamseasured at eseral bunch P€am current[3]. As shown in Fig. 9, without C-yokes the
currents of the test bunch. Fig. 7 shows the result in whiéféshold intesity I, was proportional to thebunch
the beam size of the test bunch increased vitsebunch SPacing s while with C-yokes |, was proportional to
current increagd. The measement demonstrates that the Square root ofys According to amodel of the single bunch

blow-up is a single bunch effect. instability caused by the electronodid |, , is proportional
o to g for the head-tail instattity and the TMCI and is
3.2 Effect of chromaticity proportional to the guare root of sfor the beam taak-up

The effect of the vertical chromaticity on the blow-up wa#stability [14]. After theseexperiments the blow-up at
measured by the fast gated camera. If the blow-wgaised bunch spacing of &nd 4 rfbuckets wasneasured in July
by the head-tail instatity it should be sensitive to the 2001 when the solenoids were turned on. The resulisesl
chromaticity. Fig. 8 shows that the blow-up along the traiie scaling of J;,[J s,. The reason why the scalimhanged
became weakewhen the chromaticity was increased [3]_after the installation of C-Yokes is not understood yet.



3.4 Bunch by bunch luminosity

A bunch by bunch luminosity was measured by 'ezo-
degree luminsity monitor" [15]. In a beam-fill the

remaining bunches, while in other beam-fill ihosed
almost flat behaviour. It may beffitult to separate the

tune shift along the train, shown in Fig. 19, also suggests
the transverse idtribution of the electron old is pund
[18]. Growth rates of the instability shown in Fig. 11 are

luminosity of first gveralbunches was her than that of roughly consistent with the simulation [17].
5 EFFECT OF SOLENOID

single beam blow-up from thiseam-beam blow-upecause 5.1 Solenoid system

Since September 2000 tl®lenoids to weep out the
aubmaic programs and/or operators to obtain the high glectrons have been installed IlER [4]. Pammeters of
solenoid system are shown in Tables 2 andt&re are two
kind of solenoids, one is a bobbin-type solenaitd the
other a bobbinless-type solenoid. The length of the bobbin-
type solenoid is from 150 to 650 mdepending on the
length of available free space for winding. The bobbinless-

during collision the beam size is intentionatlgntrolled by

luminosity.
4 COUPLED BUNCH INSTABILITY
The coupledbunch insability is obseved in LER [16].

As shown in Fig. 10, totally ifierent mode spectra were

observed withand wihout soénoid field, which strongly

suggests that the instability taused by the electron cloud Table 2 : Parameters of solenoids.

as usual wake fields are not affectedvisyak soénoid field.
In Fig. 10 peaks of themode spectra in hawontal and
vertical planesappeared at almostase positionwhen the
solenoids were taed df. A simulation shows that the
observed mode spectraspecially psition of the peaks, are

well reproduced if the electrons are produced uniformly o

the chamber wall [17]. AlImostqual horzontaland vetical
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Figure 10 : Observed modepgdrum of the coupled bunch
instability with and wihout soénoids at600mA. Red-solid
(black-broken) lines are the datkén when the solenoids
were turned on (off).
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Figure 11 : Measured growth rates of the coupled
bunch irstability. Closedandopen circles indicate the
data were taken with the solenoids being turned on. The
data shown ¥ closed quares were taken in Ju2001.

Type Lergth | Diameter] Tums | Bz (center)
(mm) (mm) @ 5A
(Gauss)
Bobbin 150 - 650 148 | 250¢p.) 45
Bobbinlesq 40 220 |190, 204 48
Bobbinlesg 40 250 200 43
Bobbinless 40 300 200 37

KEKB correctotf

TRISTAN corrector

P.S. P.S.
Current(A) 5 3
Units 616 40

Table 3 : Parameters of power supply for the solenoids.

Table 4 : Installation history of the solenoi@econd and
third columns show the number of the installed solenoids.

Dae |Bobbinles$ Bobbif Location
2000. 9. 0 2783 Arc section
straight section
(Cu chamber)
2001. 1} 1950 0 Arc section
(Bellows+NEG)
2001. 4. 254 10 Straight section of
Fuji andTsukuba
(Bellows, Cu chamber
2001. 9] 3411 43 Straight section
(Bellows, Cu chamber
Arc section
(NEG,IP, Bellows+NEG
2002. 1. 119 0 Arc section
(Between Quad and Se
Total 5734 2836

—

)
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Figure 12 : Solenoids in a NEG purmgnd bellows
sedion (upper) and in aNEG section (lower). Long
solenoids are the bobbin-type solenoidsd short

solenoids the bobbinless-type solenoids.
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Figure 13 : Length of the regionsovered by the

type solenoid has a length 46mm and mainly located on
bdlows and both sides oNEG pumpsand ion pumps to
cover regions in which the bobbin-type solenoids can not be
wound. The magnetic field along the beam line atcémre
of a solenoid is about 45 Ggsi Pictures of the smioids
are shown in Fig. 12. Theower sipplies for he corectors
of the KEKB rings are pdly diverted to those for the
solenoids And sveral power @gpplies for thecorrectors of
the TRISTAN collider are also used.

The solenoids were installed ER five times as shown
in Table 4. First (in2000.9),2nd (in 2001.1) and 4th (in
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Figure 14 : Vertical beamz# as a function of theeam
curent measured by the interfameter. In the
measurement two trains wergeicted on opposite sides in
thering. Each train contained 6BunchesBunch spacing
was 4 rf buckets. [4].
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Figure 15 : Verticabeam size along the train taken by the

solenoids. "1st" to "5th" mean the installation stages ofgated camera ith and wihout the solenoids. The train

the solenoids.

corsiged of 60 bunchesBunch pacing was 4 rf buckets.
Bunch current was 0.67 mA [4].



2001.9) installations are major installations. Fig. 13 show

S

a very rough estimation of the lengitovered by the 15
solenoid field largeritan 20 Gauss. Now about 75% of the
circumference are covered by the solenoids. = Dec. 8-17 5001
c
5.2 Beam blow-up R N4
= 10 | ~ |
The effect of the solenoids on the beam blow-up wa%i 3
confirmed by the measurement of the vertical beam size of K @ \ Feb. 8-14 2002
single beam. Fig. 14 showket beam size as a function of £ § ANEN /
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Figure 16 : Effect of solenoids on the vertical beam size for
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installation of the solenoids.

7th bunch when the solenoids werenen off while it
started at 30th bunch when the solenoids were turned on.
Fig. 16 shows thebeam size ina long train for the
physics experiment after several installatioragés of the
solenoids. For every additionakiallations ofthe solenoids

the threshold current of the blow-up increased and finally the
blow-up disappeared in the measurement in February 2002.

5.3 Luminosity

The effect of the solenoids was alsonfirmed by the
luminosity measurement. Fig. 17 shows theedfic
luminosity as a funabtin of the bunch current quluct of
HER and LER after 3rd installation of the solenoidéen
all solenoids were taed off the pecific lumincsity
decreased byl0%. Fig. 18 shows thepscific lumincsity
after 3rd, 4th and 5th installations of the swloids. In Fig.

18 an envelope curve tifie specific lumingity taken for a
week is plotted for each data set because the specific
luminosity is affected by the beam tuning. As seen in Fig.
18 the specific luminsity was impoved after 4th
installation of the solenoids. It seems that theeciic
luminosity was slighly improved above 0.6mAdter 5th
installation of the s@noids though the lumisdy drop
above 0.6mAin Dec. 2001 might be caused by theam
tuning.
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Bunch 2) The decay time of the atid desity ssems very dng.
Fig. 20 shows the vertical beam size of two trains injected

Figure 19 : The effect of the solenoids on the horizontal an®40ns apart from each other. The 4th bunch of ¢eensl

vertical tune shift along the trairBunch current was 0.31 train already blew-up while that of the 1st train did not,
mA [18]. which indicates very long decdyme of the cloud density.

The eledron cloud may be tapped in quadrupole and
i i . sextupole field as L. Wang et al. recently pointed out [19].
5.4 Tune shift and coupled bunch luminosity But no experimental evidee of such trapping isbserved
The tune shift along the traimlecreasedwhen the  Yyet. A large puzzle is that the experiments destiin
solenoids were taed on. Fig. 19 compares thané shift ~ subsedion 2.3 imply a short decay time of the cloud
with and without solenoid field [18]. density.
The mode pedrum of the coupledbunch installity was
changed with and wibut soénoid field as desdéred in 3) Very slow blow-up along the train was olbset after 1st
section 4. The effect of the solenoids on the growth rate ofnstallation of the solenoids. This slow blow-up is not
the coupled bunch instability was also observed as shown igxplained by simulations yet.
Fig. 11. The mode pedrum and the growth ratevhen the
solenoids are taed on are studied by a simulation. Thet) Conditioning effect for the ald desity is not clear.
mode ®edrum can be explained by the simulation Change of the build-up time of the tune slaifid the fact
assuming the effective solenoid field of 5 to 20 Gauss [17]that the luminosity di not immediately improveafter the
The growth rate obtaed by the simulion is roughly instdlation of the solenoids but after several weeks of
consistent with the measurement [17]. beam operation may suggest tbecrease of the cloud
6 OPEN QUESTIONS density due to theconditioning by the beam. But the

conditioning effect is notonfirmed by ameasurement of
Several open questiomsmain about the electron cloud the electron yield yet.

effects at KEKB.
5) Transverse idtribution of the electron ocud may not
1) Beam blow-up has been observed in the vertical plane angoncentrate near aillumination point by the direct
not observed in the harontal plane. A calculation based synchrotron radiation but beundwhen the solenoids are
on the TMCI theory gives almost same horizontal andturned dof. Mode spectrum of the Coup|ed bunch
vertical thresholctloud density of theTMCI, i.e. 2.0 X  jnstability and almost equal hizontal and vertical tune
10%m horizontally and 2.3 x 10°m* vertically [13].  shifts support this hypothesis. Measurement of the
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