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Abstr解t There are Vari叫s filling pattems in a storage ring for the users’requi橱【IleIlts and consideration of the

machine pe—bmances， such as beam lifetime， iIlstability and chamber heating．These e丘bcts haVe been

experimentally snldied in me SSRF stomge ring f．or typical filling pattems．Some experiment results and general

trends of obseⅣations discussed in this paper．The expla尬tions of the results arc giVen．
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l Introduction

The Shanghai Synchrotron Radiation Facilit)r(SSRF)，

a third—generation light source，has a 3．5 GeV storage

ring【】】with a hamonic number of 720，a revoIution

period of 1．44 ps，and the s印aration of It．F buckets of

2 ns．Table l shows their main parameters．T11e bunch

filling pa慨ms of the storage ring should satis母

requirements of dif．ferent users，which is Ve巧import

for measuring the ring pammeters in dif．ferent filling

pattems．

Table l Main parameters of the SSRF stomge ring．

EnePgy／GeV

Emittallce／nm·rad

Tune(vx～v)

RFVoltage／MV

RF骶quency／MHz

Correcting chromaticity

Coupling

3．5

3．9

22．22／11．29

4．5

499．654

1．60／0．5l

O．26％

A adVanced synchrotron light source has a

common filling pattem of a bunch train with a long

en耳)ty gap of ion cleaning【2'31，and a hybrid fiUing

pattem【4】．A unifb衄filling pattem of high cullrent

beam bullches may promlce time strucmrc for special
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experiments【51． For iIlstance， the SPring一8 11ln has

coIIlplex filling pattems of 1／7—611ling +5 single

bunches at 2．8 mA，and the 2／29一filling+26 single

bunches at 1．4 mAL制．

The beam lifetime at the SSRf storage ring is

important for inVestigating tlle state of single buIlch

current， bunch Volume， and Vacuum pressure at

dif佗rent丘lling pattems，which wouId af亿ct not onIy

the user experiment but also 豫diation dose and

蝎ection interVal．

For a storage ring，the residual gas i11 the

vacuum chamber can be ionized by the Coulomb

collisions of the electrons and the syncllrotron

radiations，and the ions can be饥lpped in the potential

weU of the electIDn beanls dLle to the f．ast beam—ion

instability(FBII)or conVentionalion trapping(CIT)。“，

which are Very sensitiVe to the filling pattem．To

prevent ion trapping，a staln捌solution corresponds
to a gap in the bunch仃ain，i．e．a gap of su伍cient

width causes a嘶R of la玛e amplitudes and makes the

ions lost．The FBII Occurs when the following bunches

are perturbed by the ions generated duo t0 the

preceding bunches，and tlle FBII growth rate is

approximately proportional to the square of the bunch

number in a bunch仃ain．Therefore，the FBII becomes

serious with bunch nulnbers increasing．
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Important issues On 6Uing pattern

2．1 The threshold of transVerse mode-coupling

iⅡstabilities

In the vertical plane of a single bunch fining mode，the

threshold of仃ansVerSe mode—coupling illstabilities

(TMCI)is a key problem．An iIlcreased be锄size
limits the cun．cnt to a certain value． The cun．ent

thresh01d decreases the 埘ection e伍ciency and

dynaIIlic aperture with increasing the chmmaticit)，．So，
the bullch cull．ent should be liIIlited by TMCI for a

single bunch filling mode or a hybrid fiUing pattem of

high currem bunches． Also， tlle bunch current

increases with the bunch length，causing distortion

effects of the potential well and缸eshold of 111icro·
waVe instabili够， and increasing bunch energy

diVergence and quality-degraded synchrotron

radiatjons．

2．2 The heating effbct tO the Vacuum chamber

IIl a long bunch train，high—current bunches are filled

consecutivelv．But intensified synchrotron radiatio船

and impedlance caIl cause heating efI．ect in the vacuum

chamber． it is a rnust tO have mechanisms f．or

protecting it f．rom oVer-heating，and this relies strongly

0n the filling pattem．A defective vacullm chamber is

heated by the electromagnetic waves exited by ttle

beam bunches，with an ene唱y losing factor(p of

尸=·喙。。h， (1)

wherc，尸is the beam power仃arlsponed to the chamber，

Qb唧ch is the bunch cha昭e，and，is the total be锄
CUrrent．

2．3 The ClT and FBII

’I'he lOn eff．ects Of。C11。and F。BⅡ．whlch were under-

estimated in the past， haVe become a dominant

pmblem for a nlodem elec臼on storage打ng【8】，because
they af．fect t11e be锄perfom=lance in high sensitiVit)r
for the filling pattems in a lOng bunch train．

The growth time(％帆c_)of FBII can be
estimted by Eq．(2)‘9'10】
kym'。O)≈[印Ⅳb抛‰2郇1气唧1陀c／(聊3尼(对呦3％1陀∞p)]一1

(2)

where，p is nle residllal gas pressure(to丌)，which
causes the FBlI；^，b is the nunlber of particles per

bunch；仇isⅡle number of bunches；心and％are the

classical radius of elec缸．on and proton，respectiVely；

三s印is bunch spacing；c is light speed；)，is the

relatiVistic gamma factor；民，y are the horizontal and

vertical beam size：4 is the molecule mass of the

residual gas；and∞B≈1概is the Venical betal∞n

舶quency．Eq．(2)shows that the kyIIl’e-is small at hi曲

cun．ent for a light source of low eIIli‰ce，aIld is
proportional to the square of bunch n啪ber(肝b)and
vacuum pressure．Then，the stability of the SSRF

requests increased‰me一，and a prolongedbunch仃ain．

Because there are gaps for the fin pattem

f拍ricated by a mmlber of short bunch仃ains，the

仃apping is distllrbed．The FBII gro、Ⅳth rate is

proportional to tlle ion density【11】．The ion dif如sions

0f the gaps can increase the size of its cloud，and

reduces its densi够．

On introduction of a g印to tlle bunch train，

densit)r of the residual ions can be estimated by the

cle撕ng g印[12】

尼2 (3)

where，pio is me ion density at the end of a bunch train，

￡gap is the g印length of t、Ⅳo a嘶acent bunch trains，and

魄，)，is me iOn oscillation舭quency，吒=志 (4)

Comparing with growth time of a single long

train，the experiments in ILC(Instmction Len酵h Code)

show that the FBII铲owth time for gap臼mins can be

enlarged by t、)I，o orders of magIlitude【13】．

3 Beam lifbtime measurements

’I’he total beam lit．etlme lS the hamOnlC Sum O士

Touschel【，Vacuum锄d q眦ltum lifetimes．In me
SSRF storage ring， the cross—section of Vacuum

chamber is l 00 times la唱er than the be锄size，and
the～3．3％RF ene唱y acceptance is much greater than

the 0．1％energy spread，so the ef亿ct of 1a玛e quantum

lifetime【14】can be neglected．The total be锄lifetime(力
is giVen by Eq．(5)．

三：上+上 (5)一=一十一 ●'．-

f L h

—
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where，矸is the Touschek lifetime and瓦is the vacuum

1ifetime．The beam lifetime and vacuum pressure

measured with l 00一锄d 200-bunch fillings at 30 mA

are showninTable 2．

Table 2 Beam life—time锄d vacuum at fillings ofdiffbrent

bunches(CoIIimator size=20 r衄珞。4．2MV)．

Bunches Current Lifetime Vacuum

／mA ／h ／nTorr

lOO 29．3 35．6 O．360

200 30．3 56．7 0．347

To avoid the ion trapping， the lifetime

di仃erence for low cullrent b岫ches with a long gap
caused by the ions can be neglected．AssuIIling the

Touschek lifetime is inversely proportional to也e

charge densit)r in a bunch (neglecting the bunch

lengtllening ef．fect at low bunch cun．em)，and the

vacuum lifetime is inversely prc}portional to the

vacuum pressure，the Touschek and vacuum lifetimes

estimated by Eq．(1)and the data in Table 1 are about

47．3 h at bunch cun．ent of0．293 mA and about 144．0 h

at Vacumll ofO．360 nTo旺T，respectjVe】y．ComparatjveJy，

the fomer is the doIIlinant in the SSRF storage ring．
The beam lifetimes ofomer filling pattems without the

transverse f．eedback svstem aI弓shown in T￡Lble 3．

Table 3 Beam lifetimes for dif-ferent
filling pattems．

Current Vacuum Lifetime

至堡垫曼壁塑翌! !坐 生!旦坚 些

2／3-彻ing 22．6

720_bunches

540_bunches

480一bunches

360．bunches

280．bunches

360-bunches+

5l。8

82．8

110．24

100

100

OO

00

00

00

O．34l

O．382

O．416

O．470

O．448

O．448

O．453

0．448

O．448

O．449

96．9

59．8

48．6

42．6

66．5

54．6

51．8

46．3

43．6

30．4

5mA single-bunch

48．bunches×lO 100 O．448 46．4

For the 2／3-filling pattem， the lifetime

decreases with the bunch cun．ent and vacuum pressure．

This is probably because of the ion．caused bunch

elongation aIld the enlarged beam size．By fixing me

total current and ch柚ging me gap size，the beam

llf．etime decrcases linearlV with bunch current

131

iIlcreasing．With me pattem of 360．buIlches+5 InA

single-bunch，the short lifetime is mainly a硎buted to
t11e latter．

4 Observation of the ion ef＆cts

nle ion trapping a11d FBll were measured吼der

V撕ous beam filling pattems aIld stored currents．Tlle

filling pattem was adjusted by a gap length，that is，
continuous empty buckets．The 360一，480一，a11d 540，

bunches， alld 向ll—filling operation mode， were

observed to keep the total beam current of l00 mA．

Fig．1 shows the vertical betatron tIlne as a fhnction of

theg印length．
O．2844

0，2843

0．2842

0．2841

O．2840

0．2839

O 200 400 600

Gap length

Fig．1 Venical tune at astored current of 100 mA私a fhnction
ofthe g印len舀h．

The leading space charge force of the ions on

the electron beam is equivalent to a quadmpole lens，

and can introduce a tune shin by Eq．(6)115】

r嘲me如)△h∥2，e(投∥Qi。。0i。n／(47cy以∥(时毋) (6)

where， ％ is the electron classical radius， C is

circumference of the storage ring，反，y is the beta

如nction of horizontal and venical motion，and Qjon
aIld Aion aI．e the charge of an ion(in units of the

elec仃on cha玛e)and the line densit)r，respectively．

Eq．(6)shows the tune shiR of coherent betatron is

proponional to the ion density． Because of the

incI．eased nuⅡlber of trapped ions and ef．fect of the

defocusing quadmpole，a large tune shiR should be

expected．Meanwhile，the beam size is of a horizontal

oval，the main ion ef-fect was measured iIl the vertical

plane．Fig．2 shows that the small empt)，g印in the

filling panem helps to me ions accumulation，which is

consistent with the ion trapping theo巧，mat is，the

total be锄cullrem immobilizing should s)rIlchronouslV

由c：_亡9占∞一∞o一—}。一Cm>
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lead to ins切bil时ofthe resistive wall，and the uIlifo肌

filling pattem without gap giVe rise to seVerely

resistiVe wall jnstabi】i妙due to decreaLsed venical tune．

0 100 200 300 400 500 600

Length of the bunch t怕in

Fig．2 Lifetime as afIlnction ofthe length ofthe bunch train．

To obtain me infomlation of diff-erent filling

pattems，we pem肋ed a complex filling pattem，720—
RF—buckets of ten pans，in which every 48．buckets

was filled with bunches leaving 24 empty-buckets．In

this case，the beam lifetime was 46．4 h at 100 mA．

mther than 5 1．8 h with the 480．consecutive filling

mode．Once an ion tr印ping occurs because of its short

gap，the f．o衄er filling mode仃aps tlle ions easily，and
has a 10ngerbe锄lifetime．
The ef-fects are likelv caused bv the FBII since

the generated ion numbers increase with nle perturbed

coherem beam oscillation alon2 the bunch 订ain．

Naturally，the fomer case will have 1arger beam size，
and have a longer beam lifetime，toO．

To vaIjdate the FBII，the pattems of l 60

consecutiVe fillings(Case 1)and(8-bunches+22

empty-buckets)×20 (Case 2)are perf．on：Iled at l 00

rnA．With nle gaps in the bunch train，wrhich is la唱e

enough to aVoid multitum ion trapping，the aVemge

vertical be锄size is measured with an interf色rometer．
The毋of Case l was 75脚，while t11e∞of Case 2
was just 35“m．This is consistent with the FBII

theoDr．

The case 3 to validate the FBll was done in the

same bunch curI．ent for all tlle fiUed buckets．witll

lengthened bunch 仃ain st印 by st印． Since the

Touschek lifetime is inVersely proportional to tlle

charge densi够in a bmlch，it should not change too

much if the bunch volume keeps constant．Neglecting

nle vacuum lifetime—iIlcreasin2 ef佗ct caused by

increased totaI be锄current(Section 2)，the Touschek
lifetime(Fig．2)increases with the length of bunch

昀in，indicating mat the FBII causes an enlargement of

the beam size．

The relatiVe bunch cuJlrent can be measured by

wall—cu玎ent哪onitor(WCM)．By fillmg a long bunch

仃ain aIld then moVing a Vertical scrap盯down close to

the be锄orbit，a sudden lost of be锄cmTent occu盯s，
and the fining pattem changes．The osciUoscope

signals with the relatiVe cullrent along the bunch舰in

are shown in Fig．3．S谢ing仔om a uIlifo眦cu玎ent
distribution along me train aRer scrape can be seen ill

Fig．3(a)，and more cullrent loss iIl tail b眦ches，which

became clearer when scmper gets closer to the be锄

orbit，can be seen in Fig．3(b)．

Fig．3 Beam curI．ent alongabunch train of 360 buIlches．It

shows the be锄loss at the rear part of the bunch train．

5 Tbmperature of Vacuum chamber

The be锄cun．ent t0 avoid vacuum chaIhber ove卜
heating is Ineasured in different filling pattems(Table

4)．nle results show the heating effect remrkably
liIIlits the total cu丌cnt for unifb眦栅ing pattem．This
will be如nher inVestigated．

Table 4 Machm protection current for di行e咖t fnling

pattems．

!型坚呈曼旦堡垒!璺! 坚竺塾!堕巳翌!!!堕竺璺!坚坚!里堡
Bunch train．600．bunches >200 mA

Bunch tmin，360．bunches ll 8mA

32-bunch unifo衄filliIlg 90 mA

l 6．bunch吼ifornl filling 68 mA

甜

躬

舵

卅

∞

{{；

鹅

"

sJH『o山I_。J11
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hl the 3．5 GeV elec仃on storage ring of SSRF，we

obtaill dif诧rent filling pa_ttems and its general trends，

enumerate mode—coupling ills协bilities，protection of

machine丘om over heat，and ion effbcts on filling

pattem．The total beam lifetinle esti瑚atcd by the

Tbuchek lifetime is three times longer than that of the

vacuum，and the lifetimes of omer filling pattems are

also obtained．The CIT is rou曲ly proVed by the tune

shiR．The FBII phenonlena in the storage ring are

caused by low eIIlittance arId many bunch numbers．

The hea“ng efrect is important for filling patt咖s wim
high bunch cuITent．
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