3.5 Beam Physics

3.5.1 lon Trapping

The electron beam circulating in the storage ring ionizes the molecules of the residual gas.
lons within the beam region in turn experience the time dependent Coulomb field of the
electron beam and under certain conditions caradmmulated in thdunch existing
region. These lead to increasing of the local gas pressure within the beam volume and
reduce therefore the beanetime.

The ion trapping into the bunch is caused by the stable (periodical) motion of ions around
the bunch tractory driven by the Coulomb field of thesetron bunches. The probllp

of the ions stable motion increases with the high degree of periodicity of the beam charge
distribution in the storage ring. In the limiting case, when all the RF buckets of the ring are
filled by the electron bunches (in case oANDLE 360 bunches), the restoring force
experienced by the residual gas ions is exactly periodic in time. The ions experience drift at
the interval between bunch spacing and get a “kick” when the subsequent bunch arrives a
position of the ion location.

In linear approximation, in the case of periodical distribution of the bunches in the storage
ring (the harmonic numbeh is equal to the number of circulating bunche}, the result

of the combination of ion single kick and drift can be written in the métnnx:

%E:MEEE M“:% ti%r; 2% (3.5.1)

where u = x,y are the horizontal and vertical ion coodt®s respectivelyy is the ion
transverse velocity, is the time between the passages of successive electron bumgches,

is the ion kick factor. The ion kickattor is caused by the circulating electron beam
Coulomb field and is given by

_ 2Nyrpc
Aaxly(aX +ay)

Ay =

(3.5.2)

with r,the classical proton radiugy, the number of the particles in the electron bunch,
o, the bunch horizontal and vertical transverse sizesAtige ion mass number in units
of proton mass. The critical ion masses that define thditstaih ion motion in horizontal

or vertical planes are given by the stability condit‘En(M X'y} =2 that in terms of the
beam parameters read as

Nb'rpC ‘ (35.3)
2bo, ,lo, +0,) e

Abrit =

The ion motion is unstable at a given point of lattfjoe the bunch tmgtory) when
A< A :max(Ac;x,Ac;y). The ions are not trapped (are unstable) when the above

condition is satisfied for any position along th#ite.
An exact periodic drivingorce is observed for both single bundh, € ) ahd filled RF

buckets f, =h= 360 mode of the storage ring operation. For a bunch charge of
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Q =0.7nC, single bunch operation drives the trapping of the ions with mass number larger
thanA,, =71 8 Thus, no ion trapping difficulties are expected for the sibglech mode
operation of the storage ring. If all the RF buckets are fill@d=0.7nC, current 350 mA),

the critical number for the ion massAs, =0. a#&d all ions are stable and trapped within
the bunch volume.

By introducing a gap in the multi-bunch operation mode, the periodicity of the beam
charge (driving force) vanishes, thus providing for further drift of the ions until their
transverse motion under certain conditions becomes unstable. The modified matrix M for
this mode is given by [1,2]:

M = ty 1 0 h t, T
Xy = 1 aX’y 1 1 E (3.5.4)

The stability condition (stable ion mass) is again givedTbN | =2. lons trapped in the

CANDLE storage ring have been examined for the range of ion massaxs  for @

any possible multi-bunch regime of machine operation. The stability of the transverse
motion of the ions has been checked along the regular lattice and the results are presented
on the Fig. 3.5.1. The vertical axe icgies the ions mass number with unstable states. The
horizontal axe presents the number of the subsequently circulating bunches in the ring. The
effect of the ion trapping is observed when the numbéunthes in the ring ereds 90.

The optimal value of the number of bunches for t#ENDLE storage ring has been
definedh, = 282which provides an ion-cleaning gap of 78 RF buckets not filled with the

electrons. With such a cleaning gap, only 6 ions number are stable or trapped.
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Fig. 3.5.1 Number of unstable ion masses \&rs number of thecirculating bunches
in the CANDLE storage ring.

An additional criterion for the optimization of the number of bunches in multi-bunch
operation mode is an analysis and comparison of the list of trapped ions with the mass
numbers of real residual gas species. Fig. 3.5.2 presents the trapped ion masses versus
filled RF buckets.
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Fig. 3.5.2 The trapped ion masses versus number of thédefld RF buckets.

The stable ion mass numbers in CANDLE storage ring are given in Table 3.5.1; the
number of bunches i, = 282Zhe comparison with species of the ions in the residual

gas that can occur in the chamber shows that for the given number of bimehes no 282
components of residual gas will lead to trapped ions in the ring.

Table.3.5.1 The trapped ion masses and real residual gas components
for 282 bunch operation

Predicted stable | Residual gas species
ion mass (masses, species)
- 2, H
- 16, CH
17 -
- 28, N,CO
32 -
33 -
37 -
42 -
- 44, CQ
48 -

The chosen number of bunches in the storage ring, 282 bunches from available 360 RF
buckets, provides pctically trapped ionfree operation of the machine at almost 80%

filling.
3.5.2 Single Bunch Instabilities.

The high brightness of the electron beam requires a large circulating current in the ring.
The circulating beam interacts with tharmunding vacuum chamber and excites the
wakefields due to chamber walls finite conductivity, aoef roughness and the geometrical
changes in the chamber geometry. In addition, by acterg with the RF cavities, the
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beam excites the high order longitudinal and transverse modes that can resonantly affect
the beam. These fields that have longitudinal and transverse compaoefitack on the
trailing particles (bunches) resulting in particle longitudinal oscillations, eetifze
transverse emittance growth and consequently in the instabilities development depending
on the beam current. In the frequency domain, the induced ilittslgrow exponentially

when the imaginary part of the complex frequency k¥ of particular beam oscillation

mode, is negative INAQ,, < ) Fortunately, in electn storage rings the synchrotron
radiation provides a natural damping to individual particle oscillations (to argcted
bunch motion) that define the instigi threshold arrent | given by the condition

thres

[IM[AQ, ()] [<1/T, (3.5.5)

wherer, is the radiation damping time, i.e. the synchrotronllasons damping time for
longitudinal instabilities or the horizontal, vertical damping times in the transverse case.
The wake fields that act back on the particles of the beam can be divided into two
categories lort and long-range. The short range wakefields are ddednby the low
frequency part of the impedance (broad band impedance) and act basically within the
single bunch, i.e. the fields induced by the heading paracieback on the trailing particle

of the bunch. As usual, these fields aeealy very quickly in time less that oner, and

drive single bunch current dependent inditads.

The most notable single bunch instability,csdled microwave instability, occurs in the
longitudinal plane. The excited longitudinal wake fields induce an extra voltage within the
bunch increasing the energy spread that results in the bunch lengthening. The instability is
fast and it occurs before the head and tail particles can interchange via the synchrotron
oscillations that damp the longitudinal particle oscillations. The threshold current of the
microwave instability is given by [3-6]

I -MBU_EQ

Ithreshold - (356)
Rz,/n, OEO

where E is the particle synchronous energy,is the electron chargefzn/n‘bb is the

normalized longitudinal broadband impedanee,is the harmonic numbery is the
momentum compaction famt, g, is the bunch lengthg, /E is the relative energy spread,

and R is the average ring radius. The currefit. ., iS the average circulating beam

current per bunch.

Table 3.5.2 presents the contributions to broadband longitudinal and transverse impedance
caused by chamber walls finite conductivity, agdroughness, transitions, BPMs and
bellows.

Table 3.5.2 CANDLE Broadband impedance.

(z/n)y,  [mQ] Zy, [kQ/m]

Re Im Re Im
Resistive walls 38 38 0.026 0.027
Wall roughness - 63 3.63 -
Transitions - 11 - 0.465
BPM's 0.065 0.038 0.32 0.19
Bellows 48 190 6.9 55
Total 86 302 10.9 6.2
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The nornalized machine longitudindroadband impedance for thé\IRDLE storage ring

is equal to(Z/n)L'b =0.314Q and is far below the requirement to the Third Generation

machine impedance value ‘1’1/“||k|,b ~1Q. The corresponding single bunch threshold

current value isl!! . =89mA. Note that CANDLE nominal operation current of
350mA implies the single bunch charge of 0.9 nC that corresponds to circulating current of
| =1.24mA. Fig. 3.5.3 shows the ANDLE threshold current versus the longitudinal
impedance of the storage ring. The single bunch current is below the longitudinal
microwave instability threshold current for the less th#R low-frequency broadband
impedance of the ring.
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Fig.3.5.3. Longitudinal threshold curent ver sus longitudinal broadband impedance

The transverse wake fields excited by off-axis bunch in the storage ring cause the
transverse fast single bunch instability. The wakefields that are excited by the head part of
the bunch deflect the tail particles from the center of the chamber thus leading to bunch
break-up. The vertical dipole mode is usually dominant in the storage ring as the vertical
aperture of the chamber is smaller than the horizontal one. The transveataaaof the

bunch is enlarged until the head and tail particles interchange the longitudinal positions
due to synchrotron os#lations. The threshold current of the transverse single bunch
instability is given by [2, 6]

ItEreshoId = M&H (357)
BlZ:l,, DED

with B vertical average beta functio €10.5m). The threshold current forAGDLE
storage ring that defines the process stabilization limit for the transverse single bunch
instability is then equal td ;.o = 113MA.

The above estimations are conservative: as it follows from Table 3.5.2, the bellows give
the most essential inclusion in the threshold currents values, whereas the shielded bellows

impedance is much smaller [7].
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3.5.3 Longitudinal Coupled Bunch Instability

The narrow band impedance of the storage ring, basically the longitudinal and transverse
High Order Modes (HOM) excited by beam in the RF cavitieserthine the long range
wakefields that are a source of the longitudinal and transverse multi-bunch instabilities.

The longitudinal wake fields cause the energy oscillations of the successive bunch leading
to the longitudinal coupled bunch instability. In a rigid bunch model, the stored beam
consists of M identical macroparticle bunches uniformly filled in M RF buckets of the ring.
The beam has M oscillation modes with the phase differences
Ap=2m/M, (n=012..M -1) and the frequency pattern of the beam at the single point

in the ring contains(pM +n )harmonics of the revolution frequenay, with p an

integer (- to ). In addition,eachbunch performs synchrotron oscillations with the
frequencyw, = Q.w, (Q, is the synchrotron tune). Thus, the observation of the beam at
the single point in the ring will detect the signal at the revolution frequency harmonics
(pM +n)w, plus the synchrotron frequencw,. The spectrum of the beam in
macroparticle model is then given by

Wy, = (PM +n+Q;)w, (3.5.8)

If the longitudinaHOM impedaftae has jhe components of the same frequencies as
the beam signal, strong longitudinal coupled bunch instability is developed. The instability
growth is caused by the imaginary part of the complex frequency Afifthat for the

n—th beam oscillation mode is given by [2, 6, 8]

°° ~(wnpoy)?
Y WnpZj(@np)e e (3.5.9)

=—00

AQP i A
aQ,(Ele) ,

with | average circulating currenty momentum compaction fawt E/e beam energy
(eV), o, bunch length (sec)antl number of cavities. The narrow band impedance
Z”(w) of the cavity longitudinal HOM is given by
K RX
Z,\w)= !
12 gl+iQk(w'r‘/w—w/w'r‘

(3.5.10)
)

wherek indicates the highest HOM that is below the-affitfrequency of the vacuum
pipe, Q, and R“k are the quality factor and shunt impedance of the excited mode<ais

the resonant frequency.
The coherent oscillations of the bunch with exgpto synkronous particles are described
by s(t) = Aexp{AQ,t) and the imaginary part of the complex frequency shift can give rise

to an instability whenm[AQ,] < Qwith the growth rater; =1/7 =-Im[AQ, .]The real

part of theAQ, gives the frequency shift. The growth is inconvertible if the growing rate

exceeds the damping rate of sigrmtron oscillations.

The longitudinal coupled bunch instability for th&KIDLE storage ring has been studied
for two options of RF cavities: the originBLETTRA cavity [9] and the ELETTRA type
cavity adopted for th&NKA [10]. The list of paramters of thedngitudinal high order
modes of these cavities that have been taken into consideration is given in Table 3.5.3.
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Table 3.5.3 LongitudinalHOM'’s of ELETTRA and ANKA cavities

ELETTRA ANKA
f. (MHz) | R, (MQ) Q f. (MHz) | R, (MQ) Q
L1 947.0 1.000 | 36200

L2 758.2 2.910 37000 1056. 0.048| 48400
L3 1048. 5 0.100 34000 1421.6 0.226] 44400
L4 1302. 1.340 112000 15114 0.193 46000
LS 1328. 0.418 34000 1604.6 0.439] 44800
L6 1658.4 0.328 34000 1875.6 0.02 39400
L7 1707.7 0.828 34000 1947.8 0.109] 67900
L8 1860.5 0.100 34000 n.m n.m n.m
L9 1962.4 0.106 34000 2126.7 0.253] 53700
LIO 2121.5 0.587 34000
L11 | 2167.7 0.100 34000

Fig. 3.5.4 presents the growingte of longitudinal aupled bunch instabilities versus the
relative mode indexh for the 282 beam oscillation modes. The two longitudinal modes of
ANKA cavity, L4 and L5, drive the instability at the relative ilation modes of 9 and 76
respectively with the growth rate exceeding the damping rate olfisytnan oscillation. In
addition, two longitudinal modes, L2 and L9, are critical so that with low frequency
change they can excite the longitudinal coupled bunch instabilities at the beam oscillation
modes 41 and 92.

There are nine local maximums on distribution curveBbETTRA cavity. The growing

rates of instabilities are mostly below the dymtron radiation dampingr, =375sec",

except for L6 longitudinal mode that excites the ingitglat relative oscillation mode of
n=115. Although the growingates of these instdities are below the syimcotron
oscillations damping rate, they have veryrow stable frequency band. For example, the
increase of the resonant frequency of ELETTRA cavity longitudinal mode L11 by
0.16 MHz leads to more than fivefold increase of the growing rate of relative mode

n=122: from a, =136sec'up toa, = 770sec which exceeds the longitudinal radiation

dumping ratea, =375sec’ more than twice. Another example is that the decrease of
resonant frequency of mode L8, which is responsible for local maximal level
as =137sec" atn= 26Q by 0.52 MHz changes this value »225sec".

The summary of the most critical longitudinal high order modeBi&TTRA and ANKA

type cavities and the corresponding beam oscillation mode numbers as well as the growing
rates and theohgitudinal frequency shifts of the excited longitudinal coupled instabilities

in CANDLE storage ring are presented in Table 3.5.4.
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Fig.3.5.4 The growing rate of longitudinal coupled bunch instabties versus beam
oscillation modes in CANDLE for ELETTRA and ANKA type cavities.

Table 3.5.4 Parameters of the ELETTRA and ANKA cavities longitudinaHOMs

critical for CANDLE operation .

ELETTRA ANKA
N HOM ag :]/T Aw: n HOM ag :]/'[ Aw:
35 L3 65.3216 0.00041 9 L4 745.321 -0.0022412
89 L10 141.636 -0.00206 41 L2 55.2361 0.00026Q77
115 L6 393.557 -0.00227 76 L5 529.535 0.00297564
122 | L11 136.14 -0.00083 92 L9 180.557 0.00149131
150 L7 129.217 0.002053
186 L2 73.7634 0.002020
218 L4 116.547 0.002230
237 L5 134.195 -0.00137
260 L8 13.7375 0.000243
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3.5.4 Transverse Coupled Bunch Instability.

The transverse coupled bunch instabilities are excited by the long range transverse wake
fields (transverse HOM) produced by the off-axis beam in the cavities. For the rigid dipole
transverse oscillations of the bunches, the modetagm lines of the beam in the
horizontal (x) and vertical (y) planes are given similar to longitudinal one

W =(pM +n+Q,, Jo, (3.5.11)

with Q, , the horizontal and verticakekaton tunes respectively. The complex frequency
shift is given by the transverse impedance of the Ca@'t(wp) as [6]

By @l & 0, )?
AQY =-iIN—7—= Y Z |w, g 3.5.12
Xy 47T(E/e) p:zoo D( pk ( )
with EX’Y the average horizontal and verticat®-functions and
@r R
© 1+1Q, (wF /- /e )

K
Z.(w)= > (3.5.13)
RY is the cavity transverse shunt impedance. The transveriatiosts are unstable if the

imaginary part of the complex frequency shift is negative. Table 3.5.5 presents the
parameters of the transvetd®M of the ELETTRA and ANKA cavities.

Table 3.5.5 TransverséHOMs of ELETTRA and ANKA cavities.

ELETTRA ANKA

f. (MHz) | R, (MQ/m) Q f. (MHz) | R, (MQ/m) Q
T1 689.0 0.990 45000 743.73 2.6 35500
T2 829.3 11.590 45000 743.94
T3 1070.8 26.640 40000 746.39 9.0 36400
T4 1137.9 0.270 45000 746.71
T5 1245.0 3.230 95000| 1112.48 10.1 33200
T6 1346.7 1.000 40000 1112.65
T7 1577.5 1.000 40000| 1120.33 0.2 78400
T8 1718.6 1.000 40000 1120.79
T9 1950.7 1.000 40000 1244.8(q 2.8 24000

T10 1997.6 1.000 40000| 1304.89 0.1 15000

T11 2022.0 1.000 40000 1305.07

T12 | 2132.1 1.000 40000| 1557.29 0.0 7600
T13 1557.74

T14 1631.28 1.8 22000
T15 1716.08 1.0 18100
T16 1716.32
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The growing rates of transverseupled bunch instabilities for horizontal and vertical
transverse beam oscillation modes in CANDLE with ELETTRA and ANKA type cavities

are presented on Fig. 3.5.5 (horizontal) and Fig. 3.5.6 (vertical).
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Fig.3.5.5 The transverse coupledounch instahlity growing rate versus beam
oscillation modes index for ELETTRA and ANKA cavities (horizontal

plane).
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ELETTRA, Transverse, Vertical
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Fig. 3.5.6.The transverse coupled bunch instdlty growing rate versus beam
oscillation modes index for ELETTRA and ANKA cavities (vertical plane).

As it follows from the figures, the modes that excite the coupled bunchiiigtabthe
horizontal plane produce unstable transversédlaigins in vertical plane as well. The list

of the critical modes fOELETTRA and ANKA cavitiedor the GQANDLE storage ring is
presented in Table 3.5.6. THELETTRA and ANKA cavities have 9 and 5 critical
transverse HOM’s reggtively, that cause unstableupled bunch odtations.

As it follows from the comparative analysis of two various ELETTRA type cavities, the
existing technologies of the maagturing of RF cavities lead to individual distinction for
each prepared cavity. The cavities will be carefully certified to deterhi@ds
parameters. Then with the help of madology presented in thiection (see alsfil]) the
harmful (the growing rate of which is higher than the radiation damping rate) and the
critical (the growing rate of whickutns higher than the radiation dampirager with the
small frequency change) HOMs will betdrmined. The instability cures will be developed
to prevent the longitudinal and transverse beam blow-up in the ring.
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Table 3.5.6. The parameters of ELETTRA and ANKA cavities transversélOMs
critical for CANDLE storage ring operation.

Transverse-Horizontal
ELETTRA ANKA
N HOM ae :]/1' Aw;‘ n HOM ag :]/1- AwS”
21 T9 1.00171 0.0000125 T11 0.114023 -0.0000014
96 T6 0.199391 0.0000057 | 169 T3 1519.42 0.00104991
109 | T2 2.1479 0.0000641 T4 3.16681 -0.0000656
170 | T5 0.377919 -0.0000136 190 T15 2.96937 0.00002184
189 | T8 0.331033 -0.0000072 T16 11.4877 0.00004225
210 | T1 0.075957 0.0000035¢ 251 T14 2.00742 0.0001913
247 | T4 1.37758 -0.0000078 265 T5 8.14911 0.000116486
251 | T12 0.693805 -0.0000104 T6 33.8066 0.000236431
Transverse-Vertical
30 T9 2.53003 0.0000275 | 136 T10 0.314427 -0.0000031
105 | T6 0.452543 0.000012 T11 0.186319 -0.0000042
118 | T2 5.60516 0.00014 178 T3 263.656 -0.0008406
179 | T5 0.532379 -0.000022 T4 4,31118 -0.00010435
198 | T8 0.536598 -0.0000126 199 T15 7.16568 0.0000466
219 | T1 0.182263 0.0000076 T16 35.7821 0.00010126
256 | T4 1.08723 -0.0000096 260 Ti14 458572 0.00005
260 | T12 1.09305 -0.000017 | 274 T5 22.2063 0.0002645
T6 145.488 0.0006705
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