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Abstract the rate of the amplitude-dependent synchrotron frequency

To cure the coupled bunch mode instabilities (CBMI'’s) inspread, which is known as Landau dampmg. .
X . ; .. There are two well known ways of increasing the syn-
the PLS storage ring, we have studied various bunch fill- .
. . . chrotron frequency spread in order to generate Landau
ing patterns which generate Landau damping by bunch-to; : . i
L .damping and increase threshold beam currents: (1) the
bunch synchrotron frequency spreads at a low filling ratio. X L
: . ; intra-bunch spread between particles within each bunch by
By this Landau damping, we can increase the stored beam

current further without any harmful CBMI’'s. We have also andau cavity (2) the inter-bunch spread between bunches

: : ..~ by fractional filling. In this experiment, we generated
Ogitael?r?dlrgr]tﬁizmgl:rn\?vgtr?:\lg 3222:£Z dCS]aenV%:ggg\?vighgggndau damping by filling bunches fractionally, since the
pattern. S Paper, . Y empty bucket gaps in bunch trains induce the non-linear RF
termine the filling pattern which generates Landau damp-

ing, and the relation between various filling patterns angoltage modulation due to a strong beam loading [2].

longitudinal CBMI’s. . )
2.2 Filling patterns for Landau damping

1 INTRODUCTION To generate Landau damping, we should determine the
filling patterns which can generate large synchrotron fre-
The most harmful HOM in the PLS RF cavities is thequency spreads. There is a finite stable region of the
TMo2o mode (1301.1 MHz). To avoid the CBMI invoked impedance where the collective motion can be Landau
by the mode, an active longitudinal feedback system ustamped. The stable region can be extended by increas-
ing programmable digital signal processors (DSPs) was ifing the number of empty buckets [3], and the damping of
stalled in the PLS storage ring during the summer mainall possible CBMI’s is only possible when the synchrotron
tenance period in 1999. During the LFS commissionfrequencies of individual bunches are different [4]. We de-
ing, we have obtained various useful bunch-to-bunch difine the filling ratioF asN,/(N; + N;,) whereN, is the
agnostic information [1]. The bunch filling patterns genernumber of filled buckets in a bunch train and, is the
ate bunch-to-bunch frequency spreads and hence produggmber of empty buckets in the same bunch train. For a si-
Landau damping. The bunch-to-bunch frequency spreagfusoidal RF voltage modulation even in the case where the
break the coupling between circulating bunches, and reyeriod of the modulation is one revolution, there are pairs

duce the amplitudes of the CBMI's. of bunches which have the same synchrotron frequency. In
this case, decoupling of the CBMI’s can be obtained by
2 CBMI AND LANDAU DAMPING filling only buckets that are located in the linear range of
the RF modulation which means thitis less than 0.5 [4].
2.1 Decoupling CBMI by Landau damping Furthermore, whet’ is less than 0.4, the synchrotron fre-

qguency spread is large enough to generate an effective and

The coupled bunch mode instabilities are characterize&rong Landau damping for all CBMI's [2]. Fa¥; > 5

by a definite oscillating phase difference between equally,q s |ess than 0.5, the Landau damping rate with a con-
spaced adjacent coupled bunches, which is given by stant frequency spread can be given by

A= ‘%” ) ! ™A @

7 0577 +1In(N; — 1)]

where M is the total bunch number, andis the coupled wherer,, is the Landau damping time auif, is the syn-

bunch mode numbefl ~ M — 1). Itis possible to de- .\ o o1 frequency spread [4]. The Landau damping rate
couple the coupled bunch modes or to break this definite . d y spread [4]. 1he . Ping
can be increased by reducing the filling rakiavith a given

phase difference between coupled bunches by gen.erat'ﬂ%quency spread [5]. Since the phase shift due to the beam
synchrotron frequency spreads in every bunches. This sy

chrotron frequency spread is mainly produced by the non- ading depends on the beam current and the number of
q y Sp yp y empty bucketsV,,, a higher frequency spread can be ob-

linear sinusoidal RF cavity voltages. The finite phase dif; . . ;
ference between the adjacent coupled bunches given Bamed by increasing the beam Cl.mem. and the number of
e¥npty buckets [2], [6]. However, if we increase the phase

Eq. (1) is broken by the synchrotron frequency Spreads'hift too much by the large number of empty buckets, the

Therefore, the CBMI's can be simultaneously damped a?)hoton beam quality at the end of users’ beamline will fluc-

*Work supported by POSCO and MOST. Korea. tuate due to the too strong modulated synchrotron oscilla-
T E-Mail : yjkim@POSTECH.edu tion and the transverse CBMI’s which are generated when
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Table 1: Parameters for four filling patterns.
one-train  three-train  four-train  six-train

deg@RF
°
T
. g .

E[GeV] 2.04 2.04 2.04 2.04
Ne 400 30 30 25 W e

Nig 68 126 87 53

N 400 9 120 150 Figure 1. Bunch-to-bunch phases of one-train operation
I, [mA] 125.60 168.79 167.23  165.54 with the filling ration, F' = 0.85.

I,/Ny [MA] 0.31 1.88 1.39 1.10

F 0.85 0.19 0.26 0.32 10

Afs [Hz] 2.9 80.7 49.1 31.7 . T 1

71, [msec] 713.69 15.56 25.57 37.71 g _/_\/\/\/\/‘\/—\/\/\/_

Iin [MA] 1485 220.9 191.8 177.3 )

A, [deg] 20 06 17 35 sis e o

H, [MHz] 1.07 3.20 4.27 6.41

Figure 2: Bunch-to-bunch phases for six-train operation
with the filling ratio, F' = 0.32.

the beam current per a bunch is high. Therefore, we have

to divide a long bunch train into several shorter trains and

restrict the phase shift in each bunch train to a finite valuavhile the phases of 30 buckets (25 filled buckets + 5 empty
The total phase shift from the first to the last bunch in &uckets) with the corresponding bunch number for six-train
bunch train due to the fundamental mode beam loading @peration are plotted in Fig. 2. Though two beam currents

given by are similar (125.60 mA for one-train operation and 119.60
mA for six-train operation, respectively), a larger spread
A¢1 N, = 2k - Iy [(Nt - 1)Nt9} . (3) inFig. 2is generated by the lower filling ratie. For a
T for Ny - Ve-cosgs [ (Ng + Nig) given current, the frequency spreads are increased by de-

creasing the filling ratid” as shown in Fig. 3. Also, for a
given filling ratio, the spreads are proportional to the beam
current as shown in Fig. 4 which is the result of four-train
operation.

wherek is the loss factof{= (wrr/2) - (R/Q)), I, is the
stored beam currendy s is the number of total filled buck-
ets in a storage ring= N; x train number), V. is the
peak cavity voltageg, is the synchronous phase for the
sine-type RF gap voltage, and the revolution frequefcy
is 1.06855 MHz for the PLS storage ring [6]. Since the 3.2 One-train operation

loss factor for the fundamental mode is much larger thaBue to the large filling ratio = 0.85), the synchrotron

that of higher order modes in the PLS storage ring, we CON-quency soread of this pattermn is ver smallf, —
sider only the fundamental mode beam loading effect i quz) y Tﬂerefore the Ilj_andau damging time |_s
. . y L

determining filling patterns. There are two conditions tha%ls_69 msec which is obtained by using Eq. (2) and the

determine the filling patterns; the filling ratié < 0.4 to rpeasured frequency spreads. The growth tirgeof the
generate an effective and strong Landau damping for al ost harmful CBMI due to the Thb, mode obtained by

CBMI's and the phase shift between the first and the Ia%rEe LFS grow/damp process [1] is about 11.51 msec at
< O. o i .

bunchAd,, v, < 2°. The value oR2°is that of the phase mA, 2.04 GeV and RF cavity temperature tuned status.
shift frqm the f”’t"‘t to the last bungh (4.0.0th) in the Curr(?ml'his growth time is much faster than the Landau damping
one-train operation. Among possible filling patterns Whlcr1ime of 713.69 msec. Therefore, the synchrotron radiation
satisfy with two conditions simultaneously, the filling pat-d moin wi:[h a2 dam .in i _’7 84 msec at 2.04 GeV
terns used in this experiment are listed in the above part oian r%ai%l dam thepClngln?h;asHold beam cu.rrent is de-
Table 1 where all filling patterns are tuned to the same R ermined %//vhen E’he et grévvth time: is balanced with
cavities temperature status. the total damping timep (1/7p = 1/7s + 1/71) [1],

3 EXPERIMENTAL RESULTS [5]. We found the threshold beam current for the M

3.1 Frequency spreads T e e A
. = e 3 Trains - 168.79 mA €@
The synchrotron frequency spreads can be obtained by us< 4 Trains - 167.23 mA Il

6 Trains - 165.54 mA ¢
Theoretical Estimation.-«..

ing the formula of the synchrotron frequency and the stan- & z°
dard deviation of the bunch-to-bunch synchrotron phases g e
via the LFS recording function as shown in Figs. 1 and 2 2o
[5]. The unit, deg@RF, means the bunch phase (deg) with
respect to a reference oscillator of the LFS. The phases of

30 filled buckets for one-train operation are plotted in Fig. 1~ Figure 3: Filling ratio vs. frequency spredf .
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Figure 6: Pseudo-spectrum for three-train operation with

Figure 4: Beam current vs. frequency spreafl, for four-  the beam current af, = 200.31 mA.
train operation with the filling ratiof” = 0.26. e
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beam current of, = 125.60 mA.

to the 0.2 deg@RF level as shown in Fig. 6. After con-
mode is about 148.5 mA at 2.04 GeV [1]. Though thissidering the sideband level, we will be enable to increase
CBMI exists, we are operating this filing pattern with athreshold beam current further when we cure the vacuum

beam current of about 170 mA at 2.04 GeV by suppress“-m't.at'.On and the transve_rse CBMI s .
Similar decoupled motions with somewhat large ampli-

Ing Its growth rate with the RF caV|.ty temperature Cont.rokudes than that for three-train operation can be obtained in
system. During the normal operation, we have occasion-

ally experienced the beam blow-up due to this CBMI. Thelcnalszeizssogfgl;ztzag]n2”;;';(l;tr:1ar':éri1z—2§'irnrfssItbse%r\z Sg(r)tm:)r;
pseudo-spectrum for this filling pattern is shown in Fig. 5 gs. b

We can see a high and sharp upper sideband at about ZB%ble 1 wherd., is the threshold beam current for T

MHz which is aliased from the Tiyyo mode. Its maximum mode, 4, is the maximum amplitude of the synchrotron

. oscillation due to the strongest CBMI, aif], is the sepa-
spectrum level is about 7.0 deg@RF. ration between the bunch train revolution harmonics.

3.3 Multi-train operationsfor Landau damping 4 CONCLUSIONS

In case of three-train operation, a low filling ratio bf =
0.19 and a larger frequency spread Aff, = 80.7 Hz is
measured. The large frequency spread generates str
Landau damping with a damping timeof = 15.56 msec.

Landau damping was generated for three different filling
d%atterns with low filling ratios. Landau damping can be
iNdreased by increasing the beam current and by decreasing
) the filling ratio. The threshold beam current of a CBMI
'1:8(; :2; ;r':/gzg (r)r:logee\\//v ';Z;G B 718145r1nsmecs:e$h:t{rolre;h- due to the TM2o mode can be increased significantly from

' ' s ’ 148.5 mA by changing the filling pattern only. As a result,

old beam current,;, for three-train filling pattern is about .
220.9 mA which is 72.3 mA higher than that of the One_we were able to increase the beam current up to 215.0 mA

train operation. Therefore, with Landau damping, we WiIIWIthOUt any harmful CBMI.
be enable to damp all CBMI's up to 220.9 mA.
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ful longitudinal CBMI for this filling pattern as shown in
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