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Abstract

A novel beam-based method for measuring the longitudinal impedance spectrum
is demonstrated using experimental data from the PEP-II High Energy Ring
(HER). The method uses a digital longitudinal feedback system from which the
charge and synchronous phase are measured for every bucket. Calculation of
the transfer function from fill shape to synchronous phase yields the impedance
seen by the beam at revolution harmonics. The experimentally-derived longitu-
dinal impedance function and lab measurements of the impedance of parked RF
cavities are compared to suggest a mechanism for the occasional instability of
low-order coupled bunch modes observed in the HER during commissioning in
October 1997.
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Abstract 2 TRANSFER FUNCTION

A novel beam-based method for measuring the longitudAn electron bunch adjusts its synchronous phaseo that

nal impedance spectrum is demonstrated using experimdhe average kick it receives from the rf voltage cancels the
tal data from the PEP-Il High Energy Ring (HER). Theaverage energy loss over a turn due to wakefields"{
method uses a digital longitudinal feedback system fro@nd synchrotron radiatior/):

which the charge and synchronous phase are measured for ) ok

every bucket. Calculation of the transfer function from Vesin(¢s) = Uo+ V™7,

fill shape to synchronous phase yields the impedance see . .

by the beam at revolution harmonics. The experimentallV\—’Eaesre‘gci:lst:;ea%iil;:e (c:)?\\j:gk\e/;‘)ilé?g:i.s TR/E;;)én(':hronous
derived longitudinal impedance function and lab measurée- &5 9 y:
ments of the impedance of parked RF cav'ities are com- ¢° = sin~L(Uo/V,)

pared to suggest a mechanism for the occasional instability

of low-order coupled bunch modes observed in the HER 42 is not very different fromg,, i.e., if V¥* is small

during commissioning in October 1997. compared td/,, we can write:
Vwk
1 INTRODUCTION L A v g
c s
Single-bunch synchronous phase measurements have tradi- _ywk
tionally been used to measure integrated longitudinal beam > 0= W’
c s

impedance. Such measurements do not reveal much infor- - _
mation about the frequency distribution of the impedanceSince the PEP-Il beams are above transition. If a beam is

In this paper we present a novel multi-bunch method fdf!ed with N bunches at an even spacing, we have:
measuring the longitudinal impedance spectrum[1]. The _ywk
method involves calculation of the transfer function from o & ——E
fill shape (bunch current versus bunch number) to syn- |Vecos(5)] )
chronous phase of a multibunch beam, which is shown to _.

) o . . Since the bunch currentg and synchronous phase off-
yield the longitudinal beam impedance at revolution har- T : d o
. A . . setsey, are periodic discrete-time signals, it is useful to de-
monics. Derivation of the necessary equations is followe1pe e : . )
o . fine their discrete-time Fourier transforms:
by quantitative results from measurements made during
commissioning of the PEP-II High Energy Ring (HER). N-1 '
The HER synchronous phase measurements explain the L, Zzike_ﬂ”k"ﬂv,
occasional instability of low order coupled bunch modes k=0
observed at unexpectedly low total currents. Bunch cur-
rents and synchronous phases are calculated from data
taken using the DSP-based PEP-II longitudinal feedback
system(2, 3].

Synchronous phase transients need to be matched in #
PEP-Il HER and LER (Low Energy Ring) to achieve high
luminosity. Matching of transients could be complicated

: oo n —-NZ, —-N
by incomplete knowledge of the longitudinal impedance, o&— = v N =W -
by additional gaps in the bunch train to combat the fast-io [Vecos(@2)]  [Vecos (93
instability. Multibunch synchronous phase measurements o S . )
could therefore be useful during further commissioningvhereZ(jw) is the longitudinal impedance and is the
Synchronous phase transients are also useful as an indit@olution frequency in rad/s. The above equation contains
tor of Landau damping from bunch to bunch tune variatiorfhe assumption that the bunches are vanishingly small in

length. To take the finiteness of the bunch length into ac-

“Work supported by Department of Energy contract DE-AC03-COUNt we must re.placﬁ(jw) with F(W)Z(jw)! where the_
76SF00515 form factor F'(w) is the squared magnitude of the Fourier

k=0,1,..N-1

N-—1
B, = ppe 2Ny = 0,1, N1
k=0

hgan be shown[1] that these equations lead to the follow-
ng relation betwee® andI:

T > Z[j(mN+n)w,),

m=—00




transform of the normalized bunch line density. Of course 0ct0997/1654: Bunch Currents

this need not be done if the bunch length is much smalle o.s} : , .
than the wavelength of the relevant resonance&(jio). ] ]

If the bunch currents;, and synchronous phase offsets &3] WWWWNW ]
¢« are known, the aliased longitudinal impedatecan  o-| ' ‘ ]

be calculated using the above equation. o ‘ ‘ ‘ ‘ ‘
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3 MEASUREMENTS FROM PEP-II HER
COMMISSIONING

Bunch signals recorded by the feedback system are pr
portional to the product of charge and longitudinal phas
error[4]. Since line harmonics from the klystron impose the % 50 100 150 200 250 300
same low frequency motion on all bunches, bunch currents

can be measured by calculating the signal amplitudes at $8gure 2: (a) Bunch current measurement, 291-bunch

lected noise-driven frequencies for each bunch. These aRlr’ 96mA total current. (b) Synchronous phase variation

plitudes are proportional to the individual bunch currents 5.,nd the ring (three oscillations in one revolution period).
the total current is normalized to the DCCT reading. This
method of bunch current monitoring is feasible at most ma-
chines, since power supply ripple is ubiquitous. 3.2 Impedance Extraction
Figure 1 shows a typical averaged low frequency bunc

Rs shown in Equation 2, the scaled transfer function from

signal spectrum. In this case we calculate bunch currents . . S :
by projecting individual bunch signals onto the 720 Hz* t0 ¢y is the aliased longitudinal impedandg,. Of

line in the averaged spectrum and then scaling the resﬁffurse’ we should only calculatg, at revolution harmon-
o agree with the total current reading of the DCCT. ICS n that have a reasonably good signal to noise ratio

(SNR). By looking at the shapes of the fill and the syn-
0ct0997/1654: Averaged Bunch Signal Spectrum  Chronous phase transient in Figure 2, we can tell that an

o) 4

T
o
[S]
g
S_1t . . i

14f 1 estimate ofZ,, made from this piece of data would be most

12l fsynch = 4 kHz ] reliable for small values of.

10l It must be pointed out here that the absolute DC syn-
@ chronous phase is not known, since it is canceled in the
s 8 feedback front end by a DC offset designed to prevent the
£ s phase signal from saturating the digitizer. This precludes

ar the calculation o7, from the data presently availablgg

ol can be measured by keeping the offset fixed at a nominal

o : : : : value and varying the total beam current.

o 500 1000 1500 2000 2500
Freq (Hz) R Impedance of parked cavities
Figure 1: 720 Hz line from klystron is demodulated to ex gl , n ]
tract bunch currents from Ifb system data. _ |
=

Synchronous phases of individual bunches are calcula ‘;’f’ 7
by averaging their digitized current-phase products and (=s- ul 8
viding the averages by the bunch currents. u'4, " i

3+ 4

3.1 Time Domain

In the time domain we would like to observe the respon: ~ ° ' Revolution harmonic ()
of the synchronous phase to impulses in the fill shape. Fig-

ure 2(a) shows a 96mA 291-bucket fill with a discontinufigure 3: Estimate o¥,, at first few revolution harmon-

ity that is impulsive at low frequencies. The resultant synics, extracted from bunch currents and synchronous phases.
chronous phase ringing is shown in Figure 2(b). We can sé@rge value at n = 3 is due to the fundamental resonances
from the figure that the “impulse response” goes througbf parked cavities.

about three oscillations and dies out in one revolution pe-

riod. This indicates thaZ (jw) has a strong resonance Transfer functions have been calculated from 15 differ-
three revolution harmonics away from some multiple of thent sets of data. The resulting impedance estimates are
bunch frequency, which is a twelfth of the rf rfequency inconsistent to within 20% of each other. Figure 3 shows
this case. the estimate of/,, obtained by averaging transfer functions




from four consecutive data sets with similar fill shapes. The 4 SUMMARY

aliased impedance is calculated only for the first five VaK_Ne have demonstrated the use of a novel beam-based tech

ues ofn, since the SNR is low for, > 5. As expected . LT
from Figure 2, there is a strong resonance&ipatn = 3, nique to measure the Iongl_tudlnal impedance spectrum at
with Z; = 8.2MQ. The HER has 20 installed rf cavi- the PEP-II HER. The technique involves calculation of the
ties, each with a loaded shunt impedanceretkQ [5]. transfer function from fill shape to multibunch synchronous

' é)hase. Bunch currents and synchronous phases have been

The experiment was performed with eight active cavitie ; o
tuned about 5kHz away from the rf frequency. This de’[un‘é{Xtr"’mted fr'om data taken using tlhe'lor?gltudlnal feedback
ystem during PEP-II HER commissioning.

ing is small compared to the revolution frequency, which i§ . . o X
9 b q y Impulsive discontinuities in the fill have been seen to

136.3kHz. Six idle cavities were nominally parked exactly h iti-bunch h h o Cthri
halfway between the second and third revolution harmofr—?use let_mufl- unc sy_lr]ﬁ ronlouls th ;.Se odrmg at thrice
ics abovef, ¢, while the other six were thought to occupy € revolution frequency. 1he caiculated impedance agrees

a symmetric location below,. If, however, they were well V\gth ﬂ;lat|0f thetparkeg ca}[\r/:tlesi, if we a;sumethat they
all parked exactly three revolution harmonics away fron){ve(;e un;l_tc (t)ser Gy + tfho Ian .ct)f(’"jf +I .fo' d h
frs, their impedances would add up3@MQ atn = 3. ur ability to measure the fongitudinal Impedance has

The asymmetry betweefi, and Z3 in Figure 3, together been limited mainly by noise in the punch qu_rrer)t mea-
with the fact thatZs = 8.2M/Q, indicates that the 12 idle surements. Cleaner current monitoring by injecting low

cavities were indeed parked closer to the third revolutioHequency signals into the feedba}ck front end has glregdy
harmonic than the second. een demonstrated, and should improve the situation sig-

nificantly. Specific regions of the impedance spectrum can
be explored by adjusting the fill shape to excite the tar-
3.3 Coupled Bunch Instability geted revolution harmonics. For example, we could inves-
i . ) tigate the impedance aroum@o f, with a 582 bucket fill by
Ideally, idle cavities should be parked symmetricallyreating a periodicity of approximately 5.82 buckets in the
aroundf, s so that they do not drive coupled bunch instabiljy \we could get a good measurement by squirting a little

ities. The impedance estimates shown in Figure 3 sugg&glira charge into every sixth bucket (every 18th bucket at
that they were not parked accurately. This conclusion 538MHz).

supported by the fact that coupled bunch modes 2 and 3y tibunch synchronous phase measurements take on

were sometimes seen to be unstable. It was also seen thghieq importance at PEP-II because of the need to match
the low mode instabilities disappeared when the idle CaV”@{ap transients in the two rings.

tuners were shifted from their nominal positions[6].

Figure 4 shows the beam pseudospectrum[7] (beam 5 ACKNOWLEDGEMENTS
spectrum without revolution harmonics, calculated from
digitized data) for a 291-bunch 84maA fill, taken a few daysThe authors would like to thank S. Heifets of SLAC and B.
before the data displayed in the previous figures. The psetiotter of CERN for helpful discussions and comments, and
dospectrum shows that mode 3 is unstable, with a steatlye PEP-II group for support.
state amplitude of° at the rf frequency.
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