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Applications of the 1000-turns Orbit Measurement System at LEP.

P. Castro, DESY-Hamburg, Germany

Abstract net or kicker. A single transverse deflection can be applied

: to the beam in order to observe the damping of coherent
The software of the LEP beam orbit measurement system ...~ . ; .
o i oscillations. Studies of the amplitudeahy of coherent
[1] allows the acquisition of the beam position for over__ ...~ . . . L
. L oscillations were carried out to determine the contribution

1000 consecutive turns. The acquisition can be synchr

. . . : f head-tail damping and radiation dampin -
nized to a deflection by a kicker in order to observe co.8 ead-ta d'a ping a d .ad ation damping and th.e hor
o . ! izontal detuning with amplitude at LEP [2]. The kicker
herent betatron oscillations. In this paper we describe the . . .
; X can also introduce beam deflectionseath turn with an

use of this technique to study the dependence of head-tail . . ) .
. amplitude that follows a sinusoidal curve at any given fre-

damping on beam parameters and the tune dependence 0

. . . . “quency. If the frequency of the continuous excitation is
the oscillation amplitude for various LEP optics [2]. Co close to the betatron tune the beam will oscillate coherently

herent oscillations can be represented in phase space to 8Rd within a very short time an almost constant amplitude

serve the effect of resonances and other non-linear beh%\é'n be reached. A measurement of betatron phase advance

ior [4, 5]. Coherent oscillations can also be excited usmgetween pick-ups can be obtained by harmonic analysis of
a sinusoidal deflection in order to maintain the oscilla’[ionh

. ! these data. The measured phase advance between three
amplitude [6]. Thgs, precise mea'suremenf[s of the p'ha ck-ups can be used to evaluate the optics paramgters
advance are obtamgd by hgrmonlc analysis of the S9N G o at any azimuthal position around the storage ring
at each pick-up. This technique has been used to measii%
the beam energy dependence of the phase advance du tJ'
chromaticity [7] and the bunch current dependence of the

phase advance due to impedance [8]. Finally, we describea2 MEASUREMENTS OF COHERENT

method to obtain the betatron function from the measured DAMPING
phase advance and report aboutateuracy and applica-
tions at LEP [9, 10]. The damping of coherent beam oscillations and the shift of

its frequency can be observed using 1000-turns measure-
ments. The measurement technique consists in triggering
1 INTRODUCTION the 1000-turn acquisition a few turns before a single kick

Measurements of the beam position turn-by-turn and thelip the beam is applied. This permits to observe the startand
storage over many turns have many useful applications afg@mping of the coherent beam oscillations. An example of
have been relevant to LEP performance improvements [1§UYch measurement is shown in fig. 1.

The possibility of triggering these measurements on pre-
programmed timing signals provide a valuable toolto study  y ; mm
the trajectory of the beam atinjection and duringtheenergy, F- — 1~ 1~~~ 1~ "~ "~ T~ T 3
ramp. This application is particularly helpful in order to | = ]
establish a first circulating beam after a long shutdown. In ! 2 g
superconducting proton machines like HERA, this feature 0 ;‘ AR
is also used to store the beam orbit at the last turns before, &
the beam is dumped in case of anomalous beam particle | .= ™
losses (in order to prevent further loss on superconducting? | ..
magnets). In that way it is possible to diagnostic the cause ———
of such losses.

In this report we present some of the recent applications
of 1000-turns measurements involving the observation &figure 1: Measured center-of-charge position of a bunch
beam coherent betatron oscillations at LEP. These measu¥&rsus turn number. A single kick was applied a few turns
ments provide qualitative and quantitative measurements &fter the acquisition started.
linear and non-linear beam optics properties.

At LEP there are 504 pick-ups located around the cir- A fit to the data using a damped oscillation with am-
cumference. On each turn and for every bunch the sigiitude dependent frequency yields the coherent damping
nals of the pick-ups are processed and stored in a meiime 7. At LEP the coherent damping is a contribution of
ory buffer with a capacity to store up to 1024 turns. Beanfadiation and head-tail damping
coherent oscillations are excited using a fast bending mag-
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At a given energy the head-tail damping is proportional toscillation amplitude is small and the results of the fit is
the chromaticityQ)’ and to the bunch curreryy ;o In less precise.

general the head-tail damping is dominating and its contri-

bution can be determined by measuring the coherent da

ing rate at bunches with different currents. The radiatio
damping rate can be extracted by an extrapolation to ze [l

various bunch currents and chromaticities at beam energifess
of 45.625 and 60.0 GeV. As an example, measured cohg

ent damping rates as function of bunch current are plottedrigure 3: Detuning results as a function of turn number.
in fig. 2. With the radiation damping time, the horizon-

tal damping partition numbef; is determined. The mea-  The horizontal detuning is a linear function of the
suredJ, agrees with results of direct measurements of theourant-Snyder invariait” defined as:

circumference using pick-ups and tide models [12]. This

measurement plays an important role in the understanding 1+ a? A_2

of the LEP beam energy since thig shifts are accompa- W= 3 —5 ¢ + 20z’ + fa” 8

nied by an energy shift. ) ) )
whereg is the value of the betatron function at the pick-

up anda = —(1/2)(dg3/ds). This linearity can be seen in
fig. 4.

tune x vs W

W: Courant-Snyder invariant
P SR A

Figure 4: Detuning results as a function of the Courant-
Snyder invariantV’.

The detuning with amplituded@./0W) is obtained
from a fit to the tune versud’. This procedure is applied
to a large number of pick-ups to obtain a better statistics.
B S P B Results of such measurements for three LEP physics op-
0 50 100 150 200 250 300 350 400 450 500 tics are givenin [2, 3] and confirms predictions of the LEP
/ uA model.

bunch
Figure 2: Coherent damping rate versus bunch current mea-
sured at a beam energy of 45.625 GeV for several chro- 4 PHASE SPACE REPRESENTATION

maticities. I .
aticities Coherent betatron oscillations in presence of resonances

are studied in phase space diagrams. In these diagrams the
3 TUNE SHIFT WITH AMPLITUDE beam is representeq on eaph turn by a point with coordi-
nates £, «'), wherez is the displacement and = d«/ds
At LEP the fractional part of the horizontal betatron tunes approx. the angle of the beam trajectory with respect to
Q) is about 0.28 and a large tune spread in the beam céme design orbit{ is the longitudinal coordinate). The tra-
drive some of the particles onto the third order resonancditional way for representing the 1000-turns measurements
A large detuning with amplitude (anharmonicity) limitsin phase space consists in finding two pick-ups separated
therefore the amplitude range of stable particles, i.e. thH®y a phase advance of @0When the phase advance is ex-
aperture for the beam. actly 90 the signal at the second pick-ups is proportional
The detuning with amplitude can be extracted fromo (dz/ds) at the first pick-up. However, beta-beating can
1000-turns measurements of damped betatron oscillatiomstroduce errors in the interpretation of the data.
The amplitude decayd = A,e */7 is obtained from a  The approach followed in [4, 5] consists in using the
"global” fit to the damped oscillation. Taking subsamplesl000-turns measurement of a single pick-up and rotating
of several turns we obtain the tune evolution as a functiooy 9C its Fourier transform to create a "virtual” pick-up.
of the turn number. An example of the results of such fit ig\ betatron oscillation (even when it is damped) can be well
shown in fig. 3. At the second half (above 500 turns) thdescribed in terms of harmonic functions. Therefore, a
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phase shift of 90 is equivalent to a differentiation oper- strength of the sinusoidal deflection and the proximity of
ator. The procedure starts by performing a Fourier tranghe frequency to the tune. For a precise measurement of
formation to the 1000-turns data and obtaining an array ¢lie phase of these oscillations, the beam must be excited to
1000 complex values (sine and cosine componengaofi  high amplitude to gain in signal to noise ratio. However,
frequency). Rotation by 90means simply an exchange ofthe presence of non-linear elements (like sextupoles, etc.)
values between real and imaginary parts and change of silimits the valid amplitude range of this measurement.
in the real (cosine) part. In order to reduce errors due to the The 1000-turns obtained during coherent oscillations of
discreteness (sampling) and finiteness (window) of data,c@nstant amplitude are then harmonically analyzed to give
filteris introduced. The filter used is basically a linearly dethe amplitude and phase of the oscillatioreath pick-up.
creasing weight at frequencies below 0.12 and above 0.3he systematic error on the phase measurement is a func-
(in tune units). The 1000-turns of the virtual pick-up is ob+tion of the longitudinal size of the beam. At LEP, this sys-
tained by a reverse Fourier transformation on the rotatedmatic error is negligible because the bunch lengthasis
and filtered complex array. A phase space representatiorili€em. The statistical error of the phasgis given by [9]
then obtained by plotting the positions of the virtual pick-
up against the ones of the real pick-up, centering around 1 ﬁ -

N xr

the origin and normalizing by/+/5. An example of such 7= 7

a plot when kicking the beam with a tune slightly above 2/7

is shown in fig. 5. One observes in this figure the typica‘thereA Is the amplltgde of the oscillatior the numper
&samples (or turns, in our case 1024) ands the statis-

arms that are formed when the betatron tune is close to> " ;
resonance. tical error of position measurements of the pick-up. For a
typical oscillation amplitudes at LEP of around 2 mm and
~3600.0 X 3000 position resolution (turn-by-turn) af, ~ 0.1 mm the er-
s ror of phase measurements is about 0,12. the error on

phase advance measurements is abodt 0.2

|__5600.0 ]
|_3700.0]

5.1 Applications of betatron phase measure-
ments

Betatron phase measurements have been applied to check
the chromaticity correction of the magnetic lattice of LEP
[7] and the distribution of impedance of the vacuum cham-
. ber around the circumference of LEP [8]. The first was
S carried out by shifting the RF-frequency (which changes
the length of the closed orbit and consequently the beam
Figure 5: Coherent oscillation amplitude versus turn (|efténergy) and taking phase measurements at various beam
and in phase space (right). The tune is slightly above 2/énergies. The results clearly show the negative chromatic-
(Phase space not normalized bix/3.) ity produced in the straight sections and its correction in the
arcs. The agreement between experiment and calculation is
The behavior of the coherent beam oscillations at LERery good and exclude strong localized sextupole errors.
have been observed under several conditions (tunes, couThe measurement of the impedance distribution was
pling) and at different beam energies. Effects like bearachieved by comparing phase measurements with bunch
trapped in a 3rd order resonance and partially lost, crossudrrents ranging from 50 to 450A. The results are in
ing higher order resonances, coupling between horizontgdod agreement with the impedance model of LEP. These
and vertical motion, filamentation and other non-linearitieseasurements clearly show the localized impedance con-
have been reported in [4, 5]. tribution of copper cavities by a sudden phase shift around
straight sections 2 and 6. In the rest of the machine the
5 BETATRON PHASE MEASUREMENTS phase shift presents a rather constant slope due to the influ-
ence of bellows. As K. Cornelis put it once in the 95'CAS
As already seen in section 2 the amplitude of coheresthool: "It is indeed a very sophisticated way to find out
oscillations decreases rapidly within a few hundred turnihe location of the accelerating dtigs along the 26 km of
mainly due to head-tail damping. In order to compensateEP circumference”.
this damping effect and maintain a coherent betatron os-
cillation with more or less constant amplitude we need to 6 BETATRON FUNCTION
keep the transvgrsg eXC|'tat|on.' The !(lcker used gt LEP' can MEASUREMENTS
provide this excitation with a sinusoidal modulation of its
field. If the frequency is close to the fractional part of theThe measured phase advances between the pick-ups can
tune, coherent oscillations are excited and after a short tinhe used to evaluate the optics parameters at any azimuthal
reach a constant arifude. This amplitude depends on theposition around the circumference [10, 9]. Taking a given

n
g
=
=
i
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pick-up and the ones adjacent and using the three measu
phase advances along with the theoretical phase advan
coming from a tracking program such as MAD [13] oneES
obtains the ratio of the real value to the theoretical one:

P2 _ cot @12 + cot Pog
B cot gty + cot gl

where’ denotes theoretical values, is the value of the be- 3 }
tatron function at the 2nd pick-up; - is the phase advance 5 .
between 1st and 2nd pick-up ates between 2nd and 3rd 3
pick-up. Equivalent expressions are obtained for the 1
and 3rd pick-up. These expressions can also be written 18
placing the theoretical values by the second elements of tfrégure 7: Example of measured horizontdtop) and beta-

£

Da 4137.18 1.12581 dy -0.0086_B2L.QF27.R2

| 43001l 4350)

| 450l 4500l 4550]
Cu 413528 111721 ARC_2_BEATX

transfer matrices between the pick-ups. Thus, beating3/3" (bottom) in the arcs
. a12b1o _ ai12b12 Sin¢13 . . . . . .
Pz = == (ol 1z + col 6aa) = == pssing,, AtLEP the perturbations arise in the insertion regions, so

this procedure provides precise valuessdh the arcs. In
wherea;s, b1, ande;, are the second element af(trans-  the arcs the systematic error in the measuremefitfasm
fer matrix between 1st and 2nd pick-up), Bf (between relative errors of quadrupole gradients of abuit)—* has

2nd and 3rd pick-up) and @f = B x A, respectively. been estimated to be about 0.2%.

When the transfer matrices between the three pick-upsThe contribution of the statistical error of the phase mea-
are known, we obtain the relative phase advaft§ =  surement on the measurédlepends on the phase advances
p(s) — p(s1) at anys between the three pick-ups: between the three pick-ups. If the phase advance is around

a12n12(5) 612012(8) 60°, we have
$(s) = arctan | ————~ cot ¢12 — ————— cot ¢13
b12m12(8) b12m12(8) f
€y = —0'¢:1.630’¢
wheremis(s), n12(s) andoy2(s) are the second elements 3
of the matricesV/ (s), N (s) andO(s) defined in fig. 6. assuming that the measurement errors of the phase are
equal at the three pick-ups. Forsg = 0.13°, the rela-
N(s) tive error on the measuretlis about 0.4%. The statistical
1 M(s) s O .2 3 error of 3 measurements is in the order of 0.5% in a range
| } - | of phase advances from30° to ~75°. Outside this range,
the error increases exponentially until the phase advance is
A B
c Oor90C.

Figure 6: Matrix notation used in the equations. 6.2 Applications of betatron function measure-

The value of3 ats is given by ments

Betatron functions measurements show the mismatch of the
betatron function with respect to the theoretical values (also
called beta-beating or beta-wave). In termg@f3") this

If the theoretical values are known, then the ratio of the reaihismatch appears as an oscillation with a phase twice of

B(s) = biami,(s) sin¢iasindis
a12€12 sin¢zgsin2 é(s)

3 value to the theoretical one ais the phase advance. An example of a vertical beta-beating
Ly measurement is shown in fig. 8. The beta-beating observed

p(s) — i sin” ¢(s) is of the order of 10% and up to 20% in some places. The

Bi(s) B sin® ¢t(s) curve is not drawn at places where the pick-up readings

An example of such measurements is shown in fig. yyerebnot avallapllje cri]urmg th'? meabsutrergentti.nln tthiﬁ f'?rl:trer
The values of the betatron function are obtained by "a V€ ODSErve rapid changes ot Iné beta-beating at the inte

vancing” around the circumference from one central pick@‘Ctlon Points .(IP) 2 and 4. The changes In the amplitude of
up to the next. the beta-beating observed at IP 2 and 4 indicate perturba-

tions of the betatron function. As expected, beta-beating is
introduced at the four low#insertions (IP 2, 4, 6 and 8).
Phase advance measurements show also a similar mis-
If the transfer matrices are correct, i.e. the perturbatiomatch as the betatron function. In fact, a "phase-beating” is
which is causing the beta-beating is outside the three chalso observed in the difference between measured and the-
sen pick-ups, this procedure yields correct values only abretical phase advance. The measured phase-beating plot-
fected by the statistical error of the phase measurementsd as a function of the theoretical phase advance in fig. 9

6.1 Error analysis
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beam as an extra quadrupole gradient. Since the offset of
the positron and the electron beam are just opposite, the
‘ | beta-beating has also an opposite sign. Measurements of
n JW m{imm W\m 'L/UWW‘WM M\NWI the betatron function were done with a single beam with
|| and without the pretzel separation and confirmed the pre-
dictions for beta-beating of 20% and up to 30% due to the
07 | P2 P4 iP6 P8 SEparation-

o L b e 1 Jenc
start 5000 10000 15000 20000 25000 LEF

LEP s [m! 7 ACKNOWLEDGMENTS
Figure 8: Measured vertical beta-beating.
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4 indicate a local strong quadrupole gradient error. well as this paper.
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