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Abstract takes all these effects into account. The contributions and

The synchrotron tune depends on energy loss and total acc(fgrrecnons o €q.(1) needed 'for an approprlate de.scnptlon
. . of the synchrotron tune are discussed in the following.

celerating voltage. This dependency can be used to extract

the beam energy in a very precise way. Since the energy

calibration of LEP2 requires the highest possible accura-

cies detailed systematic studies of the parameters involvedl ~Impact of the RF System

in the analysis are necessary. This paper presents method,

systematic studies and results of the energy determinatidh'€ energy determinations frof, are based on measure-
from the synchrotron tune. ments of the synchrotron tune as function of the total RF

voltageVrr. The effective voltage however can be sig-
nificantly different from the sum of all individual cavity
1 INTRODUCTION voltages due to voltage calibration, phasing and longitudi-

The precise measurements of tdeand the W boson nal alignment errors. A crucial correction to eq.(1) con-
masses require an excellent know|edge of the Centre-(ﬁi.sts therefore in intrOdUCing a “VOltage correction factor”
mass energy at the interaction points. The most precigeWhich translate$’rr — g Vrr. The energy measure-
average beam energy measurement is based on the tdBgNt is strongly correlated g as can be seen in figure 1
nique of resonant depolarisation. For the energy calibra¥hen the energy extracted from the fitis plotted as function
tion in the LEP1 phase relative accuracies of ihave ©f the voltage calibratiop. For a proper energy determi-
been achieved. However, this technique works only in thation the value of has to be determined from separate
low energy region (40 — 60 GeV), for the LEP2 phase exdata;ets at beam gnergie; which have been .preyiously de-
trapolation methods have to be used to obtain the bealgrmined very precisely with resonant depolarisation.
energy [1]. The study and analysis of the dependence ®heMAD program [3] was used to study the dependence of
the synchrotron tuné); on the total accelerating voltage s on the distribution of the RF voltage. Figure 2 shows
provides a powerful way to extract the beam energy makg, generated for a beam energy of 50 GeV with differ-
ing use of existing LEP equipment. Details on method andnt RF configurations: a realistic case with the standard
measurements can be found in [2]. LEP RF distribution, a case where the same total voltage is
concentrated in one point and the limit of a homogeneous
2 SYNCHROTRON OSCILLATIONSAT distribution where the voltage is distributed over the whole
LEP ring. To account for the RF distribution, a teth V3 is
added to eq.(1) beneath the square root. The weight factor
For a given machine optics the synchrotron tune dependd is taken from a fit to the1AD dataset. This factor in-
mainly on the total RF voltag&z» and the beam energy. cludes the corrections of the model needed to account for
The synchrotron tune is particularly sensitive to the energthe approximations in the derivation of the analytical model
for low RF voltages since the relation betwe@n and the of eq.(1).
total accelerating voltag€r r is given by

ach /
Q? = (27‘:E> e? VI%F - U02 (1) E 008
uf 607 [
whereUy = (C,/p) E* is the energy lossy. the mo- I
mentum compaction factoh, the harmonic number and 60 | Enom = 60589 GeV
the average magnetic radius. Equation (1) is not suited for B
a high precision energy determination since it assumes that ,
the RF voltage is homogeneously distributed along the ring, el ]
that the synchrotron oscillation amplitudes are small and
since it neglects a damping term related to the synchrotron ~ ®4¢ . . . . v 0 0 0001

radiation. At LEP2 however these assumptions no longer 0975 098 0985 099

hold true: the RF cavities are concentrated in the four even Figure 1: The fitted energy as function o%the input pa-
straight sections and synchrotron radiation losses of the or-rameter g for a test dataset taken at 60.589 GeV. The
der of a percent of the beam energy are non-negligible. Ob-x? of the fit increases strongly for extreme values ofthe
viously a more detailed description €, is needed which  voltage calibration factog.
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Figure 2: Synchrotron tune as function of total RF volt- ~ Figure 3: Variation of the energy loss as function of
age as calculated withap for different RF conbgu- momentumdeviation as calculated WithD .

rations. The curve is a fit to the "realistic" RF distri- of revolution periodrrev and part|c|e is glven prm —

bution using the fit model eq.(4) withappropriate input . Trev Iy )| With the longitudinal loss factor

parameters. 00

22 Total Energy Loss o o / d ReZ)y(w) h(w, o)

Besides the main dipoles which are responsible for most 0

of the energy loss, other smaller sources cannot be ngheref(w, o) is the spectral power density of the bunch
glected. These additional losses originate from synchrotrast RMS lengthes and ReZ)|(w) the longitudinal resistive
radiation due to beam position offsets in quadrupoles, syimpedance. In order to determine the effective parasitic
chrotron radiation in corrector magnets, parasitic modgode losses, measurementsfas function of RF volt-
losses caused by the resistive part of the longitudinglge at an energy of 60.589 GeV were repeated for five
impedance, synchrotron radiation due to finite beam sizefunch currents. Figure 4 shows these measurements. The
and from energy offsets for non-central orbits. The energyifference in energy loss due to parasitic mode losses for
loss due to synchrotron radiation in sextupole magnets ige different bunch currents is clearly visible. A global (si-
negligible. The total energy logs, used in eq.(1) has to multaneous) fit to all five datasets allows to extract an ef-
be written as fective loss factok|, = (18.5+ 2.0) MeV/mA. The resid-

U = ﬁEﬁl + K (2) ualsof this simultaneous fit shown in fig. 5 reflect the good

description of the measurements by the final model eq.(4).

where K is the sum of all additional energy losses. 3 BEAM ENERGY MEASUREMENTS
The energy loss in a quadrupole is related to a

position offset (zy,y) and a finite beam size by Taking into account all effects described previouglycan
AE o k? B* (2} + y2 + o2 + 0'5) with (o, oy), be expressed as
for any density distribution, the RMS size of the transverse

2
beam profile. Qt = (ach) {% MgV — L [jg}
Momentum offsetsAp/p introduced by a difference be- 2m EZ VoH
tween the operation frequenciir and the central fre- (4)
quency ff (tidal deformations of the earth,...) [4] have
to be taken into account: T T e
(072 fEF 0.075 | 4

For a of non-zero momentum offset the energy is not 007 f
matched to the dipole energy and the beam moves off- '

centre in the quadrupoles. Since the position offset is pro- %% &l =140 A ]
portional toAp/p, one expects a quadratic dependenge of 006 | 0 lounen = 100 pA ]
the energy loss ohp/p. Figure 3 shows how the relative . ]
energy loss changes with momentum deviation for two dif- 0085 |- | | | | N Ibun‘ch: 10‘ HA ]
ferent energies. The deviation at low and high beam ener- 40 475 500 525 s 575 600 625 650
gies is sufficiently similar to find a common parameterisa- Vee | MV

tion on which the calculation of corrections can be based. Figure 4:(Q); as function of total RF voltage. The two
Besides the synchrotron radiation in the bending dipoles curves are individual bts to the 6407 and 10 uA

the so-called parasitic mode losses are the largest contridatasets. The difference in energy loss (parasitic mode
bution to the total energy loss. The energy loss per turn losses) is clearly visible.
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: 4] )
0 ﬁgﬁﬁ ', ¥ . + : The presented method to extract the beam energy directly
A from a fit to the measured synchrotron tune as function of
600 800 1000 1200 1400 1600 1800 2000 2200 total accelerating voltage provides a precise cross-check for
Vge I MV the energy calibration of LEP2. The systematics and un-
Figure 5: Differences between data and bt for a global certainties of the method are understood and under control.
(simultaneous) bt to all bve datasets of Bi.gThe The error on the beam energy is of the required magnitude
residuals of the individual datasets are shown in dif- for LEP energy calibration and can potentially be reduced
ferent plots. by a better understanding of the momentum compaction

factor and the bending radius of the LEP dipoles.
with the relations from equations (3,2). A fit of this model T5pie 1: Results of the fits using the model of eq.(4).
to simulation data shows a good agreement between they) energies are given in GeV.
extracted fit energy and the input energy. The momentum
compaction factor. and the weight factof/ are taken ‘ FEhom H Fpol ‘ Fnmr H Eg £ stat. = sys. ‘
from MAD. All other parameters are allowed to vary in 75, 6051750 050 50,015 || 50.044% 0,014+ 0.029
the fit. External knowledge is incorporated in the fit by in-
troducing constraints of the type — anom)z/gg for all 60.589 || 60.597 | 60.594 || 60.586+ 0.012+ 0.021
parameters where stands for a fit parameter arnq for 80.000 - 80.012 || 79.995+ 0.011+ 0.018
its uncertainty. The value the parameter is constrained to g gog _ 80.001 || 80.004+ 0.015+ 0.012
is denoted byznom.' Thg parameters fpr additional energy 90.419 ~ 90.458 || 90.444% 0.007% 0.017
losses, voltage calibration and the weight fadtbare con-
strained in the described way. A Monte Carlo technique is
used to estimate the systematic contributions of the param- 5 ACKNOWLEDGEMENTS
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