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explanations for the changes of the beam energy during the year will be described.
up to 20 MeV. Results from the energy calibrations will be presented and possible
evolution of the beam energies in the course of the year showed a large variation of
and a regular tracking of the beam energies throughout the scan was possible. The
tegrated luminosity was recorded in calibrated fills below and above the resonance
accuracy of each calibration is better than 1 MeV. About one third of the total in
energies. 24 energy calibrations were performed at the end of physics fills. The
tion by resonant depolarization was successfully commissioned for all three beam
points roughly 880 MeV below and above the peak. Operational energy calibra
beam energy scan, with one point close to the peak of the Z resonance and two
1993 Large Electron Positron Collider (LEP) run was devoted to a three point

To improve the measurements of the Z boson mass and resonance width, the
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anomaly and 7 the Lorentz factor of the electron. OCR Output
with respect to the particle’s velocity He. e is the charge, m the mass, a. the magnetic moment

o

where Bl and gi] are the components of the magnetic field which are transverse and parallel

(2) - QBMT=—:[(1+0/y)BJ_-]—(1-]—a,)BH—0,7-]-——,B7 -· E (i:)><— 7 c
(1)

-l= XiBMT X S

is described by the Thomas—BMT equation [14] :
The motion of the spin vector S of a relativistic electron in electromagnetic fields E`and 13

, ,

calibration by resonant depolarization.
than that provided by other existing methods We will first describe the principle of energy
average beam energy. The attainable precision is more than one order of magnitude better
Transverse beam polarization in LEP opens the possibility for accurate measurements of the

2 Principle of energy calibration by resonant depolarization

1993.

parameters that affect the beam energy and the evolution of the beam energy during the year
We report here on the energy calibration procedure and its accuracy, the measurement of

first test measurement of the positron energy was obtained.
dumped for the calibrations, two vertically separated beams were kept during the last week. A
variations were studied in parallel to energy calibration. While usua.lly the positron beam was
5% of the total running time. Systematic effects of the spin dynamics and of the beam energy
successfully performed on the electron beams at the end of physics fills, using approximately

During the 1993 energy scan which lasted from July to November, 24 calibrations were
calibration in LEP are published elsewhere
derstanding of depolarizing effects. The procedures to establish polarized beams for energy
fills thanks to the spin compensation of the experimental solenoids [13] and an improved un
points for the 1993 scan. Transversely polarized beams were obtained at the end of physics
Harmonic Spin Matching [12] allowed to establish transverse polarization on all three energy
and the beam orbit monitors [10, 11] as well as the successful implementation of deterministic

Improvements on the LEP polarimeter [6, 7, 8], the vertical alignment of the quadrupoles [9]
scan.

errors due to a better knowledge of the LEP beam energy compared to the 1991 LEP energy
measurements of the Z mass and resonance width, with a significant reduction of the systematic
resonant depolarization, the 1993 LEP run was devoted to a 3 point energy scan to improve the
the end of 1992 it was possible to envisage a continuous monitoring of the beam energy using
energy scale of LEP was reduced to 6 MeV for the 1991 LEP energy scan [4, 5]. Since by
a result the systematic error on the mass of the Z boson due to the knowledge of the absolute
polarized beams and to implement energy calibration by resonant depolarization [1, 2, 3]. As
Between 1990 and 1992 extensive studies were performed at LEP to establish transversely

1 Introduction



phase with the spin precession, the spin rotations about the radial direction add up coherently OCR Output
of the particle trajectories is u times smaller. If the perturbation from the RF-magnet is in
2 · 10‘4 Tm is used to rotate the spin by 140 grad about the radial direction. The deflection
the spin precession frequency at LEP. In standard conditions a radial field strength f bxl =

An oscillating radial field from an RF-magnet is used for the resonant measurement of
perturbs the spin precession.
of 92.4% [16]. Any radial magnetic field reduces the equilibrium degree of polarization and
vector P. Due to the Sokolov-Ternov effect vertical polarization can build up to a maximum
spin vectors is conserved. The ensemble average of all spin vectors is defined as the polarization

In an e+e' storage ring with purely vertical magnetic fields the vertical component of the
be beam energies and not center-of-mass energies at the interaction points.
discussed later. Throughout this report, if not otherwise stated, all energies are understood to
This relation is exact only for ideal storage rings. Its limitations due to imperfections will be

mcz 440.6486(1)[MeV]
(3) aE E[MeV] v = cry = ——— = —————————

energy E [15]
the spin tune. Its average value 12 for all electrons is directly proportional to the average beam
particle will precess ary times for one revolution in the storage ring, where the term a·y is called
comparison of Qc with the spin precession frequency QBMT shows that the spin vector of a
of the particles in the storage ring is given by the cyclotron frequency Qc = —(e/·ym)By. The
produce vertical fields By and maintain the particles on circular orbits. The precession frequency

The strongest magnetic fields in a storage ring arise from the dipole bending magnets, which

polarization vector is resona.ntly rotated away from the vertical direction.
perturbation is in phase with the nominal spin precession (in this example fda, : 0.5 · fm,) the
along the vertical direction. After being tilted P precesses with u about its initial direction. If the
perturbation f 6,1 from the RF-magnet. In an ideal storage ring the polarization vector is initially
Figure 1: Resonance condition between the nominal spin precession with [1:] = 0.5 and the radial
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Because the polarization vector is the ensemble average over a.ll spin vectors, the measured beam OCR Output
determined and not the beam energy of individual particles at the location of the RF-magnet.
to notice that it is the precession frequency of the polarization vector over one turn which is
energy calibrations and measurements of particle masses [17, 18, 19, 20, 21, 22]. lt is important
energy calibration by resonant depolarization and has been used extensively for accurate beam
the average beam energy E is obtained from equation 3. This method is often referred to as
spin tune 1/ = [1/] + n can then be calculated with equation 4 from the measured fdcp and
for [1/] = 0.5 in figure 1. The frequency fdcp is varied until a depolarization is observed. The
0 (fdcp : [1/] - fm,) or k = +1 (fdcp = (1 —· fm,). The resonance condition is illustrated
the setting of the bending field. The frequencies _fd,p used at LEP correspond to the cases k
integer. [1/] denotes the non-integer part of the spin tune. Its integer part n is determined from
where fre, is the revolution frequency of the particles (fw, = 11.25 kHz at LEP) and k is an

fdep = (ls f lvl) · frcv(4)

frequency fdq, is in resonance with the spin precession if :
and the beam polarization can only partially be flipped. The RF—magnet field oscillating at a
radiation in e+e' storage rings, the horizontal component of the polarization vector is unstable
into the horizontal plane, or twice as much to flip its direction. Due to stochastic synchrotron
from turn to turn. About 104 turns (z 1 second) are needed to turn the polarization vector

flips to negative polarization were observed and checked by ilipping them again.
spin tune. The observed depolarizations locate the fractional spin tune close to 0.477. Partial spin
with dotted lines. The frequency limits are indicated on top of the picture for each scan in units of
measure the non-integer part of the spin tune. Frequency scans with the depolarizer are indicated
Figure 2: Example of energy calibration by resonant depolarization. Several bunches are used to
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shown in figure 3 for two different spin tunes 1/. OCR Output
of the synchrotron tune Q,. The locations of synchrotron satellites and mirror resonances are
main resonance 1/ can be separated from the satellites 1/,,4, because it is not shifted by a change
can also occur on synchrotron satellites which appear at spin tunes of 1/,;,;,, = 1/ dz Q,. The
the magnetic set up the beam energy is varied by changing the RF frequency. Depolarization
the beam energy is varied and the corresponding change of fh, is measured. To avoid modifying
spin tune [1/] is compatible with a mirrored spin tune of l—[1/]. To solve this mirror ambiguity
a single energy calibration cannot resolve all ambiguities. A measured non-integer part of the

Two additional measurements are required to uniquely determine the beam energy because
unchanged. Several partial spin flips are observed on different bunches.
A single bunch can be depolarized selectively leaving the polarization of all other bunches
shows an example of energy calibration where the fractional spin tune is located close to 0.477.
0,, = A1/,,,m/ On some occasions a resolution of A1/,,,m = 0.0005 was achieved. Figure 2
Since the spin tune is not localized inside the frequency scan, the RMS error on 1/ is given by
corresponds to Afdcp = 22.2 Hz and to an accuracy on the energy of AE,cm = 0.88 MeV.
of the spin tune measurement. For standard calibrations A1/wm could be set to 0.002 which
range. The width Afdq, of the frequency "scan” determines in practice the resolution A1/scm

Experimentally the frequency of the RF-magnet field is slowly varied with time over a given
phase advance over one complete turn.
They do not however bias the measured beam energy which is determined from the total spin
at 45 GeV). Local energy variations like the energy sawtooth modify the spin phase advance.
the individual particles and is not limited in accuracy by the LEP beam energy spread (35 MeV
energy is to a very good approximation independent of betatron and synchrotron oscillations of
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ple approach we use it for electrons by adding a term e`T/’·*·=¤’·, assuming that the effects of OCR Output
Their calculation is only valid for a single particle without synchrotron radiation. In a sim
larization Pg,,,;/Rnm,1 has been calculated from a formula obtained by Froissart and Stora [23].

From A1/uu,/At and the measured width e of the excited spin resonance the change of po

increases to 0.8 MeV.

time than for case (a). This leads to a stronger excitation of the spin resonance w-hose FWHM
perturbation from the RF-magnet was in phase with the precessing spin vectors for a longer

Case (b) in figure 4 was measured with a slope Aumm/At 4 times smaller than case (a). The
remarkable when it is compared to the beam energy spread of about 35 MeV.
energy calibration. The FWHM of the resonance is 0.2 MeV. This small width is especially

Case (a) in figure 4 was measured with the same parameters that are used for a standard
slope of spin tune change with time Avmn/At were considered.
polarization Phd/Pimm was measured as a function of spin tune. Two different cases for the
spin tune. The standard strength of the RF-magnet (2-10`4 Tm) was used and the change in
tune as Avm,1/At. e was explicitly measured with a reduced bin width Aumn of 0.0005 in
and on the frequency change of the RF-magnet field with time, which can be expressed in spin
flipped. The width e of the excited spin resonance depends on the strength of the RF—magnet
spin resonance the polarization vector is rotated and the polarization is destroyed or partially
at a known location in spin tune. If the spin tune of the particles is inside the width of this
The perturbation from the RF-magnet can be considered as an artificial spin resonance excited

3.4 Width of the excited spin resonance

of 2 Hz corresponding to AE/E = 2 · 10`
AE / E = 2 · 10'8. Experimentally the setting of the frequency was verified with an accuracy
Since the spin precession frequency is of the order of 1.1 MHz this leads to an uncertainty of
cording to the instrument specifications fdep is generated with an accuracy of 25 · 10`3 Hz.
The frequency fdcp of the RF—magnet is produced with a synthesized function generator. Ac

3.3 Frequency of the RF-magnet

10"1° which can be neglected.
fw, of the particles must be known. The uncertainty in fm, introduces a relative error AE / E :
To convert the measured spin precession frequency into a spin tune the revolution frequency

3.2 Revolution frequency

small enough that it can be neglected.
The uncertainty on the electron magnetic moment anomaly [15] cz : 1.159652193(10) - ll)"3 is
on the accuracy of the method. This limit corresponds to a relative error of AE / E : 3 · 10‘
The measurement of the electron mass [15] m = 0.51099906(15) MeV sets a fundamental limit

3.1 Electron mass and magnetic moment anomaly

larization for LEP.

We now discuss the limitations and systematic errors of energy calibration by resonant depo

3 Energy calibration accuracy
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were used to measure the resonance. They are indicated by different symbols.
with time is four times smaller and the resonance excitation is stronger. In this case different bunches
the beam energy during the 12 minutes of measurement. In case (b) the slope of spin tune change
to a standard energy calibration. The slightly asymmetric resonance shape is due to tidal changes of
Figure 4: Two measurements of the artificially excited spin resonance are shown. Case (a) corresponds
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experimental solenoids [25]. Around [1/] : 0.5 the shift due to the solenoids is smaller than OCR Output
61/ introduces a bias of the energy calibration. The effect was found to be small for the LEP

440.6486(1)[MeV]
8 ( ) 6 + V

E [MeV]

In the general case the spin tune is given by :
relation from equation 3 is not strictly valid any more and small spin tune shifts 61/ can occur.
deviations mainly at the quadrupoles. Since three-dimensional rotations do not commute the
fields arise from the experimental solenoids. Radial fields occur due to vertical closed orbit
storage rings without any longitudinal and radial magnetic fields. In LEP strong longitudinal
The relation between spin tune 1/ and beam energy E given by equation 3 is only valid in ideal

3.6 Spin tune shifts due to longitudinal magnetic fields

calibrations due to interference of spin resonances can be excluded down to AE / E : 2 · 10`
any experiment performed in 1993. From the experimental results any bias of standard energy
with the theoretical calculation. No significant shifts from interference effects were found in
behavior was observed. The measured value of oz = (1.860;|;0.020)·10‘4 is in excellent agreement
were crossed and [1/] was lowered down to 0.35 no significant deviation from the expected linear
ment with resonant depolarization is shown in figure 6. Though several strong spin resonances
The momentum compaction factor cx for LEP is calculated to be 1.859 · 10"4 [12]. Its measure

E OL far
(7)

AE 1 Afgp

the vicinity of strong spin resonances :
interference effects would disturb the expected relation between fm.- and the beam energy E in
setting the beam energy was measured by resonant depolarization. Any significant shift due to
The beam energy was changed by setting the RF-frequency fm: to different values. For each
energy. The effect was studied experimentally by approaching strong natural spin resonances.
natural spin resonances could result in a shift of the measured spin tune and a bias of the beam
It was suggested in [24] that interferences between the artificially excited spin resonance and

3.5 Interference between depolarizing resonances

than 1 MeV and the depolarization is strong enough to be easily observed.
LEP the width of the depolarizing resonance is sufficiently small to reach a precision better
flips (P5m1/ Hmm; = -1) have not been observed at LEP. For standard energy calibrations at
simple model. In this model a decoherence time of a few seconds explains why complete spin
the change in polarization PHm1/ Hmm is shown for LEP as a function of A1/,,C,,,,/At for this
T is taken as the time needed to cross the half·width of the excited spin resonance. In figure 5

2 A1/ml,/At
6 ( )

z we

5 < [ [ 1Pam I ‘T/Tdecoh 2 'X _ 1 6 E

decoherence time 1·d,cO;,
the synchrotron radiation lead to a decay the horizontal component of the polarization with a
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from the Monte-Carlo calculation.

curves) are compared to Monte-Carlo results (black squares). The bars on the points give the spread
of the RMS deviation of the vertical closed orbit ay for 1/ = 101.45. The analytical calculations (smooth
Figure 7: The mean spin tune shift and its spread due to radial magnetic fields are shown as a function

ov (mm)
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symbols used in this figure.
shifts of the beam energy were observed. The errors on the energy measurements are smaller than the
spin resonances indicated by the dotted lines were crossed during the measurement. No unexpected
of fm- are indicated. The n0mina.1 RF frequency used at LEP is 352 254 170 Hz. Two strong Q,
Figure 6: Measured beam energy E as a function of the RF frequency fw-. Only the last four digits
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oscillations of the individual particles. This effect is expected to be very small. For LEP this
Small systematic spin tune shifts can occur due to the spin tune spread related to synchrotron

3.9 Effects of quadratic non-linearities

to any significant bias of the energy calibration.
small strength of the electrostatic fields, spin tune shifts due to electrostatic field do not lead
ences are of the order of ~ 1/ry. Given the large 7 factor (8.8 · 104) of the LEP beams and the
electrostatic fields affect the spin in a similar way than transverse magnetic fields. The differ
certain positions in the ring to avoid parasitic collisions. According to equation 2, transverse
Transverse electrostatic fields are used at LEP to separate the electron and positron beams at

3.8 Effects of electrostatic fields

and no shift was observed within the scan width of AE,C,.m= 0.88 MeV.
occasion the spin tune was measured with and without the Harmonic Spin Matching bumps
shifts, but simulations show that their effect on the spin tune is tota.lly negligible [12]. On one
polarization optimization uses vertical vr-bumps [8] which could potentially produce spin tune

Harmonic Spin Matching was used routinely during energy calibration. This technique for
experimental results are compatible with the calculated spread.
to 0.5 MeV was seen. For all other measurements no significant effect was observed. The
between 0.4 MeV and 1.2 MeV was found. In another experiment a change by 0.1 MeV
after vertical closed orbit corrections. ln one case a significant change in the beam energy

The effect was studied experimentally by looking for unexpected changes of the spin tune
cases. This introduces a relative uncertainty of AE / E < 2 · 10`6 on the energy calibration.
spin tune shift due to the finite vertical closed orbit is smaller than 100 keV for all practical
dependence of 0’(6l/) on the vertical closed orbit RMS is illustrated in figure 7. At LEP the
for 1/ = 100.45. The spread a(61/) is estimated to be about 30 keV for ay = 0.5 mm. The
larization for LEP. Numerical estimates predict an average spin tune shift of less than 10 keV

This effect puts a practical limit on the accuracy of energy calibration by resonant depo
to be close to 0.5. For accelerators with high beam energy 61/ can become large.
KL the quadrupole strength. The effect from orbit correctors is neglected and [1/] is assumed
where nq is the number of quadrupoles, ay the RMS distortion of the vertical closed orbit and

(9) 0·(61/)¤ 0.04 1/2nQ(KL)20·5

cession. A spin tune shift 61/ can result with a. RMS spread of :
The radial fields produce spin rotations that do not commute with the nominal spin pre

tune shifts 61/. This problem was treated in ]26].
beam is subject to random radial error fields mainly at the quadrupoles which can cause spin
In a real storage ring the beam-line elements are not perfectly aligned. As a consequence the

3.7 Spin tune shifts due to radial magnetic fields

than before.
immediately remeasured and found to be located in the same A1/sm, = 0.002 wide scan range
the solenoids were switched off after a successful spin tune measurement. The spin tune was

The theoretical prediction was tested experimentally when the spin matching bumps for
matching.
61/ = l0'4 without spin matching of the solenoids and smaller than 61/ : 10`5 with spin
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for the systematic error.
only be verified with limited accuracy. Only an upper bound was established experimentally
Table 2: Experimental tests of several systematic effects. The systematic errors in table 1 could

Total upper bound 2.4 - 10“5 I 1.1 MeV

Quadratic non-linearities 0.5 MeV10'5

Spin tune shifts from hor. fields I 1.8 · 10“5 I 0.8 MeV

0.5 MeVSpin tune shifts from long. fields I 10`

Interference of resonances 2 · 10‘° I 0.1 MeV

Frequency of the RF magnet I 2 · 10"6 I 0.1 MeV

Source AE/E I AE (E=45.6 GeV)

is assumed. All errors are understood to be RMS errors.

summarized for LEP. A standard energy calibration with a well corrected vertical closed orbit
Table 1: The accuracy of the beam energy calibration method by resonant depolarization is

Total error 4.4 · 10"6 I 200 keV

5 keVQuadratic non-linearities 10"7

Spin tune shifts from hor. fields I 2 · 10"° I 100 keV

5 keVSpin tune shifts from long. fields I 1.1 · 10’

90 keVInterference of resonances 2 · 10`6

90 keVWidth of excited resonance I 2 · 10`

1 keVFrequency of the RF magnet I 2 · 10"

0 keVRevolution frequency 10`1°

15 keVElectron mass 3 · 10'7

Source AE/E I AE (E=45.6 GeV)
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due to different parameters that affect the LEP beam energy.
(CM) energies. mg is the Z boson mass. The precise beam energy for a defined calibration can vary
Table 3: Definition of the three LEP settings and the corresponding typical beam and center-of-mass

46.51Peak-+-2 93.02 z mz + 2 | 105.54

45.59Peak 91.18 z mz ] 103.47

44.72Peak—2 89.44 x mz — 2 | 101.48

LEP Setting I Beam Energy (GeV) | CM Energy (GeV) ( Spin Tune 1/

to the experimental solenoids.
Vertical solenoid compensation bumps are introduced to compensate the spin rotation due

The polarization level is improved with Harmonic Spin Matching bumps.

0,, f 0.5 mm).
The vertical and horizontal closed orbits are corrected to a small RMS (ay § 0.3 mm,

to special polarization tunes (Qt, Qy) = (90.1,76.2).
The betatron tunes are changed from the normal physics tunes (Qc, Qy) : (90.26, 76.18)

interaction points to avoid collisions.
beams present in the ring. In these cases the two beams were vertically separated at the
The positron beam is dumped. Only the last 4 calibrations were performed with both

physics fill, the following modifications were introduced :
settings to reduce possible systematic effects. For an energy calibration at the end of a LEP
ibrations were performed with a minimum amount of modifications to the normal luminosity
LEP settings are described in table 3 and are designated by Peak—2, Peak and Peak+2. Cal
Operational energy ca.librations were performed on the electron beam for three energies. The

4 LEP settings for beam energy calibration

storage ring settings.
the systematic error to be better than 200 keV for a standard energy calibration in regular
An experimental upper bound for the systematic error of 1.1 MeV was established. We estimate
verification of these results could be performed with limited accuracy, as summarized in table 2.
calibration with resonant depolarization was obtained using theoretical studies. Experimental
resonant depolarization is estimated to be about 0.2 MeV on the Z pole. The systematic error on
for the different sources of uncertainties. The total systematic error on energy calibration by
Systematic errors on an individual the energy calibration at LEP are summarized in table 1

3.10 Summary on the calibration accuracy

spin tune measurements. No change in energy was observed within zh 0.88 MeV.
this effect in not important for LEP, the chromaticity was increased by about +10 between two
of quadratic non-linearities, e.g. the chromaticity of radial betatron oscillations. To verify that
shift produces a. relative error of AE / E < 1 · 10"7 [7, 27]. The effect is controlled by variation
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Table 4: Measurements of the energy cha.nge AE : E(pretze1) — E(no pretzel) due to pretzel orbits.

Theor. Estimate [ +0.2

1993 Average [ -0.2 i 0.4

LEP Fill 1698 [ -0.4 dz 0.6

LEP Fill 1674 [ +0.1 :1: 0.6

1992 Measurement I -1.7 ;l: 0.7

Experiment [ AE (MeV)

calibrate with physics tunes, a careful and delicate adjustment of the energy is required to reach
depolarizing resonances close to [1/] = 0.5 where the highest polarization is obtained To
from the standard physics tunes of ~ (0.26,0.18). This tune shift improves the pattern of
Energy calibrations are performed with betatron tunes of (Qz,Qy) = (0.1,0.2) which differ

4.1.2 BETATRON TUNES

can be different from the theoretical estimate.

excluded that due to field imperfections and misalignments, the real energy shift from Pretzel
performed with normal orbits, are compared with the physics fills calibrations. It cannot be
is not a critical error. It only plays a role when Machine Development (MD) calibrations, often

Since calibrations at the end of physics fills were always performed with pretzel orbits, this
normal calibrations and the results, shown in table 4, agree with the theoretical expectation.
shift of AE : —1.7 ;l: 0.7 MeV [3, 29]. Two experiments were performed in 1993 at the end of

ln 1992 a measurement of the energy variation due to the pretzel orbits gave a rather large
contributions with the opposite sign. The net energy change was calculated to be +0.2 MeV [29].
equilibrium energy of the beams, but the large orbit excursions in the sextupoles give additional
orbit position moves inward by AC/21r to satisfy this constraint. This would lead to a lower
reality, the RF frequency forces the length of the orbit to remain constant and the average
where scp is the pretzel amplitude and qz : 84 is the horizontal tune inside the pretzel. In

(10) ACC e jg? g 0.1 mm
8 2 2

orbit, the oscillations would lengthen their orbit by [29]
orbits make large horizontal betatron oscillations and if they were to stay on the same central
the middle of the arcs, both beams evolve on horizontal pretzel orbits [28]. Particles on pretzel
Since 1992 LEP is colliding 8 electron and 8 positron bunches. To avoid beam encounters in

4.1.1 PRETZEL omsirs

to verify the effects of accelerator parameters on the energy.
discussed, but they may also shift the beam energy. A number of experiments were performed
Accelerator settings can modify the spin tune without affecting the energy, as has already been

4.1 Effects of LEP settings on beam energy
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from this average will be denoted by ENMR. It can be used to track energy variations due to
readings to a calibration with resonant depolarization have been averaged. The energy predicted
series with the LEP main bending magnets. For the analysis of our data, the two closest NMR
a reference magnet and read out every few minutes. This reference magnet is connected in
A measurement of the LEP bending field is provided by a NMR probe which is installed inside

5.1 Magnetic field measurements

to a define reference situation.

parameters that are necessary to compare energy calibrations and to correct the measurements
of critical parameters (temperature, magnets currents). We will describe in this chapter some
understanding and prediction of the effects (tidal deformations) and a continuous monitoring
of the running conditions (temperature and excitation of the magnets, RF frequency), a good
tal conditions”. Their impact on the energy can be minimized or corrected by a tight control
The beam energy of LEP is subject to iiuctuations due to the LEP settings and to "environmen

5 Models of energy variations and corrections

on the energy.
steering is also used routinely between energy calibrations in a single fill without visible effect
was observed in the same 0.88 MeV wide scan region than than without the bump. Local beam
bump with an amplitude of 5 mm was introduced in another location of LEP, depolarization
polarimeter laser and the electron bunches have been controlled. When a similar horizontal
of the horizontal bumps used to steer the beam in the interaction region between the Compton
beam and the change in path length does not lead to a significant change in energy. The effect
A closed local magnetic bump does not change the beam energy : there is no net deflection of the

4.]..4 LOCAL MAGNETIC BUMPS

No effect of the 5* reduction was therefore observed within the large uncertainties.

E(5* = 5cm) — E(5* = 20cm) : 1.5 ;l: 0.7 i 2.5(fi1l-to·fi1l) MeV(12)

introduces a systematic error of about 2.5 MeV. The observed energy change was :
in MD experiments. The effect of lowering 5* could only be compared with different fills which
the same low beta conditions than physics fills, but LEP is usually operated with 5* = 20 cm
luminosity running should not affect the energy. Normal energy calibrations are performed in
The reduction of the betatron function 5* at the interaction point from 20 cm to 5 cm for

4.1.3 Low BETA oprros

which shows that there is no significant bias due to the tune change.

E(Q,, = 90.25)- : 90.1) = -0.2 :1: 0.6 MeV(11)

between the horizontal tune settings was measured to be :
polarization was obtained with tunes (0.25, 0.2) close to physics tunes. The energy difference
a good level of polarizations and to avoid depolarizing resonances. In a dedicated MD, good
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E cx Cc
15 ( )

AE 1 ACC

beam energy AE [33]
off-center in the quadrupoles where they receive an extra deflection. This leads to a change in
fixed by the constant RF frequency, the change in circumference will force the particles to move
The strain modifies the circumference Cc of LEP by 1 mm [32]. Since the length of the orbit is
cm in the Geneva area. This corresponds to a local change of the earth radius of 4 · 10"
Terrestrial tides of the sun and the moon move the earth surface up and down by up to ~25

5.3 Terrestrial tides

the MAD program [31].
expectations of cz = 1.859 · 10'4 for the 900/600 lattice obtained from simulation of LEP with
6 in a previous section). The results shown in table 5 are in agreement with the theoretical
extract or. A second measurement was performed with a 75 Hz RF frequency scan (see figure
the RF frequency was changed by +38 Hz and the corresponding energy change was used to

The momentum compaction factor was measured on two occasions. In a first experiment
about 4 orders of magnitude.
circumference variations produce observable energy variations because they are enhanced by
bending radius. The strong focusing produces a small momentum compaction factor. Tiny
where < D, >% 70 cm is the average horizontal dispersion in the arcs and R the average

R QZ
cz 2(14) < D, > 1 1*

cv depends on the horizontal focusing and one has the useful approximate relations [30]

E Oi .fRF Q Lo

AE 1 A 1 A 0

length L., to the energy of the beam :
The momentum compaction factor or relates changes in the RF frequency fgp or in the orbit

5.2 Momentum compaction factor

probe can be found in appendix A.
the NMR correspond to true field changes. More details on the problems related to the NMR
is not completely understood and it is not entirely clear if all the variations measured with
the main bending field inside a fill or between consecutive fills. Unfortunately, this instrument

Table 5: Measurements of the momentum compaction factor exfor the 90° /60°1attice.

1.859Theory

Average [ 1.860 zh 0.018

LEP Fill 1734 I 1.860 i 0.020

LEP Fill 1717 I 1.862 i 0.045

Experiment | a[><104]
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during full moon.
corresponds to a situation close to half moon, while the November 1992 experiment was performed
tide model. The average value of nm, has been used in all pictures. The October 1993 experiment
November 1992, August and October 1993. The solid line is the predicted evolution from the CTE
Figure 8: Evolution of the relative beam energy variation due to tides as a function of time in

Daytime

8.·00 12.-00 16.·00 20.·00 24.-00 4.·00 8.·00 12.·00
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-100
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100
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-100
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0 )—%<
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frequency shifts is shown as a function of temperature in figure 10.
momentum compaction factor oz. The residual energy variation after correction for RF
by ~ 0.4°C during this energy scan experiment. ay was extracted together with the

• Experiment 2 (fill 1734) : The average temperature of the LEP dipoles increased

shown in figure 9.
0.3°C in 4 hours. The correlation between the beam energy and the temperature is

• Experiment 1 (fill 1636) : The average temperature of the LEP dipoles increased by

resonant depolarization
The temperature coefficient 0zT of the LEP dipoles was measured on 3 occasions using

distributed in all octants.

where T is the average temperature of 32 out of 3300 dipole cores. The 32 sensors are evenly

E AT
= ——“T19 ( )

1 AE

coefficient ay as :

perature because of the iron-concrete structure of the magnets We define the temperature
The bending field of the LEP dipoles has a significant dependence on the magnet core tem

5.4 Magnet temperature

measurements. More details on the tide effects can be found in [34, 36].
where go = 980 gal is the average local gravity. This estimate is in good agreement with our

O, go
18 ( ) K, as-:-9-10-7 al we /#s

-0.16

this information, we obtain an estimate for Kvtjde
Earth elasticity show that about 16% of the gravity variation couples into lateral strain. Using
tainties due to the use of the CTE potential to predict the tidal deformations. Measurements of
where the error is estimated from the spread of the data and includes an estimate for uncer

(17) Rude = (-8.6 i 0.8)- 10`7 /pgal

value of mud, is extracted for the CTE model [36]
that may indicate small uncontrolled energy fluctuations. Using all measurements the following
in figure 8. The energies follow the CTE tide predictions, with the exception of a few points
from Earth tide measurements [35]. The results of 3 long and stable experiments are shown
the tide potential into 505 terms, includes empirical amplitude corrections and phases obtained
Tayler—Edden potential [34]) tide model was adopted. This model, a harmonic development of
and the prediction from a very simple tide model. In 1993 a more accurate CTE (Cartwright
in November 1992 [33] showed excellent agreement between the measured energy variations
A high tide Ag exceeds 140 pgal in Geneva (1 gal = 1 cm s‘2 A first experiment performed

Z *¤¢¢.1¢A9(16)
AE

nude relates Ag to AE :
quantity that can be predicted by computer codes with good accuracy [34]. The tide coefficient
In a good approximation, the horizontal strain is proportional to the change in gravity Ag, a
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Reversing the current in the loop induced a change AE = -3.0 :|; 1.4 MeV on average, in
The effect of Iqfd was measured on two occasions by inverting Iqfd from 32 A to -39 A.

bending strength of ~ 0.025 Tm for 33 A [38, 39].
length over which this field is acting was estimated to be about 3750 m and corresponds to a
creates a field of 6.6 ],tT at the position of the beam in the vacuum chamber. The effective

When Iqfd is zero, the net current in the bars is about 33 A. A wire carrying such a current
or turned off on different occasions.

sum of all tree currents should be zero, but during the 1993 LEP run, IQ}.; has been inverted
asymmetry, a compensating current Iqfd is flowing in a third bar next to the two others. The
they are almost in the plane of the ring. To cancel the magnetic field created by the current
current run next to the LEP ring at a distance of about 1 m from the vacuum chamber and
in the D quadrupoles (hor. defocussing). The two bars that carry the quadrupole excitation
(90°/60° optics), the excitation current in the F quadrupoles (hor. focussing) is larger than
When LEP is running with different phase advances in the horizontal and vertical planes

5.5 QFQD compensation loop

fills.

the precision already obtained previously because of the small temperature lever arms in the
The coefficients in table 6 are in agreement with other measurements They do not improve
possible jumps in energy and we use the values of table 6 for the beam energy data analysis.

The analysis of the temperature data in fill 1772 has turned out to be very subtle due to the

were observed inside a single fill. The origin and frequency of such jumps is unknown.
But it is also the only occasion in 1993 when large (> 1 MeV) and abrupt energy changes
lf the hypothesis of the 2 jumps is accepted, all the temperature data becomes consistent.

that could explain an energy jump [37].
demanded these adjustments. An analysis of the beam orbits revealed no orbit movement
is not understood if those corrections were the cause of those jumps or if the energy jumps
correlate these jumps with orbits corrections and small tune adjustments (AQ, ~ 0.02), it
with the exception of two sudden jumps (figure 12). Although there are indications to
two experiments (table 6), the time evolution of the corrected energy is relatively fiat
When the data is corrected with the temperature coefficient obtained from the previous

coefficient is about twice as large as the value extracted from the two first experiments.
value of 2.5 · 10'4 with quite a good correlation between energy and temperature. This
full data sample is used for the temperature analysis as shown in figure 11, org- reaches a
were warming up after a technical stop and the temperature increase was ~ 0.6°C. lf the

• Experiment 3 (fill 1772) : This experiment was performed while the LEP magnets

Table 6: Measurements of aT.

Average | 1.07 ;l; 0.30

LEP fill 1734 [ 1.12 zi; 0.41

LEP fill 1636 I 1.01 ;l; 0.43

Experiment [ cz;r[10"4/deg]
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not monitored, the distribution will acquire tails beyond -1 and +1.
If the energy of the beam iluctuates because of effects which are not under our control or

change much between two calibrations which are then strongly correlated.
Some of the measurements are taken close together. In that case, the energy does not

bias 6E towards 0 and to decrease the RMS.
beam energy and to get a clean depolarization in only one scan. This attitude tends to
spin resonance. Usually the scan limits are then displaced to center the bin around the
ization is also observed in the neighboring scan region because of the width of the excited
When the energy of the beam is close to the edge of the depolarization scan, some depolar

reasons for the difference :

exhibits a roughly Gaussian shape instead of the expected flat distribution. There are a few
avoid a too strong bias towards 6E : 0. The experimental distribution, shown in figure 13,
without any change in beam conditions, the second calibrations is not used for the analysis to
depolarizations. When two calibrations are too close together in time (less than 15 mins) and
+1 if the measurements are uncorrelated and the energy is varying sumciently between different
particular depolarization scan. The distribution of 6E is expected to be Hat between -1 and
where Em, is the average corrected energy in a given the fill and AE the half-width of the

6E =(21)
E — E., U

deviation 6E :
all parameters that are known to affect the energy. We define for each corrected energy E the
factors. For this analysis, each energy measurement is corrected to a reference situation for
allows to estimate the reproducibility of the energy calibration and the quality of the correction
On most occasions, the beam energy was measured repeatedly during the same fill. This

5.6 Energy calibration reproducibility and correction quality

is given in table 7.

spread of the two experiments. The correction coefficient CQM
surements show a significant difference. The error has been estimated conservatively from the
agreement with the theoretical estimate of -2.6 zi; 0.5 MeV [38], but the two individual mea

average is estimated from the spread of the 2 fills.
Table 7: Correction factor CQM for the effect of the quadrupole current asymmetry. The error on the

Theor. Estimate I 0.037 zi: 0.008

Average I 0.042 zh 0.020

LEP fill 1888 I 0.062 zh 0.010

LEP HH 1845 I 0.025 ;i; 0.009

Experiment [ OQM (MeV/A)
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seconds. It is believed that oscillations of the mirrors due to vibrations of the vacuum chamber
were observed in the rate of Compton photons scattered from the positron beam within a few
fortunately the operation of the system was more difficult than anticipated. Large fluctuations
downstream from the interaction point between the positron bunches and the laser beam. Un
positron beam. The backscattered Compton photons are detected in a detector ~ 390 m
beam polarization is reflected back by a concave mirror to allow head-on collisions with the
missioned in the following months. The same laser beam that is used to measure the electron
A positron polarimeter was installed during the LEP September 1993 technical stop and com

6 POSitPOH b€3II1 €H€I'gy

sufficiently clear to apply a correction algorithm.
indications to correlate several of these jumps to orbit corrections, those correlations are not
given in table 8. Some of the jumps are visible in figures in this document. While there are
occasionally when the energy is tracked for some hours. A summary of such observations is
24 hours) is typica.lly ~ 0.5 MeV. Some steps or deviations of this importance are observed

The medium term reproducibility of the beam energy measurement inside a single fill (6
short term reproducibility of the beam energy calibration.
within 1 100 keV over a 30 minutes time interval (figure 14). This experiment shows an excellent

The energies of different bunches were compared during stable conditions and were identical
fill. For a standard calibration AE = 0.44 MeV, leading to UE = 0.4 MeV.
the RMS error on an individual calibration with respect to the other calibrations of the same
This relation includes reproducibility and correction errors and was used in this report to obtain

(22) UE : (/-;*1 + (0.3 MeV)2

error on the energy :

measurement. We use this estimate to define for each individual ca.libration inside a fill the
of 0.6. This corresponds to a typical systematic point to point error of 2 0.3 MeV on each
is expected to be 1/\/3 = 0.57. The difference can be attributed to a systematic error 05

The 6E distribution of figure 13 has an RMS of 0.84 while the RMS of a flat distribution

Table 8: Medium term beam energy measurement reproducibility.

1849 I 11-10-93 I 11 I up to 0.8 MeV deviations

0.0 Mev jump1811 I 12-09-93 I 5.5

up to 0.8 MeV deviations

1772 I 29-08-93 I 21.5 I 2 and 1.3 MeV jumps,

1734 I 5-08-93 I 4.5 I Better than 0.2 MeV

1636 I 20-06-93 I 4 I Better than 0.3 MeV

(hours)(LEP fill)

Experiment I Date I Duration I Reproducibility
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used to correct EPO, are given in column 3.
Table 9: Reference values of the parameters that affect the LEP beam energy. The correction factors

QFQD comp. loop (Peak+2) I +33 A

QFQD comp. loop (Peak—2) I +32 A I CQN = (4.2 i 2.0) · 10`2 MeV/A
Av. Magnet Temperature 24°C' agp = (1.1 ;l: 0.3) · 10"4/deg

Tide 0 pgal I mud, = (-8.5 ;t 0.8) · 10"7 /p.gal

RF frequency 352 254 170 Hz I or = (1.860 zi; 0.020) · 10`

Parameter Reference value Correction factor

for Epo; alone.
over time. Figure 16 shows that this is not the case. The variations are roughly the same than
and if the NMR probe tracks this field correctly, the difference Epo; — ENMR should be constant

If the bending field of the main dipoles is the cause of the energy variations seen in figure 15
they do not show the same amplitude of the variation as a function of time.
average at the begin of the LEP energy scan. The two energy points evolve in parallel, but
been subtracted from the energies at Peak+2 and Peak—2 to make the energies coincide on
as a function of time, corrected to the reference values of table 9. Two constant offsets have

In figure 15 the evolution of the energy Epo; obtained from resonant depolarization is shown
Numerical results for the ca.libration of a.ll fills are given in appendix B.
contribution to the error on the energy due to the uncertainties on the correction coefficients.
weighted average is calculated. The average correction for each parameter is used to obtain the
temperature. For a given fill, all energies are corrected to the reference situation before the
physics fills. The reference magnet temperature was chosen to be close to the average calibration
LEP defined in table 9. The reference RF frequency corresponds to the setting used in normal
To combine the 1993 energy calibrations, all results are corrected to a reference situation for

7 Beam energy calibration results in 1993

understand the positron energy.
The cause for this energy shift is not known and more experiments are planned in 1994 to

0.5 MeV < I Ec- — Ee+ I < 3.2 MeV(23)

it is only possible to give the following range for the difference of the energies :
to solve the ambiguities of the depolarization procedure for the positron beam. For this reason,
electron beam was confirmed. Due to a lack of time, it was not possible to change Q, and fgp
the expected energy from the electron calibration was observed. Finally the calibration of the
was first carefully measured. Then the positron beam was depolarized. A shift with respect to
beams were present in LEP with a polarization of ~ 15%. The energy of the electron beam

lt was still possible to perform a single test calibration when both electron and positron
effect. This problem should be solved in 1994.
produced important changes in the position of the laser focus and could be at the origin of the
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tions of the average radial beam position AX A RC at the arc pickups and of the energy AE are
11], an analysis of orbits measured during all LEP physics fills was performed [37]. The varia

With the improved electronics of the Narrow Band LEP Beam Orbit Monitors (BOMs) [10,
velocity of light. The central beam revolution frequency is 11 246.94 Hz.
where h = 31320 is the harmonic number of the LEP accelerating RF system and c is the

= 26655.4686 ;l: 0.0002 m25) ( Cc Ag = 0 = ;—— ( 1 ra (Ag - ¤>
h

which corresponds to a LEP circumference of :

ffw (Ag = 0) : 352 254 162.6 zh 2.5 Hz(24)

frequency is
the critical period of the largest energy drifts. ln the absence of tides the average central RF
large change in the LEP circumference (figure 18). Unfortunately measurements are missing in
that are not due to tides. The evolution of ffw as a function of time shows no evidence of a
spread of the data is larger than the measurement errors, which could be due to ring movements
The observed values of ffw show the expected correlation with the tides (figure 17), but the
frequency, that could also explain the energy drift, can be directly measured with fin.- [40, 41].
the beams on the central orbit. A change of the circumference of LEP or a drift of the RF
vanishes. The central RF frequency ffw corresponds to the RF frequency setting which brings
and sextupoles. On this orbit the net bending field from quadrupole and sextupole magnets

A particle on the central orbit moves on average through the center of all the quadrupoles
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the evolution of the beam energy in every fill [37].
position in the arcs and the quadrupole current can therefore be used to track and understand
with being due to magnetic fields within about -1; 2.5 MeV. The combination of the beam orbit
the 1993 data. The good correlation shows that the remaining energy variations are consistent
shows the resulting correlation between the measured beam energy and quadrupole current for
current of the arc quadrupoles required to set the tunes to their nominal values. Figure 22
tunes and energy was observed in [37], where the tune change was tracked by the excitation
magnets will be mismatched and the betatron tunes will vary. The resulting correlation between
(0.1, 0.2). If a beam energy change is induced by magnetic fields, the strength of the quadrupole

For resonant depolarization calibra.tions the betatron tunes were carefully set to (Qx, Qy)

~ 10‘4.
the difference is ~ 4.7 MeV, which corresponds to a precision of the Flux-Loop calibration of
agree within the errors. The two calibration methods are compared in table 10. The RMS of
EH is +6.8 ;l: 8 MeV. Figure 21 shows that Flux-Loop and resonant depolarization calibrations
of 352 254 170 Hz and the average tide-corrected central frequency. The total correction on
been corrected by -5.2 MeV to account for the difference between the reference RF frequency
for the effect of Nickel layer in the LEP vacuum chamber [46]. The Flux-Loop data has also
account for aging of the concrete-iron dipole magnet cores, for the Earth magnetic field and
this reason, the measured F lux-Loop energies Ef; have been corrected by +12 i 8 MeV to
static magnetic fields and of the quadrupole and sextupole magnets on non-central orbits. For
for LEP energy calibration The Flux-Loop calibrations are insensitive to the effects of
the integrated bending field of the LEP dipole magnets [44, 45]. It has been used extensively

The Flux-Loop consists of electrical loops threading all LEP dipoles which allow to measure
deformations are correlated with rainfall [42, 43].
variations are significantly reduced (figure 20 and table 10). There are indications that the ring
beam energy is corrected for the movement of the orbit according to equation 26, the residual
drift of the beam position that is correlated with the evolution of Epo; (figure 19). When the
example of such deformations that are now well understood. The analysis of X ARC reveals a
in energy due to the bending field in quadrupoles and sextupoles. The terrestrial tides are an
beam to change its position in the quadrupoles and in the BOM pickups and induce a change
D§“ E 57 cm is the average horizontal dispersion at the pickups. Ring deformations force the

AXARC = D'? -7; % 12.5 (pm) · AE[MeV](26)
AE

related through :
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before and after a Flux-Loop calibration.
to be added to E},. For the differences E}, — EM, EPO, was averaged using the 2 closest measurements
the orbit movement observed with the BOM system. In each case, a systematic error of zi; 8 MeV has
Table 10: Comparison of Flux-Loop and resonant depolarization calibrations. Epo; is corrected for

4.6E;1 — E,.7 (Pcak+2) I +0.4 a 1.5

4.8Ei; — Epo, (Peak—2) I -1.8 i 1.5

Ep., - ENMR (P¢5k+2) I -31.2 4 0.5 I 1.7

Epo; — ENMR (PC8.k—2) I -28.9 :i; 0.8 I 3.4

12,, - ENMR (45 GeV) I -27.9 4; 1.7 I 5.2

Quantity Average (MeV) I RMS (MeV)

MeV for Peak-I—2.

fills are shown in these figures. The RMS spread of the data points is 3.4 MeV for Peak—2 and 1.7
movement shown in figure 19. Only calibrations performed in normal conditions at the end of physics
Figure 20: Evolution as a function of time of the beam energy after correction for the radial orbit
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beam energies during certain parts of the physics fills.
to obtain transverse polarization with colliding beams. This would a.llow a monitoring of the
fasten the energy calibration procedure and to improve its accuracy, experiments are planned
energy has not been measured accurately. For these reasons, the studies will be pursued. To
explained. The behavior of the NMR probe reference is not yet well understood. The positron
a few problems remain. The sudden energy jumps during the temperature experiment are not

The understanding of the LEP beam energy has been improved substantially in 1993, but
calibrations are not understood at present, but they might be due to magnetic fields.
with rainfall during the second half of the year 1993. The remaining fluctuations of the energy
MeV for Peak+2. There are indications that this change in the orbit circumference is correlated
the remaining RMS spread of the energy calibrations is about 3.4 MeV for Peak—2 and 1.7
to a change in the circumference of the LEP ring. After correction for this orbit lengthening,
MeV (4 >< 10‘4) observed between August and October. Part of this variations can be attributed

A surprising aspect of the 1993 beam energy data is the rather large variation of up to 20

year.

Unexpected energy variations of up to 20 MeV have been monitored in the course of the

difference between electron and positron energies.
A first test measurement of the positron beam energy was performed, indicating a possible

determined.

The energy dependence of the LEP beams on different physical parameters have been

energy calibration was shown to be smaller than 1.1 MeV.
Several systematic effects have been studied in detail and the systematic error on a single

calibrations were performed at the end of physics fills within 3 to 4 hours.
Operational energy calibration was successfully commissioned for 3 energies and 24 energy

LEP beam energy. Some important points include :
The energy calibration program of 1993 has provided a. wealth of data, on the behavior of the
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the beam energy measurement from resonant depolarization (figure 23). This behavior might
power supply. The NMR readings showed a clear +4 MeV jump, but no effect was observed on
a specific experiment was performed where current spikes were deliberately applied on the main
determine if these jumps correspond also to a real field increase for the LEP bending magnets,
be produced by current spikes on the power supply of the main bending magnets [49]. To
in 5 to 10% of all physics fills. As a possible explanation, it was shown that such jumps can
readings. All jumps correspond to an increase of the field. In 1993, such jumps were observed
analysis of the NMR data shows sudden "jumps” of up to +5 MeV between two consecutive the
measures the field of the reference magnet and takes into account the magnetic hysteresis. The

A better tracking of the bending field could be provided by the NMR probe. This probe
during 1993.
fills and over time. The current setting of the LEP main bending magnets was extremely stable
account for hysteresis effects in the magnets. Only tiny current variations were observed inside

The reading of the DCCTs was very stable in 1993 for each energy point [48], but it cannot

MeV. The reference magnet is connected in series with the main bending magnets.
• A NMR probe measures the field inside a reference magnet with a resolution of ~ 0.1

through all the main bending magnets with a resolution of ~ 0.5 MeV.
• The DCCTs (Direct Current Current Transformers [47]) measure the current flowing

Tm at 45 GeV). Two devices are available for this task
running period, it is useful to be able to track relative changes of the LEP bending field (~ 950
To improve the understanding of the time evolution of the energy during fills or for a whole

A Appendix : Magnetic field reference
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the end of physics fills.
experiments which are not always performed with the same LEP settings than calibrations at
Fills marked with a >•= correspond to LEP Machine Development (MD) calibrations or special
temperature Tmag and the setting of the quadrupole compensation loop Iqfd are also indicated.
as indicated in table 9. JE is dominated by the extrapolation errors. The average magnet
The RMS error UE includes the contributions from the errors on the correction coefficients
Epo; are corrected to the reference values of the different parameters according to table 9.
The following three tables contain the list of energies for all calibrated LEP fills. The energies

B Appendix : Calibrated till energies

perturb the measurements of the non-linearity.
non-linearity might have varied with time or that other unknown causes for energy variations
lower value of 04,,; = (-1.3 :b 0.6) >< 10"3 is obtained. But figure 20 seems to indicate that the
From the average difference between energy ca.librations at Peak—2 and Peak-{-2 (table 10), a

pv po

(27) an, = __ P+2 _ _ P-2 : (-:;.20 i 0.47) X 10

beam energy ramp. The result of such an experiment was (figure 25)
non-linearity can be measured with successive energy calibrations inside the same fill using a
seen in figures 16 and 20. We define this as the non-linearity of the reference magnet. The
energy measured by depolarization and by the NMR probe depends on the energy, as can be
are aging, their average field calibration varies. As a consequence the difference between the
LEP bending magnets at the time of the installation in the tunnel. Because the tunnel magnets

The LEP reference magnet has been ca.librated with the total dipole field of all the normal
by comparing the results obtained using this reference or only the dipole current readings.
during LEP runs. The resulting systematic error on the Z mass and width can be estimated

These observations cast a doubt on whether the NMR can be used to track the bending field
the extrapolated beam energy at the beginning of the experiment.
1849. Without the use of the NMR, there is a 2.5 MeV discrepancy between the measured and
the beam energy is extrapolated backward in time starting from the last calibration in LEP fill
that these slow drifts correspond to true field changes. This is demonstrated in figure 24 where
drifts towards higher fields. The drifts can reach a few MeV after 12 hours. We have indications

The NMR displays another characteristic behavior. During fills, it almost always shows
data, jumps larger than 1 MeV between two consecutive readings have been corrected out.
is still not clear if these correspond to real field variations. For the analysis of the calibration
method. Unfortunately, no spontaneous jump was observed during energy calibrations and it
the beams were lost after a spike with an amplitude of ~ 20 MeV was applied with the same
be due to a shielding effect of the beam pipe, but it cannot explain why in a previous test,








