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Abstract
ment in a reference magnet which can be calibrated absolutely

The LEP energy is obtained from a field measure-

from the fux change in a loop embracing all LEP dipoles during
magnetic eveling. To get the beam on the nominal orbit, the
tunes were measured vs. RF-frequency for different sextupole
settings. The fraquency for which the tunes are independent of
the latrer gives the nominal orbit geing through the centers of
the sextupoles and, due to the relative alignment, also of the
(uacrpoles, The LEP energy calibration was improved by in-
jerting protons, trapping them on a different harmonic nurber
and adjusting the RF-frequency until they have the same or-
bit, and therefore the same momentum, as the electrons had.
Trom this the revolution frequency, the velocity and the proton
momentm were obtained in good agreement with the magnetic

ealibrasion.

1 Introduction

The energy calibration of LEP is important since it enters di-
rectly into the mass determination of the Z° particle. The dipoles
of LEP are iron-concrete magnets which nndergo some aging. A
reference magnet without concrete contains a flip coil for field
The

dipole maguets in the tunnel confain a flux loop mounted di-

measurernents referred to as "fleld display” of "fd” 1.

rectly on the pole face, referred to as "flux loop™ or "7, They
are mensnred periodically by applying a symmetric current cycle
Detween +2900 A and -2900 A and integrating the induced volt-
age in the flux loop  Admnother method of energy calibration is
the measurement of the revolution frequency of protons injected
into LEP, [3] Since protons are not nltra relativistic the velocity
obtained from the measured revolution frequency gives the mo-
menttom which is the smne for protons and electrons for a fixed
magnet setting and orbit. This energy calibration takes all effects
o account but can only be done around the injection energy of
20 GeV

2 The LEP Field Display and Flux-loop
System

A reference dipole magnet is connected in series with the LEP
main dipole magnets. This reference dipole was made from a
stack of standard dipole laminations, In order to ensure the best
possible magnetic stability, it was not filled with mortar, but
was mounted in a special frame. Measurements of the magnetic
ficld are carried out with a flip coil mounted in the magnet gap
along the position of central orbit. The flux is measured by a
digital integrator triggered at the beginning and at the end of

each movement. A more detailed description of this field display
system is given in [1]

The measurement in the reference dipale provides information
abont the field integral in the bending magnets, and thus the
value of particle momentum at central orbit. The resolution of
the measurempent is about 20 ppm and a corresponding repro-
ducibility has been confirmed.

The reference dipole is calibrated periodically by a direct mea-
surement of flux variations in the flux loop mounted in the lower
pole of each of the bending magnets. These loops are connected
in series throughout eack of the octants of LEP. The flux varia-
tion is measured by eight digital integrators placed in the even
vnderground areas of the machine and which in turn are con-
nected to the LEP control system. Polarity reversal permits a
measurement of the remanent field which is of particular impor-
tance in these low field dipoles. This allows the beam momentum
to be determined to an accuracy better than 5107 The cali-
bration procedure is described in detail in 2] and the flux loop
calibrations are shown in figure 1.

3 Determining the central orbit and the LEP
circamference

From the fleld display and «he Hux loop calibration one obtains
the energy of a beam on central orbit which goes in average
through the center of the quadrupoles. This central orbit has
a circumference 27 R which determines the central revolution fre-
quency f,.and the central RF-frequency fpp

He

=R (1)

fo. Ffrre = hio
where his she harmonic number. The method used here to de-
termine the central orbit and its eircumference uses the fact that
the sextupoles in LEP are very close to the quadrupoles and very
well aligned with respect to them. I the beam goes through
the center of the sextupoles the betatron tunes are independent
of the excitation of these sextupoles. First the orbit is well cor-
rected. Then the betatron tunes @, and @, are measured with the
Q-meter [4] as a function of RF-frequency. This is repeated for
different excitations of the sextupoles, i.e. for different chromatic-
ities Q' = dQ/dp/p. Under ideal conditions the lines Q( frr) will
cross at one point which determines the central RF-frequency
frre from which the circumference 27 Ris obtained. The figure
2 shows such a measurement and the results are tabulated in
section 3. Due to the limited accuracy of the measurements the
lines obtained for the different chromaticities don’t all cross ex-
actly in one point. An error ellipse for one standard deviation is
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shown on the figure, For the same reason the central frequencies
obtained by measuring the two tunes is not exactly the same.
We estimate that the error in the circumiference measurement is
of the order of 0.6 mm which corresponds to a relative error of
.3107%. The accuracy of the frequency measurement is
considerably better than this number and has not been consid-
ered. It does not enter into the energy calibration since only a
ratio between frequencies is used as we will see later. The circum-
ference has been measured in December 1989 and in May 1990.
They differ by about 1.6 mm which we think is outside of the
nmeasurement errors. It is not impossible that the change is real
and could he caused by temperature change

about 2

tidal forces or earth

rer. The measured cir-
cuteference is only about 10 mm different from the design value
which indicates a relative error of only about 41077,

motion. This has to be investigated furt

4 Energy calibration with protons

The energy calibration with protons [3] uses the fact that these
particles are not ultra relativistic at the energy of 20 GeV used
for our The velocity v = Jeis therefore measurably
differen: from the speed of light and can be used to determine the

erimernts.

momentnm, In contrast the speed of the electrons and positrons
has at this energy a relative difference of about 3107 from the
speed of light which could not be measured with our methods.
To carry out the energy calibration one first sets the machine
After

Frpee 15 measured

to the injection energy of 20 GeV and injects positrons.
an orbit correction the central RF-frequency
with the method

deseribed in the last section which gives the

circumference

" fFe

After this protons are injected into the same magnetic settings
and trapped with the REF-system on a different harmonic munber
h,. The tunes of the protons arve then measured as a furction
of RF-frequency for different chromaticities as for the positrons.
This determines the central RE-frequency frp, for protons. The
veloeits of the protons divided by the speed of light is

3 ET‘[?.J{HH v 3, Tt H Fep ~ /'16.1‘-[11‘3‘;' o f')cru (3)
o e = - = il
! h pC hpfh’l"'-:'r: }’Iw.h”"w‘ ﬂ)c»:

From the proton velocity one gets its momentiun p, which has
an ervor mulriplied by 42 with respect to the velocity error
Dy == g3 (4}

e =

= 31320 and is well
known because one unit in this number corresponds to a change
)

The harimonic number of the electrons is k,

of circunference of 0.8 m which is well outside the accuracy.
The machine energy is known from the field display and the flux
loep calibration to sufficient accuracy to determine the proton
58 at 20 GeV/e.

i this munber the mementum would

harmonie number A, which is 311 For a change

of one it chiange by more

than 1 %.

5 Results

The results of the flux loop calibrations done between October
198D and May 1990 are shown in figure 1 for 45 GeV/c. The
numbers give the deviation of the raw calibration from the field
display.
There are a few corrections to be applied to this data. The aging

An exponential fit has been made through the points.

f flux loop itself gives a relative correction of 3 107% at 45 GeV
and at 20 GeV. The earth magnetic fleld. not included during
the cycling of the magnets. makes a correction of ~0.510"% at 20
GeV and ~0.210~* at 45 GeV. Finally the presence of some ferro-
magnetic Ni in the vacuum chamber makes a small feld change
not seen by the flux loop which is outside the chamber. The
corresponding correction is —5 107 at 20 GeV and negligible at
45 GeV as obtained from fleld measurements in the laboratory

with the vacuum chamber in place. Since we don’t know how
equal the nickel is distributed among the (’hambu‘r% r:f the ring
. This, to-
gether with some other uncertainties results in a 1r:>lnf:ve error
of 2,410 for the scaling between 20 and 45 GeV/e. With all
this corrections one obtains the momentum of a beam on ceneral
orbit. The results are listed in table 1 for December 11, 1989 and
May 21, 1990 which were the dates a calibration was done with
protons.

this correction has a large uncertainty of about 210

Date 11.12.89 | 21.05.90
Momentum GeV/ic| 20| 45)] 20( 45
{p()-pf))/ptid) 107 ] 0.8 1-2.1]-1.5]-7.2
fl aging 10-1} 3.01 3.0 3.0] 3.0
Ni 1074 1-5.0] 0.0]-5.0} 0.0
earth field 104 -05]-02]-05]-0.2
(p(0)-p(fd))/p(fd) 107 | -1.7] 0.7]-4.0]-4.4

Table 1: Flux loop calibration

With this flux loop a calibration is wade with respect to the

field display for the momentum p(0) on the tt—utml orhit. To
get the womentum of a physics run we have to know by how
much the corresponding orbit differs from the central oue. All
the physics runs were done with an frpe = 352234220 Hz. The

RF-frequency fpp.. of the central orbit is determined with the
method explained in section 3.
and in table 2

The results are shown if Fig. 2

Date May 90
frre trom ¢4, Hz 352254172.0
+ 4 7.0
Hz 4156.0 | 3522541771
+7.6 + 4.7
fure. average Hz | 352254151.7 | 352254172.9
+ 35 =9
circumference mm | 26 658 873.7 { 26 658 8§72.1
+ 0.4 £ 0.7

Table 2: Central RF-frequency

s and circuwmference

To correct for the diference F between the

A f}i} = .;,‘H"

two frequencies one uses the relation

Ap

A ¥

..... (3
wlere we
3.866 10~" for the optics used presently in LEP. This give a rela-
tive correction of ~5.0 107 for December 1989 and —3.5 107" for
May 1990.

Two calibrations using protous were carried out at the LEP in-
jection momentum of 20 GeV/c.

wsedd the momentun cowpaction factor beiug o

The first one done in December

1989 has a relatively large ervor for the observation of the hor-
izontal tune @), probably due to a small tune change occurring
durinﬂ the experimens, The one done in May 1990 worked better

and is shown in figure 3. The results are summarized i1 table 3.
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Date 11.12.89 21.05.90
FrEee from @, Hz | 352249435.3 352249247.5
+ 190.6 + 19.0
Frpee from @, Hz | 352249478.7 352249237.7
+42.3 + 18.0
FrEc average Hz | 352249471.5 352249242.6
+ 70 + 20
P 0.9989025 0.9989018
+2.110°7 +5710°8
plx=0) GeV/e 20.0102 20.0038
+1.01071 +0.3107
ptfield display) GeV/e 20.007 20.009
(p(0-plid)/pifd) (1.6 4107107 | (~2.6 £ 0.3)10°*

[T v T — T
00005 P 45 GeV/c  —
p(m-plray ]
p(%ﬂ o < ]
£.0000 - X s
L v Rk 1
- p— -
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TR ]
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Table 3: Calibration with protons

Comparing the results of the proton calibration with the flux
loop results one finds a diserepancy of about 3.3 107% in December
and 1.4 107*in May which is not inconsistent considering all the
errors. We think the protous calibrations are slightly more accu-
rate and take them for values at 20 GeV/c. For the scaling to 45
GeV /e we use the differences between the flux loop calibrations
at these two energies, which we take from the fit shown in the
lower part of figure 1 rather than from table 1. There are some
otaer effects which have to be considered. The horizontal orbit
correctors provide some bending and conld have a slight effect
on the energy. They are taken into account by the calibration
with prozons. However the powering of these correctors can be
different for different runs. By looking an different orbit configu-
rations the ertor is estimated to be smaller than 0.5 107 There
are two effects whicli could make slight differences in the center of
mass energy at different interaction soints, The distributed loss
of evergy due to synchrotron radiation in the bending magnets is
revlaced by localized RE-stations which gives an azimuthal en
ergy dependence of ench beam. The sam of the two energies is
constant around the ring but this is not exacrly true for the cen
ter of mass energy. One RF-station could give less acceleration
to one beam compared to the other if the spacing between the
cavities s not exactly a mualtiple of the RF-wave length and, at
the same time, the phasing is not correct. Such an effect will
be compensated in average around the ring but could lead to an
azimuthal center of mass energy dependence. Both of these ef-
feets are estimated to be negligible compared to the other energy
errors. The results are summarized in table 4.

Darte 11.12.89 21.05.90

L) o) Ge e 0] 1.6+£1.0 | —26+0.3
effects of correctors ete. 107§ 0.0+0.5 0.0+ 0.5

scaling to 45 GeV/c 1074} 23424 | —0.7+24
p(03-pUd)/plid), 45 GeV/c 1074 39426 | —-334+25
p{phys.)-pi0)/p(0) 1071 -5.0+04] 35407
piphys)-p(fd)/plfd), 45 GeV/e 107* [ -1.1 £ 27| 6.8k 2.6

Table 4: Calibration for physics conditions

6 Conclusions

The energy calibration based on magnetic measurenents com-
bined with the flux loop calibration is in gond agreement with
the momentum determination with protons at 20 GeV/e, For the
scaling to 45 GeV/e the flux loop is used. The relative energy
error at 45 GeV is abour 3107

days after Ock. 1, 1988

Figure 1: Flux loop calibration
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Figure 2: Finding central orbit with positrons
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Figure 3: Finding central orbit with protons
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