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Abstract independent Direct Current Current Transformers (DC-
An important aspect of luminosity calibration measure€TS), tWo per ring (called system A and B), are used to

ments is the bunch population product normalization. IF€@sure the total beam current circulating in each LHC

the case of the LHC, the treatment of this normalizatiofi"d- The DCCT is designed to be insensitive to the time
can be split into three subjects: the total current measurgffucture of the beam. Two Fast Bunch Current Transform-

ment, the corrections from the non-perfect longitudinat di €S (FBCTS), one perring, give a measure of the individual
tribution and the relative amplitude of the individual banc PUNch charges. The FBCT is designed to produce a sig-
populations. In this note, we discuss the first item in dg?@! (On€ per 25 ns bunch slot) which is proportional to the
tails and in the context of the 2010 and 2011 luminositgharge in a slot, by integrating the charge observed inside
calibration measurements performed for each LHC Intef fast gate. The IF?l BPTX bu_tton p|§:k-up was also used to
action Point. Effects Internal to the DCCT, the sensitivi/easure the relative charge in nominally filled slots. Both
to external factors, uncertainty related to the absoluke calhe FBCT, and BPTX devices are “blind” to a slot chargg
ibration and comparison of two systems are all addressegf!0W @ given threshold. Such beam charge, if present, will

The DCCT uncertainty and numerical examples are giverp® Mmeasured by the DCCT but not by the FBCT/BPTX.
This is called the “ghost” charge. It is defined as the total

INTRODUCTION beam population outside the nominally filled 25 ns bunch
slots. Other devices , such as the Longitudinal Density
Several luminosity calibration experiments were carriefjjonitor (LDM) or the LHCb detector, were also used,

outin 2010 and 2011 at the LHC, with proton collisiops (' when available, to check the relative bunch populations.
p) and with ion collisions (Pb-Pb), to obtain physics cross

section normalizations at each Interaction Point (IP)hBot
the van der Meer (VDM) scan method and the beam-gas Fyrthermore, within the 25 ns of a nominally filled slot

imaging (BGI) method were used. The experiments wef@e bunch occupies only one of the ten RF bins. Possible
carried out at the zero-momentum frame energi@s= 7  “satellite” bunches may populate the other nine RF bins.
and 2.76 TeV fop-p and\/s = 7 Z TeV for Pb-Pb. Such satellite charges were indeed observed and measured
The first measurements showed that one of the domy different ways with the LHC detectors (by timing or ver-
nant uncertainties is introduced through the bunch popiex reconstruction) by monitoring longitudinally dispéat
lation product normalization. As a consequence, a detaile@lisions. The amount of satellite population is gengrall
bunch population analysis was carried out using data frogmall compared to the main bunch population, but never-
the LHC Beam Current Transformers (BCTs) and from théheless needs to be quantified to obtain a precise measure-
LHC detectors (ALICE, ATLAS, CMS and LHCb). An ment of the bunch population that actually participates in
analysis procedure was defined and bunch population Uftre luminosity signal. At some stage, the LHC LDMs were
certainties were quantified. The results of a first analydeployed and commissioned (one per ring). The LDM al-
sis for 2010 calibration measurements were documented|ivs one to obtain a precise longitudinal distribution af th
two bunch current normalization notes [1, 2] where a depeam charge with a time resolution of about 90 ps. It is now

tailed description of the procedure used to determine thgsed for constraining both the ghost charge and the satellit
bunch populations and their associated uncertainties€an gopulations.

found. The precision was limited by the understanding of
the BCT data at that stage. Since then, a number of addi-

tional tests were carried out which significantly improved The bunch population normalization was decomposed in
the understanding of the bunch current measurements. TifiRee tasks: (i) determination of the total beam chargp, (ii
purpose of the present note and of two companion not@galysis of the relative bunch populations and (iii) correc
[3, 4] is to review the bunch population measurements anghns due to the ghost charge and satellite populations. The
their accuracy in the light of these improvements. second and third items are discussed in detail in references

As discussed in reference [1], the LHC is equipped with3] and [4], respectively. In the present report, we concen-
a number of Bunch Current Transformers (BCTsFour  trate on the first item, namely the determination of the total

1Throughout this note, it is assumed that the measured chargbfo be.‘am mtensny measurement and its ur.lcerta.mtles' A de-
beams is exactly proportional to the particle populatiorthv@2 as pro- tailed discussion of the results from which this document
portionality factor. is based is provided in reference [5].




DCCT UNCERTAINTIES A control measurement has been performed with an al-
The analysis of all factors contributing to the DCCT un—temf(ijt? Aaé ;COLWh'Ch a re_zfﬁr(;nce response has been mer?-
certainties are divided in the following three main cateSUr€d in the laboratory with the same current source. The
gories. A schematic overview is given in Fig. 1. ,DCCT S|gna! from all DCCT's a|_'1d ranges was at;quwed
The first section reports on the analysis of effects intef! Eaf"el with the ;iefault 12-bit acqwsnfl'on cha;ln anhd
nal to the DCCT system which may contribute to the totaf"'t IF € '\,” AD_C_' The ;neaSL;]rement con '”‘,‘e,f_‘ t a’:]t.e
current uncertainty. The second section discusses the seﬁlog' mez:rlty orr]lglnates rom the D(;CT ac?umfn(;]n T ain
tivity to external factors and beam conditions, and thedthira"d ot from the current source. The results of the linear-

section focuses on uncertainties related to the absoliite ciiy measurement acquired with both ADC’s in parallel is
ibration. shown in Fig. 2 for system B/beam 2 range 1. The DCCT

Finally the difference between systems A and B opf€sponse measured with the NI ADC follows closely its

served throughout 2011 and a summary of the DCCT u|J]zz\boratory reference, while as in the previous measure-
certainties is given in the last section ments, the 12-bit ADC shows a positive non-linearity.

Instrumental stability and linearity

Baseline subtraction and noise The baseline correc-
tion method and associated uncertainty described in re :
erence [1] has been verified and validated using a peric | ¢ 03[ B
of nine days of continuous noise. An envelope error 0 =% ;
+1-10° charges can be assumed provided that the baseli — ] PN

0” charg be as p se 0.0 P

10 Sys B beam 2 range 1

S bo

has been corrected manually or that the offset before ar |l o Yo @
after the fill is smaller thar:1 - 10°. Additionally a gen- = %
eral uncertainty per range has been evaluated by analyzi 5 =0.5p e T e moanc]
the offset of each range after every beam dump in physic é‘? ¥ NI 16 bit ADC
fills during 2011. This uncertainty has to be used if the ‘ § NI ADC reference
. . -1.0
baseline has not been corrected or if the range has not be 10" 10" 10"
blocked throughout the fill. Additionally, a Fourier analy- Injected charges
sis of the noise did not reveal any dominating frequency in
the available range. Figure 2: Linearity measurement with the NI ADC ac-

3 _ _ N ~quired in parallel to the DCCT 12-bit ADC. The open dots

Stability and linearity ~ The long term stability and lin- - are the reference response of the NI ADC measured in the
earity measurements have been performed with the DC cyaboratory. The filled blue dots are the DCCT response
rent source placed in the tunnel near the DCCT’s. Twgheasured with the NI ADC and the filled yellow dots are
measurements per range with a current close to 80% of thige DCCT response measured with the 12-bit ADC.
range lasting for 12 hours have been used to evaluate the
stability of the DCCT signal. The measurements were sep- A total of six precise calibrations of the absolute scale
arated by 3.5 days and are used to evaluate the uncertaifd¢tor have been performed in 2011 during the technical
related to the baseline fluctuations. The uncertainty withistops, The history of the scale factors over nine month is
a fill depends on the signal averaging time and acquisitioghown in Fig. 3 for system A/beam 1. The scale factors are
range. For each range, the observed standard deviation afighle within an envelope af 1 LSB for the ranges 1 to
largest half peak-to-peak deviation of 1 minute and 1 hous which corresponds to a relative error£f0.06%. For
average is taken as Uncertainty of the baseline Stablllty range 4 the fluctuations are withia 4 LSB which corre-

Additionally, 24 hours long term measurement has beegponds to a relative error af 0.24% and is compatible
performed with a 400 mA current to evaluate possible thefyith the intrinsic noise level of range 4.

mal effects in the front-end electronics. In this case no-the
mal or daily effect could be observed within 24 hours withSensitivity to beam conditions and other external
a current intensity of 44% of range 1 and the measuremefactors

accuracy was limited by the 12-bit ADC.

. . . ; Cross talk between rings To study a possible cross-
The DCCT I|ne.ar|ty was studied with three MEasUres, effect between the rings of beam 1 and beam 2, five
ments performed in the tunnel. A systematic non-linearit

gpecial machine development (MD) fills have been ana-

of the order of 1 Least Significant Bit (LSB) has beer]yzed in 2010 where only one beam was circulating with

observed for the ranges 1 to 3. The non-linearity mea; large intensity in the order afo'® protons, while the

surement is inconclusive for range 4 due to its intrinsicy - ring was empty. No evidence of a cross-talk effect
noise level; however, it is expected to b? the same as fBretween rings could be observed, the fluctuations stayed
the other ranges as all ranges are acquired with the sa

Within +0.5 - 10° charges for both system A and system B.
ADC. Therefore an uncertainty af 1 LSB due to the non- g y y
linearity of the acquisition has to be assumed. 216-bit ADC model NI USB-9162 with a connector block NI 9215
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Figure 1: DCCT errors classification.

Absolute scale calibration (system A beam 1) physics fill in 2011. The DCCT signal was analyzed dur-
Range 1 Range 2 Range 3 Range 4 ing the energy ramp down, after a beam dump. No correla-
2 Tonne || | |5 Sovew ||| [ Sonew || | |5 Somaw tion between the LHC energy and the DCCT signal without
M4 Scalerl i@ Scale r2 WM Scale r3 @ Scale r4 . .
becee 1 mn| Lot dgsource]| | Lo osoueel| | [0 odsourcel| | Lot oldsource beam could be observed and the baseline remained always
recise 1 min I a . . . - . -
 zonmol NN within + 5 - 10% charges which is consistent with the pre-
recise 1 min . .
20110901 \¥ I \\\ % NS vious baseline measurements.
Precise 1 min ! | | |
2011/07/04[ N r % 1 Pe
. 1 1 ] .
ST N N AN N N Interference from RF  The LHC RF system is com-
"ooTa/03/28] . N . . posed of 8 single-cell cavities per ring located on each side
P s oamat ¢ b m $ of the interaction point 4 (IP4), about 200 m away from the
sufecetminl 1y L N S DCCT's. During a fill setup, and before the first beam in-
tongterm12bl 1y | \ N i | jection, the field from each cavity is ramped up from 0.02
tongtem 12l LN N s | MV/m (RF.q) to about 0.75 MV/m (RF,). A possible in-
Linearity L min} \ I N\ % N\ terference between the RF field variation and the DCCT
Linearty 8 min| ‘* I ‘J, s HH} signal was evaluated by measuring the DCCT offset over
Calibration 2 min| . | \ 0\ N 120 seconds before and after the RF field was switched on.
2011/02/11 1 1 ! . . . oy .
Calibration 2 min| 1} | \ NN Using 86 fills which had a clear RF transition permitted to
COLOAON = - YT S show that the DCCT'’s are unaffected by the cavity field of
x10' x10 x10° x10°

the RF accelerating system located at IP4.

DCCT scale factor (Charges/ADC bin)

Fi 3L ¢ tability of th ling factor f Bunch pattern dependence The DCCT proved to be
\gure . Long term stablity ot the scaling factor Ior SyS-—qitive to the bunch pattern in 2010 with bunch spacings

led “self” calibrati ; dind d ﬂ%f 150 ns and 50 ns grouped in bunch trains. The prob-
are so cafied “sell” calibrations pertormed Independently, ., naq heen identified in the laboratory and corrected in

front1. the Blhmgthocti ?Fd softwarﬁ.) Tthe pomtfs belo;qv t_r:‘ln'he 2011 hardware [6]. The misbehavior was due to satu-
continuous horizontal ine are calibratlons pertormeWit r4ijon effects in the front-end amplifiers. Three measure-

the source in the tunnel instead of on the surface. ments have been performed to test the DCCT dependence
on the bunch pattern: a measurement with beam debunch-
Bunch position dependence The sensitivity of the ing during an MD fill, a laboratory measurement to test
DCCT with respect to the bunch position has been testdfie sensitivity to an injected RF sine wave and a laboratory
by moving each beams in the vertical and horizontal planéBeasurement simulating high intensity bunch trains.
during a machine development (MD) fill No correlation ~ The DCCT signal was not affected by the bunch length
with the beam position could be observed in the beam dér the filling pattern measured during the beam debunch-
cay. ing process; however, the low intensity of the beam limits
the significance of the measurement. With the laboratory
Interference from magnetic field A possible inter- RF measurement, the DCCT was exposed to an RF sine

ference between the LHC magnetic fields present at highgVe Which was swept over a wide frequency range to test

energy and the DCCT response has been analyzed for if fhe DCCT is sensitive to a specific harmonic. The DCCT
proved to be unaffected by all tested RF frequencies from

3Fill 1910 on 30 June 2011. 1 kHz to 110 MHz and no resonance has been found. In




all measurements the DCCT signal is compatible with thepecified by the operator (equivalent to a given calibration
noise of the selected range. current) and the offset corrected average signal over 60 sec
For the laboratory bunch pattern measurement the nemnds.
front-end cards have been tested in the laboratory with a A series of independent calibratidndas been per-
spare DCCT. The configuration in the laboratory was iderformed with the current source placed in the tunnel, and
tical to that in the LHC tunnel including the beam pipe secene measurement was performed with the source con-
tion and high-frequency (HF) bypass. However, the acquirected to the surface electronics. The raw DCCT signal
sition of the DCCT signal was different and used a portable/as saved into files by the DCCT software, but the sub-
16-bit ADC. A computer controlled scope generated a voltsequent data analysis was performed offline. The offset
age pattern over time with a maximal amplitude of 1 Vwas subtracted using a period before and after the signal as
The generated pattern, which represents one or more burdidme with the baseline analysis. The scaling factors mea-
trains simulating an LHC filling pattern, was repeated at aured with both methods agree within an envelope-of
frequency of 11245 Hz and amplified to an equivalent inbSB (equivalent tat 0.06% at 80% of the range) for the
tensity of up to 1200 nominal bunches. While the knowmanges 1 to 3 and withig- 4 LSB (+ 0.24%) for range 4
problem could be reproduced with the 2010 hardware, thend no difference can be seen between the two methods.
corrected DCCT front-end electronics were stable duringurthermore there is no difference between the calibration
all tested patterns. The measurements with the highest iperformed with the source in the tunnel or on the surface
tensity were constant within a 0.1% band for all tested paexcluding a possible current leak in the 500 meter cables
terns; the accuracy was limited by the instrumentation arethd switches between the surface and the calibration rods
electronic components. in the tunnel. The measured scaling factors are shown in

i i Fig. 3 fo tem A/beam 1.
Calibration Method 9 rsys

The stability of the scaling factor during the year showdifference between systems A and B
that the reproducibility of the calibration method comline  The punch pattern-related misbehavior was systemati-
with the stability of the scaling factor are limited by thete ¢4y visible during the 2010 bunch train injections where
olution of the ADC only. The following sources of uncer-pqgtn systems A and B were behaving differently; however,
tainty related to the calibration itself have been analyzed this hehavior was not observed with the corrected hardware

e The precision of the current source used for the calil 2011. A systematic study of all injections during 2010

bration and 2011 permits to assert the stability of the new hard-
e The position of the calibration rods ware. Indeed the injections during 2011 are performed not
o The methodology of the standard Bl calibration pro©nly with high intensities up ta- 10 charges in total, but

cedure also with different train length from 8 to 144 bunches per
e A possible current leak between the surface and tHEin. Furthermore, during a fill injection each additional

tunnel train changes the filling pattern and thus the harmonics seen

by the DCCT. Both independent DCCT systems A and B

Current source accuracy The absolute scale for each Provided a consistent measurement throughout all physics
transformer is calibrated with a precise DC current sourcéljections in 2011 within the resolution of the 12-bit ADC
Two sources are available: the model Yokogawa 7651 w&% Within the noise level of range 4. Fig. 4 shows the rel-
used for the 2010 calibrations and the model Yokogawative difference between system A and B versus the inten-
GS200 was used for the 2011 calibrations. The most préity for all injection steps in 2011. The DCCT accuracy is
cise laboratory measurement was reached by measuring therefore at best limited by the 12-bit ADC; furthermore,
voltage drop across a known precise resistance using a s other uncorrelated systematic error has been revealed
dered 4-wire (Kelvin) setup to eliminate both wiring andwith this consistency check. An envelope uncertainty of
contact resistances. The measurement confirmed the del LSB is taken for the ranges 1 to 3 andbflL0 LSB for
curacy of both current sources within an envelope error ¢finge 4.

+0.05%. This measurement could not reach the claimed
accuracy of the sources of 0.02%, but is used as system- SUMMARY OF UNCERTAINTIES

atic uncertainty for the calibration of the DCCT’s. Further e pccT system proved to be stable and consistent
more, it has been verified that, for a DC current, the DCClroughout all tests documented in reference [5]. No sensi-
is not sensitive to the cable position and no error is introgyity to external factor or to the beam conditions could be
duced by the fact that the calibration current is not injéctetoyng. The uncertainty of 0.1% attributed to the laboratory
at the center of the DCCT but by 4 rods placed on the sidgeasurement of the bunch pattern dependence is probably
limited by the instrumentation and components used in the

. M(_athodology and_ current leak  The precise calibra- setup. For the DCCT internal effects, the acquisition chain
tion s performgq W'th the_ h_eIp of the DCCT CoerI_SOﬁ'with the 12-bit ADC is limiting the accuracy of the ranges
ware and acquisition chain in the back-end electronic rack

on the surface. The scaling factor is the ratio of the charges “so-called "self” calibrations




DCCT sys A,B relative difference 2011

15 + R A \ ——Troctn Table 1. Summary of tested source of uncertainty without
¢ \ \ Beam 1 measurable effect.

Beam 2

-

Source of uncertainty

Cross-talk between beams
Noise change during dump of other beam

Sensitivity to injected RF sine wave
No resonance found between 1 kHz - 110 MHz

Sensitivity to LHC energy
No correlation observed with LHC energy

Sensitivity to LHC RF system
No correlation observed with LHC RF cavity field

/ E / ) Thermal effect during 24 hours under load
Tom o o8 o No systematic drift of day/night effect

Int ity (ch ) . . .
renstyieharges Current leak during calibration from surface

. . . No difference between the source on the
Figure 4: Relative difference between system A and B for g\ ,rface or in the tunnel

2011vs. beam intensity. Each point is a 60 s average of
an injection step. A relative difference caused by 1 LSB
difference is indicated by a dashed line.

- N(sys B) / N(average) (%)

N(sys A)

Methodology of calibration procedure
No difference between “self” calibration
and standard Bl procedure

Seasonal fluctuations of calibration factors

1 to 3, while the noise level is limiting range 4. No error ~ Calibrations stable within expected ADC bit
could be found in the calibration method and the accuracy accuracy, verified over 9 month
of both sources was tested down to 0.05% in the |ab0rat0ry.0ff_center position of calibration rods
This un_certamty reflects the I|m|t_s of the laboratory mst_r_ Bunch position dependence (MD)
mentatlon_ and components and is higher than the specifica- No dependence found with beam movement
tions provided by the manufacturer. during MD

The source of uncertainties without any measurable ef-
fect are listed in Table 1. The listed effects have been an-
alyzed and the fluctuations are either compatible with the
noise level or within one LSB. The summary of the DCCT
uncertainties affecting the total intensity are listed &ble
2. All uncertainties are given as an envelope error (100%

contdence e, To rit e i evelope Urce | g5 moatyCaaar hsaniss CE
+370 ’ ATS-Note-2011-016 PERF, (BCNWG notel) (2011).

Table 2 should be multiplied by 0.683. URL http://cdsweb.cern.ch/record/1333997

The following errors should be considered as correlate[g] G. Anders.et al. Study of the Relative LHC Bunch Popu-

between fills: lations for Luminosity Calibration. CERN-ATS-Note-2012-

. 028 PERF, (BCNWG Note 3) (2012).
e The current source precision, because the same source URL http://cdsweb.cern. ch/record/1427726

is used for all calibrations throughout the year.

Bunch pattern dependence (MD)
No dependence found during beam
debunching with RF off

] G. Alici, etal. LHC Bunch Current Normalisation for the Oc-

I . i 11 [4] A. Alici, et al. Study of the LHC Ghost Charge and Satel-
* The non-linearity of the 12-bit ADC, because all fills lite Bunches for Luminosity Calibration. CERN-ATS-Note-

are acquired with the same ADC. 2012-029 PERF, (BCNWG Note 4) (2012).
e The bunch pattern dependence, because the laboratory |5, http://cdsweb.cern. ch/record/1427728

measurement is applied to all DCCT's and it is no

possible to exclude a systematic effect below 0.1%. iS] C. Barschelet al. Results of the LHC DCCT Calibration

Studies. CERN-ATS-Note-2012-026 PERF, (2012).

. URL http://cdsweb.cern.ch/record/1425904
The other errors are related to random fluctuations and can P

be treated as uncorrelated between fills. [6] P. Odier,et al. Operational Experience and Improvements
of the LHC Beam Current Transformers. Proceedings of DI-

PAC11, Hamburg, Germany (2011).
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Table 2: Source of uncertainties per beam. All numbers arengas envelope error (100% confidence level). For the
baseline correction, the reduced errorot - 10° charges can be used if the offset is corrected or smallerthani 09 e.
Otherwise the more generic errors dependent on the rangeb@uwsed. For the long term stability of the baseline, the
indicated errors depend on the signal averaging time. A abiration of the beam intensity using a 1 hour average or
more can use the lower errors provided in parenthesis. Lmdity fills acquired with range 4 will benefit from a longer
averaging time, while the difference is negligible for thibey ranges.

Source of uncertainty Range Relative  Absolute Correlated
error (%) error btw. beams
Current source precision + 0.05% yes
accuracy limited by instrumentation
Baseline correction
If data is manually baseline corrected +1-10%¢
If data is not baseline corrected 1 (£6-1010¢)
2 (£7-10%¢)
3 (£4-10%¢)
4 (£4-10%¢)
Non-linearity of 12-bit ADC +1LSB yes
non-linearity tue to acquisition chain
beam 1, 2 and all ranges share same ADC
Long term stability of baseline
observed fluctuations withiz x 12 hours 1 +1.1-10" e
if signal average> 1 minute 2 +1.0-100¢
3 +24-10%¢
4 +23-10%¢
observed fluctuations withiz x 12 hours 1 (£7.3-10%¢)
if signal average> 1 hour 2 (£1.1-10%¢)
3 (£1.1-10%¢)
4 (£1.0-10% ¢)
Long term stability of calibration factor 1,2,3 +1LSB
envelope observed within 9 month 4 +4LSB
Bunch pattern dependence (laboratory test) +0.1% yes
accuracy limited by instrumentation
Difference between system A and B 1,2,3 +1LSB
observed during all physics injections 2011 4 + 10LSB

range 4 limited by noise




