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1 INTRODUCTION

A few Beam Posi�on Monitors (BPMs) are expected to be upgraded for the HL–LHC: new BPMs are needed
in the Interac�on Region (IR) of Point 1 and Point 5 and new electronics will be developed for the rest of
the machine [14]. The LHC BPM system was specified in [1, 2].
In the context of the HL–LHC there are more stringent requirements at the Interac�on Point (IP) due to
the expected smaller beam size [3] and the uncertainty related to possible triplet mechanical stability [7].
Op�cs correc�ons are also more difficult due to larger peak β-func�on in the Interac�on Region (IR) in
Point 1 and 5 (P1/5). The present performance of the LHC system and the func�onal specifica�ons have
been discussed in [9, 13, 10, 11, 16, 12, 15].
The document resumes the concepts and specifica�ons for LHC, which are s�ll valid, with updated param-
eters for the HL–LHC where changes are needed. In addi�on, a specific descrip�ons on the cri�cal mea-
surements will be provided with the expected finally accuracy required. The document does not include
hardware specifica�ons needed to obtained the requested performance.

2 MEASUREMENT SCENARIOS

2.1 Beam parameters

The expected beam parameters for HL-LHC runs are shown in Table 1 and taken or calculated from [3, 4]
for protons and ions. A single pilot bunch of 5 × 109 charges or up to 12 bunches are typically used first
machine set-up and dedicated studies. Doublet proton bunches will very likely not be used [5].

Table 1: Main Beam Parameters

Par�cle Bunch Charges Number of
bunches

Min bunch
spacing [ns]

Bunch length
FWHM [ns]

Min Max
Protons 5× 109-2.3× 1011 1 2760 25 0.7-1.2
Ions 5× 109-1.6× 1010 1 1232 50 0.7-1.2
Pilot (p or ions) 5× 109-1× 1010 1 3 (25) 0.7-1.2

The ”nominal” ion bunches have similar bunch charge as proton pilots. Therefore ”nominal” ion bunches
will also be likely be used during the commissioning.
The BPMs in the low-β inser�ons deserve special a�en�on as they will need to measure the closed orbit
for both counter-rota�ng beams which will be separated by several mm in presence of a crossing angle.

2.2 BPM families

We can dis�nguish different BPM families. The BPMs in the arcs measure one beam at the �me over a
limited range of orbit excursion. Matching sec�on BPM needs to cover addi�onal range due to the presence
of crossing angle, separa�on and offsets bumps. The BPMs in the triplet area observe the posi�ons of both
beams (with an effec�ve small longitudinal separa�on) and large orbit excursion due to the crossing angle
orbit bumps. With HL–LHC one should also dis�nguish between BPMs in the triplet in Point 1/5, which
are going to be upgraded, and the ones in Point 1/8 which will not be upgraded. The present layout and
loca�on of new BPMs in the IR1/5 is sketch in Fig. 1. Table 2 gives a first classifica�on of the BPMs that
will be in HL-LHC. Note that in the BPMQSTZA type BPMs, i.e. the ones installed closest to the IPs in Fig. 1,
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Figure 1: Type and posi�on of new HL-LHC BPMs or IR1/5 [15]

Table 2: BPM Types. The bunch spacing comes from direct computa�on and from [19]. The max range is
defined as the BPM aperture, while opera�onal range as half the max range.

Type Two beams Opera�on Range
(OP) [mm]

Max Range for
Studies [mm]

Bunch Spacing
(Signal) [ns]

Arc No ±9 ±18 25
Matching sec�on No ±12 ±24 25
Triplet Point 2/8 Yes ±14 ±27 6
Triplet Point 1/5 Yes ±29† ±58‡ 3.8
† For BPMQSTZA type BPMs this will be ±25mm
‡ For BPMQSTZA type BPMs this will be ±50mm

have the electrodes on the horizontal and ver�cal planes, while the BPMQSTZB type have larger aperture
and electrodes at 45deg. The BPM1BCZA/B capaci�ve bu�on BPMs are also different in design from other
bu�on BPMs in the matching sec�on. Despite those differences, no finer classifica�on is assumed for
the present specifica�ons. However, it is important to stress that the most important BPMs from a beam
dynamics point of view are the ones just next to the IP, i.e. of BPMQSTZA type. In general, the BPM in the
triplet in P1/5, the minimum bunch spacing is seen from the two different ports of a stripline BPM (12 cm
length) by placing the BPM center at least 57 cm away from a beam-beam parasi�c encounter (i.e. 51 cm
from the closest port) [8]. A similar computa�on has been done also for P2/8 BPMs. The “Max Range for
Studies” is defined by the aperture of the BPM. The actual opera�onal range for the triplet BPMs is defined
by the crossing angle, which separates the beams of about 12 beam sigmas along the whole IR. However, in
order to take into account for addi�onal opera�onal knobs (e.g. dispersion bumps, beta-bea�ng bumps)
and unforeseen opera�onal bumps (e.g. for avoiding Uniden�fied Lying Object (ULO)), the “Opera�on
Range” in Table 2 is defined as half the max range.
Triplet BPMs might also need special features in case of Pb-p run to cope with different revolu�on fre-
quency, but no details are given in this document.

2.3 Measurement modes

Following [1], the measurement modes used during machine measurements can be dis�nguished in two
classes:

1. Bunch-by-bunch turn-by-turn for orbit TRajectories and oscilla�ons (TR)

2. High resolu�on averaged Closed Orbit (CO)

The TR mode aims at measuring op�cs parameters and bunch dependent orbit (e.g. long-range beam-
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beam effects) during commissioning or machine set-up valida�on periods, dedicated Machine Develop-
ment (MD) campaigns, as well as to measure the trajectory of the beam at first injec�on. The CO mode
aims at measuring the average closed orbit con�nuously to set-up orbit and stabilise it via feedback, and
in dedicated machine studies (e.g. kick-response, k-modula�ons, etc). A hybrid mode (TR+CO) may be
needed for PACMAN effect studies [6].
To be pointed out that a BPM measurement is never used in isola�on and machine measurements always
involve a series of BPM readings. Therefore the correla�on between measurement errors have strong
impact on the final uncertainty. As also noted in [1], truly random noise has less impact than systema�c
noise depending on measurements condi�ons. Therefore, specifica�on on reproducibility and correla�on
between different BPM and/or consecu�ve readings needs to be introduced, because their requirements
are stricter than on accuracy. One should therefore dis�nguish between reproducibility between consec-
u�ve measurements over different �me scales and purpose of the measurement, see Table 3. In terms

Table 3: Types of reproducibility

Reproducibility
Timescale

Usage Class

Bunch-by-bunch Op�cs measurement and correc�on, steering at Injec�on [1] TR
Stable beam (∼10 h) Keep orbit during op�cs changes, IP posi�on stabilisa�on CO
Fill to fill (∼24 h) Find collisions a�er a refill, ensure machine reproducibility CO

of orbit control, the specifica�ons during stable beam are the most demanding as they meant to keep the
beams in collisions, while during the en�re fill one is mainly concerned about keeping the beam reasonably
well withing the machine aperture. Over longer �mescales the requirement is mainly to be able to safely
re-inject beam and find back collision.
On top of �me-dependent effects, systema�c devia�ons in BPM reading have been seen in LHC as a func-
�on of bunch pa�ern, bunch intensity and temperature varia�on in the BPM acquisi�on system racks [11].
Those effects are normally correlated and affect all or groups of BPMs, and are detrimental for reliable
opera�on of the orbit feedback and for beam quality. It is required that those systema�c effects will be
minimised in the HL-LHC era, such that the reproducibility specifica�on presented here for a single BPM
can be considered as the dominant effect.
The expected acquisi�on frequency for both CO and TR modes are specified in Table 4. The frequency

Table 4: Data flow of measurement acquisi�on modes.

Measurement Frequency Quan�ty
Orbit mode (CO) 25 Hz Con�nuous
Trajectory mode (TR) ∼0.1 Hz 1–3 pilot, 20k turns, on demand

requirement for CO mode comes from its use for the orbit feedback [18], while for TR mode is more for
prac�cal reasons, i.e. aiming to minimise the �me between two measurements during op�cs measurement
and correc�on.
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3 HL–LHC SPECIFICATIONS

The uncertainty of a single isolated measurement of a BPM described by [1, 2] was:

xmeasure − xtrue = ∆ + kxtrue + ψytrue +

∞∑
k=2

∑
j≤k

αk,jx
k−j
truey

j
true + ε (1)

and depends on a combina�on of uncertain�es: offset (∆), scale or calibra�on error (k), �lt (ψ), non-
lineari�es (αk,j), and noise (ε) which is assumed to be random and Gaussian distributed. In [1], it is not
specified the defini�on of xtrue, which is assumed here to be the beam posi�on w.r.t. to the BPM mechan-
ical center. Note that in this case the offset with respect to the ideal machine reference frame will depend
on the alignment accuracy of the magnet/BPM itself and the extent of the ground mo�on. The resolu�on
is defined as the smallest increment that can be discerned. Figure 2 gives a graphical representa�on of the
various linear contribu�on to the a typical measurement error.

ψ
xideal

yideal
Beam

xBPM

0BPM

〈xmeasure〉

k

σ(ε) (noise distribu�on)
ytrue

xtrue
∆

Figure 2: Simplified visualisa�on of the main linear contribu�ons to BPM measurement error in the hor-
izontal plane only, but showing also the impact of roll.

The maximum error, or tolerance, is expressed as a func�on of the different uncertain�es as:

|xmeasure − xtrue| ≤ |∆|+ |k|X + |ψ|Y + max
x∈[−X,X],y∈[−Y,Y ]

 ∞∑
k=2

∑
j≤k

αk,jx
k−j
truey

j
true

 + 2σ(ε) (2)

where X and Y is the applicable range of the measurand, and a ra�o of 2 between r.m.s. and peak value is
assumed for the random noise. As the other tolerances defined in [1], all values specified in this document
are given as range, e.g. ±1mm, assuming a ra�o of 2 between r.m.s. and peak values, unless otherwise
specified.
Note that the components of measurement error in Eq. (2) may depend on BPM, bunch popula�on, bunch
pa�ern, average orbit and possibly by environmental condi�ons.
The resul�ng target tolerances defined in [1] are very demanding and probably not achieved in the LHC [11].
As men�oned in Sec. 2.3, the reproducibility of a measurement is o�en more important than its accuracy
depending on the use. In the following sec�ons, the two most demanding uses of orbit data are then
described together with the required BPM specifica�ons.
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3.1 Orbit measurements and correc�on

CO measurements are needed to keep the beam close to a user-defined golden orbit from injec�on �ll
stable beam, have a reproducible beam separa�on collapse process to avoid ending up with a too large
separa�on (no luminosity signal or instabili�es) which can be quan�fied in a separa�on within 4 σ∗, i.e.
about 2% of the head-on luminosity, and finally keep beams colliding with required separa�on within 0.2σ∗

to avoid luminosity losses or spikes above 1%. The reproducibility during stable beam is needed mostly to
keep collision. In this case the difference between Q1 le� – Q1 right response ma�ers most, while in the
arc one can assume a tolerance of about 10% of the beam size.
For the following specifica�ons, a simplified version of Eq. (1) which takes into account �me (t) is consid-
ered:

xmeasure(t) = xtrue(t) + xerror(t, Ib, T, ...) (3)

where xerror is a generic func�on which depends, for example, on bunch intensity (Ib), ambient tempera-
ture (T ), filling pa�ern, etc. Here the important requirement is the precision of the measurement, defined
as the maximum allowed standard devia�on ofxerror over different �me scales. The requirements are sum-
marised in Table 5 for beams of several bunches. The specifica�ons in Table 5 should be considered valid

Table 5: Requirements for orbit measurements expressed as range, assuming a ra�o of 2 between r.m.s.
and peak values, for luminosity produc�on beams.

Timescale Arc and MS BPM Triplet BPM
Point 1/5 Point 2/8

Stable beam (∼10 h) ±20µm‡ ±2µm† ±10µm‡
Fill to fill (∼24 h) ±28µm ±28µm† ±28µm
† Number computed from [16].
‡ Number extracted from [1].

over the whole Opera�onal range (OP) specified in Table 2 and bunch intensi�es specified in Table 1. The
ideal acquisi�on rate is the one specified in Table 4, however the requirements in Table 5 could be achieved
by averaging the orbit acquisi�on over a few seconds, at the expense of orbit feedback bandwidth. The
most defined requirements are the ones given for stable beam (∼10 h), which either come from [1] or
computed from [16] to ensure a luminosity stabilisa�on be�er than 1% only relaying on BPM informa�on.
For fill to fill (∼24 h) and possibly longer �me scale a generic value of ±28µm has been computed as the
value of ±40µm for IR1/5 BPMs defined in [16] to ensure to find back collision a�er a refill with a safety
factor of

√
2. The safety factor is jus�fied by assuming that during two or more fills the electrical stability

of the BPM and acquisi�on chain could be of the same order as the mechanical stability of the equipment,
which should s�ll be very conserva�ve, at least over rela�vely short �me scales up to a few weeks.
For pilot bunches the requirements in Table 5 would probably be not realis�c. In this case a general re-
quirement of±200µm resolu�on from [1] can be assumed for any BPM type and �mescale.
The mean value of xerror, i.e. normally dominated by the offset in Eq. (1), is not so important but for
aperture op�misa�on, for which a good knowledge of the orbit with respect to the nearby magnets is
valuable. For this the typical specifica�ons from [1] s�ll hold, and are reported in Table 6.
A special case is the accuracy on the difference between Beam 1 and Beam 2 posi�on measured in the IR
BPMs. By profi�ng of the common BPM hardware and acquisi�on chain for both beams, one can use this
informa�on for a careful measurement of the beam crossing angle and separa�on, which are par�cularly
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Table 6: General specifica�on for BPM offset, valid for all type of beams.

Goal Arc BPM Triplet BPM
Point 1/5 Point 2/8

Offset [1] ±100µm ±30µm ±30µm

important for beam-beam effects. The first BPM next to the IP is at about 22m from the IP and the minimum
half crossing angle is of 180µm. In order to achieve an accuracy of±1% on the measurement of the crossing
angle one would need an accuracy of ±40µm on the Beam 1 and Beam 2 orbit difference, as reported in
Table 7.

Table 7: Accuracy requirements on Beam 1 and Beam 2 posi�on difference for crossing and separa�on
es�ma�on be�er than ±1%. Values are expressed as max range, assuming a ra�o of 2 between r.m.s.
and peak values.

Goal Arc BPM Triplet BPM
Point 1/5 Point 2/8

〈xB1〉 − 〈xB2〉 n.a. ±40µm ±40µm

3.2 Op�cs measurement and correc�on

In the LHC, and HL-LHC, the measurement of the phase difference between consecu�ve BPMs when the
beam is under an AC dipole excita�on is the most accurate method to measure β-bea�ng in most of the
machine. Around the IP the most accurate method is k-modula�on [17]. An alterna�ve and faster method
would be to use BPM amplitude data from AC-dipole measurements, but in LHC this does not give the suf-
ficient accuracy due to limited knowledge of BPM calibra�on factor (k). This limita�on could be overcome
in HL-LHC if more accurately calibrated BPMs could be deployed.
Op�cs measurements requires synchronised horizontal/ver�cal TR readings (xb,j,k, yb,j,k) from all BPMs
(b), a few bunches (j) and turn-by-turn (k) for a few thousands turns (N ) during AC-dipole excita�on.
Orbit oscilla�ons are typically induced using the AC dipole, able to induce oscilla�on up to about 5 σbeam,
i.e. able to cover the whole BPM opera�onal range (Table 2), or using the ADT system for oscilla�ons up
to about 1 σbeam [17]. The �me frame for those measurements is of the order of 20 minutes, and they are
typically performed using a pilot bunch or few bunches at different �me along the cycle, from injec�on to
top energy, and for different machine op�cs.
In order to achieve a β∗ imbalance be�er than 5% between IP1 and IP5, the requirements with respect to
Eq. (2) are computed and summarised in Table 8.
Note that for β∗measurements the difference of scale error between Q1-le� and Q1-right ma�er the most.
In the present specifica�ons the noise is assumed to be white, while coloured noise could be detrimental
for AC dipole measurements. In the la�er case, more detailed studies might be needed.
The non-lineari�es of the response of the BPMs play a role in the non-linear measurements in TR mode. If
required, studies are needed to obtain more detail specifica�ons than what already specified in [1].
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Table 8: Requirements for op�cs measurements and correc�on, valid for 1 pilot bunch over between two
BPM calibra�ons [12, 17] and for orbit oscilla�on amplitude up to the OP range in Table 2. Values are
expressed as max range, assuming a ra�o of 2 between r.m.s. and peak values.

Goal Arc BPM Triplet BPM
Point 1/5 Point 2/8

Calibra�on error (k) 3%† 1.6%† 4%‡

Noise (ε) ±100µm† ±30µm† ±100µm†
† Number computed from [17].
‡ Number extracted from [1].

3.3 Resul�ng Specifica�ons

The tolerances iden�fied in Tables 8 and 5, are summarised in Table 9, together with generic tolerances
for offset, from Table 6, and the required resolu�on which, to be consistent with the other specifica�ons,
has been set as half the more demanding other requirement. For comparison, Table 9 also report the LHC
specifica�ons from [1]. Note that the specifica�ons on roll and non-lineari0.0860ty have been maintained
equal to the LHC specifica�ons from [1]. New specifica�ons on those terms could come from new studies
on non-linear effects measurements and correc�ons.
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Table 9: Summary specifica�on. Values are expressed as max range, assuming a ra�o of 2 between r.m.s.
and peak values.

Goal Tolerance LHC [1] Tolerance HL–LHC
Calibra�on error ±4% ±3% (TR, Arc)

±1.6% (TR, P1/5)
±4% (TR, P2/8)

Roll ±2 mrad (Arc) ±2 mrad (CO, Arc)
±1 mrad (Triplet) ±1 mrad (CO, P1/2/5/8)

Offset ±100 µm (Arc) ±100 µm (CO, Arc)
±30 µm (Triplet) ±30 µm (CO, P1/2/5/8)

Non-linearity ±200 µm over±4 mm (CO) ±200 µm over±4 mm (TR tbc)
±500 µm over OP range (CO) ±500µm over OP range (TR tbc)

2×Std(xerror) ±20 µm (CO, Arc) ±20 µm (CO, 10h, Arc)
±10 µm (CO, Triplet) ±10 µm (CO, 10h, P2/8)

±2 µm (CO, 10h, P1/5)
±28 µm (CO, 24h, Arc)
±28 µm (CO, 24h, P1/2/5/8)

〈B1〉-〈B2〉 ±30µm (CO, Triplet) ±40µm (CO, P1/2/5/8)
Noise n.a. ±100 µm (TR, Arc)

±100 µm (TR, P2/8)
±30 µm (TR, P1/5)

Resolu�on ±50 µm (TR) ±50 µm (TR, Arc)
±15 µm (TR, P1/5)

±5 µm (CO) ±5 µm (CO, Arc)
±1 µm (CO, P1/2/5/8)
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