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!   In only three years of 
7~8 TeV operation:	



The highlight of a remarkable year 2012 
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!   LHC luminosity is currently limited by geometrical overlap, due the crossing 
angle (285µrad) between beams.	



	



	



!   The baseline HL-LHC will use RF crab cavities to rotate the bunches so 
that they collide head on:	



!   Technique can also be used for luminosity leveling.	



L =
N1 N2 f Nb
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Living with 5x higher pile up	
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way, the load on Level-2 will be diminished and extra re-
sources will be available for more advanced selection al-
gorithms, which ultimately could improve the b-tagging,
lepton identification, etc.

Suggestions are also in place for combining trigger ob-
jects at Level-1 (topological triggers) and for implement-
ing full granularity readout of the calorimeter. The latter
will strongly improve the triggering capabilities for elec-
trons and photons at Level-1.

5 ATLAS Upgrade: Phase-II

The ATLAS Phase-II upgrade is scheduled for 2022 and
2023. During this time, LHC will be out of operation for
furnishing with new inner triplets and crab cavities. As a
result, an instantaneous luminosity of 5 × 1034 cm−2s−1

should be achieved. The goal is to accumulate 3000 fb−1

of data by ∼ 2030.
ATLAS Phase-II preparations include a new Inner De-

tector and further trigger and calorimeter upgrades.

5.1 New Inner Detector

Running at nominalLpeak for the LHC , will bring, on av-
erage, ∼ 28 primary interactions (pile-up events) per bunch
crossing, every 25 ns. The number of pile-up events at
5×1034 cm−2s−1 is therefore expected to be ∼ 140. (Should
luminosity levelling not be fully effective or some other
scheme adopted, 7×1034 cm−2s−1 should at least be accom-
modated.) This will result in 5 to 10 times higher detec-
tor occupancies, which is beyond the TRT design param-
eters. Furthermore, by 2022, the Pixel and the SCT sub-
systems, would seriously degrade their performance due
to the radiation damage of their sensors and FE electron-
ics. Because of all these factors, ATLAS has decided to re-
place the entire Inner Detector with a new, all-silicon Inner

Tracker (ITk). The ITk must satisfy the following criteria
(w.r.t. ID): higher granularity, improved material budget,
increased radiation resistivity of the readout components.
At the moment, the ITk project is in an R&D phase. Dif-
ferent geometrical layouts are simulated and their perfor-
mance is studied in search for the optimal tracker archi-
tecture. A major constraint on the design is the available
space, defined by the volume taken by the ID in ATLAS.
This implies a maximum radius of ∼ 1 m and the limiting
existing gaps for services.

The current baseline design of the ITk, depicted in Fig.
3, consists of 4 Pixel and 5 Si-strip layers in the barrel part.
The two endcap regions are each composed of 6 Pixel and
5 Si-strip double-sided disks, built of rings of modules. The
pixel modules are with identical pixels of size 50×250 µm,
whereas the Si-strip modules come in two types, with short
(24 mm) and long (96 mm) strips. As in the current SCT,
the Si-strip modules are designed to be of 2 pairs of silicon
microstrip sensors, glued back-to-back at an angle of 40
mrad to provide 2D space-points.

Intensive R&D studies are also in process to select the
most suitable pixel sensor technology out of Si-planar, 3D
and diamond, and to find the optimal layout of the Si-strip
modules [8].

Fig. 3. The baseline layout of the new Inner Detector, traversed by
simulated 23 pile-up events (left) and 230 pile-up events (right).

5.2 Calorimeter and trigger upgrades

The HL-LHC conditions will have a major impact on the
Calorimetry system. To ensure an adequate performance,
a replacement of the cold electronics inside the LAr Ha-
dronic endcap, as well as, a replacement of all on-detector
readout electronics for all calorimeters may need to be an-
ticipated. Also, the operation of the Forward Calorimeter
(FCal) could be compromised. To maintain the FCal func-
tioning at the HL-LHC, two possible solutions are consid-
ered [7]: first, complete replacement of the FCal, and sec-
ond, installation of a small warm calorimeter, Mini-FCal,
in front of the FCal. The Mini-Fcal would reduce the ion-
ization and heat loads of the FCal to acceptable levels.

The planned trigger upgrades for Phase-II, are con-
nected with implementing a Track Trigger at Level-1/Level-
2, applying full granularity of calorimeter at Level-1 and
improving the muon trigger coverage.

6 Conclusions

ATLAS collaboration has devised a detailed program to re-
flect the changes in the LHC conditions towards the High-
Luminosity LHC, characterized by high track multiplicity
and extreme fluences. At each of the 3 phases of the up-
grade program, actions will be undertaken to reassure the
stable and efficient performance of the ATLAS detector.
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!   At High Luminosity	



•  Pile up increases to 
~140 vertices per 
bunch crossing.	



•  Distribution along 
beam direction 
matters when 
identifying vertices	



!   Nominal LHC	



•  ~23 primary interactions 
per bunch crossing.	



ATLAS, P. Vankov	



One bunch crossing in the ATLAS particle tracker:	





•  Crab-kissing is a new approach for reducing, shaping and leveling the 
pile up line-density.	



•  0.5-0.6 event /mm is within reach for the HL-LHC.	



Crab-crossing and crab-kissing	
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!   To optimize the performance of the crab-cavities for HL-LHC, a new 
diagnostic tool is under development to monitor the bunch rotation.	





Intra-bunch diagnostics at the LHC	

High frequency electro-optic BPMs 
for intra-bunch diagnostics	
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!   The EO-BPM project started from an initiative to upgrade the CERN head-tail 
monitors for the SPS and LHC.	



!   Head-tail monitors are the main instruments to visualize and study beam 
instabilities as they occur.	
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!   The standard head-tail monitors are 
based on stripline BPMs and fast 
sampling oscilloscopes.	



!   However they only offer a bandwidth up 
to a few GHz, limited by the pick-up, 
cables and acquisition system.	



!   A new technology is needed:	



electro-optic crystal at the pick-up	
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Standard approach:	


stripline BPM	





Instability modes at the LHC	
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!   The present HT monitors reveal low 
order instability modes at the LHC:	



August 2015 LHC measurements by  T. Levens	



Courtesy of Ralph Steinhagen, 	


Multiband instability monitor, IBIC2013 TUBL3 	



A MULTIBAND-INSTABILITY-MONITOR FOR HIGH-FREQUENCY

INTRA-BUNCH BEAM DIAGNOSTICS

Ralph J. Steinhagen, CERN, Geneva, Switzerland,
Mark J. Boland, Australian Synchrotron, Clayton, Victoria, Australia

Thomas G. Lucas, The University of Melbourne, Melbourne, Australia

Abstract

The maximum beam particle intensity and minimum
emittance that can be injected, accelerated and stored in
high-brightness lepton as well as high-energy hadron accel-
erators is fundamentally limited by self-amplifying beam
instabilities, intrinsic to unavoidable imperfections in ac-
celerators. Traditionally, intra-bunch or head-tail particle
motion has been measured using fast digitizers, with even
using state-of-the-art technology being limited in their ef-
fective intra-bunch position resolution to few tens of um in
the multi-GHz regime.

To improve on the present signal processing, a
multiband-instability-monitor (MIM) prototype system has
been designed, constructed and tested at the CERN Super-
Proton-Synchrotron (SPS) and Large Hadron Collider
(LHC). The system splits the signal into multiple equally-
spaced narrow frequency bands that are processed and anal-
ysed in parallel. Working with narrow-band signals per-
mits the use of much higher resolution analogue-to-digital-
converters that can be used to resolve nm-scale particle mo-
tion already during the onset of instabilities.

INTRODUCTION

For very high beam intensities, in addition to single-
particle the beam can also suffer from more significant col-
lective effects [1]. A notable collective interaction is the
Head-Tail instability phenomenon which is caused by a
resonance condition in circular accelerators, created by the
interplay between beam induced transverse wake fields and
longitudinal synchrotron oscillation of the particles within
a bunch. The effect, first theorised at the ACO and Adone
lepton storage rings [2, 3], was later directly observed at the
CERN Proton Synchrotron (PS) and Booster (PSB) (both
hadron accelerators)[4, 5, 6]. While the MIM principle
covers any generic intra-bunch effects common in circular
accelerators, we focus for the discussion of the diagnostics
principle on the special case of head-tail (HT) instabilities
for vanishing chromaticity and azimuthal modes.

TIME-DOMAIN DETECTION

Historically, the first direct observation of intra-bunch
motion were done in time-domain, using wide-band trans-
verse beam position pick-ups connected to an RF hybrid
(effectively generating an analog difference ∆ and sum Σ
signal between two opposing electrodes) and acquired by
fast oscilloscopes [4, 7].

The bunches in the PSB, PS, and most low-energy
hadron accelerators are typically very long, with base-

lengths B typically in the order of 200 ns (assuming a lon-
gitudinal ρ(t) ∼ cos2(πt/B) distribution). For these long
bunches, system bandwidths around 150 MHz were typ-
ically sufficient to resolve these intra-bunch instabilities.
However, the required bandwidth scales inversely with the
bunch length, and the exploitation of the same basic de-
tection principle in high energy proton (LHC: B ! 1 ns)
accelerators and lepton accelerators (i.e. Australian Syn-
chrotron (SLSA) B ! 120 ps) implies the use of digitiz-
ers operating at analog bandwidths of 6-12 GHz (LHC) or
above 30 GHz (SLSA). Figure 1 shows simulated time- and
corresponding frequency-domain difference signals for a
rigid bunch, as well as intra-bunch oscillation modes.
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Figure 1: Simulated LHC intra-bunch time-domain and
corresponding frequency-domain position signals. The
given radial mode number q = 0, 1, 2 and 6 correspond to
the number of stable fix-points (or zero-crossings) [4, 5, 6].

At these speeds, the effective resolution of even state-of-
the-art technology limits the effective intra-bunch position
resolution to a few tens of micro-metres. In addition, the
expected technology margin for further improvement is di-
minishing, since the maximum achievable effective num-
ber of bits (ENOB) for a given bandwidth is approaching
fundamental physical thermal noise and jitter limitations
indicated in[8, 9]. For the LHC beam, particle oscillations
at this scale cause partial or total loss of the beam due to
the tight constraints imposed on transverse oscillations by
the LHC collimation system protecting the LHC’s sensitive
cryogenic aperture.

Where synchrotron-light is available, the state-of-the-art
of intra-bunch diagnostics is presently defined by streak
cameras [10]. Being versatile and excellent research tools,
that can provided equivalent bandwidths in the order of a
few 100 GHz, their use is limited to ad-hoc measurements
rather than continuous monitoring of instabilities occurring
at an a-priori unknown time. Also, these are limited in their
dynamic range, robustness with respect to largely vary-
ing signal levels, non-real-time post-processing, and total
recording length of a few bunches and turns.
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!   However, higher bandwidths are required for the highest order modes:	



Courtesy of Ralph Steinhagen, 	


Multiband instability monitor, IBIC2013 TUBL3 	



A MULTIBAND-INSTABILITY-MONITOR FOR HIGH-FREQUENCY

INTRA-BUNCH BEAM DIAGNOSTICS

Ralph J. Steinhagen, CERN, Geneva, Switzerland,
Mark J. Boland, Australian Synchrotron, Clayton, Victoria, Australia

Thomas G. Lucas, The University of Melbourne, Melbourne, Australia

Abstract

The maximum beam particle intensity and minimum
emittance that can be injected, accelerated and stored in
high-brightness lepton as well as high-energy hadron accel-
erators is fundamentally limited by self-amplifying beam
instabilities, intrinsic to unavoidable imperfections in ac-
celerators. Traditionally, intra-bunch or head-tail particle
motion has been measured using fast digitizers, with even
using state-of-the-art technology being limited in their ef-
fective intra-bunch position resolution to few tens of um in
the multi-GHz regime.

To improve on the present signal processing, a
multiband-instability-monitor (MIM) prototype system has
been designed, constructed and tested at the CERN Super-
Proton-Synchrotron (SPS) and Large Hadron Collider
(LHC). The system splits the signal into multiple equally-
spaced narrow frequency bands that are processed and anal-
ysed in parallel. Working with narrow-band signals per-
mits the use of much higher resolution analogue-to-digital-
converters that can be used to resolve nm-scale particle mo-
tion already during the onset of instabilities.

INTRODUCTION

For very high beam intensities, in addition to single-
particle the beam can also suffer from more significant col-
lective effects [1]. A notable collective interaction is the
Head-Tail instability phenomenon which is caused by a
resonance condition in circular accelerators, created by the
interplay between beam induced transverse wake fields and
longitudinal synchrotron oscillation of the particles within
a bunch. The effect, first theorised at the ACO and Adone
lepton storage rings [2, 3], was later directly observed at the
CERN Proton Synchrotron (PS) and Booster (PSB) (both
hadron accelerators)[4, 5, 6]. While the MIM principle
covers any generic intra-bunch effects common in circular
accelerators, we focus for the discussion of the diagnostics
principle on the special case of head-tail (HT) instabilities
for vanishing chromaticity and azimuthal modes.

TIME-DOMAIN DETECTION

Historically, the first direct observation of intra-bunch
motion were done in time-domain, using wide-band trans-
verse beam position pick-ups connected to an RF hybrid
(effectively generating an analog difference ∆ and sum Σ
signal between two opposing electrodes) and acquired by
fast oscilloscopes [4, 7].

The bunches in the PSB, PS, and most low-energy
hadron accelerators are typically very long, with base-

lengths B typically in the order of 200 ns (assuming a lon-
gitudinal ρ(t) ∼ cos2(πt/B) distribution). For these long
bunches, system bandwidths around 150 MHz were typ-
ically sufficient to resolve these intra-bunch instabilities.
However, the required bandwidth scales inversely with the
bunch length, and the exploitation of the same basic de-
tection principle in high energy proton (LHC: B ! 1 ns)
accelerators and lepton accelerators (i.e. Australian Syn-
chrotron (SLSA) B ! 120 ps) implies the use of digitiz-
ers operating at analog bandwidths of 6-12 GHz (LHC) or
above 30 GHz (SLSA). Figure 1 shows simulated time- and
corresponding frequency-domain difference signals for a
rigid bunch, as well as intra-bunch oscillation modes.
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Figure 1: Simulated LHC intra-bunch time-domain and
corresponding frequency-domain position signals. The
given radial mode number q = 0, 1, 2 and 6 correspond to
the number of stable fix-points (or zero-crossings) [4, 5, 6].

At these speeds, the effective resolution of even state-of-
the-art technology limits the effective intra-bunch position
resolution to a few tens of micro-metres. In addition, the
expected technology margin for further improvement is di-
minishing, since the maximum achievable effective num-
ber of bits (ENOB) for a given bandwidth is approaching
fundamental physical thermal noise and jitter limitations
indicated in[8, 9]. For the LHC beam, particle oscillations
at this scale cause partial or total loss of the beam due to
the tight constraints imposed on transverse oscillations by
the LHC collimation system protecting the LHC’s sensitive
cryogenic aperture.

Where synchrotron-light is available, the state-of-the-art
of intra-bunch diagnostics is presently defined by streak
cameras [10]. Being versatile and excellent research tools,
that can provided equivalent bandwidths in the order of a
few 100 GHz, their use is limited to ad-hoc measurements
rather than continuous monitoring of instabilities occurring
at an a-priori unknown time. Also, these are limited in their
dynamic range, robustness with respect to largely vary-
ing signal levels, non-real-time post-processing, and total
recording length of a few bunches and turns.
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Aim for 6 - 12 GHz bandwidth:	


Electro-optic pick-ups offer	



 response times in the picosecond range	
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!   Synchrotron damping is overcome by RF excitation to maintain the bunch length 
at 1.0 – 1.2 ns.	



!   New bandwidth calculation assuming a Gaussian charge distribution, 4σ = 1.0 ns. 	



Simulations of A. Arteche	
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!   Electro-optic crystal polarization responds to passing electric field of the bunch:	



•  Can derive transverse positional information of the bunch	



•  1 ns bunch: aim for < 50 ps time resolution	



•  Various pick-up configurations considered:	
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Original concept for HT monitor	

 R. Steinhagen	
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!   Effectively a button BPM with pick-
ups replaced by eo-crystals.	



!   Transverse position along the 
passing bunch is monitored.	



!   A fibre-coupled design with laser 
and detectors housed 160 m away 
from accelerator tunnel.	



!   Incoming light is collimated by a 
GRIN lens and polarized before 
entering the crystal.	



!   The electric field of passing bunch 
at the crystal induces a rotation in 
the polarization, by the linear 
Pockels electro-optic effect.	



!   Light emerging from the crystal 
passes through an analyser and is 
then fibre-coupled to the distant 
photodetector.	



P A 
Grin lens 

EO 
crystal 

P A 
Grin lens 

EO 
crystal 

bunch 

beam pipe 

from laser 
to detector 2 

from laser 
to detector 1 (a)!

Current baseline design:	
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!   Detection is envisaged based on Metal-Semiconductor-Metal photodetectors:  	



•  Rapid rise times, <30 ps; good spectral response (including IR variant); polarity 
independent bias, low dark current (100 pA at T=25 C).	



!   Acquisition options:	



•  Direct acquisition with a fast digitizer is possible, but at these speeds the 
dynamic range is typically ~6 ENOB, which limits the position resolution for 
the PA-setup.	



•  An alternative is the Multiband-Instability-Monitor that uses frequency domain 
analogue pre-processing to achieve higher resolutions than direct sampling.	



•  The MIM would benefit from the wide frequency coverage of the EO-BPM 
compared with traditional striplines.	





Interferometer configuration	
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Key advantage:	



!   The coherence of light is exploited 
to suppress the common mode 
signal.	



!   The difference signal is directly 
measured by the photodetector.	



!   Potential for enhanced positional 
resolution.	



to detector from laser 

SM fibre 
splitter 

Grin lens 

EO 
crystal 

Grin lens 

EO 
crystal 

bunch 

beam pipe 

(b)!

Proposed alternative arrangement:	


!   A fibre-coupled interferometer 

which uses phase modulation 
rather than a polarization analyzer.	



!   Short, equal fibre lengths between 
the splitters improve tolerance to 
thermal instabilities and provide 
synchronization between pick-ups.	





Simulations of EO-BPM response	
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!   A model has been developed by A.  Arteche at Royal Holloway, to reproduce the 
electro-optic signals generated in response to a passing relativistic bunch.	



i.  A transverse offset is first applied along the Gaussian charge distributed particle 
bunch according to the shape of the instability mode.	



ii.  The time profile of the transverse electric field generated at the radial position 
of each eo-crystal is calculated for the relativistic perturbed bunch.	



iii.  The electro-optic response to the electric field is calculated using the crystal 
parameters and wavelength, for each optical configuration.	



iv.  A simple difference signal is calculated for the polarizer-analyser setup, or the 
interference signal is calculated.	



SIMULATION OF EO-BPM SIGNALS FOR
LHC BUNCH PARAMETERS

A computer model has been developed to study the op-
tical response of the electro-optic pick-up to a transversely
perturbed relativistic bunch. The input parameters to the
simulations are summarised in Table 1 and the simulations
involve three main steps:

1. The time profile of the transverse electric field gener-
ated at the radial position of each eo-crystal is calcu-
lated for the relativistic perturbed bunch.

2. The electro-optic response to the electric field is calcu-
lated using the crystal parameters and wavelength, for
each optical configuration.

3. A simple difference signal is calculated for the polarizer-
analyser setup, or the interference signal is calculated.

A transverse offset is first applied along the particle bunch
according to the shape of the instability mode as in Figure 3a.
The contributions from slices of the relativistic Gaussian
charge distribution are then summed to calcualte the electric
field at each pick-up, as in Figures 3b and 3c. The difference
signals generated in a model of the crystal response for the
polariser-analyzer and interferometric configurations are
plotted in Figures 3d and 3e respectively.

Both optical configurations are sensitive to the instabil-
ity modes. In the P-A setup, however, the photodetector

Table 1: Input parameters to the EO-BPM simulation

LHC bunch intensity 1.15 × 1011 protons per bunch
Bunch length 4σ 1.0 ns
SPS beam energy 450 GeV
Instability modes 0, 1, 2 & 6
Instability amplitude 0 to 2.5 mm

Pick-up radius 40 mm
Laser wavelength 632.8 nm
Crystal type LiNiO3 [also LiTaO3]
Crystal length 1, 5, 10, 20 mm

must capture the full Gaussian signal of the passing bunch
charge distribution, whereas the interferometer is directly
sensitive to the difference signal. For the maximum crystal
length of 20 mm taken in these simulations, this results in
some non-linearity at large amplitudes (see e.g. mode-0) in
the P-A setup, because the polarization change exceeds the
linear region of the sinusoidal intensity variation. This non-
linearity can be reduced by selecting a shorter crystal, albeit
with a corresponding reduction in the sensitivity. In contrast,
the interferometer signal exhibits no non-linearity at these
amplitudes, because it is sensitive to the phase difference
between the two crystals.

The P-A setup measures both pick-ups independently, so
it is possible to compute a difference over sum normalization.
The interferometer setup can be improved by adding a fur-

a) Transverse offset b) E-field at
left pick-up

c) E-field at
right pick-up

d) P-A: (R-L)
difference signal

e) Interferometer:
direct signal

Figure 3: Simulation of EO-BPM response to bunch instability modes 0, 1, 2, and 6.

Input parameters	
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SIMULATION OF EO-BPM SIGNALS FOR
LHC BUNCH PARAMETERS

A computer model has been developed to study the op-
tical response of the electro-optic pick-up to a transversely
perturbed relativistic bunch. The input parameters to the
simulations are summarised in Table 1 and the simulations
involve three main steps:

1. The time profile of the transverse electric field gener-
ated at the radial position of each eo-crystal is calcu-
lated for the relativistic perturbed bunch.

2. The electro-optic response to the electric field is calcu-
lated using the crystal parameters and wavelength, for
each optical configuration.

3. A simple difference signal is calculated for the polarizer-
analyser setup, or the interference signal is calculated.

A transverse offset is first applied along the particle bunch
according to the shape of the instability mode as in Figure 3a.
The contributions from slices of the relativistic Gaussian
charge distribution are then summed to calcualte the electric
field at each pick-up, as in Figures 3b and 3c. The difference
signals generated in a model of the crystal response for the
polariser-analyzer and interferometric configurations are
plotted in Figures 3d and 3e respectively.

Both optical configurations are sensitive to the instabil-
ity modes. In the P-A setup, however, the photodetector

Table 1: Input parameters to the EO-BPM simulation

LHC bunch intensity 1.15 × 1011 protons per bunch
Bunch length 4σ 1.0 ns
SPS beam energy 450 GeV
Instability modes 0, 1, 2 & 6
Instability amplitude 0 to 2.5 mm

Pick-up radius 40 mm
Laser wavelength 632.8 nm
Crystal type LiNiO3 [also LiTaO3]
Crystal length 1, 5, 10, 20 mm

must capture the full Gaussian signal of the passing bunch
charge distribution, whereas the interferometer is directly
sensitive to the difference signal. For the maximum crystal
length of 20 mm taken in these simulations, this results in
some non-linearity at large amplitudes (see e.g. mode-0) in
the P-A setup, because the polarization change exceeds the
linear region of the sinusoidal intensity variation. This non-
linearity can be reduced by selecting a shorter crystal, albeit
with a corresponding reduction in the sensitivity. In contrast,
the interferometer signal exhibits no non-linearity at these
amplitudes, because it is sensitive to the phase difference
between the two crystals.

The P-A setup measures both pick-ups independently, so
it is possible to compute a difference over sum normalization.
The interferometer setup can be improved by adding a fur-

a) Transverse offset b) E-field at
left pick-up

c) E-field at
right pick-up

d) P-A: (R-L)
difference signal

e) Interferometer:
direct signal

Figure 3: Simulation of EO-BPM response to bunch instability modes 0, 1, 2, and 6.
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Observations from simulation studies:	



!   Both optical configurations are sensitive to the instability modes.	



!   In the P-A setup, the detector must capture the full Gaussian signal of the 
passing charged bunch. Σ and Δ derived in processing electronics.	



!   The interferometer signal is directly sensitive to the difference Δ signal. 	



Effect of crystal length:	



!   Lengthening the crystal 
increases the sensitivity to the 
electric field.	



!   Must select an appropriate 
linear range of the sinusoidal 
transfer function:	
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5 mm	

 10 mm	

 15 mm	



20 mm	

 25 mm	

 30 mm	



Crystal length study shows effect of the sinusoidal transfer function between the 
applied voltage and intensity. For crystal lengths of 20mm and above, the response of 
the P-A setup becomes very non-linear.	
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!   Crystals of LiNiO3 and LiTaO3 have been characterised with a HV modulator and 
optical test stand at Royal Holloway.	



•  HV is applied across a Z-cut crystal with light propagating in the X direction.	



•  Polarizer at 45 degrees and analyser at 135 degrees.	



•  The voltage induces a rotation in the polarization axis of light emerging from 
the crystal.	



ther fibre-splitter after each crystal, before the combiner, to
enable the phase modulation of each crystal to be measured
independently, as well as the optically generated difference
signal. Both configurations will be evaluated experimentally
as described in the next sections.

CRYSTAL CHARACTERISATION
EXPERIMENTAL RESULTS

Electro-Optic Theory and Crystal Choice

The eo-crystals investigated are LiNbO3 and LiTaO3,
which are uniaxial crystals with excellent electro-optic coef-
ficients and are related to Al2O3, known to be fairly radiation
tolerant1. In a z-cut LiNbO3 [or LiTaO3] crystal, with light
propagating in the x-direction the principle refractive indices
under an applied electric field along z are

n�
y = no − 1

2n3
or13Eaz (1)

n�
z = ne − 1

2n3
er33Eaz, (2)

where the ordinary and extraordinary refractive indices are
no = 2.29[2.19] and ne = 2.21[2.18] (at 633 nm), and
the dieletric tensor elements are r33 = 30.9[30.5] pm/V
and r13 = 9.6[8.4] pm/V. The eo-crystal response is charac-
terised by the half-wave voltage,

Vπ = λ

r33n3
e − r13n3

0

d

L
, (3)

where the wavelength λ, crystal height d and length L, are
free parameters to be selected. LiTaO3 is less prevalent than
LiNiO3, but has a slightly better Vπ for equivalent crystal
dimensions and is more robust, with a higher density, melting
point and damage threshold.

Experimental Validation

Samples of LiNbO3 and LiTaO3 crystals have been char-
acterized with a high voltage (HV) modulator and optical
test stand at Royal Holloway, as shown in Figure 4. The
setup allows linearly polarized light to be directed onto the
crystal face, while HV is applied across the crystal, and the
throughput light intensity is recorded after an analyser. The
polarizer and analyser have their orientations controlled by
automated rotation stages, enabling the polarization state at
any voltage to be assessed.

Tests were initially conducted at λ = 532 nm, to repro-
duce earlier tests at CERN [7], in which the wavelength
was selected from considerations of the sensitivity and dis-
persion. An intensity modulation with HV was achievable,
however, it was found that the photorefractive effect domi-
nates at this wavelength, even when a MgO doped LiNiO3
was used. To avoid this region, tests were performed with a
HeNe laser, λ = 632.8 nm, at which the refractive index still
implies a good sensitivity. An example HV scan at 632.8 nm
is shown in Figure 5 and the fitted Vπ = 1410 ±19 V is in
good agreement with the predicted value of Vπ = 1398.2 V.
1 the radiation tolerance of the selected crystal will be assessed.
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Figure 4: Crystal characterisation test stand and configura-
tion of the e-o crystal. Linearly polarised light incident at
45◦ on the crystal is rotated when high-voltage is applied.

Figure 5: HV scan of a z=5 mm, x=10 mm, MgO:LiNiO3
crystal. The polarization state at key voltages is analysed.



Optical test stand at RHUL	

High frequency electro-optic BPMs 
for intra-bunch diagnostics	



Stephen Gibson et al.	

 21	



Tests at	


λ  = 532nm,	


for z=20mm 

LiNiO3	


to validate setup 
with J. Doherty’s 

earlier CERN 
student study.	



analyser	

polarizer	



photo-	


detector	



EO-crystal in 
HV safety case	



Laser	

 PBS	
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!   Photorefractive effect dominates at 532 nm, even with MgO doped LiNiO3. 	



!   Instead use HeNe laser at 632.8nm.  We want λ short due to dispersion.	



!   Fully automated setup: Polarizer and analyser orientations controlled by rotation stages, 
enabling the polarization state at any voltage to be assessed.	



analyser	

 polarizer	


photo-	



detector	



HV safety case 	


for crystal	
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!   HV scan for a z=5 mm, x=10 mm, MgO:LiNiO3 crystal.  The polarization state at 
key voltages is analysed.	



!   The measured half wave voltage shows good agreement with the predicted value: 	



•  Prediction:	



•  Measurement:	



ther fibre-splitter after each crystal, before the combiner, to
enable the phase modulation of each crystal to be measured
independently, as well as the optically generated difference
signal. Both configurations will be evaluated experimentally
as described in the next sections.

CRYSTAL CHARACTERISATION
EXPERIMENTAL RESULTS

Electro-Optic Theory and Crystal Choice

The eo-crystals investigated are LiNbO3 and LiTaO3,
which are uniaxial crystals with excellent electro-optic coef-
ficients and are related to Al2O3, known to be fairly radiation
tolerant1. In a z-cut LiNbO3 [or LiTaO3] crystal, with light
propagating in the x-direction the principle refractive indices
under an applied electric field along z are

n�
y = no − 1

2n3
or13Eaz (1)

n�
z = ne − 1

2n3
er33Eaz, (2)

where the ordinary and extraordinary refractive indices are
no = 2.29[2.19] and ne = 2.21[2.18] (at 633 nm), and
the dieletric tensor elements are r33 = 30.9[30.5] pm/V
and r13 = 9.6[8.4] pm/V. The eo-crystal response is charac-
terised by the half-wave voltage,

Vπ = λ

r33n3
e − r13n3

0

d

L
, (3)

where the wavelength λ, crystal height d and length L, are
free parameters to be selected. LiTaO3 is less prevalent than
LiNiO3, but has a slightly better Vπ for equivalent crystal
dimensions and is more robust, with a higher density, melting
point and damage threshold.

Experimental Validation

Samples of LiNbO3 and LiTaO3 crystals have been char-
acterized with a high voltage (HV) modulator and optical
test stand at Royal Holloway, as shown in Figure 4. The
setup allows linearly polarized light to be directed onto the
crystal face, while HV is applied across the crystal, and the
throughput light intensity is recorded after an analyser. The
polarizer and analyser have their orientations controlled by
automated rotation stages, enabling the polarization state at
any voltage to be assessed.

Tests were initially conducted at λ = 532 nm, to repro-
duce earlier tests at CERN [7], in which the wavelength
was selected from considerations of the sensitivity and dis-
persion. An intensity modulation with HV was achievable,
however, it was found that the photorefractive effect domi-
nates at this wavelength, even when a MgO doped LiNiO3
was used. To avoid this region, tests were performed with a
HeNe laser, λ = 632.8 nm, at which the refractive index still
implies a good sensitivity. An example HV scan at 632.8 nm
is shown in Figure 5 and the fitted Vπ = 1410 ±19 V is in
good agreement with the predicted value of Vπ = 1398.2 V.
1 the radiation tolerance of the selected crystal will be assessed.
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Figure 4: Crystal characterisation test stand and configura-
tion of the e-o crystal. Linearly polarised light incident at
45◦ on the crystal is rotated when high-voltage is applied.

Figure 5: HV scan of a z=5 mm, x=10 mm, MgO:LiNiO3
crystal. The polarization state at key voltages is analysed.

ther fibre-splitter after each crystal, before the combiner, to
enable the phase modulation of each crystal to be measured
independently, as well as the optically generated difference
signal. Both configurations will be evaluated experimentally
as described in the next sections.

CRYSTAL CHARACTERISATION
EXPERIMENTAL RESULTS

Electro-Optic Theory and Crystal Choice

The eo-crystals investigated are LiNbO3 and LiTaO3,
which are uniaxial crystals with excellent electro-optic coef-
ficients and are related to Al2O3, known to be fairly radiation
tolerant1. In a z-cut LiNbO3 [or LiTaO3] crystal, with light
propagating in the x-direction the principle refractive indices
under an applied electric field along z are

n�
y = no − 1

2n3
or13Eaz (1)

n�
z = ne − 1

2n3
er33Eaz, (2)

where the ordinary and extraordinary refractive indices are
no = 2.29[2.19] and ne = 2.21[2.18] (at 633 nm), and
the dieletric tensor elements are r33 = 30.9[30.5] pm/V
and r13 = 9.6[8.4] pm/V. The eo-crystal response is charac-
terised by the half-wave voltage,

Vπ = λ

r33n3
e − r13n3

0

d

L
, (3)

where the wavelength λ, crystal height d and length L, are
free parameters to be selected. LiTaO3 is less prevalent than
LiNiO3, but has a slightly better Vπ for equivalent crystal
dimensions and is more robust, with a higher density, melting
point and damage threshold.

Experimental Validation

Samples of LiNbO3 and LiTaO3 crystals have been char-
acterized with a high voltage (HV) modulator and optical
test stand at Royal Holloway, as shown in Figure 4. The
setup allows linearly polarized light to be directed onto the
crystal face, while HV is applied across the crystal, and the
throughput light intensity is recorded after an analyser. The
polarizer and analyser have their orientations controlled by
automated rotation stages, enabling the polarization state at
any voltage to be assessed.

Tests were initially conducted at λ = 532 nm, to repro-
duce earlier tests at CERN [7], in which the wavelength
was selected from considerations of the sensitivity and dis-
persion. An intensity modulation with HV was achievable,
however, it was found that the photorefractive effect domi-
nates at this wavelength, even when a MgO doped LiNiO3
was used. To avoid this region, tests were performed with a
HeNe laser, λ = 632.8 nm, at which the refractive index still
implies a good sensitivity. An example HV scan at 632.8 nm
is shown in Figure 5 and the fitted Vπ = 1410 ±19 V is in
good agreement with the predicted value of Vπ = 1398.2 V.
1 the radiation tolerance of the selected crystal will be assessed.
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Figure 4: Crystal characterisation test stand and configura-
tion of the e-o crystal. Linearly polarised light incident at
45◦ on the crystal is rotated when high-voltage is applied.

Figure 5: HV scan of a z=5 mm, x=10 mm, MgO:LiNiO3
crystal. The polarization state at key voltages is analysed.

ther fibre-splitter after each crystal, before the combiner, to
enable the phase modulation of each crystal to be measured
independently, as well as the optically generated difference
signal. Both configurations will be evaluated experimentally
as described in the next sections.

CRYSTAL CHARACTERISATION
EXPERIMENTAL RESULTS

Electro-Optic Theory and Crystal Choice

The eo-crystals investigated are LiNbO3 and LiTaO3,
which are uniaxial crystals with excellent electro-optic coef-
ficients and are related to Al2O3, known to be fairly radiation
tolerant1. In a z-cut LiNbO3 [or LiTaO3] crystal, with light
propagating in the x-direction the principle refractive indices
under an applied electric field along z are

n�
y = no − 1

2n3
or13Eaz (1)

n�
z = ne − 1

2n3
er33Eaz, (2)

where the ordinary and extraordinary refractive indices are
no = 2.29[2.19] and ne = 2.21[2.18] (at 633 nm), and
the dieletric tensor elements are r33 = 30.9[30.5] pm/V
and r13 = 9.6[8.4] pm/V. The eo-crystal response is charac-
terised by the half-wave voltage,

Vπ = λ

r33n3
e − r13n3

0

d

L
, (3)

where the wavelength λ, crystal height d and length L, are
free parameters to be selected. LiTaO3 is less prevalent than
LiNiO3, but has a slightly better Vπ for equivalent crystal
dimensions and is more robust, with a higher density, melting
point and damage threshold.

Experimental Validation

Samples of LiNbO3 and LiTaO3 crystals have been char-
acterized with a high voltage (HV) modulator and optical
test stand at Royal Holloway, as shown in Figure 4. The
setup allows linearly polarized light to be directed onto the
crystal face, while HV is applied across the crystal, and the
throughput light intensity is recorded after an analyser. The
polarizer and analyser have their orientations controlled by
automated rotation stages, enabling the polarization state at
any voltage to be assessed.

Tests were initially conducted at λ = 532 nm, to repro-
duce earlier tests at CERN [7], in which the wavelength
was selected from considerations of the sensitivity and dis-
persion. An intensity modulation with HV was achievable,
however, it was found that the photorefractive effect domi-
nates at this wavelength, even when a MgO doped LiNiO3
was used. To avoid this region, tests were performed with a
HeNe laser, λ = 632.8 nm, at which the refractive index still
implies a good sensitivity. An example HV scan at 632.8 nm
is shown in Figure 5 and the fitted Vπ = 1410 ±19 V is in
good agreement with the predicted value of Vπ = 1398.2 V.
1 the radiation tolerance of the selected crystal will be assessed.
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Figure 4: Crystal characterisation test stand and configura-
tion of the e-o crystal. Linearly polarised light incident at
45◦ on the crystal is rotated when high-voltage is applied.

Figure 5: HV scan of a z=5 mm, x=10 mm, MgO:LiNiO3
crystal. The polarization state at key voltages is analysed.
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!   A beam test of a prototype EO-BPM is planned at the CERN SPS in 2016	



!   A space has been reserved at SPS p4, adjacent to the existing stripline BPM head-
tail monitor that will be useful for cross-checks.	



!   The beam test aims:	



•  to validate the operational performance of the eo-pick with LHC bunch 
parameters	



•  to monitor SPS bunch instabilities in a region with high beta function.	



New	


EO-BPM	



Existing	


HT monitor	

SPS beam pipe	
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!   Existing layout and reserved space:	
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!   Existing layout and reserved space:	



Space for 	


EO-BPM	

 Existing	



HT monitor	
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With new	


EO-BPM	



Existing	


HT monitor	



!   Layout with new EO-BPM inserted:	
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!   Zoom on electro-optic BPM, current design has taper to match SPS aperture.	
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!   Side view	
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!   Side view cross-section	
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!   Cross-sectional view design with eo-crystal highlighted in red, between two 
reflecting prisms. Illuminated via anti-reflection viewports for maximum flexibility 
and/or fibre-vacuum feedthroughs.	



!   Plan to test Polarizer-Analyser and Interferometric configurations in 
orthogonal planes.	
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!   An electro-optic BPM is being developed, aimed at high-frequency bunch 
instability monitoring at the CERN SPS and intra-bunch diagnostics at the 
HL-LHC.	



!   The electro-optical response has been simulated and indicates good sensitivity to 
high order bunch instability modes for electro-optic crystal lengths of 10-20 mm.	



!   The e-o crystal response has been validated in laser laboratory bench tests, using 
the polarizer-analyser configuration. 	



!   An interferometric setup has been proposed with the potential for enhanced 
sensitivity.	



!   The opto-mechanical layout of an EO-BPM has been designed, in preparation for 
installation of a prototype in the CERN SPS in early 2016.	
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!   An electro-optic BPM is being developed, aimed at high-frequency bunch 
instability monitoring at the CERN SPS and intra-bunch diagnostics at the 
HL-LHC.	



!   The electro-optical response has been simulated and indicates good sensitivity to 
high order bunch instability modes for electro-optic crystal lengths of 10-20 mm.	



!   The e-o crystal response has been validated in laser laboratory bench tests, using 
the polarizer-analyser configuration. 	



!   An interferometric setup has been proposed with the potential for enhanced 
sensitivity.	



!   The opto-mechanical layout of an EO-BPM has been designed, in preparation for 
installation of a prototype in the CERN SPS in early 2016.	



Thank you for your attention	


 - Questions?	
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!   The electro-optic crystals are investigated are LiNiO3 and LiTaO3	



•  Both are uniaxial crystals, with excellent electro-optic coefficients;	



•  LiTaO3 is slightly more robust (higher density,  melting point, damage threshold)	



•  Sensitivity improves at short wavelengths due to dispersion:	




