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Mo=va=on	
  

At	
  the	
  HL-­‐LHC,	
  proton	
  bunches	
  will	
  be	
  rotated	
  by	
  crab-­‐cavi=es	
  close	
  to	
  the	
  interac=on	
  regions	
  
to	
  maximize	
  the	
   luminosity.	
  A	
  method	
  to	
  rapidly	
  monitor	
  the	
  transverse	
  posi=on	
  of	
  par=cles	
  
within	
  each	
  1	
  ns	
  bunch	
  is	
  required.	
  A	
  novel,	
  compact	
  beam	
  diagnos=c	
  to	
  measure	
  the	
  bunch	
  
rota+on	
   is	
   under	
   development,	
   based	
   on	
   electro-­‐op=c	
   crystals,	
   which	
   have	
   sufficient	
   =me	
  
resolu=on	
  (<	
  50ps)	
  to	
  monitor	
  intra-­‐bunch	
  perturba+ons.	
  

Set	
  Up	
  

Electro-­‐Op=c	
  Beam	
  Posi=on	
  Monitor	
  Concept	
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A	
  high-­‐frequency	
  monitor	
  is	
  also	
  necessary	
  to	
  detect	
  intra-­‐bunch	
  
instabili+es	
   on	
   a	
   turn	
   by	
   turn	
   basis.	
   The	
   present	
   head-­‐tail	
  
monitor	
   at	
   the	
  CERN	
  SPS	
   is	
   based	
  on	
   stripline	
  BPMs	
  and	
  a	
   fast	
  
sampling	
   oscilloscope.	
   Recent	
   measurements	
   reveal	
   the	
   low	
  
order	
  modes	
   as	
   shown.	
   However	
   the	
   HT	
  monitor	
   only	
   offers	
   a	
  
bandwidth	
  up	
  to	
  few	
  GHz	
  limited	
  by	
  the	
  pick-­‐	
  up,	
  the	
  cables	
  and	
  
the	
   acquisi=on	
   system.	
   Electro-­‐op=c	
   crystals	
   offer	
   response	
  
=mes	
  in	
  the	
  picosecond	
  range.	
  
A	
  collabora=on	
  between	
  CERN	
  BI	
  and	
  Royal	
  Holloway	
  University	
  
of	
  London	
  will	
  develop	
  EO-­‐BPMs	
  for	
  the	
  CERN	
  SPS	
  and	
  LHC.	
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  Op=cal	
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An	
   EO-­‐BPM	
   is	
   essen=ally	
   a	
   conven=onal	
   bucon-­‐BPM	
   in	
   which	
  
the	
   pick-­‐ups	
   have	
   been	
   replaced	
   with	
   electro-­‐op=c	
   crystals,	
  
whose	
   birefringence	
   is	
   modified	
   by	
   the	
   electric	
   field	
   of	
   the	
  
passing	
   charged	
   par=cle	
   bunch.	
   The	
   change	
   of	
   birefringence	
  
depends	
  on	
  the	
  electric	
  field	
  which	
  itself	
  depends	
  on	
  the	
  bunch	
  
posi=on,	
  and	
  can	
  be	
  measured	
  using	
  polarized	
  laser	
  beams	
  (lee).	
  
In	
   the	
   proposed	
   interferometric	
   layout	
   (right),	
   coherent	
   light	
   is	
  
exploited	
   to	
   op=cally	
   suppress	
   the	
   common	
  mode	
   signal,	
   such	
  
that	
   the	
   detector	
   directly	
   measures	
   the	
   difference	
   signal	
  
between	
  	
  the	
  two	
  pick-­‐ups.	
  

Design	
  of	
  a	
  prototype	
  EO-­‐BPM	
  for	
  the	
  CERN	
  SPS	
  
	
  

Simulated	
  signals	
  for	
  LHC	
  bunch	
  parameters	
  

A	
  beam	
  test	
  of	
  the	
  EO-­‐BPM	
  is	
  planned	
  by	
  
installing	
  a	
  prototype	
  in	
  the	
  CERN	
  SPS,	
  to	
  
monitor	
  bunch	
  instabili=es,	
  with	
  space	
  
reserved	
  close	
  to	
  the	
  exis=ng	
  HT-­‐monitor	
  
for	
  checks.	
  A	
  taper	
  bring	
  the	
  SPS	
  aperture	
  
to	
  the	
  80	
  mm	
  diameter,	
  to	
  test	
  the	
  pick-­‐
ups	
  at	
  a	
  radius	
  compa=ble	
  with	
  the	
  LHC.	
  
The	
  two	
  conceptual	
  configura=ons	
  above,	
  
will	
  be	
  tested	
  in	
  orthogonal	
  planes.	
  

A	
  model	
  has	
  been	
  developed	
  to	
  study	
  the	
  op=cal	
  response	
  of	
  the	
  
crystal	
  to	
  a	
  perturbed	
  rela=vis=c	
  SPS/LHC	
  bunch,	
  4σ	
  =	
  1ns	
  length.	
  

LiNiO3	
  and	
  LiTaO3	
  crystals	
  have	
  been	
  characterized	
  with	
  a	
  high	
  
voltage	
  modulator	
  and	
  op=cal	
  test	
  stand	
  at	
  Royal	
  Holloway.	
  
•  HV	
  is	
  applied	
  across	
  a	
  z-­‐cut	
  crystal,	
  with	
  light	
  propaga=ng	
  in	
  

the	
  x-­‐direc=on.	
  
•  Polarizer	
  at	
  45	
  degree	
  and	
  analyzer	
  at	
  135	
  degrees.	
  
•  The	
  voltage	
  induces	
  a	
  rota=on	
  in	
  the	
  polariza=on	
  axis	
  of	
  light	
  

emerging	
  from	
  the	
  crystal.	
  
•  The	
  half	
  wave	
  voltage	
  is	
  measured:	
  

EO-BPM CONCEPT AND DESIGN

Electro-Optic Beam Position Monitor concept

The concept of using electro-optic crystals to monitor

beam position has been previously proposed [3, 5, 6]. The

general technique is to exploit the Pockels electro-optic ef-

fect, which has a linear dependence on the applied electric

field. An electro-optic beam position monitor (EO-BPM) is

essentially a conventional button-BPM, in which the pick-

ups have been replaced with electro-optic crystals. Each axis

of the EO-BPM uses a pair of crystals, mounted on oppo-

site sides of the beam pipe, whose birefringence is modified

by the electric field of the passing charged particle bunch.

The change of birefringence depends on the electric field

which itself depends on the bunch position, and is normally

measured using polarized laser beams.

Electro-Optical Theory and Crystal Choice

The eo-crystals investigated for this application are

LiNbO3 and LiTaO3, which are uniaxial crystals with ex-

cellent electro-optic coefficients, and are related to Al2O3,

known to be fairly radiation tolerant
1
. In a z-cut LiNbO3 [or

LiTaO3] crystal, with light propagating in the x-direction

the principle refractive indices under and 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 relevant elements of the dieletric tensor are r33 =
30.9[30.5] pm/V and r13 = 9.6[8.4] pm/V. The eo-crystal

response is characterised 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

essentially free parameters to be selected. LiTaO3 is less

prevelant than LiNiO3, but has a slightly better Vπ for equiv-

alent crystal dimensions and is more robust, with a higher

density, melting point and damage threshold. Samples of

both crystal types have been simulated and tested, as de-

scribed below.

Optical configuration

Various topological configurations of the crystal cut, the

light propagation direction, polarizer orientation and applied

voltage were considered and the two configurations selected

for experimental investigation are shown in Figure 2. Both

options are fibre-coupled such that the laser and detection

system are in a remote counting room, over 100 m from the

accelerator tunnel. In the first robust configuration, light

is conveyed from a laser in the counting room, via optical

1
the radiation tolerance of the selected crystal will be assessed.
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Figure 2: Optical configuration showing one opposing pair

of electro-optic pick-ups for beam position monitoring. Two

configurations are investigated: (left) an independent po-

larisor - analyser layout per pick-up; and (right), a phase

modulated interferometric design.

fibre and through a vacuum feedthrough in the BPM flange,

where the divergent beam is collimated by a GRIN lens.

The light passes through a polarizer, reflects into an electro-

optic crystal and emerges through an analyzer, before being

coupled back into fibre and the signal is recorded by a remote

detector. The crystal is oriented transversely so the light

travel parallel to the bunch, mainly to aid phase matching

between the electric fields of the particle bunch and laser.

In this configuration, the pick-ups are independently read-

out and the difference and sum signals are determined from

electronic signal processing, like a classic BPM. This layout

has the advantage of a simple robust desggn, however, the

full signal due to the charge of the passing bunch must be

covered by operational range of the detector.

The alternative arrangement proposed here is based on

a fibre-coupled interferometer that uses electro-optic phase

modulation to monitor the bunch position. The main benefit

of the interferometric layout is that the coherent light is ex-

ploited to optically supress the common mode signal, such

that the detector measures directly the difference signal of

the two pick-up. This layout is advantageous for improving

the resolution by using the full dynamic range of the detector

•  The	
  measurement	
  agrees	
  well	
  with	
  the	
  
predic=ons	
  from	
  the	
  crystal	
  parameters.	
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