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Overview
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• Brief intro to JAI

• Electron beam diagnos6cs
– e- laserwires at ATF2 and DESY
– Cavity BPMs & fast feedback (see Peter William’s talk)
– OTR & Čerenkov diagnosQcs

• Hadron Beam diagnos6cs:
– LHC Injector Upgrade:

• Dual H- laserwire for Linac4, CERN’s new injector. 
• Beam Gas Ionisa6on Profile Monitor at CERN PS.

– HL-LHC:
• Electro-Op6cal BPMs for crabbed bunches. + IR BPMs
• Gas-jet Profile Monitor 
• Beam Gas Vertex & Luminosity monitors.
• SR interferometric monitors
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John Adams Ins2tute, UK
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• One of two UK national academic centres of 
excellence in accelerator science, set up 2004.
– 20 faculty, 29 staff, 39 PhD students 

• Research projects at: CERN, DESY, KEK, 
Diamond, ISIS … 

– HL-LHC, linear & circular e+e-, intense hadrons
– Plasma-based acceleration, medical beamlines

• Expertise includes:
– Beam dynamics, instrumentation, feedback/control:
– Low-latency digital + analogue feedbacks
– High power + bandwidth fast amplifiers
– High-resolution BPMs + signal processing:

• Stripline, cavity & electro-optic BPMs
• Non-invasive transverse beam size diagnostics

– Low-emittance beam transport / tuning…

• Comprehensive PhD training programme.

“A centre of excellence for advanced and novel accelerator technology, providing 
expertise, research, development and training in accelerator techniques, and 

promoting advanced accelerator applications in science and society”
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Electron Beam Diagnos2cs
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• S. Boogert et al: Micron-scale laser-wire scanner for the 
KEK Accelerator Test Facility extraction line PRSTAB 13, 
122801 (2010)

• Beam emittance measurement with laser wire scanners 
in the International Linear Collider beam delivery system 
PRSTAB 10, 112801 (2007), Issue 11

operated remotely as part of the data acquisition and
control system for use during an electron beam collision
search. The other two axes are controlled manually for
prior laser focus positioning within the interaction chamber
(Fig. 10). The knife edge was fabricated from a 300 !m
thick single crystal of silicon using etch and mask and then
coated with gold [2].

The laser was aligned in the center of and perpendicular
to the lens surface using the final two mirrors. The vertical
position of the laser beam was changed by moving the
interaction chamber vertically.

D. Compton photon detectors

A laser waist vertical size ("L0) of 5!m and peak
power of 150 MW incident on an electron beam of charge
1! 1010 electrons with a vertical beam size ("e) of 1 !m
generates 6:8! 104 Compton scattered #-ray photons. The
maximum energy of these photons, using Eq. (9), is
28.6 MeV. The total energy of the scattered photons per
collision is approximately 975 GeV. The scattered photons
exited the extraction line via a 1 mm thick aluminum
window and traveled through 7.7 m of air to the first
detector system. Two types of detector were used to mea-
sure the Compton # rays. The primary detector was an
Aerogel Cherenkov detector. First the # rays were con-
verted into electron-positron pairs using 7.35 mm of lead.
Then the electron-positron pairs radiated Cherenkov radia-
tion in 5.5 cm ofMatsushita Denshi SP-15 Aerogel, with an
area in the beam direction of 10! 10 cm. The refractive
index of the Aerogel is 1.015, with a Cherenkov threshold
of 2.983 MeV. The Cherenkov light was guided down to a
photomultiplier tube (PMT) at floor level which prevents
direct beam induced backgrounds generating a signal in the
PMT. A BDSIM [23] simulation from the LWIP to the
detector was developed and samples of 1000 photons
from the laser wire were simulated. In this simulation
10% of the photons were below the Cherenkov threshold,
1% were converted to eþ e# by the aluminum window and
finally the number of electrons plus the number of posi-
trons above the Aerogel Cherenkov threshold entering the
Aerogel itself was 14% of the number of Compton scat-
tered photons (Fig. 12).
The second detector was a calorimeter composed of a

single (110 mm! 120 mm! 360 mm) lead glass crystal
coupled directly to a photomultiplier tube. This detector
was placed directly behind the Aerogel detector and mea-
sured all the photons that were not converted by the thin
lead plate. This was approximately 85% of the photons
produced at the LWIP. This detector directly measured the
total energy of the Compton scattered photons.
These two methods are complementary, the Cherenkov

detector counting the photons generated and the calorime-
ter measuring the total energy. The charged particle back-
ground environment in the ATF was difficult to control and
a great deal of beam time was required to reduce the
backgrounds in the two detectors while preserving a small
beam size at the LWIP.

E. Data acquisition

The data acquisition (DAQ) system for the laser wire
was based upon multiple small executable programs writ-
ten either in C++ or LABVIEWTM. A central data acquisition

FIG. 10. View of the interaction chamber with the laser exit
side flange removed, showing the 45$ screen/knife edge.
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FIG. 11. Cross section of the window clamping and sealing
arrangements.

MICRON-SCALE LASER-WIRE SCANNER FOR THE KEK . . . Phys. Rev. ST Accel. Beams 13, 122801 (2010)

122801-7

• Expertise in the development of electron beam laserwires, 
e.g. first demonstration at ATF in KEK.

• Enables non-interceptive diagnostics of small e- beam profiles 
by inverse-Compton scattering.

e- laserwires: ATF setup

OpTcs designed to deliver micron-scale focus in vacuum chamber with 
minimal aberraTons:
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e- laserwires: ATF2 setup
Detector

e-

ATF-II Extraction Line Laserwire IP

• Goal: Sub-micron resolution 
laserwire using transmissive optics

• Demonstrate 1μm vertical profile
• Use mode-locked Nd:YAG laser
• 1x1010 e- and ~2GW peak power
• Cherenkov detector for γ-rays

dispersion corrections applied using four upstream skew
quadrupoles in combination.
The CBPM system provides high resolution position

measurement at 45 locations through the extraction line,
matching section, and final focus section of the ATF2. The
majority of the CBPMs are mounted to the pole faces of the
quadrupoles in the matching and final focus sections, with
the remainder at other points in the extraction line. There
are CBPMs in the quadrupoles before and after the LWIP;
however, the CBPM afterwards is on the far side of the
quadrupole, and so the trajectory cannot be treated as
ballistic between the two. A high resolution CBPM,

MFB2FF, is attached to the laserwire vacuum chamber
and moves with it during laserwire scans. MFB2FF has a
typical resolution of 70 nm at the bunch charge used during
laserwire operations over a limited range of< 100 nm [15].
The scanning range of the laserwire exceeds this range and
the mechanical offset and tilt of MFB2FF in relation to the
laserwire vacuum chamber introduced x-y coupling and
degraded the resolution. Therefore, the electron beam
position from MFB2FF was not suitable for spatial jitter
subtraction during laserwire operation.

FIG. 2. Photograph of the laserwire installation in the ATF2
beam line. The electron beam travels from right to left and the
laser beam enters behind the vacuum chamber and exits towards
the reader. The manipulator for the OTR and alignment screen
can be seen on top of the vacuum chamber. The avalanche
photodiode (APD) used for timing and the laser pulse energy
meter can be seen in the foreground. The high resolution CBPM
MFB2FF is also shown attached to the laserwire vacuum
chamber. The small optical breadboard (OTR switch) allows
one to switch between the high power laser path for laserwire and
the low intensity OTR path.

TABLE I. ATF2 parameters.

Parameter Symbol Value Units

Beam energy E 1.30 GeV
Horizontal emittance γϵx 4 × 10−6 m rad
Vertical emittance γϵy 4 × 10−8 m rad
Bunch repetition rate fbunch 3.12 Hz
Bunch length σez ∼30 ps
Electrons per bunch Ne 0.5–10 × 109 e−

Fractional momentum spread Δp=p 0.001

FIG. 3. Electron beam amplitude functions for the end of the
extraction line, matching section and beginning of the final focus
section. These are shown for normal ATF2 operation (top) and for
laserwire operation (bottom). The laserwire and laserwire de-
tector locations are shown by (red) dot-dashed and (blue) dotted
vertical lines, respectively.

FIG. 4. Electron beam amplitude functions about the laserwire
interaction point for normal ATF2 operation (top) where the
vertical waist is located at the MFB2FF cavity BPM, and for
laserwire operation (bottom), where the waist is moved to the
laserwire location.

LASERWIRE AT THE ACCELERATOR TEST FACILITY 2 … Phys. Rev. ST Accel. Beams 17, 072802 (2014)

072802-3

A. Aryshev, S. Boogert L. Corner, 
D. Howell, P. Karataev, K. 
Kruchinin, L. Nevay, N. Terunuma, 
J. Urakawa, R. Walczak
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e- laserwires: ATF2 laser beam characterisa6on

on the chamber position measurement. The coordinate axes
of the interaction point are shown in Fig. 6.
A screen for both OTR and alignment is mounted on a

vacuum manipulator arm that enters the vacuum chamber
through the top access port. Manual micrometers allow the
manipulator arm and therefore the screen to be moved in
the x and z axes, while motorized actuators control the
angle of the screen θOTR and its vertical position in the
y axis.
After the interaction point (post-LWIP), the laser beam

exits the vacuum chamber through the vacuum window and
is directed by two mirrors onto a laser energy meter. A
plano-convex lens is used to bring the laser beam inside the
active area of the energy meter. The post-LWIP optics are
required to deal with the safe disposal of gigawatt peak
power laser pulses, but also to image OTR, which is ∼1010
lower in intensity. To accomodate this, two separate
switchable optical paths are used. Mirrors for each optical
path are fixed on to a small optical breadboard that is
mounted on top of a translation stage. Figure 7 shows the
layout schematically.
An avalanche photodiode is used to simultaneously

detect the laser light when strongly attenuated and a
combination of OTR, optical diffraction radiation, and
reflected synchrotron radiation [17] from the electron
beam, allowing synchronization of both. The first post-
LWIP high reflectivity dielectic-coated mirror is used to
attenuate the laser pulses without affecting the broad-
band OTR.

E. Detector

The laserwire detector is placed after the BH5X dipole
magnet in the ATF2 lattice, which is the first bend after the
LWIP and constitutes a bend of 2.927°. The box-shaped
vacuum pipe in the dipole has an aluminum window 26 mm

in diameter and 200 μm in thickness at the end that allows
the Compton-scattered photons from the laserwire to be
detected.
The detector consists of a 4 × 4 × 0.6 cm3 (x × y × z)

lead sheet that acts as a converter of photons to electron-
positron pairs, followed by a 4 × 4 × 5 cm3 block of SP15
Aerogel. The Aerogel acts as a Cherenkov radiator for the
electron-positron pairs and the Cherenkov light is guided in
a light tight pipe, internally coated with aluminumized
mylar, to a shielded photomultiplier tube out of the
accelerator plane. The detector linearity was verified in
[10]. Synchrotron radiation background was expected to be
negligible as the synchrotron photon energy at the peak of
its spectrum is ∼0.3 keV, which is insufficient to generate
electron-positron pairs in the lead converter plate.

F. Data acquisition system

The data acquisition system is based around
Experimental Physics and Industrial Control System
(EPICS) database software [18]. This provides an easily
extendable common interface level for all devices that are
part of the experimental system as well as a graphical user
interface using the Extensible Display Manager (EDM) and
Python software for control, data storage, and data analysis.
Individual devices are controlled through LabView or C
software directly, which monitor command variables in the
EPICS database and publish data and measurements to
other variables. A suite of Python programs provides high
level control of the laser system and laserwire experiment.

FIG. 6. Schematic of the beam geometry at the laserwire
interaction point, including the OTR screen at 45° to the electron
beam direction, incoming electron bunch, outgoing electron
bunch, OTR path, laser beam path, and Compton-scattered
photons (γ).

FIG. 7. Schematic of the laserwire (LW) interaction point in
plain view showing the lens and vacuum windows attached to the
vacuum chamber, the laser beam path (green), and post-LWIP
optical switch for the OTR. The laser beam enters at the top of the
diagram and is absorbed in the energy meter. The APD is used for
timing purposes.

L. J. NEVAY et al. Phys. Rev. ST Accel. Beams 17, 072802 (2014)
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• Electron beam 1 x 250μm
• λ= 532nm laser, σ0 = 1μm, M2 (spatial quality) = 1.3
• Rayleigh range = 15μm
• laser σ ~ constant over 30μm << 250μm
• Vertical laserwire scan non-Gaussian
• Use measured laser propagation in overlap integral

Scaled focus
4σ = 50μm

Laserwire at the Accelerator Test 
Facility 2 with submicrometer
resolution Phys. Rev. Special Topics -
Accel. Beams, 17, 072802 (2014)

elliptical, the major and minor beam widths of the beam
ellipse are shown. The telescope actuator was set at
12.5 mm for the laserwire operation period.
The M2 of the laser was measured by placing a f ¼

1.677 m (at λ ¼ 532 nm) plano-convex lens at the end of
the laser diagnostic line to create a larger focused spot size
over a greater distance. Profiles of the laser beam were
recorded at various positions throughout the focus. The 4σ
widths along the intrinsic laser beam axes are shown in
Fig. 10 along with a fit to the M2 model [Eq. (3)
with Δx ¼ 0].
This shows that the laser is astigmatic with different

focused spot sizes at different locations with different
divergences. The intrinsic axes of the laser were found

to be rotated to the (extrinsic) lab axes by −17.4°. To
deconvolve the laserwire scan, it is the distribution of
photons in the vertical (y) axis that is required. To calculate
this, the laser is assumed to be a bivarate Gaussian as
described by σz;y. As the projection of a bivariate Gaussian
distribution is also Gaussian, the relevant vertical projection
is the maximum extent of the ellipse, σl, depicted in Fig. 11
and described by

σl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðσlz sin θlÞ2 þ ðσly cos θlÞ2

q
ð7Þ

where θl is the angle of the laser axes with respect to the lab
frame and the subscripts z and y denote the laser axis
closest to that dimension in the lab frame. Here, the major
axis is closest to the y dimension. The laser propagation
parameters σo and xσo in each axis were scaled to the LWIP
using the ratio of the focal lengths of the M2 measurement
lens and the laserwire lens. Each axis is described by
Eq. (3) using the scaled parameters, and the projected
vertical size was calculated using Eq. (7) as shown in
Fig. 12. The laser propagation was measured each week
after maintenance was carried out on the laser system, and
the relevant measurement was used in the analysis of the
laserwire data. In the case of the laserwire data presented
here, the minimum vertically projected laser spot size
was σl ¼ 1.006 % 0.032 μm.
The laser pointing stability was measured at the end of

the laser diagnostic line to estimate the pointing stability of
the laser at the LWIP by recording 600 laser beam profiles
and the centroid of each calculated. The standard deviation
of the centroids in the horizontal and vertical was measured
to be 125.7 and 132.7 μm, respectively, at the laserwire
lens. This measured spatial variation can be scaled by the
beam size at the ratio of the input laser beam size to that at
the LWIP to give a laser position variation of ∼40 nm in
both dimensions. This spatial variation therefore system-
atically increases the measured electron beam size by
approximately 0.08%, which was deemed to be a negligible
contribution and therefore not subtracted from the laser-
wire scans.

FIG. 9. 4σ widths of the major and minor axes of the input laser
beam profile as measured at the end of the laser diagnostic line as
a function of telescope actuator position.

FIG. 10. Measured 4σ widths of the laser beam through the
focus created with a f ¼ 1.677 m lens. The M2 model is shown
for each intrinsic axis of the laser propagation, which were found
to be rotated to the extrinsic lab axes by −17.4°.

FIG. 11. Maximum extent of an ellipse described by the major
and minor axes σmajor and σminor, respectively, here representing
σy;z of the bivariate Gaussian laser photon distribution.

L. J. NEVAY et al. Phys. Rev. ST Accel. Beams 17, 072802 (2014)
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A. Aryshev, S. Boogert L. Corner, 
D. Howell, P. Karataev, K. 
Kruchinin, L. Nevay, N. Terunuma, 
J. Urakawa, R. Walczak

Input 4σ = 12mm
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e- laserwires: ATF2 results
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was used to fit a pair of horizontal and vertical scans
simultaneously to determine both σex and σey. The hori-
zontal scan is shown in Fig. 18 with both the Gaussian and
overlap integral models for comparison.
Importantly, the extracted horizontal size is considerably

different from that found using the Gaussian model, which
if incorrectly used to deconvolve the vertical laserwire
scans yields an inaccurate vertical electron beam size. It had
originally been envisioned that a single horizontal scan
could be used to deconvolve all the vertical laserwire scans
for a given measurement period (such as an 8-hour
experimental shift). Even with adjustments made to the
vertical beam size that would affect the horizontal size, the
deconvolution was expected to be relatively insensitive to
the horizontal size. However, even with changes in hori-
zontal size of a few percent, this proved to be untenable and

so horizontal and vertical scans were made each time for a
complete measurement.

4. Smallest vertical scan

The electron beam optics were manipulated to minimize
the electron beam size at the LWIP as measured by the
laserwire. The laserwire scans shown in Fig. 19 and Fig. 20
are the vertical and horizontal laserwire scans, respectively,
that were analyzed together and constitute the smallest
vertical electron beam profile measured. These were
recorded with an electron bunch population of 0.51!
0.05 × 1010 e−.
The measured vertical electron beam size was

1.07 þ0.06
−0.06ðstatÞ ! 0.05ðsysÞ μm and the horizontal beam

size was 119.0 þ2.4
−2.4ðstatÞ ! 0.01ðsysÞ μm. The analysis was

performed using Minuit minimization software using a
weighted least squares method that allowed for asymmet-
rical uncertainties using the Minos algorithm [21]. The
systematic uncertainties were found by calculating the
standard deviation of the fit parameters from randomly
sampling the laser parameters from the M2 model analysis
with their associated uncertainties. The calculated laserwire
signal from the fit as a function of vertical and horizontal
chamber positions is shown in Fig. 21. This shows that the
vertical scan reaches a lower signal level than the horizontal
scan at the edges of the scan, which can also be seen in
Figs. 19 and 20.

5. Quadrupole scan

The laserwire was used to profile the electron beam
throughout a quadrupole scan of the vertically focusing
quadrupole immediately before the LWIP, QM14FF. The
magnet current was varied from −80 A to −104 A in 3 A
steps. At each point, a short range, low sample number
vertical scan was performed to vertically center the laser

FIG. 18. Comparison of Gaussian and overlap integral models
for the horizontal laserwire scan.

FIG. 19. Nonlinear step size laserwire scan with the smallest
measured electron beam size.

FIG. 20. The corresponding horizontal laserwire scan for the
smallest vertical scan, which was required for the combined
analysis.

L. J. NEVAY et al. Phys. Rev. ST Accel. Beams 17, 072802 (2014)
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L. J. NEVAY et al. Phys. Rev. ST Accel. Beams 17, 072802 (2014)
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L. Nevay et al: Laserwire at the Accelerator Test Facility 2 with submicrometer resolution
Phys. Rev. Special Topics - Accel. Beams, 17, 072802 (2014)

C. Electron beam characterization

At the start of laserwire operations, the laserwire
electron beam optics were set and the trajectory of the
electron beam adjusted to quadrupole centers. After this,
the dispersion and coupling were measured and corrected
using the Flight Simulator software by changing the
damping ring frequency in 1 kHz steps over a range of
5 kHz. This was repeated several times to accurately
correct coupling and dispersion. The measured residual
dispersion at the LWIP was DðxÞ ¼ 4.215 $ 0.515 mm
and DðyÞ ¼ 0.095 $ 0.023 mm. This is acceptable and
should make a negligible contribution to the vertical
electron beam size, given the energy spread of the
electron beam at the ATF2.
The emittance of the extracted electron beam in the

ATF2 can be measured either using wire scanners or the
multi-OTR system (mOTR) [19]. Measuring the emittance
using the wire scanners during laserwire operations is
impractical due to time constraints. During early 2013,
the mOTR system was being upgraded and was not
available for use during laserwire operations.

D. Alignment

To achieve collisions between the laser and electron
beams, they must be spatially and temporally overlapped.
Both of these functions were achieved using the OTR
screen as an alignment tool.

1. Laser alignment

Before operations, the laser beam must be precisely
aligned to the center of the laserwire lens as well as
perpendicularly to the vacuum window and lens assembly
to ensure the diffraction limited focused spot size is

achieved. The low power alignment laser was first used
without the laserwire lens. The two mirrors before the
LWIP were adjusted such that the back reflection from the
vacuum window overlapped with the incoming laser beam
back to its source. A mounted mirror was then placed in the
kinematic laserwire lens mount and the angle of the mount
adjusted until the reflected laser beam also overlapped the
incoming laser beam. This ensured the lens and window
were parallel to each other and that no optical aberrations
were introduced, as these would increase the focused spot
size. The alignment was verified with the main laser beam
at low power. After this procedure, the mirror was removed
from the lens mount and the laserwire lens was replaced.

2. Spatial alignment

During access periods before operation, the laser was
operated at low pulse energy and attenuated heavily so as
not to cause damage to the OTR screen. The OTR screen
was moved vertically to find the point where it intercepted
the laser focus as observed in the post-LWIP optical
system. The manual micrometers were adjusted to position
the OTR screen along the x axis so that the vertical distance
required to occlude the laser beam was minimized, ensur-
ing that it was centerd at the laser focus in the x dimension.
During experimental shifts, with the OTR screen set to the
vertical reference position, the laserwire vacuum chamber
was then scanned vertically until the electron beam was
intercepted (the OTR screen arm moves with the chamber).
When the screen intercepts the electron beam brehmstraah-
lung radiation is produced that is detected by the wire
scanner detector behind the laserwire detector. The cham-
ber was aligned to the point where half the maximum

FIG. 13. Measured brehmstraahlung radiation as a function of
vertical chamber position with the OTR screen at the laser focus
reference position. The red dashed line shows the chosen align-
ment position.

FIG. 12. Calculated projected vertical sigma for the laser as
well as the two axes of propagation at the LWIP. The distance is
zeroed about the minimum of the projected vertical size where the
laser is most intense and the Cherenkov signal greatest.

LASERWIRE AT THE ACCELERATOR TEST FACILITY 2 … Phys. Rev. ST Accel. Beams 17, 072802 (2014)
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Successful measurement of the 
1.07 µm profile electron beam!

Measured vertical e- beam profile Projected laser dimension
at interaction point Measured horizontal e- beam profile 

A. Aryshev, S. Boogert L. Corner, 
D. Howell, P. Karataev, K. 
Kruchinin, L. Nevay, N. Terunuma, 
J. Urakawa, R. Walczak
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e- laserwires: at PETRA-II & -III

9Stephen Gibson – Application of Lasers in Beam Instrumentation – CAS BI, 8 June 2018 
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VerTcal breadboard at beam pipe 

Fibre amplified laser 
transport to tunnel in 

photonic crystal fibre – large 
area single spaTal mode.

Beam delivery opTcs: 
NIM in Phys. Res. A 592(3):162-170 · July 2008

• Laserwire also developed for electron storage ring at DESY
• Chirp pulsed amplified laser synchronised at ps level with bunch RF
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Stripline BPMs

10

R. Apsimon, D. Bee, P. Burrows et al

High resolution, low latency stripline BPMs:

• Three stripline system tested at extraction line 
of ATF in KEK

• Processor latency: 15.6 ±0.1 ns
• Single-pass resolution of 291 ± 10 nm (at 1nC)

PRSTAB 18 032803 (2015)

157 +- 8 nm 
(Q ~ 1.3nC)154ns

Excellent temporal + spatial resolution
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Cavity BPMs & fast feedback

11

R. Ramjiawan, P Burrows, et al

Separate cavities for the 
extraction of the monopole
and dipole modes.
These high-frequency signals 
need down-mixing and 
mixing to produce a 
baseband signal proportional 
to only the bunch offset.

Feedback On Nanosecond Timescales:
Nanometer-resolution cavity BPMs used 
for fast digital + analogue 
feedback/feedforward systems
• ADCs to digitise I and Q waveforms at 

357 MHz.
• DACs to provide analogue output to 

drive kicker, with a fast rise time 35 ns

ATF2 (6.5 GHz) CLIC main beam/CTF3 (15 GHz)
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Cavity BPMs at CLEAR

12

• A demonstrator system for CLIC main beam cavity BPMs
• High spatial (50 nm) and high temporal (50 ns) resolution needed for 

beam based alignment, wakefield-free steering and online dispersion 
correction via energy chirped trains

• 3x 15 GHz low-Q (fast decay) position cavities
• Down conversion to a lower frequency for digitization
• Transverse movers for calibration and alignment

A. Lyapin, M. Cargnelutti (I-Tech)

Electronics developed 
in collaboraTon with 
I-Tech (Slovenia)
• 500 MSps – 14 bit
• Bandwidth: 1MHz 

– 2GHz
• 32 dB variable gain
• Segmented 

memory with up to 
500M ADC samples
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Hadron Beam Diagnostics

13
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UK contribution to High Luminosity LHC

14

§ Lower beta* (~15 cm)
§ New inner triplets - wide aperture Nb3Sn
§ Large aperture NbTi separator magnets
§ Novel opTcs soluTons

§ Crossing angle compensaNon
§ Crab caviTes
§ Long-range beam-beam compensaTon

§ Dealing with the regime
§ Collision debris, high radiaTon

§ Beam from injectors
§ Major upgrade of complex (LIU)
§ High bunch populaTon, low emieance, 25 ns 

beam
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UK contribution to High Luminosity LHC – phase I

15

FundingFunding

UK institutes on HL-LHC-UK
£8M CERN-STFC investment in UK

UK delivered crab cavity prototype to SPS

IR beam 
diagnosTcs

+ new injector 
diagnosTcs

Major simulation/design effort
UK built prototypes

Crab Cryomodule design and construction summary 

Complete thermal 
shield

Complete Crab Cavity Cryomodule installed 
on SPS

• The design, build and installation of the Double Quarter Wave SPS 
Demonstrator module is now complete.

• Work has began on the design of the RF Dipole Cryomodule which will be 
suitable for SPS and LHC installation. 

• Design of the tooling and infrastructure required for module build at the 
Daresbury Laboratory has also started. Oversight committee meeting, April 2018 7
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HL-LHC-UK phase II recently announced by STFC

16

heps://spc.ukri.org/news/project-to-upgrade-the-large-hadron-collider-now-underway/

https://stfc.ukri.org/news/project-to-upgrade-the-large-hadron-collider-now-underway/
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Beam Instrumentation for LIU:

17
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CERN’s Linac2 replaced by Linac4 as main injector

18

• Linac4 is now the main injector for LHC, currently being connected to PSB in LS2 2019/20

• H- ions boosted to 160 MeV
– 3 MeV, 352MHz Radio-Frequency 

Quadrupole (RFQ)
– 50 MeV drift tube linacs (DTLs)
– 100 MeV coupled-cavity drift tube 

linacs (CCDTLs)
– 160 MeV Pi-mode structures 

(PIMS)

• Commissioned 160 MeV in 2016.
• Multi-turn H- charge exchange 

injection to PSB enables a more 
brilliant beam for HL-LHC.
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H- laserwire prototype

19

• New instrument to measure the transverse emieance has been demonstrated with RHUL-
CERN built prototypes in recent years:
– Non-interceptive diagnostics of intense H- ion beams. In principle applicable to other ion species.

Installation of electron detector

T. Hofmann et al

Thomas Hofmann’s thesis, July 2017: 
https://cds.cern.ch/record/2282569/H- + g -> e- + H0

https://cds.cern.ch/record/2282569/
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H- laserwire: Linac4 prototype profile scanner results

S. Gibson et al, ‘Experimental results of a compact 
laserwire system for non-invasive H- beam profile 
measurements at CERN”s LINAC4’, TUPB005, IBIC 2016.

BEAM PROFILE MEASUREMENTS
The vertical size of the H� beam was measured by laser-

wire and diamond detector scans at the three beam energies
of 50, 80 and 107 MeV, corresponding to Figures 9, 10 and
11. For all results, the diamond charge at each 2D position
of the laserwire and diamond detector was determined by
averaging the diamond pulse signals over the laser pulse
train corresponding to at least one LINAC4 macropulse. At
each laserwire position the maximum charge value in the
range of diamond detector positions is obtained to plot the
beam profile.

The laserwire profile is compared with those from SEM-
grids and wire scanners positioned close to the laserwire.
Accounting for H� beam drift, the �Y recorded with the
laserwire is found to lie extremely close to the interpolated
value between SEM-grid measurements, as in the upper plot
of Figure 9. In the lower plot of Figure 9 and in Figures 10
and 11, the SEM-grid and wire scanner results have been
scaled to the position of the laserwire and show good agree-
ment. Any discrepancies between the laserwire and linear
interpolation of the SEM / WS profiles were monitored for
multiple measurements and at di�erent beam energies and
found to be consistently below an error on the beam � of
< ±2%. This is at a level similar to the di�erence between
SEM / WS devices placed at the same measurement plane,
indicating the laserwire has a similar performance.

Figure 9: The vertical size of the 50 MeV H� beam was
measured using SEM grids and the laserwire. The laserwire
profile is overlaid with profiles from the SEM grids scaled
to the laserwire position.

SUMMARY AND OUTLOOK
A compact, non-invasive laserwire to measure H� beam

profiles based on detection of photo-detached electrons has
been demonstrated at LINAC4 commissioning energies of
50, 80 and 107 MeV. The electron beamlet size was small
enough to be entirely captured by the diamond sensor, which
responds linearly with laser pulse energy. The beam profiles
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Figure 10: Comparison of SEM-grid �-scaled profiles with
the laserwire profile for the 80 MeV H� beam.142 6 Profile Measurements at 50 MeV, 80 MeV and 107 MeV H– Beam
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Figure 6.28: Overlay of profiles recorded at 107 MeV energy with different devices.

as the WS and SEM profiles although operating on much lower sampling rate1

along the LINAC4 macropulse (see Fig. 6.27).
Further profile plots for 50 MeV and 80 MeV beam energy and their compar-

ison with SEM-grids can be found in the Appendix (Fig. C.6 & C.7).

6.3.5 Summary

For the measurement campaigns at 50/80/107 MeV the instrument setup has
been fundamentally changed as it was aimed to measure the vertical beam pro-
file by sensing the detached electrons.

In this regard, a new detector has been designed on basis of sCVD diamond
material and a LINAC4 steerer magnet could be adopted to act as a electron
deflector. The trajectory of the electrons after being stripped from the H– ion
via the magnetic field of the steerer was tracked. Hereafter the interaction of
the electrons with the diamond detector was simulated. A comparison of the
simulation with the obtained data from the beam measurements showed a good
agreement.

In view of the upcoming permanent installation of laserwire systems at
160 MeV, a laser cabinet has been installed to host a new laser source and
the setup to couple the beam into the transport fiber. The fiber transmission
over up to 75 m to the accelerator tunnel has been successfully commissioned
and the laser beam has been characterized in the IP with the H– beam. Due

1Corresponding to laser frequency.

Figure 11: Overlay of 107 MeV H� beam �-scaled profiles
recorded with di�erent devices.

are in good agreement, < ±2%, with nearby SEM-grids and
wire scanners. Based on these and our earlier results, a per-
manent laserwire at 160 MeV will be installed to measure the
transverse emittance in both planes, and will include beam
profile monitors that measure the photo-detached electrons.
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BEAM PROFILE MEASUREMENTS
The vertical size of the H� beam was measured by laser-

wire and diamond detector scans at the three beam energies
of 50, 80 and 107 MeV, corresponding to Figures 9, 10 and
11. For all results, the diamond charge at each 2D position
of the laserwire and diamond detector was determined by
averaging the diamond pulse signals over the laser pulse
train corresponding to at least one LINAC4 macropulse. At
each laserwire position the maximum charge value in the
range of diamond detector positions is obtained to plot the
beam profile.

The laserwire profile is compared with those from SEM-
grids and wire scanners positioned close to the laserwire.
Accounting for H� beam drift, the �Y recorded with the
laserwire is found to lie extremely close to the interpolated
value between SEM-grid measurements, as in the upper plot
of Figure 9. In the lower plot of Figure 9 and in Figures 10
and 11, the SEM-grid and wire scanner results have been
scaled to the position of the laserwire and show good agree-
ment. Any discrepancies between the laserwire and linear
interpolation of the SEM / WS profiles were monitored for
multiple measurements and at di�erent beam energies and
found to be consistently below an error on the beam � of
< ±2%. This is at a level similar to the di�erence between
SEM / WS devices placed at the same measurement plane,
indicating the laserwire has a similar performance.

Figure 9: The vertical size of the 50 MeV H� beam was
measured using SEM grids and the laserwire. The laserwire
profile is overlaid with profiles from the SEM grids scaled
to the laserwire position.

SUMMARY AND OUTLOOK
A compact, non-invasive laserwire to measure H� beam

profiles based on detection of photo-detached electrons has
been demonstrated at LINAC4 commissioning energies of
50, 80 and 107 MeV. The electron beamlet size was small
enough to be entirely captured by the diamond sensor, which
responds linearly with laser pulse energy. The beam profiles
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Figure 6.28: Overlay of profiles recorded at 107 MeV energy with different devices.

as the WS and SEM profiles although operating on much lower sampling rate1

along the LINAC4 macropulse (see Fig. 6.27).
Further profile plots for 50 MeV and 80 MeV beam energy and their compar-

ison with SEM-grids can be found in the Appendix (Fig. C.6 & C.7).

6.3.5 Summary

For the measurement campaigns at 50/80/107 MeV the instrument setup has
been fundamentally changed as it was aimed to measure the vertical beam pro-
file by sensing the detached electrons.

In this regard, a new detector has been designed on basis of sCVD diamond
material and a LINAC4 steerer magnet could be adopted to act as a electron
deflector. The trajectory of the electrons after being stripped from the H– ion
via the magnetic field of the steerer was tracked. Hereafter the interaction of
the electrons with the diamond detector was simulated. A comparison of the
simulation with the obtained data from the beam measurements showed a good
agreement.

In view of the upcoming permanent installation of laserwire systems at
160 MeV, a laser cabinet has been installed to host a new laser source and
the setup to couple the beam into the transport fiber. The fiber transmission
over up to 75 m to the accelerator tunnel has been successfully commissioned
and the laser beam has been characterized in the IP with the H– beam. Due

1Corresponding to laser frequency.

Figure 11: Overlay of 107 MeV H� beam �-scaled profiles
recorded with di�erent devices.

are in good agreement, < ±2%, with nearby SEM-grids and
wire scanners. Based on these and our earlier results, a per-
manent laserwire at 160 MeV will be installed to measure the
transverse emittance in both planes, and will include beam
profile monitors that measure the photo-detached electrons.
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BEAM PROFILE MEASUREMENTS
The vertical size of the H� beam was measured by laser-

wire and diamond detector scans at the three beam energies
of 50, 80 and 107 MeV, corresponding to Figures 9, 10 and
11. For all results, the diamond charge at each 2D position
of the laserwire and diamond detector was determined by
averaging the diamond pulse signals over the laser pulse
train corresponding to at least one LINAC4 macropulse. At
each laserwire position the maximum charge value in the
range of diamond detector positions is obtained to plot the
beam profile.

The laserwire profile is compared with those from SEM-
grids and wire scanners positioned close to the laserwire.
Accounting for H� beam drift, the �Y recorded with the
laserwire is found to lie extremely close to the interpolated
value between SEM-grid measurements, as in the upper plot
of Figure 9. In the lower plot of Figure 9 and in Figures 10
and 11, the SEM-grid and wire scanner results have been
scaled to the position of the laserwire and show good agree-
ment. Any discrepancies between the laserwire and linear
interpolation of the SEM / WS profiles were monitored for
multiple measurements and at di�erent beam energies and
found to be consistently below an error on the beam � of
< ±2%. This is at a level similar to the di�erence between
SEM / WS devices placed at the same measurement plane,
indicating the laserwire has a similar performance.

Figure 9: The vertical size of the 50 MeV H� beam was
measured using SEM grids and the laserwire. The laserwire
profile is overlaid with profiles from the SEM grids scaled
to the laserwire position.

SUMMARY AND OUTLOOK
A compact, non-invasive laserwire to measure H� beam

profiles based on detection of photo-detached electrons has
been demonstrated at LINAC4 commissioning energies of
50, 80 and 107 MeV. The electron beamlet size was small
enough to be entirely captured by the diamond sensor, which
responds linearly with laser pulse energy. The beam profiles
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Figure 6.28: Overlay of profiles recorded at 107 MeV energy with different devices.

as the WS and SEM profiles although operating on much lower sampling rate1

along the LINAC4 macropulse (see Fig. 6.27).
Further profile plots for 50 MeV and 80 MeV beam energy and their compar-

ison with SEM-grids can be found in the Appendix (Fig. C.6 & C.7).

6.3.5 Summary

For the measurement campaigns at 50/80/107 MeV the instrument setup has
been fundamentally changed as it was aimed to measure the vertical beam pro-
file by sensing the detached electrons.

In this regard, a new detector has been designed on basis of sCVD diamond
material and a LINAC4 steerer magnet could be adopted to act as a electron
deflector. The trajectory of the electrons after being stripped from the H– ion
via the magnetic field of the steerer was tracked. Hereafter the interaction of
the electrons with the diamond detector was simulated. A comparison of the
simulation with the obtained data from the beam measurements showed a good
agreement.

In view of the upcoming permanent installation of laserwire systems at
160 MeV, a laser cabinet has been installed to host a new laser source and
the setup to couple the beam into the transport fiber. The fiber transmission
over up to 75 m to the accelerator tunnel has been successfully commissioned
and the laser beam has been characterized in the IP with the H– beam. Due

1Corresponding to laser frequency.

Figure 11: Overlay of 107 MeV H� beam �-scaled profiles
recorded with di�erent devices.

are in good agreement, < ±2%, with nearby SEM-grids and
wire scanners. Based on these and our earlier results, a per-
manent laserwire at 160 MeV will be installed to measure the
transverse emittance in both planes, and will include beam
profile monitors that measure the photo-detached electrons.
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Laserwire profiles in good 
agreement  (<2%) with nearby 
conventional diagnostics

50 MeV 80 MeV 107 MeV

T. Hofmann et al, ‘Design of a laser based profile monitor 
for Linac4 commissioning at 50 MeV and 100 MeV’, 
TUPB005, IBIC 2015.
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Dual laserwire installed at Linac4

21

• Non-interceptive emittance monitor
– 4 laserwires: in X and Y at two locations.
– Commissioned in 2018 at 160 MeV
– Multi-channel diamond strip-detector

Orthogonal diamond strip detectors

X & Y laser injection

T. Hofmann et al
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Dual laserwire commissioning results

22

• Laserwire Emieance Monitor
– First results showing verQcal  emilance for 

two different senngs of the line.

– Latest data with 4 diamond detectors fully operational: 
horizontal and vertical emittance reconstruction from both 
stations:

T. Hofmann et al ,’Commissioning of the operaQonal laser emilance 
monitors for Linac4 at CERN’, WEPAL074, IPAC 2018.

T. Hofmann, G.E. Boorman, A. Bosco, 
S.M. Gibson, A. Goldblatt, F. Roncarolo

New Linac4 run starTng now, Oct 2020…
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PS Beam Gas Ioniza2on (PS-BGI) Profile Monitor

23
23
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Horizontal ionization profile monitor for electron detection

70 mm

Specifics for the PS-BGI:
• Imaging of 10 keV ionization electrons using hybrid pixel detectors
• 285 kV/m electric field, 0.2 Tesla magnetic field

Purpose:
• Measure the transverse beam profile to improve the quality of the beam 

used for the LHC
• Integrated non-destrucQve beam profile throughout the cycle @ 1 kHz
OperaNng environment:
• Ultra-high vacuum: outgassing ≤ 1·10-7 mbar·l·s-1

• RadiaTon: 10 kGy/year at beam pipe, 1 kGy/year at 40 cm
• Presence of beam with losses and electro-magneTc interference

Cathode (-20 kV)

Beam direction

Rectangular 
CF-flange

Detector

S. Levasseur et al
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PS-BGI: transverse beam profile measurement

24

Transverse horizontal beam profile reconstruction

Raw Hybrid Pixel Detector Image Evolution of beam size & position during the full PS cycle

• Extract beam size & posiTon from fit to 
beam profile.

• ConTnuous measurements at a rate of 
2kHz per bunch for an LHC-type beam.

Adiabatic Damping

S. Levasseur et al
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PS-BGI: turn-by-turn measurements of single bunch

25

AdiabaNc Damping

Beam sigma/mean measured continuously at 2 kHz
Oscillations within a single cycle can be observed!

BGI-Timepix3 allows, for the first Nme, 
conNnuous non-destrucNve turn-by-turn 
measurement of the transverse beam 
profile of single bunches. 

Practical use case for beam diagnostics - transition crossing

Video of single LHC bunch in the PS as energy 
ramps from 2.1 GeV to 26.3 GeV
• Slowed down for viewing purposes
• Backgrounds from beam losses not removed

Sigma = width of the beam
Mean = beam centre

S. Levasseur et al

CERN-THESIS-2019-354 heps://cds.cern.ch/record/2720090

bgi.web.cern.ch/bgi/papers.html
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Diagnostics for HL-LHC

26
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UK Crab-cavity cryomodules for HL-LHC:

27

• First prototype cryomodule (DQW) tests completed on 
SPS in mid 2018.

Graeme Burt et al

• First ever evaluaTon of crab caviTes with a proton beam!
• A 2-cavity pre-series RFD cryomodule in development + 

providing 4 producTon DQW cryomodules for LS3
UK team responsible for key elements of the design: cold shield, 
magneTc shield, thermal shield, vacuum vessel, transport modules, 
HOM coupler  +  SPS test: machine physics, impedance, diagnosTcs and 
played major roles in other areas (LLRF)

Crab Cavity
• Operates in a TE/TEM-like

mode
• Deflecting/Crabbing mode is

the lowest operating mode
• Net deflection is mainly due to

the transverse electric field
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Head-Tail monitors & EO upgrade for HL-LHC

28

Tom Levens et al

Oscilloscopes with 
higher resolution 
installed

• CERN’s current diagnosQcs for 
transverse bunch instabiliQes.

• In 2018, SPS Head-Tail Monitor 
observed world’s first crabbing 
of a proton beam:

• HT standard approach:
– Stripline BPMs + fast sampling 

oscilloscopes

• LimitaQon:
– Bandwidth up to a few GHz, limited by 

the pick-cables and acquisiQon system

• For HL-LHC, a new technology is 
needed: fast electro-op6c pick-up
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Electro-Op2c Beam Posi2on Monitor: SPS prototype

29

§ Aim: rapid intra-bunch measurement of crabbed bunch shape & 
instabilities, by replacing BPM pick-ups with ultrafast eo-crystals.

§ EO-prototype observed first SPS beam signal in Dec 2016;  tune 
successfully measured in 2017 with electrode pickup.

§ Beam signals match well with CST simulations and with results 
from optical bench tests. See A. Arteche’s thesis, 2018.

to detector from laser 

SM fibre 
splitter 

Grin lens 

EO 
crystal 

Grin lens 

EO 
crystal 

bunch 

beam pipe 

(b)!

12 

Modified Mechanical body at SPS for 
prototype zero: 

•  5 mm length crystal 
•  66.5 mm radius 
•  780 nm wavelength 

E L E C T R O - O P T I C A L  B P M ,  R OYA L  H O L LO WAY.  O C TO B E R  1 3 T H ,  2 016  

Pickup 1 

1.- Isolated electrode used as an “attractor” 
to enhance the modulating field ELNB. 
2.- The electrode is not neatly charged but 
electrically polarised. 
3.- 9mm long crystal. 
4.- A signal increase factor ~8 is expected 
as a synergy of the crystal enlargement and 
the field enhancement. 
 

8 

LNB 

ELNB = 2.8kV/m 

ELNB 0.65kV/m ELNB 2.8kV/m 

5mm 9mm X1.8 

X~4.3 

Field–focusing  
effect 

A. Arteche, S. Bashforth,, A. Bosco, S. Gibson, RHUL
M. Krupa, T. Levens, T. Lefèvre, CERN
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Electro-Op2c Beam Posi2on Monitor: SPS prototype

30

Optical setup
§ Bunch Coulomb field as modulating field
§ Optical arrangement must replicate an amplitude modulator: 

Optical Setup: 
1.- Bunch Coulomb field as modulating field 
2.- Optical arrangement must replicate  
an amplitude modulator: 

1.- 160m separation between the rack room 
and pickup prototype. 
2.-780nm Light carried by PM fibre to avoid 
PMD returned back by SM fibre. 
3- Polariser splitter, HWP and Analyser to set a 
crossed polarisers configuration.  
4.-Arrangement of set of mirrors for 
alignment. 

(*) https://www.rp-photonics.com/polarization_mode_dispersion.html 

(*)  

§ 160m separation between the rack room and pickup 
prototype.
780nm light carried by PM fibre and SM fibre for return. 

§ Polariser splitter, HWP and Analyser to set a crossed 
polarisers configuration.

§ Arrangement of set of mirrors for alignment.
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EO-BPM: compact interferometric design
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Compact mechanics 
fit LHC BPM flange.

• A pair of fibre-splieers was used to create an interferometer around one 
EO-crystal as shown.

• AlternaTvely, as interferometer between opposing EO-pick-ups allows 
direct opTcal measurement of the beam posiTon difference signal 

75%

25%100% from laser 50:50 
interferometric 
signal to detector

50:50 
interferometric 
signal (antiphase)

25%

>25 to 45%

Reflective
collimators

Path through 
crystal

Path in fibre

50:5025:75

Layout is tolerant to 
any drift in alignment 
over time

Installed on top flange of EO-BPM at SPS Mounted for bench tests



Stephen Gibson et al – Beyond the LHC – IoP PABG, RAL - 26.4.2019 32Stephen Gibson – Diagnostics for Circular Colliders – EIC workshop - 9.10.20

EO-BPM development for HL-LHC
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OpQcal response of the compact EO interferometer to an average SPS bunch as the 
laser frequency is scanned. 

First results from compact setup 
presented at IPAC18 & IBIC19
S. Gibson et al, Enhanced bunch monitoring 
by electro-optic interferometric methods, 
WEP073, IPAC18.

A. Arteche et al, Beam Measurements at 
the CERN SPS Using Interferometric Electro-
Optic Pickups, WEAO04, IBIC19

ENHANCED BUNCH MONITORING BY INTERFEROMETRIC
ELECTRO-OPTIC METHODS

S. M. Gibson⇤, A. Arteche, S. E. Bashforth, A. Bosco, JAI at Royal Holloway, University of London, UK
M. Krupa, T. Lefèvre, CERN, Geneva, Switzerland

Abstract
A prototype Electro-Optic Beam Position Monitor has

been installed for tests in the CERN SPS to develop the con-
cept for high-bandwidth (6-12 GHz) monitoring of crabbed-
bunch rotation and intra-bunch instabilities at the High Lu-
minosity LHC. The technique relies on the ultrafast response
of birefringent MgO:LiNO3 crystals to optically measure the
intra-bunch transverse displacement of a passing relativistic
bunch. This paper reports on recent developments, including
a new interferometric electro-optic pick-up that was installed
in the CERN SPS in September 2017; in first beam tests with
nominal bunch charge, a corresponding interferometric sig-
nal has been observed. The interferometric arrangement
has the advantages of being sensitive to the strongest po-
larization coe�cient of the crystal, and the phase o�set of
the interferometer is controllable by frequency scanning of
the laser, which enables rapid optimisation of the working
point. Novel concepts and bench tests for enhancements
to the pick-up design are reviewed, together with prospects
for sensitivity during the first crab-cavity beam tests at the
CERN SPS in 2018.

INTRODUCTION
Motivated by the need to monitor bunch rotation induced

by crab-cavities at the High Luminosity LHC [1], an Electro-
Optic Beam Position Monitor (EO-BPM) is being developed
to measure the transverse shape of a proton bunch in a sin-
gle pass [2]. The aim is to determine the mean transverse
displacement along a 4� ⇠ 1 ns, nominal 1.15 ⇥ 1011 pro-
ton bunch, to detect the intra-bunch perturbations before
and after the bunch crabbing and track the evolution of any
residual instabilities in subsequent turns. The technique
relies on the high bandwidth electro-optic (EO) response
of MgO doped lithium niobate crystals, that essentially re-
place the electrodes in a capacitive button BPM. The phase
and/or polarization state of light transmitted through each
crystal is altered by the electric field of the passing proton
bunch. By illuminating and reading out the EO-crystals via
single mode fibres, the beam signal is conveyed optically
to a fast photodetector in the rack room, thus dispensing
with the bandwidth limiting hybrid electronics associated
with electrostatic BPMs in the accelerator tunnel. The tech-
nique targets operational bandwidths of 6�12 GHz to access
higher order modes of intra-bunch perturbation.

Project Status
A prototype EO-BPM was installed in the 4th sextant of

the CERN Super Proton Synchrotron (SPS), as described in
⇤ stephen.gibson@rhul.ac.uk

earlier studies [3, 4], and was placed adjacent to the existing
Head Tail monitor [5]. First beam signals from the EO
pick-ups of the proton bunch were observed in December
2016 using a robust configuration of the remote controlled
analyzer optics [6, 7]. In 2017, an improved design of the
pick-up demonstrated sensitivity to transverse displacement
of the bunch via measurements of the vertical and horizontal
SPS tunes [6]. In addition, coasting beam measurements
have since demonstrated that a single pick-up signal is well
correlated with deliberately induced lateral o�sets of the
beam position during dedicated tests at the SPS [7].

This paper reports on the design and implementation of
a free-space interferometric pick-up that was installed in
Sept. 2017 and a subsequent compact, fibre-interferometric
design that was installed in Feb. 2018 in the vertical plane.
The concepts of these new designs are presented, alongside
electromagnetic simulations and analytic estimates of the
expected signal enhancement based on prior beam and bench
test results. The first beam signals from the interferometer
are reported, together with prospects for sensitivity during
beam tests in 2018, following the recent installation of a
prototype crab-cavity in the SPS.

INTERFEROMETRIC EO CONCEPTS
Previous EO-BPM results [6, 7] were obtained from a

robust optical configuration of the EO pick-up in which light
incident on the xz face of the z-cut MgO:LiNO3 crystal was
linearly polarized at 45� to the x and z-directions. When the
electric field Ea (t) from the passing relativistic bunch is in
the z-direction, the resulting electro-optic retardation is

�(t) =
2⇡
�

(ne � no)l +
⇡

�
(n3

er33 � n3
or13)lEaz (t)

where ne and no are the extraordinary and ordinary refractive
indices of a crystal of length l in the propagation direction,
with linear electro-optic coe�cients, r33 and r13. The first
term is the static natural birefringence of the crystal, while
the second term is the electro-optically induced birefrin-
gence and is proportional to the electric field. Note that
the constant of proportionality depends on the di�erence
between the cube of the refractive indices multiplied by their
corresponding EO-coe�cients. The retardation results in a
polarization change of light emerging from the crystal which
is converted to an intensity modulation after an analyser.

If instead the light incident on the crystal xz-face is lin-
early polarized in the z-direction, then the light remains
linearly polarized as it propagates along the crystal and sim-
ply experiences a phase shift:

�(t) =
2⇡
�

nel +
⇡

�
n3
er33lEaz (t)
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Bandwidth limited by prototype detection system Space reserved for 4x EO-BPMs in LHC:

à Beam test of EO-BPM demonstrator planned in HL-LHC-UK phase II project

After SPS run, focus during LS2 is now on RHUL bench tests of LHC compatible design
Recent advancements:
• Brazed electrode, with crystal outside vacuum
• CST simulations with significantly enhanced E-field at crystal 
• Full fibre-coupled waveguide design
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HL-LHC Gas-Jet Profile Monitor
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C. Welsch, H. Zhang, 
J. Resta Lopez et al

Imaging 
system

Supersonic gas 
jet generation 
section

InteracNon 
secNon

Jet 
diagnosNcs

Jet 
dumping

§ Aim: development of a non-invasive beam profile 
monitor for the hollow electron lens project.

§ Beam interacts with gas-curtain formed by 
supersonic jet of nitrogen passing through the 
beam pipe.

§ Prototypes developed at CI in collaboration with 
GSI and CERN.Prototype at CI
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HL-LHC Gas-Jet Profile Monitor
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2.59 mm

Electron energy: 5keV
Beam current:0.69mA

Integration time: 2 s
Gas jet type: N2

Inlet pressure: 5bar

2s integration time to give a profile

More time to give a 2D detailed image

Gas jet 
direction 

Electron beam 
direction

200s integraTon Tme

SecTon for gas jet generaTon

InteracTon chamber 
and imaging system Possible integration in the LHC 

§ Promising results with nitrogen 
gas show improved integration 
time in low current e-beam tests.

§ Expect 2.4 ms for electron beam  
and 0.3 s for proton beam in 
hollow electron lens. 

§ Design in development for LHC:

C. Welsch, H. Zhang, 
J. Resta Lopez et al
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HL-LHC Beam Gas Vertex Detector
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• 2018 Measurements
• Beam size available in online display
• Average resolution down to 3 µm
• Operational measurements during both 

proton and ion run
• Being used for emittance studies

R. Kieffer et al

…. continued by Hélène Guérin et al, since April 2019.
Slide courtesy, R. Jones 
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Potential topics for collaboration at EIC?
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• Multiple novel beam diagnostics are in development for the HL-LHC that may be 
synergistic with EIC:
– Beam-Gas Ionisation Profile Monitor – J. Storey & S. Levasseur, CERN / RHUL
– EO-BPM crab cavity diagnostics – S. Gibson, A. Arteche et al, RHUL / CERN
– Gas-jet profile monitor for hollow electron lens – C. Welsch , Liverpool
– BPM readout / fast feedback expertise – P. Burrows, Oxford
– SR interferometric monitor – E. Bravin, Daniele Butti, CERN/RHUL
– Beam Gas Vertex detector – J. Storey & H. Guerin, CERN/RHUL
– Laserwires for electron or ion beams – S. Boogert & S. Gibson, RHUL
– Precise cavity-BPMs – A. Lyapin, RHUL / P. Burrows, Oxford
– OTR & Čerenkov diagnostics – P. Karataev et al, RHUL

• Beyond diagnostics:
– Ion collimation – see EIC workshop talk by Andrey Abramov
– IR design and beam background studies, e.g. with BDSIM – L. Nevay

Thank you! 

stephen.gibson@rhul.ac.uk


