
Stephen	Gibson	– Introduction	to	Optics	– CAS	Beam	Instrumentation,	6	June	2018	 1

Application	of	Lasers in	Beam	Instrumentation
(diagnostics)

Stephen	Gibson

John	Adams	Institute	for	Accelerator	Science

Royal	Holloway,	University	of	London,	UK

BEAM INSTRUMENTATION

Find more about Finish mythology at  https://en.wikipedia.org/wiki/Aino_(mythology)

Hotel Gustavelund
Tuusula, Finland

www.gustavelund.fi

from 2 to 15 June, 2018

Ten years after the last course on accelerator beam diagnostics in Dourdan (France) the CERN accelerator school will again off er such 
a course in 2018 – close to Helsinki (Finland). This is intended be of interest to staff  and students in accelerator laboratories, university 
departments and companies manufacturing accelerator equipment who wish to learn about beam instrumentation technologies, data 
treatment and accelerator performance diagnostics.
The course is split into morning lectures and afternoon “hands-on” courses.
The lectures will focus on the typical instruments used in high and low energy linear and circular accelerators, introducing examples of 
their application and some elementary background on particle dynamics. 
For the “hands-on” courses the participants will be split into groups to work with real equipment on beam position measurements, optical 
diagnostics, radio frequency measurements and digital signal processing.
Participants will leave the school having acquired a detailed understanding of how beam diagnostic measurements are performed and 
practical experience of how the instrumentation used is built and operated.

Contact: CERN Accelerator School  
CH – 1211 Geneva 23 
cas.web.cern.ch
Accelerator.school@cern.ch

ill
us

ta
ra

tio
n 

©
 S

am
po

 S
ov

er
i

BEAM INSTRUMENTATION

Find more about Finish mythology at  https://en.wikipedia.org/wiki/Aino_(mythology)

Hotel Gustavelund
Tuusula, Finland

www.gustavelund.fi

from 2 to 15 June, 2018

Ten years after the last course on accelerator beam diagnostics in Dourdan (France) the CERN accelerator school will again off er such 
a course in 2018 – close to Helsinki (Finland). This is intended be of interest to staff  and students in accelerator laboratories, university 
departments and companies manufacturing accelerator equipment who wish to learn about beam instrumentation technologies, data 
treatment and accelerator performance diagnostics.
The course is split into morning lectures and afternoon “hands-on” courses.
The lectures will focus on the typical instruments used in high and low energy linear and circular accelerators, introducing examples of 
their application and some elementary background on particle dynamics. 
For the “hands-on” courses the participants will be split into groups to work with real equipment on beam position measurements, optical 
diagnostics, radio frequency measurements and digital signal processing.
Participants will leave the school having acquired a detailed understanding of how beam diagnostic measurements are performed and 
practical experience of how the instrumentation used is built and operated.

Contact: CERN Accelerator School  
CH – 1211 Geneva 23 
cas.web.cern.ch
Accelerator.school@cern.ch

ill
us

ta
ra

tio
n 

©
 S

am
po

 S
ov

er
i

Beam	Instrumentation	
Tuusula,	Finland
2	- 15	June	2018



Stephen	Gibson	– Introduction	to	Optics	– CAS	Beam	Instrumentation,	6	June	2018	 2Stephen	Gibson	– Application	of	Lasers	in	Beam	Instrumentation	– CAS	BI,	8	June	2018	

Laser	applications:	talk	overview

• Laserwires
– e- laserwire	profiles

– H- transverse	emittance

– Longitudinal

• Polarimetry	at	LEP
• Shintakemonitor	at	KEK
• Electro-Optic	BPMs

– Other	eo ->	see	A.	Gillespe’s talk

• High	bandwidth	signal	transmission

Outline

2

Disclaimer:	focus	is	on
laser	based beam	

diagnostics,	not	

radiation	from	the	
particle	beam.
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How	to	measure	the	transverse	beam	profile?
• Traditional	method	is	to	sweep	a	solid	wire	across	the	beam

• Measure	the	background	vs	wire	position	of	wire	and	beam

3Stephen	Gibson	– Application	of	Lasers	in	Beam	Instrumentation	 – CAS	BI,	8	June	2018	

Laserwires	– general	concept

Replace	the	wire with	a	laser	beam:
• Electron	beam	laserwires:

– detect	Compton-scattered	photons

• Hydrogen	ion	beam	laserwires:
– detect	product(s)	of	photo-detachment

H- +	γ ->	e- +	H0

• High	power	and/or	very	small	beams	(micron	scale	at	LC)	
present	challenges	for	conventional,	invasive	diagnostics:

– Solid	wires	may	ablate,	harming	SC	surfaces	nearby.
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Laser	beam	must	be	focused	to	a	size	compatible	with	the	particle	beam	profile

4Stephen	Gibson	– Application	of	Lasers	in	Beam	Instrumentation	 – CAS	BI,	8	June	2018	

Gaussian	beam	optics

f

Beam	waist Rayleigh	length Beam	transverse	size	(1/e2)

• Electron	beam	laserwires:
– µm	level	electron	beam	sizes	

requires	µm	level	laserwire	focus	
–>	major	challenge!

• Hydrogen	ion	beam	laserwires:
– mm	level	particle	beam	size,	need	

<100	µm	laser	focus.

M2 is	measure	of	beam	quality	(M2 =	1	would	be	an	ideal	Gaussian)

• Key	parameters:
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• S.	Boogert	et	al:	Micron-scale	laser-wire	scanner	for	the	KEK	Accelerator	Test	Facility	
extraction	line	Phys.	Rev.	Special	Topics	- Accel.	Beams,	13,	122801	(2010)

• Beam	emittance	measurement	with	 laser	wire	scanners	in	the	International	Linear	Collider	

beam	delivery	system	Phys.	Rev.	Special	Topics	- Accel.	Beams,	10,	112801	(2007),	Issue	11

smaller optical breadboards were placed on either side of
the beam line. Two final mirrors steered the laser light onto
the focusing lens used to create the focus inside the inter-
action chamber, as shown in Fig. 6.

B. Final focus lens

The laser was focused at the interaction point by a
custom doublet lens of focal length 56.6 mm (Fig. 7).
The lens consists of three elements, the first two elements
with curved surfaces and then a vacuum window, which is
an integral part of the lens design. The first curved surface
is aspheric to correct for spherical aberrations. All of the
optical elements were made of fused silica to withstand
both high laser power and a high radiation environment.
The lens has a high damage threshold antireflective coating
to prevent the formation of ghosts within the lens, which
could destroy it. The lens design parameters are shown in
Tables II and III. Equation (10) is the equation describing
an even asphere surface, like the first surface of the final

focus lens (material interface number 1 in Tables II and III
and Fig. 7):

z ¼ cr2

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1# ð1þ kÞc2r2

p þ !1r
2 þ !2r

4 þ !3r
6 þ & & & :

(10)

Here z is the distance of the surface in the direction of the
optical axis, c ¼ 1

R , where R is the radius of curvature, k is
the conic constant, and the !i are the higher order terms,
given in Tables II and III. The tilts of the final two mirrors
were controlled by two remote controlled DC-servo linear
actuators. Additionally, the entire interaction chamber, to
which the lens was affixed, could be moved horizontally
(x) and vertically (y), so the lens position both vertically
and along the laser beam propagation axis could be ad-
justed. The laser focus could be moved by either moving
the interaction chamber or changing the tilt of the mirrors.
The focusing lens was also mounted on a manually actu-
ated translation and tilt system, to align the lens with
respect to the chamber center. After the laser beam exits
the interaction chamber another lens was used to recolli-
mate the divergent light from the LWIP. A further lens was
used to bring it to an acceptable size onto a power meter.
This recollimation lens was also remotely movable, so that
both the pre-LWIP and the post-LWIP lenses could be
simultaneously moved in order to keep the same beam
size on the laser power meter and other detectors.

Lens simulation

A simulation of the lens and interaction chamber win-
dow setup was carried out using ZEMAX [21] to find theM2

q

of the lens [Eq. (4)] as a function of input beam size
assuming an input laser with an M2

0 ¼ 1. ZEMAX uses a
Fourier transform based beam propagation model called
‘‘physical optics propagation’’ (POP) to compute laser
intensity on different optical surfaces. The intensity distri-
bution is calculated on a two-dimensional rectangular grid
and the laser beam size at focus computed by calculating
the second moment of the ZEMAX simulated intensity
distribution. The laser beam profiling systems used to
measure the laser beam sizes apply a cut to remove the
background of 0.3% of the peak projected intensity, and
this was also applied to the ZEMAX computed intensity
profiles. It was found that the calculated focused beam
profile was slightly dependent on the grid size used. This
is illustrated in Fig. 8, which shows the input laser beam
size W1 plotted against the focused spot size W0. The
dashed and dotted lines show the minimum and maximum
values of W0 for each value of W1 calculated using the
different grid sizes (128, 256, 512, 1024, and 2048 pixels
squared). The data points were taken using a beam profiler
[22] to measure the focused spot size after the lens using a
continuous wave (CW) laser with an M2

0 of 1 and are an
excellent fit to the simulation. The M2

q of the lens can be

1 2 3 4 5 6

Spherical surfaces wodniw muucaVecafrus cirehpsA

1 0

Interface number

FIG. 7. Diagram of the final focus lens.

FIG. 6. Horizontal section of the laser-wire system, showing
the interaction chamber, focusing lens, collimation lens, and the
final scanning mirror.

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

122801-5

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.

D (4:1)

D

Window

Indium seal

Chamber flange

Copper gasket

Cross−secton

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

• Light	focused	into	interaction	chamber	through	vacuum	window	required	careful	optics	
design	to	deliver	beam	with	minimal	aberrations:

e- laserwires:	ATF	setup
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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



Stephen	Gibson	– Introduction	to	Optics	– CAS	Beam	Instrumentation,	6	June	2018	 7 7Stephen	Gibson	– Application	of	Lasers	in	Beam	Instrumentation	 – CAS	BI,	8	June	2018	

e- laserwires:	ATF2	laser	beam	characterisation

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)

072802-6

• 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

Input	4σ	=	12mm

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
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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)

072802-12

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)

072802-12

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)

072802-9

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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Equation
y=y0+A*exp(-0.5*((x-xc)/w)^2)

Value Standard E

Normalized 
Rate

y0 100.4351 8.23039

xc -7366.818 0.45637

Sigma 22.38733 0.51662

A 1076.174 19.87007

Chirp	pulse	amplification	scheme	as	previously	described Vertical	breadboard	at	beam	pipe	

Fibre	amplified	 laser	
transport	to	tunnel	 in	

photonic	crystal	fibre	– large	

area	single	 spatial	mode.

Beam	delivery	optics:	

NIM	in	Phys.	Res.	A	592(3):162-170 · July	2008
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• Linear	Injector	Upgrade	at	CERN	for	the	(HL-)	LHC,	Linac4	to	replace	Linac2	after	LS2:
• Higher	energy,	intense	H- beam	requires	non-invasive	diagnostics:	H- laserwire
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H- laserwire:	Linac4	transverse	emittance	scanner

Figure 1: LINAC4 facility indicating the beam energy that

Proceedings of IBIC2015, Melbourne, Australia - Pre-Release Snapshot 17-Sep-2015 10:30 TUPB055
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• Linac4	laserwire	developed	in	recent	years	in	
collaboration	between	CERN-RHUL:
– Initial	tests	of	emittance	scanner	
prototype	at	3,	12	MeV	on	diagnostic	test	
bench	during	Linac4	commissioning
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• Laser	neutralises	H0,	which	go	straight	to	
a	downstream	diamond	detector.

• Main	H- beam	deflected	by	spectrometer	
magnet.

H- laserwire:	transverse	emittance	scanner	concept
  3 

1.3. Laser system 66 

Since the laser system was described in detail in previous 67 
publications [4], [5] it will be summarised here. The general 68 
parameters of the chosen working point of the laser source are listed 69 
in Table 2. The low pulse energy in comparison to other laserwire 70 
systems makes it possible to deliver the laser light to the particle 71 
beam via a long optical fibre (10 m was already achieved during the 72 
experiments completed at 3 and 12 MeV and a longer fibre will be 73 
used for the final system). This greatly reduces the complexity of the 74 
overall laser light delivery system. 75 
 
 
 78 
 
 
 
 
 
 
 
The laser beam is kept at a fixed position and focused into the 86 
vacuum vessel with a diameter of approximately 150 µm. Due to the 87 
quasi-monomode beam quality (M2 = 1.8), the laser beam diameter 88 
remains almost constant when colliding with the millimetre-size 89 
particle beam. The vertical scanning of the laser beam is performed 90 
by a remote controlled stage. A CCD camera and a fast photodiode 91 
are used to monitor the laser beam quality. 92 
 93 
 94 

1.4. H0 Detection system 95 

For the measurements at 12 MeV, the 20 mm x 20 mm polycrystalline diamond detector with 5 strip channels 96 
already exploited during the 3 MeV experiments [13] was used to detect the neutralized H0 atoms. Contrary to the 97 
3 MeV case, the 12 MeV H0 atoms fully traverse the 500 µm thick diamond substrate. This eliminates problems 98 
with piled up charge inside the diamond and greatly increases the signal level. A simulation of the ionization inside 99 
the diamond was performed using the software package SRIM [14]. It was found that one H0 loses 9.3 MeV when 100 
traversing the diamond. The charge collected by the detector can be calculated as: 101 

0
ionize

Diamond H
Gen

EQ n e CCE
E

= ⋅ ⋅ ⋅   (1) 102 

where 0H
n   is the number of H0 hitting the diamond, Eionize the energy that one H0 loses in the diamond and EGen  the 103 

average energy to generate an electron-hole pair, which is 13.1 eV for diamond [15]. Depending on the diamond 104 
material quality the Charge Collection Efficiency (CCE) can vary significantly. For the detector used in the 105 
measurements a CCE between 10% and 20% was assumed [16]. Using this value, a simulation was executed to 106 
estimate the collected charge taking into account the power of the laser as presented in Table 2, the beam dynamics 107 
and the size of a detector strip channel (3.5 mm x 18 mm). A charge of up to 2 × 10-9 C was recorded by one laser 108 
pulse in one detector channel.  109 

Such a charge creates a voltage in the order of 1 V (across a 50 Ohm termination) for the duration of a laser 110 
pulse, and the signal can therefore be digitized without pre-amplification. 111 

Parameter Value 

Wavelength 1080 nm 

Pulse energy 154 µJ 

Pulse length (FWHM) 80 ns  

Pulse freq. 60 kHz 

M2 1.8 

Figure 2. Concept of the laserwire emittance 
measurement. A focused laser beam crosses the H- 
beam and detaches electrons from the ions. The 
resulting neutral H0 atoms drift unperturbed towards a 
detector while the H- ions are deflected in a 
downstream bending magnet. By measuring the H0 
profiles in the detection plane, the angular distribution 
of the beam is gained. A scan of the laser through the 
H- beam allows sampling the transverse phase space. 
[12] 

Table 2. Laser parameters 
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pipe, which is accessible to the laser via a anti-reflexion
coated vacuum window. The output face of the fibre to-
gether with the focus optics are set on a small plate and
mounted on a stack of two automated translation stages
with 50 mm range and ⇠1 µm step resolution, one set
to scan the laser beam vertically (scanning stage or Y-
stage) and a second one to allow longitudinal positioning
of the laser focus within the vacuum pipe (longitudinal
stage or X-stage). The focus optics consist of collimation
lens with 6.24 mm focal length, a remotely controllable
variable beam expander that has a range of magnification
adjustable between 1x and 8x and a focusing lens with
focal length of 500 mm that focuses the laser radius to
⇠75 µm at the interaction region, which is much smaller
than the particle beam size to be scanned.

A secondary optical path is also installed within the
focusing box. It is setup in a way that when the Y-stage
is set at its lower position, the laser beam is directed
towards an optical window that reflects a small portion
of light into a CCD camera set on a translation stage
so that the laser spatial characteristics can be measured
on demand. The larger part of light that is transmitted
through this optical window is detected by a photodiode
for peak power and pulse duration measurements.

D. Diamond detector system

In section II C the requirements for a suitable
H0 detector were determined. After analysis of di↵erent
types of detectors we choose a polycrystalline (pCVD)
diamond strip detector for the measurement campaign.
This kind of detector is able to measure even single
particle events due to its internal gain of about 104

electrons per penetrating H0 . The response time in
the sub-nanosecond range permits to resolve an arriv-
ing laserpulse (FWHM = 80 ns) with su�cient time
resolution. Finally, the radiation hardness of approx.
1015 proton/cm

2 comparing to 1014 proton/cm

2 for sil-
icon [20] is essential.
A photo of the detector is shown in Fig. 7. The
20 x 20 mm, 500µm thick pCVD diamond disc is
mounted on a ceramics printed circuit board (PCB) while
the five 0.2 µm thick aluminium electrodes on the front
side of the detector are bonded to the circuit paths. On
the PCBs backside a bias voltage of 500V is applied to
readout the charge created in the diamond bulk. Capac-
itors (1 µF) in parallel to the detector rapidly recharge
the diamond when electrons are read out.
The PCB with the detector is fixed to a fork-shaped
support-frame situated inside a 4-way crosschamber. The
setup is mounted on a stepping motor which provides
vertical movement in a range of 80 mm with 150 µm res-
olution.
The signals need to be pre-amplified directly after the
vacuum feed-through due to an unexpected low sensi-
tivity of the detector. The e↵ect causing this will be
discussed quantitatively in chapter IV B. We were us-

ing AC-coupled linear amplifiers with 46 dB gain and
100 MHz bandwidth. Thereafter the signal from the dia-
mond channels were digitized with a 1 GS/s oscilloscope.

FIG. 7. pCVD diamond detector with 5 strip electrodes [21].

IV. SYSTEM CHARACTERISATION AND
MEASUREMENTS

A. Laser characterisation

As the laser beam is used as a probe to scan the par-
ticle beam, a full characterisation of its properties is re-
quired. To measure the spatial characteristics of the laser
beam we used a CCD camera which was set on a motor-
ized translation stage in our lower level diagnostic optical
path (see laser delivery system in Fig. 5). We moved the
camera in steps of 1 mm and recorded the beam spot size
variation along the longitudinal axis. Fig. 8 shows the
laser spot size at the focal plane of the focusing lens. The
horizontal and vertical laser diameters extracted from the
images are plotted along the direction of propagation in
Fig. 8. The two sets of data were fitted with the laser
propagation formula for quasi-Gaussian beams,

W (z) = W0

s

1 + (z
� M

2

⇡ W

2
0

)2 (4)

where W(z) is the laser spot radius (distance from the
center of the distribution to the position where the in-
tensity drops by a factor e

2), W0 is the minimum laser
waist, � is the laser wavelength and M

2 is a factor which
describes the quality of the real beam compared to an
ideal TEM00 Gaussian beam (for which M

2 = 1) [22].
For our application the results in the vertical plane are
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• Laser	neutralises	H0,	which	go	straight	to	
a	downstream	diamond	detector.

• Main	H- beam	deflected	by	spectrometer	
magnet.

H- laserwire	transverse	emittance	scanner	concept
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• Count	the	total	H0 arriving	at	the	
detector,	as	the	laser	position	is	scanned	
through	the	H- beam	->	transverse	
profile.
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pipe, which is accessible to the laser via a anti-reflexion
coated vacuum window. The output face of the fibre to-
gether with the focus optics are set on a small plate and
mounted on a stack of two automated translation stages
with 50 mm range and ⇠1 µm step resolution, one set
to scan the laser beam vertically (scanning stage or Y-
stage) and a second one to allow longitudinal positioning
of the laser focus within the vacuum pipe (longitudinal
stage or X-stage). The focus optics consist of collimation
lens with 6.24 mm focal length, a remotely controllable
variable beam expander that has a range of magnification
adjustable between 1x and 8x and a focusing lens with
focal length of 500 mm that focuses the laser radius to
⇠75 µm at the interaction region, which is much smaller
than the particle beam size to be scanned.

A secondary optical path is also installed within the
focusing box. It is setup in a way that when the Y-stage
is set at its lower position, the laser beam is directed
towards an optical window that reflects a small portion
of light into a CCD camera set on a translation stage
so that the laser spatial characteristics can be measured
on demand. The larger part of light that is transmitted
through this optical window is detected by a photodiode
for peak power and pulse duration measurements.

D. Diamond detector system

In section II C the requirements for a suitable
H0 detector were determined. After analysis of di↵erent
types of detectors we choose a polycrystalline (pCVD)
diamond strip detector for the measurement campaign.
This kind of detector is able to measure even single
particle events due to its internal gain of about 104

electrons per penetrating H0 . The response time in
the sub-nanosecond range permits to resolve an arriv-
ing laserpulse (FWHM = 80 ns) with su�cient time
resolution. Finally, the radiation hardness of approx.
1015 proton/cm

2 comparing to 1014 proton/cm

2 for sil-
icon [20] is essential.
A photo of the detector is shown in Fig. 7. The
20 x 20 mm, 500µm thick pCVD diamond disc is
mounted on a ceramics printed circuit board (PCB) while
the five 0.2 µm thick aluminium electrodes on the front
side of the detector are bonded to the circuit paths. On
the PCBs backside a bias voltage of 500V is applied to
readout the charge created in the diamond bulk. Capac-
itors (1 µF) in parallel to the detector rapidly recharge
the diamond when electrons are read out.
The PCB with the detector is fixed to a fork-shaped
support-frame situated inside a 4-way crosschamber. The
setup is mounted on a stepping motor which provides
vertical movement in a range of 80 mm with 150 µm res-
olution.
The signals need to be pre-amplified directly after the
vacuum feed-through due to an unexpected low sensi-
tivity of the detector. The e↵ect causing this will be
discussed quantitatively in chapter IV B. We were us-

ing AC-coupled linear amplifiers with 46 dB gain and
100 MHz bandwidth. Thereafter the signal from the dia-
mond channels were digitized with a 1 GS/s oscilloscope.

FIG. 7. pCVD diamond detector with 5 strip electrodes [21].

IV. SYSTEM CHARACTERISATION AND
MEASUREMENTS

A. Laser characterisation

As the laser beam is used as a probe to scan the par-
ticle beam, a full characterisation of its properties is re-
quired. To measure the spatial characteristics of the laser
beam we used a CCD camera which was set on a motor-
ized translation stage in our lower level diagnostic optical
path (see laser delivery system in Fig. 5). We moved the
camera in steps of 1 mm and recorded the beam spot size
variation along the longitudinal axis. Fig. 8 shows the
laser spot size at the focal plane of the focusing lens. The
horizontal and vertical laser diameters extracted from the
images are plotted along the direction of propagation in
Fig. 8. The two sets of data were fitted with the laser
propagation formula for quasi-Gaussian beams,

W (z) = W0
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where W(z) is the laser spot radius (distance from the
center of the distribution to the position where the in-
tensity drops by a factor e

2), W0 is the minimum laser
waist, � is the laser wavelength and M

2 is a factor which
describes the quality of the real beam compared to an
ideal TEM00 Gaussian beam (for which M

2 = 1) [22].
For our application the results in the vertical plane are
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• Laser	neutralises	H0,	which	go	straight	to	
a	downstream	diamond	detector.

• Main	H- beam	deflected	by	spectrometer	
magnet.

H- laserwire	transverse	emittance	scanner	concept
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• Count	the	total	H0 arriving	at	the	
detector,	as	the	laser	position	is	scanned	
through	the	H- beam	->	transverse	
profile.

• Can	also	assess	the	beamlet	distribution	
at	each	laser	position	to	find	the	angular	
information,	thus	reconstruct	transverse	
emittance.
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pipe, which is accessible to the laser via a anti-reflexion
coated vacuum window. The output face of the fibre to-
gether with the focus optics are set on a small plate and
mounted on a stack of two automated translation stages
with 50 mm range and ⇠1 µm step resolution, one set
to scan the laser beam vertically (scanning stage or Y-
stage) and a second one to allow longitudinal positioning
of the laser focus within the vacuum pipe (longitudinal
stage or X-stage). The focus optics consist of collimation
lens with 6.24 mm focal length, a remotely controllable
variable beam expander that has a range of magnification
adjustable between 1x and 8x and a focusing lens with
focal length of 500 mm that focuses the laser radius to
⇠75 µm at the interaction region, which is much smaller
than the particle beam size to be scanned.

A secondary optical path is also installed within the
focusing box. It is setup in a way that when the Y-stage
is set at its lower position, the laser beam is directed
towards an optical window that reflects a small portion
of light into a CCD camera set on a translation stage
so that the laser spatial characteristics can be measured
on demand. The larger part of light that is transmitted
through this optical window is detected by a photodiode
for peak power and pulse duration measurements.

D. Diamond detector system

In section II C the requirements for a suitable
H0 detector were determined. After analysis of di↵erent
types of detectors we choose a polycrystalline (pCVD)
diamond strip detector for the measurement campaign.
This kind of detector is able to measure even single
particle events due to its internal gain of about 104

electrons per penetrating H0 . The response time in
the sub-nanosecond range permits to resolve an arriv-
ing laserpulse (FWHM = 80 ns) with su�cient time
resolution. Finally, the radiation hardness of approx.
1015 proton/cm

2 comparing to 1014 proton/cm

2 for sil-
icon [20] is essential.
A photo of the detector is shown in Fig. 7. The
20 x 20 mm, 500µm thick pCVD diamond disc is
mounted on a ceramics printed circuit board (PCB) while
the five 0.2 µm thick aluminium electrodes on the front
side of the detector are bonded to the circuit paths. On
the PCBs backside a bias voltage of 500V is applied to
readout the charge created in the diamond bulk. Capac-
itors (1 µF) in parallel to the detector rapidly recharge
the diamond when electrons are read out.
The PCB with the detector is fixed to a fork-shaped
support-frame situated inside a 4-way crosschamber. The
setup is mounted on a stepping motor which provides
vertical movement in a range of 80 mm with 150 µm res-
olution.
The signals need to be pre-amplified directly after the
vacuum feed-through due to an unexpected low sensi-
tivity of the detector. The e↵ect causing this will be
discussed quantitatively in chapter IV B. We were us-

ing AC-coupled linear amplifiers with 46 dB gain and
100 MHz bandwidth. Thereafter the signal from the dia-
mond channels were digitized with a 1 GS/s oscilloscope.

FIG. 7. pCVD diamond detector with 5 strip electrodes [21].

IV. SYSTEM CHARACTERISATION AND
MEASUREMENTS

A. Laser characterisation

As the laser beam is used as a probe to scan the par-
ticle beam, a full characterisation of its properties is re-
quired. To measure the spatial characteristics of the laser
beam we used a CCD camera which was set on a motor-
ized translation stage in our lower level diagnostic optical
path (see laser delivery system in Fig. 5). We moved the
camera in steps of 1 mm and recorded the beam spot size
variation along the longitudinal axis. Fig. 8 shows the
laser spot size at the focal plane of the focusing lens. The
horizontal and vertical laser diameters extracted from the
images are plotted along the direction of propagation in
Fig. 8. The two sets of data were fitted with the laser
propagation formula for quasi-Gaussian beams,
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where W(z) is the laser spot radius (distance from the
center of the distribution to the position where the in-
tensity drops by a factor e

2), W0 is the minimum laser
waist, � is the laser wavelength and M

2 is a factor which
describes the quality of the real beam compared to an
ideal TEM00 Gaussian beam (for which M

2 = 1) [22].
For our application the results in the vertical plane are
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H- laserwire:	Linac4	prototype,	focus	optics	tests
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• Fibre-coupled	laser	with	beam	expander	and	lenses	to	focus	beam	
to	<60	µm:	beam	quality	assessed	on	test	bench.
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The raw data (of the kind shown in Fig. 4) was analysed in three steps. The detector signal was first low-pass 208 
filtered to remove high frequency noise. Then a linear fit to the background level was made (see left of Fig. 3) and 209 
subtracted from the signal, before summing the charge of the resulting signal. The obtained values in vertical phase 210 
space are shown in Fig. 11. 211 

To evaluate the precision of the novel laserwire instrument, the beam was sampled also with a conventional 212 
slit/grid instrument. Fig. 10 shows the result of the 213 
reference measurement using the same H- beam 214 
parameters. 215 

Comparison of both phase space distributions shows a 216 
remarkable overall agreement. Minor differences are 217 
mainly present in the angular distribution. The 218 
measurement using the laserwire exhibits a slightly 219 
broadened angular profile, which is caused by the lower 220 
spatial resolution of the diamond detector.  221 

Integrating the phase space in the divergence domain, 222 
the resulting beam profile is plotted for both instruments 223 
in Fig. 12. The disagreement in terms of profile shape and 224 
therefore extracted beam size is well below 2%. The error 225 
bars, calculated as the signal’s amplitude variation in time 226 
along the LINAC4 pulse, are in the same range for both 227 
the laser/diamond and slit/grid systems. 228 
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1.7. Emittance reconstruction 230 

The value of the normalized emittance can be expressed as follows: 231 
22 2

, ' 'RMS norm y y yyε βγ= −  (2) 232 

Here y and y´ represent the amount of arriving particles at a given vertical position and divergence angle. The 233 
relativistic β and γ factors allow relating the geometric to the normalized emittance. 234 

The measurement depends strongly on the sampled phase space area due to the constant noise level of a real 235 
instrument. To suppress the noise a simple method is commonly used to exclude all values in phase space which are 236 
below a certain threshold corresponding to a percentage of the maximum amplitude [17], [18]. Fig. 13 shows the 237 
resulting emittance values, measured with the laser/diamond instrument and the slit/grid reference system as a 238 
function of the applied threshold. The characteristic kink in this curve marks the spot where the noise is largely 239 
suppressed and the sampled signal starts to originate from impinging particles. For the laserwire system this point is 240 
quite distinct at 1 ± 0.1% . The equivalent position for the slit/grid is not so clearly defined but is in the same 241 
region. Assuming the same threshold of 1% for both systems the resulting emittance values are summarized in 242 
Table 3 including the uncertainty due to the choice of a reasonable threshold (between 0.9% and 1.1%) and the 243 
standard deviation (SD) of measurements during the LINAC4 pulse. 244 

 245 

Figure 11. Phase space sampled with the laser/diamond system Figure 10. Phase space sampled with the slit/grid method. 

Figure 12. Comparison of the measured beam profiles: Signal of the 
slit/grid signal normalized to the charge measured with the diamond 
detector. 

  7 

 207 

The raw data (of the kind shown in Fig. 4) was analysed in three steps. The detector signal was first low-pass 208 
filtered to remove high frequency noise. Then a linear fit to the background level was made (see left of Fig. 3) and 209 
subtracted from the signal, before summing the charge of the resulting signal. The obtained values in vertical phase 210 
space are shown in Fig. 11. 211 

To evaluate the precision of the novel laserwire instrument, the beam was sampled also with a conventional 212 
slit/grid instrument. Fig. 10 shows the result of the 213 
reference measurement using the same H- beam 214 
parameters. 215 

Comparison of both phase space distributions shows a 216 
remarkable overall agreement. Minor differences are 217 
mainly present in the angular distribution. The 218 
measurement using the laserwire exhibits a slightly 219 
broadened angular profile, which is caused by the lower 220 
spatial resolution of the diamond detector.  221 

Integrating the phase space in the divergence domain, 222 
the resulting beam profile is plotted for both instruments 223 
in Fig. 12. The disagreement in terms of profile shape and 224 
therefore extracted beam size is well below 2%. The error 225 
bars, calculated as the signal’s amplitude variation in time 226 
along the LINAC4 pulse, are in the same range for both 227 
the laser/diamond and slit/grid systems. 228 

 229 

1.7. Emittance reconstruction 230 

The value of the normalized emittance can be expressed as follows: 231 
22 2

, ' 'RMS norm y y yyε βγ= −  (2) 232 

Here y and y´ represent the amount of arriving particles at a given vertical position and divergence angle. The 233 
relativistic β and γ factors allow relating the geometric to the normalized emittance. 234 

The measurement depends strongly on the sampled phase space area due to the constant noise level of a real 235 
instrument. To suppress the noise a simple method is commonly used to exclude all values in phase space which are 236 
below a certain threshold corresponding to a percentage of the maximum amplitude [17], [18]. Fig. 13 shows the 237 
resulting emittance values, measured with the laser/diamond instrument and the slit/grid reference system as a 238 
function of the applied threshold. The characteristic kink in this curve marks the spot where the noise is largely 239 
suppressed and the sampled signal starts to originate from impinging particles. For the laserwire system this point is 240 
quite distinct at 1 ± 0.1% . The equivalent position for the slit/grid is not so clearly defined but is in the same 241 
region. Assuming the same threshold of 1% for both systems the resulting emittance values are summarized in 242 
Table 3 including the uncertainty due to the choice of a reasonable threshold (between 0.9% and 1.1%) and the 243 
standard deviation (SD) of measurements during the LINAC4 pulse. 244 

 245 

Figure 11. Phase space sampled with the laser/diamond system Figure 10. Phase space sampled with the slit/grid method. 

Figure 12. Comparison of the measured beam profiles: Signal of the 
slit/grid signal normalized to the charge measured with the diamond 
detector. 

  7 

 207 

The raw data (of the kind shown in Fig. 4) was analysed in three steps. The detector signal was first low-pass 208 
filtered to remove high frequency noise. Then a linear fit to the background level was made (see left of Fig. 3) and 209 
subtracted from the signal, before summing the charge of the resulting signal. The obtained values in vertical phase 210 
space are shown in Fig. 11. 211 

To evaluate the precision of the novel laserwire instrument, the beam was sampled also with a conventional 212 
slit/grid instrument. Fig. 10 shows the result of the 213 
reference measurement using the same H- beam 214 
parameters. 215 

Comparison of both phase space distributions shows a 216 
remarkable overall agreement. Minor differences are 217 
mainly present in the angular distribution. The 218 
measurement using the laserwire exhibits a slightly 219 
broadened angular profile, which is caused by the lower 220 
spatial resolution of the diamond detector.  221 

Integrating the phase space in the divergence domain, 222 
the resulting beam profile is plotted for both instruments 223 
in Fig. 12. The disagreement in terms of profile shape and 224 
therefore extracted beam size is well below 2%. The error 225 
bars, calculated as the signal’s amplitude variation in time 226 
along the LINAC4 pulse, are in the same range for both 227 
the laser/diamond and slit/grid systems. 228 

 229 

1.7. Emittance reconstruction 230 

The value of the normalized emittance can be expressed as follows: 231 
22 2

, ' 'RMS norm y y yyε βγ= −  (2) 232 

Here y and y´ represent the amount of arriving particles at a given vertical position and divergence angle. The 233 
relativistic β and γ factors allow relating the geometric to the normalized emittance. 234 

The measurement depends strongly on the sampled phase space area due to the constant noise level of a real 235 
instrument. To suppress the noise a simple method is commonly used to exclude all values in phase space which are 236 
below a certain threshold corresponding to a percentage of the maximum amplitude [17], [18]. Fig. 13 shows the 237 
resulting emittance values, measured with the laser/diamond instrument and the slit/grid reference system as a 238 
function of the applied threshold. The characteristic kink in this curve marks the spot where the noise is largely 239 
suppressed and the sampled signal starts to originate from impinging particles. For the laserwire system this point is 240 
quite distinct at 1 ± 0.1% . The equivalent position for the slit/grid is not so clearly defined but is in the same 241 
region. Assuming the same threshold of 1% for both systems the resulting emittance values are summarized in 242 
Table 3 including the uncertainty due to the choice of a reasonable threshold (between 0.9% and 1.1%) and the 243 
standard deviation (SD) of measurements during the LINAC4 pulse. 244 

 245 

Figure 11. Phase space sampled with the laser/diamond system Figure 10. Phase space sampled with the slit/grid method. 

Figure 12. Comparison of the measured beam profiles: Signal of the 
slit/grid signal normalized to the charge measured with the diamond 
detector. 

12	MeV	results
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• New	configuration	 for	50,	80,	107	MeV,	as	diagnostics	dipole	was	unavailable:	instead	count	
liberated	electrons	deflected	using	a	small	steerer magnet.TUPB055 Proceedings of IBIC2015, Melbourne, Australia - Pre-Release Snapshot 17-Sep-2015 10:30
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Transverse Profile Monitors

T.	Hofmann	et	al,	‘Design	of	a	laser	
based	profile	monitor	for	Linac4	
commissioning	at	50	MeV	and	100	
MeV’,	TUPB005,	IBIC	2015.
http://ibic.synchrotron.org.au/papers/
tupb055.pdf

were observed, in contrast to what occurred during the mea-
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of a high sensitivity and fast (to cope with the short laser
pulses) detector.

After considering various options, it was decided to de-
sign and fabricate a single-crystal chemical vapor deposition
(sCVD) diamond detector, capable of providing a fast re-
sponse, high sensitivity and radiation hardness. A picture
of the detector that was recently installed in the laser profile
meter tank assembly is shown in Fig. 8.

The front electrode of the detector facing the electron
beamlet is bonded to ground potential all around its perime-
ter to avoid electro-magnetic disturbance from the main
H� beam passing just 72 mm away from the detector.

Due to the low range of the electrons (6 µm in diamond)
this front electrode must be as thin as possible in order to
minimize energy loss. Table 1 lists the front electrode layer
materials and associated energy loss. In summary, 3.2 keV
of the electron‘s energy is absorbed in the electrode layers
while 23.8 keV is left to create a signal in the diamond bulk.

Table 1: Diamond Detector Layer Composition

Layer Thickness Energy Loss of e�

Gold 250 nm 2.3 keV
Platin 120 nm 0.7 keV
Titan 100 nm 0.2 keV
Diamond 500 µm 23.8 keV

The electron signal generation and read out is sketched in
Fig. 9. The 23.8 keV energy deposition creates electron hole
pairs, each requiring 13 eV (diamond’s generation energy).
This means that a charge of 1.5 · 10�10 C is created for the
5 · 10�5 electrons generated by each laser pulse, which
can then be read out via the applied bias of 500 V. Due to
the single crystal diamond material, no internal losses are
expected. The charge is then amplified and converted to
a voltage signal that can be digitized by a 1 GSps Analog-
to-Digital-converter (ADC). A filter circuit, included in the
preamplifier, was designed to separate the high-frequency
signal of the laser pulses from low-frequency background

Figure 8: sCVD diamond detector [12] mounted on the
actuator that is part of the laser monitor assembly for the
50 MeV experiment.

(e.g. electrons from beam-gas ionization occurring in the
drift space upstream the laser IP).

Figure 9: Signal creation and readout of the diamond detec-
tor.

In order to achieve the detector bandwidth required to
resolve the laser pulses, it was decided to produce a detec-
tor with a relatively small surface (4 mm x 4 mm) to avoid
parasitic capacitances. This feature also minimizes elec-
tromagnetic coupling and background due to residual gas
stripping [1].

In order to ensure the collection of all electrons during a
scan (see Fig. 7) with such a small detector, the diamond is
mounted on an actuator that will be moved in synchronism
with the laser. As the laser width is approx. 150 µm, the
electron beamlet will be spread out less than one millimeter
in the Y-plane of the detector. Therefore no electrons missing
the diamond detector are expected.

SUMMARY AND OUTLOOK
A system for non-destructive vertical profile measure-

ments for the LINAC4 H� beam has been designed. The
laser system consists of a pulsed laser-source, a 75 m long
fiber-based laser transport line, a scanning and diagnostics
assembly and a laser energy meter functioning as a laser
dump. Tests of the laser delivery with a 75 m fiber have been
performed and the results are very promising.

The liberated electrons will be deflected by a modified
steerer magnet, with the electron trajectory optimization
and the dimensioning of the detector supported by a set of
dedicated electron tracking simulations accounting for space
charge e@ects.

A sCVD diamond detector was chosen as electron collec-
tor. The monitor design was based on studies to optimize
signal formation and electromagnetic shielding. It was de-
cided to move the detector vertically synchronous with the
laser to achieve a compact design with a fast response.

Figure 10 shows a picture of the system installed at
LINAC4, as part of the 50/100 MeV test bench. Accord-
ing to the present LINAC4 schedule, first beam tests at an
energy of 50 MeV are foreseen in October 2015. The next
tests at 100 MeV will take place in early 2016 and will be
used to gain more experience in operating the novel profile-
meter to feed-in to the design of the final system. This final
system will be installed permanently at the LINAC4 top
energy of 160 MeV and will be designed to monitor both
horizontal and vertical transverse profiles (via electron mon-
itoring) and the transverse emittances (via H0 monitoring).
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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 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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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.
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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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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.
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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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Abstract

A laser-based emittance monitor has been developed
to non-invasively measure the transverse emittance of the
LINAC4 H− beam at its top energy of 160MeV. After testing
several sub-systems of the instrument during linac commis-
sioning at intermediate energies, two instruments are now
permanently installed. These instruments use a pulsed laser
beam delivered to the accelerator tunnel by optical fibres
before final focusing onto the H− beam. The photons in the
laser pulse detach electrons from the H− ions, which can
then be deflected into an electron multiplier. In addition,
the resulting neutral H0 atoms can be separated from the
main beam by a dipole magnet before being recorded by
downstream diamond strip-detectors. By scanning the laser
in the horizontal and vertical plane the beam profiles are
obtained from the electron signals and the emittance can be
reconstructed by the H0 profiles at the diamond detectors.
This paper describes the final system layout that consists of
two independent instruments, each measuring profile and
emittance of the H− beam in the horizontal and vertical
plane and discusses the preliminary commissioning results.

INTRODUCTION

LINAC4 has accomplished multiple commissioning steps
and is now in its reliability run before being connected to
the PS-Booster in 2019/2020. During the machine commis-
sioning, a laser emittance monitor has been developed to
measure non-destructively the transverse beam profiles and
emittances. Different prototypes have been tested at beam
energies of 3 MeV [1], 12 MeV [2] and 50/80/107 MeV [3]
to verify the performance of the system and measure beam
profiles and emittances. A summary of the prototype de-
velopment and the associated results can be found in [4]
and [5].

In Fig. 1 the concept of the instrument is shown. A laser
beam is focused on the H− ion beam such that it exhibits a
near constant diameter at the interaction region with a size
of 0.14 mm compared to the 4.8 mm (4σ) size of the H− ion
beam. Electrons are detached from the H− ions, deflected by
a weak dipole field and subsequently detected with an elec-
tron multiplier. The created H0 beamlets drift unaffected
through a downstream main dipole and is recorded with a
diamond strip-detector. By scanning the laser beam across
the H− beam the transverse profile can be obtained from the
signal of the electron multiplier. The H0 beamlet profiles
measured with the diamond detector allow the beam diver-

∗ thomas.hofmann@cern.ch

gence to be determined and consequently, in combination
with the laser position, the H− emittance to be reconstructed,
in a similar way as with the classical slit-grid method.
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Figure 1: Concept for combined vertical profile and emit-
tance measurement. To sample the horizontal plane the laser
beam and diamond strip-detector must be turned by 90◦.

SYSTEM DESIGN

Figure 2 shows the 160 MeV region at LINAC4, where
two laser emittance monitors have been installed to mea-
sure the transverse emittances and thus ensure that the re-
quirements for PS-Booster injection are met. The first in-

Figure 2: Overview of the two installed instruments in the
160 MeV region of LINAC4.

strument is installed in the straight line towards the main
dump where emittance measurements without dispersion
perturbations are possible. The second instrument is located
between two dipole magnets, which therefore profits from a
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Abstract

A laser-based emittance monitor has been developed
to non-invasively measure the transverse emittance of the
LINAC4 H− beam at its top energy of 160MeV. After testing
several sub-systems of the instrument during linac commis-
sioning at intermediate energies, two instruments are now
permanently installed. These instruments use a pulsed laser
beam delivered to the accelerator tunnel by optical fibres
before final focusing onto the H− beam. The photons in the
laser pulse detach electrons from the H− ions, which can
then be deflected into an electron multiplier. In addition,
the resulting neutral H0 atoms can be separated from the
main beam by a dipole magnet before being recorded by
downstream diamond strip-detectors. By scanning the laser
in the horizontal and vertical plane the beam profiles are
obtained from the electron signals and the emittance can be
reconstructed by the H0 profiles at the diamond detectors.
This paper describes the final system layout that consists of
two independent instruments, each measuring profile and
emittance of the H− beam in the horizontal and vertical
plane and discusses the preliminary commissioning results.

INTRODUCTION

LINAC4 has accomplished multiple commissioning steps
and is now in its reliability run before being connected to
the PS-Booster in 2019/2020. During the machine commis-
sioning, a laser emittance monitor has been developed to
measure non-destructively the transverse beam profiles and
emittances. Different prototypes have been tested at beam
energies of 3 MeV [1], 12 MeV [2] and 50/80/107 MeV [3]
to verify the performance of the system and measure beam
profiles and emittances. A summary of the prototype de-
velopment and the associated results can be found in [4]
and [5].

In Fig. 1 the concept of the instrument is shown. A laser
beam is focused on the H− ion beam such that it exhibits a
near constant diameter at the interaction region with a size
of 0.14 mm compared to the 4.8 mm (4σ) size of the H− ion
beam. Electrons are detached from the H− ions, deflected by
a weak dipole field and subsequently detected with an elec-
tron multiplier. The created H0 beamlets drift unaffected
through a downstream main dipole and is recorded with a
diamond strip-detector. By scanning the laser beam across
the H− beam the transverse profile can be obtained from the
signal of the electron multiplier. The H0 beamlet profiles
measured with the diamond detector allow the beam diver-
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gence to be determined and consequently, in combination
with the laser position, the H− emittance to be reconstructed,
in a similar way as with the classical slit-grid method.
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Figure 2 shows the 160 MeV region at LINAC4, where
two laser emittance monitors have been installed to mea-
sure the transverse emittances and thus ensure that the re-
quirements for PS-Booster injection are met. The first in-
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perturbations are possible. The second instrument is located
between two dipole magnets, which therefore profits from a

Proceedings of IPAC2018, Vancouver, BC, Canada - Pre-Release Snapshot 06-May-2018 12:00 UTC

WEPAL074
0

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

18
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.

06 Beam Instrumentation, Controls, Feedback, and Operational Aspects
T03 Beam Diagnostics and Instrumentation

• Measurement	of	electrons	and	neutralised	H,	wit		two	laser	locations:
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Abstract

A laser-based emittance monitor has been developed
to non-invasively measure the transverse emittance of the
LINAC4 H− beam at its top energy of 160MeV. After testing
several sub-systems of the instrument during linac commis-
sioning at intermediate energies, two instruments are now
permanently installed. These instruments use a pulsed laser
beam delivered to the accelerator tunnel by optical fibres
before final focusing onto the H− beam. The photons in the
laser pulse detach electrons from the H− ions, which can
then be deflected into an electron multiplier. In addition,
the resulting neutral H0 atoms can be separated from the
main beam by a dipole magnet before being recorded by
downstream diamond strip-detectors. By scanning the laser
in the horizontal and vertical plane the beam profiles are
obtained from the electron signals and the emittance can be
reconstructed by the H0 profiles at the diamond detectors.
This paper describes the final system layout that consists of
two independent instruments, each measuring profile and
emittance of the H− beam in the horizontal and vertical
plane and discusses the preliminary commissioning results.

INTRODUCTION

LINAC4 has accomplished multiple commissioning steps
and is now in its reliability run before being connected to
the PS-Booster in 2019/2020. During the machine commis-
sioning, a laser emittance monitor has been developed to
measure non-destructively the transverse beam profiles and
emittances. Different prototypes have been tested at beam
energies of 3 MeV [1], 12 MeV [2] and 50/80/107 MeV [3]
to verify the performance of the system and measure beam
profiles and emittances. A summary of the prototype de-
velopment and the associated results can be found in [4]
and [5].

In Fig. 1 the concept of the instrument is shown. A laser
beam is focused on the H− ion beam such that it exhibits a
near constant diameter at the interaction region with a size
of 0.14 mm compared to the 4.8 mm (4σ) size of the H− ion
beam. Electrons are detached from the H− ions, deflected by
a weak dipole field and subsequently detected with an elec-
tron multiplier. The created H0 beamlets drift unaffected
through a downstream main dipole and is recorded with a
diamond strip-detector. By scanning the laser beam across
the H− beam the transverse profile can be obtained from the
signal of the electron multiplier. The H0 beamlet profiles
measured with the diamond detector allow the beam diver-

∗ thomas.hofmann@cern.ch

gence to be determined and consequently, in combination
with the laser position, the H− emittance to be reconstructed,
in a similar way as with the classical slit-grid method.

H-

H0

Main Dipole 
Magnet

H- beam

Electron 
Multiplier

y

x

Laser BeamH- Beam

Laser 
Beam

Diamond 
Strip-Detector

Dipole

Figure 1: Concept for combined vertical profile and emit-
tance measurement. To sample the horizontal plane the laser
beam and diamond strip-detector must be turned by 90◦.

SYSTEM DESIGN

Figure 2 shows the 160 MeV region at LINAC4, where
two laser emittance monitors have been installed to mea-
sure the transverse emittances and thus ensure that the re-
quirements for PS-Booster injection are met. The first in-

Figure 2: Overview of the two installed instruments in the
160 MeV region of LINAC4.

strument is installed in the straight line towards the main
dump where emittance measurements without dispersion
perturbations are possible. The second instrument is located
between two dipole magnets, which therefore profits from a
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H- laserwire:	Linac4	profile	&	emittance	scanners

• Final	dual-station	laserwire	was	installed	in	2017	for	operation	at	160	MeV

Installation	of	electron	detector
Orthogonal	diamond	strip	detectors

X	&	Y	laser	injection

CHAPTER 3. LASERWIRE FOR H� MACHINES 75

can be estimated using Eq. 2.1 and Eq. 2.2 by replacing �c ! ⌃0 and ⇢e(x, y, z, t) !
⇢H(x, y, z, t), where ⌃0 is the cross-section of the photodetachment process and ⇢H(x, y, z, t)

is the probability distribution function of the H� ion bunch pulse.
The cross section of the photo-detachment process firstly has been measured in [84]

and then calculated and verified by many authors (see for example [85,86]). Total photo-
detachment cross-section as a function of wavelength is presented in Fig. 3.2. As one can
see the photo-detachment cross-section exceeds 3.5⇥10�17 in wavelengths range of 800–
1100 nm. That opens a possibility of use an infra-red laser with a standard wavelength of
1080 nm for the laserwire experiment.

The ion beam size in transverse plane is much smaller than the Rayleigh range of the
laser beam. In this case the variation of the laser beam size across the ion beam can
be neglected and the vertical or horizontal profile of the ion beam can be deconvolved
independently from each other. In this case, assuming that both laser and ion beams have
3D gaussian distribution and the laser pulse is much longer than the ion bunch pulse one
can estimate number of photodetached particles using Eq. 2.13.
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Figure 3.2. Total photo-detachment cross-section (data from Table IV in [85]).

In order to calculate the emittance it is necessary to know a distribution of the neutral-
ized particles at the detector plane. Latest can be calculated by weighting the particles in
the initial distribution (which can be obtained from any standard particle tracking code)
at the IP with a stripping probability for each particle. The stripping probability or the
fraction of the initial H� ions that are neutralised in the volume where the laser intercepts
the ion beam can be derived from the rate of loss of H� (n(t)) due to photo-ionisation
which is given by:

dn

dt
= �⌃0(�)⇢n, (3.1)

here ⌃0(�) - photodetachment cross-section, ⇢ - laser photon flux, t - interaction time of
the ion with the laser beam. Integrating the Eq. 3.1 one can obtain the number of H� ions

• 4	laserwires in	X	and	Y	at	two	
locations

• Detectors	measure	stripped	
electrons	and	H0
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• First	electron	detector	profile	results	from	commissioning	at	160	MeV	presented	at	IPAC18:
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Well	aligned	laser	beams	with	tightly	

focused	waist	<60um
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PROFILE MEASUREMENTS WITH

ELECTRONS

During the 160 MeV beam commissioning at LINAC4 the
H− beam was predominantly sent to the main dump such
that only profile measurements with the electron multiplier
could be accomplished.

In Fig. 5 the raw signal of the electron multiplier is com-
pared to the photo-diode (PD) signals of both laser-beams
(x, y). The EM signal corresponds clearly to the two 100 ns
long laser-pulses, separated by 223 ns. The tails observed on
the PD signals come from their response and do not represent
the actual shape of the laser pulse. This can be seen from
the EM measurement that shows a sharp rise and fall signal
corresponding to the x- and y-plane laser pulse. There is
therefore very little cross-talk between the x- and y-plane
measurements. The EM signal exhibits a higher than ex-
pected noise level which is attributed to many contributions
such as background electrons, electromagnetic interference,
electronic mismatching before the ADC and instabilities in
the detector response. One of our next tasks will be to inves-
tigate in detail these perturbations to enhance the accuracy
of the instrument.
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Figure 5: Signal of electron multiplier (EM) and photodiodes
of horizontal and vertical laser beam (see PD in Fig. 3).

By scanning the two laser beams across the H− beam
and integrating the two electron multiplier signals for each
position, the beam profiles in both planes are obtained. Fig-
ure 6 shows the very first measured horizontal and vertical
beam profiles at 160 MeV, compared to the ones obtained by
a downstream wire scanner (scaled according to the beam
optics between the two instruments). The agreement in
terms of beam shape is very good and the measured beam
size difference is 14% in the x-plane and 2% in the y-plane.
This first set of measurements allowed precise tuning of the
steerer magnet deflecting the electrons, something that was
found to be essential to optimise in order to obtain accurate
results.

CONCLUSION

Two instruments to measure non-destructively the
transverse beam profiles and emittances have been installed
in the LINAC4 160 MeV region. After the laser system
was characterised and stable operation was achieved, the
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Figure 6: Beam profiles recorded with the laserwire and
a wire-scanner in both planes. As the wire scanner is lo-
cated 2.7 m downstream of the laserwire, its profile is scaled
according to the beta-function ratio of both locations.

commissioning was mainly focused on profile measurements
by electron detection where simultaneous measurements
of the horizontal and vertical plane were conducted. By
analysing the EM signal, it was verified that there is little
cross-talk between both planes. Scanning the laser power
and recording the electron signal, the linear response of
the electron multiplier was confirmed. The preliminary
profile results agree well with wires scanner measurements.
The EM signal noise level, higher than expected, will
be studied for implementation of improvements during 2018.

The diamond detectors for H0 detection have been char-
acterised with a β-source in the laboratory and installed in
the vacuum vessel. Due to the very limited time where the
beam was directed towards the PS-Booster transfer line, no
systematic measurements with the diamond detectors for
emittance reconstruction could be completed so far. How-
ever, during preliminary tests, pulses similar to the ones in
Fig. 5 have been observed on the diamond detector channels,
which indicates that the detectors are ready for operation.

During 2018 the diamond detectors will be fully commis-
sioned in order to deliver an operational emittance monitor.
To assess the system accuracy, it is foreseen to compare
the laser emittance meter results to more conventional tech-
niques like the 3-profile-method or quadrupole scans.
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H- laserwire:	Linac4	profile	scanner	first	results
PROFILE MEASUREMENTS WITH

ELECTRONS

During the 160 MeV beam commissioning at LINAC4 the
H− beam was predominantly sent to the main dump such
that only profile measurements with the electron multiplier
could be accomplished.

In Fig. 5 the raw signal of the electron multiplier is com-
pared to the photo-diode (PD) signals of both laser-beams
(x, y). The EM signal corresponds clearly to the two 100 ns
long laser-pulses, separated by 223 ns. The tails observed on
the PD signals come from their response and do not represent
the actual shape of the laser pulse. This can be seen from
the EM measurement that shows a sharp rise and fall signal
corresponding to the x- and y-plane laser pulse. There is
therefore very little cross-talk between the x- and y-plane
measurements. The EM signal exhibits a higher than ex-
pected noise level which is attributed to many contributions
such as background electrons, electromagnetic interference,
electronic mismatching before the ADC and instabilities in
the detector response. One of our next tasks will be to inves-
tigate in detail these perturbations to enhance the accuracy
of the instrument.
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Figure 5: Signal of electron multiplier (EM) and photodiodes
of horizontal and vertical laser beam (see PD in Fig. 3).

By scanning the two laser beams across the H− beam
and integrating the two electron multiplier signals for each
position, the beam profiles in both planes are obtained. Fig-
ure 6 shows the very first measured horizontal and vertical
beam profiles at 160 MeV, compared to the ones obtained by
a downstream wire scanner (scaled according to the beam
optics between the two instruments). The agreement in
terms of beam shape is very good and the measured beam
size difference is 14% in the x-plane and 2% in the y-plane.
This first set of measurements allowed precise tuning of the
steerer magnet deflecting the electrons, something that was
found to be essential to optimise in order to obtain accurate
results.

CONCLUSION

Two instruments to measure non-destructively the
transverse beam profiles and emittances have been installed
in the LINAC4 160 MeV region. After the laser system
was characterised and stable operation was achieved, the
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Figure 6: Beam profiles recorded with the laserwire and
a wire-scanner in both planes. As the wire scanner is lo-
cated 2.7 m downstream of the laserwire, its profile is scaled
according to the beta-function ratio of both locations.

commissioning was mainly focused on profile measurements
by electron detection where simultaneous measurements
of the horizontal and vertical plane were conducted. By
analysing the EM signal, it was verified that there is little
cross-talk between both planes. Scanning the laser power
and recording the electron signal, the linear response of
the electron multiplier was confirmed. The preliminary
profile results agree well with wires scanner measurements.
The EM signal noise level, higher than expected, will
be studied for implementation of improvements during 2018.

The diamond detectors for H0 detection have been char-
acterised with a β-source in the laboratory and installed in
the vacuum vessel. Due to the very limited time where the
beam was directed towards the PS-Booster transfer line, no
systematic measurements with the diamond detectors for
emittance reconstruction could be completed so far. How-
ever, during preliminary tests, pulses similar to the ones in
Fig. 5 have been observed on the diamond detector channels,
which indicates that the detectors are ready for operation.

During 2018 the diamond detectors will be fully commis-
sioned in order to deliver an operational emittance monitor.
To assess the system accuracy, it is foreseen to compare
the laser emittance meter results to more conventional tech-
niques like the 3-profile-method or quadrupole scans.
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Fibre	lengths	set	to	illuminate	
IP	in	X	&	Y	at	slightly	different	

times:



Stephen	Gibson	– Introduction	to	Optics	– CAS	Beam	Instrumentation,	6	June	2018	 22

H- diagnostics	at	SNS
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Ion	
Source

Liquid	Hg	Target
CCL SRF, β=0.61 SRF, β=0.81DTLMEBT

RTBT

HEBT

Injection

ExtractionRing

Mode-lock Laser

1

1 MEBT	Laser	Bunch	Shape	Monitor

Q-Switch Laser

2

2 SCL	Laser	Wire	Profile	Monitor

2.5	MeV 1	GeV87	MeV 186	MeV 387	MeV

3 HEBT	Laser	Emittance	Scanner

3

Laser	Assisted	H- Stripping	4

4

Macro-pulse Laser

Yun	Liu,	H- stripping	workshop	



Stephen	Gibson	– Introduction	to	Optics	– CAS	Beam	Instrumentation,	6	June	2018	 23

H- diagnostics	at	SNS: longitudinal	bunch	profile
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 LONGITUDINAL LASER WIRE AT SNS   
A. Zhukov, A. Aleksandrov, Y. Liu

Oak Ridge National Laboratory, Oak Ridge, TN 37830, USA 

 
Abstract  

This paper describes a longitudinal H- beam profile 
scanner that utilizes laser light to detach convoy electrons 
and an MCP to collect and measure these electrons. The 
scanner is located in MEBT with H- energy of 2.5MeV 
and an RF frequency 402.5MHz. The picosecond pulsed 
laser runs at 80.5MHz in sync with the accelerator RF. 
The laser beam is delivered to the beam line through a 
30m optical fiber. The pulse width after the fiber 
transmission measures about 10ps. Scanning the laser 
phase effectively allows measurements to move along ion 
bunch longitudinal position. We are able to reliably 
measure production beam bunch length with this method. 
The biggest problem we have encountered is background 
signal from electrons being stripped by vacuum. Several 
techniques of signal detection are discussed.      

INTRODUCTION 
The Spallation Neutron Source accelerator complex 

consists of an H- linac where a one mS long train of ~1us 
mini-pulses is accelerated to 1GeV to be injected into a 
storage ring. The mini-pulses are accumulated in the ring 
and extracted to hit a mercury target as an intense ~700nS 
long pulse. Every mini-pulse is bunched at a 402.5MHz 
frequency. The SNS accelerator runs at 60Hz with 
average current of ~1.6mA resulting in over 1MW of 
beam power on target. Such a machine requires low loss 
operation, thus careful matching of longitudinal and 
transverse planes becomes important. The SNS uses 
several diagnostics devices and techniques for 
longitudinal profile measurements [1] including classical 
wire based Bunch Shape Monitor [2] and Laser Bunch 
Shape Monitor (LBSM) installed in MEBT. Also a 
method for measuring longitudinal Twiss parameters with 
Beam Position Monitors (BPM) was recently developed 
[3]. The LBSM is the only beam dynamics model 
independent device that allows non-invasive 
measurements while the accelerator is running at full 
power in neutron production mode. 

THEORY OF OPERATION 
A mode-locked laser running at 80.5MHz – in sync 

with the 5th sub-harmonic of 402.5MHz – detaches the 
electrons from the 2.5MeV negative hydrogen ions in the 
MEBT. The detached electrons are deflected by a magnet 
to be collected by an MCP as shown in Fig.1. While 
changing the laser phase we effectively move 
longitudinally along the ion beam and strip the ions that 
have a corresponding beam phase only. Using the 5th sub-
harmonic results in 72° of scanned laser phase for a full 
sweep of 360° of ion beam phase.  

 
Figure 1:  A layout of the Laser Bunch Shape Monitor. 

In order to use this technique we need to precisely 
measure the laser phase vs. the base 402.5MHz carrier. 
We developed two approaches: frequency offset and 
phase shift. 

Frequency Offset 
If we change laser pulse repetition frequency by a tiny 

Δf on the order of 1kHz it will result in a phase drift with 
the period of ~1ms. Since the ion pulse length is 1ms it 
will experience all possible values of laser phase along its 
length. This will effectively plot longitudinal bunch 
distribution against time along the macro-pulse where 
200us (1ms/5) corresponds to 360° of ion beam phase. 
Figure 2 shows the bunch profiles for different Δf. 

 
Figure 2: Bunch profile measurements with different 
frequency offsets in the frequency offset mode. 

This method allows measuring bunch profile instantly 
by capturing one ion beam macro-pulse. It is very 
convenient because no additional equipment is needed 
and a scope waveform shows the bunch profile. It also 
doesn’t require any precise measurement of Δf and 
actually even locking to 402.5MHz is not necessary.  

Unfortunately this approach only works for long ion 
beam pulses. It is impossible to run full-length pulses 

during experimental setups where high loss is expected. 
Thus this method is applicable for production optics only. 

Phase Shift 
An alternative way to scan laser phase relative to beam 

phase is to insert a controllable phase shifter between the 
base 80.5 MHz clock and the laser. This way one sets the 
phase and records MCP signal for every phase value. So 
to obtain a profile consisting of N points it requires N 
macro-pulses to be measured.  

While this method works with any macro-pulse length, 
implementing it requires a much more sophisticated setup 
including automated phase shifting and measuring its 
actual value. Figure 3 shows a typical bunch length 
measurement with a phase shifter.

 
Figure 3: Typical bunch profile taken with phase shift 
technique. Peaks are distributed 72° apart. 

LASER AND TRANSMISSION LINE [4] 
SNS uses a Mira 900 Ti:sapphire mode-locked laser 

(pumped by a 10W Verdi-V10 solid-state laser) as the 
light source. The laser is synchronized to a stable external 
radio frequency (RF) source at 80.5MHz with a Coherent 
Synchro-Lock controller. The laser has pulse width 
(FWHM) of 2.5pS. The laser’s peak power is variable up 
to 5kW.  

The laser itself is located on the third floor of SNS front 
end building, so the light has to be transported to the 
beam line from there. Initially a free propagation transport 
line was used, but it was adding significant vibration and 
temperature effects. So it was replaced with a 30 m long 
polarization-maintaining LMA fiber (PM-LMA) from 
Nufern. The fiber significantly increases laser beam 
stability in the interaction point but broadens the laser 
pulse to ~10 ps. With the current laser spec (800nm 
wavelength/0.6W average power/80.5MHz rep. rate) and 
ion beam spec (2mm transverse and 80ps longitudinal, all 
of sigma size), the photoionization efficiency was 
estimated to be about 3x10-6 at the MEBT. For a typical 
SNS ion beam macro-pulse, the photo-ionized electron 
charge over one macro-pulse was estimated to be about 
10pC. 

A chopper wheel is used to intercept the laser beam and 
collect the background signal of the MCP with no laser 

present. We also experimented with a shutter instead of 
the chopper in order to have full control of the number of 
background measurements.  

A motorized stage allows transverse scans in the 
horizontal plane, so it’s possible to build 2D distribution 
in the X-Z plane.  

 
 

Figure 4:  Laser transport line layout. 

 EXPERIMENT SETUP 
In order to implement the phase shifting scheme we 

used a custom built analog chassis that relies on two 
RVPT0003MAC phase shifters. The shifters are 
connected in series to provides more than 400° at 
80.5MHz. The base 402.5MHz is down converted to 
80.5MHz and connected to the phase shifting chassis. The 
output of the chassis is sent into the laser synchronization 
module.  

The phase shifter’s dependence on bias isn’t linear (Fig. 
5). Chaining two phase shifters also adds non-linearity 
due to amplitude variations for differing bias, so phase 
readback is necessary.   

 
Figure 5: Phase shifter output vs. controlled bias.  

The actual laser phase is monitored from an internal 
photodiode by an SR844 lock-in amplifier that is locked 

during experimental setups where high loss is expected. 
Thus this method is applicable for production optics only. 

Phase Shift 
An alternative way to scan laser phase relative to beam 

phase is to insert a controllable phase shifter between the 
base 80.5 MHz clock and the laser. This way one sets the 
phase and records MCP signal for every phase value. So 
to obtain a profile consisting of N points it requires N 
macro-pulses to be measured.  

While this method works with any macro-pulse length, 
implementing it requires a much more sophisticated setup 
including automated phase shifting and measuring its 
actual value. Figure 3 shows a typical bunch length 
measurement with a phase shifter.

 
Figure 3: Typical bunch profile taken with phase shift 
technique. Peaks are distributed 72° apart. 

LASER AND TRANSMISSION LINE [4] 
SNS uses a Mira 900 Ti:sapphire mode-locked laser 

(pumped by a 10W Verdi-V10 solid-state laser) as the 
light source. The laser is synchronized to a stable external 
radio frequency (RF) source at 80.5MHz with a Coherent 
Synchro-Lock controller. The laser has pulse width 
(FWHM) of 2.5pS. The laser’s peak power is variable up 
to 5kW.  

The laser itself is located on the third floor of SNS front 
end building, so the light has to be transported to the 
beam line from there. Initially a free propagation transport 
line was used, but it was adding significant vibration and 
temperature effects. So it was replaced with a 30 m long 
polarization-maintaining LMA fiber (PM-LMA) from 
Nufern. The fiber significantly increases laser beam 
stability in the interaction point but broadens the laser 
pulse to ~10 ps. With the current laser spec (800nm 
wavelength/0.6W average power/80.5MHz rep. rate) and 
ion beam spec (2mm transverse and 80ps longitudinal, all 
of sigma size), the photoionization efficiency was 
estimated to be about 3x10-6 at the MEBT. For a typical 
SNS ion beam macro-pulse, the photo-ionized electron 
charge over one macro-pulse was estimated to be about 
10pC. 

A chopper wheel is used to intercept the laser beam and 
collect the background signal of the MCP with no laser 

present. We also experimented with a shutter instead of 
the chopper in order to have full control of the number of 
background measurements.  

A motorized stage allows transverse scans in the 
horizontal plane, so it’s possible to build 2D distribution 
in the X-Z plane.  

 
 

Figure 4:  Laser transport line layout. 

 EXPERIMENT SETUP 
In order to implement the phase shifting scheme we 

used a custom built analog chassis that relies on two 
RVPT0003MAC phase shifters. The shifters are 
connected in series to provides more than 400° at 
80.5MHz. The base 402.5MHz is down converted to 
80.5MHz and connected to the phase shifting chassis. The 
output of the chassis is sent into the laser synchronization 
module.  

The phase shifter’s dependence on bias isn’t linear (Fig. 
5). Chaining two phase shifters also adds non-linearity 
due to amplitude variations for differing bias, so phase 
readback is necessary.   

 
Figure 5: Phase shifter output vs. controlled bias.  

The actual laser phase is monitored from an internal 
photodiode by an SR844 lock-in amplifier that is locked 

Longitudinal	 laser	wire	at	SNS,	IBIC	2013
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high efficiency stripping for a 10 μs, 1 GeV H− beam using
commercial laser technology. This represents a 3 orders of
magnitude increase in the pulse duration compared to the
POP experiment, and it serves as a proof-of-practicality
demonstration of the laser stripping method.
For this experiment, the n ¼ 3 excited state was chosen

for the H0" excitation, which requires 102.6 nm of laser
light in the rest frame of the ion beam. Considering the
Doppler frequency shift in Eq. (1) for a 1 GeV H0 beam
intercepting the laser at an angle α ¼ 37.5°, this yields a
355 nm laser wavelength in the lab frame. For the given ion
and laser beam parameters, a peak laser power of 1 MW is
required for high efficiency resonant excitation of H0 [11].
A macropulsed laser has been developed to deliver the

355 nm UV laser pulses with the necessary power and
temporal structure, as described above [12]. The laser has a
master oscillator power amplifier configuration. The master
oscillator is an actively mode-locked fiber laser generating
402.5 MHz pulses at 1064.5 nm, and the pulse width is
tunable over 55–85 ps. Prior to power amplification, a
macropulse is formed by using an acousto-optic modulator
and the macropulse duration is adjustable from submicro-
seconds to a few tens of microseconds at a repetition of
10 Hz. The three-stage Nd:YAG amplifiers provide 6 orders

of magnitude power amplification to the input macropulse
and the amplified IR light is converted to its third harmonic
by two lithium triborate crystals. The pulse width of the UV
light has been characterized using a multifunctional optical
correlator [13]. At 10 μs macropulse, the maximum peak
power of the UV pulses measured 3.5 MW at the (micro)
pulse width of 33# 1 ps.
The experiment had to be accommodated within the

existing SNS accelerator infrastructure—which was suffi-
cient, if not always ideal. In order to achieve the laser power
savings techniques (2) and (3) above, the interaction point
(IP) of the laser and ion beam had to be placed at a beam
line position which is significantly downstream of the
superconducting linac. Since the superconducting linac
provides the longitudinal focusing for the ion beam, this
had the effect of limiting the beam current to 1 mA or below
in order to maintain the proper longitudinal beam size at the
IP in the presence of Coulomb force debunching over the
drift length.
A schematic of the experimental layout in the tunnel is

shown in Fig. 3. The experimental vessel consisted of
two retractable 1 T dipole magnets on either side of IP to
strip the electrons, a transverse profile monitor at the IP to
measure the transverse beam size in each plane, and a dual

FIG. 3. Schematic of the experimental layout, and photo of the as-installed experimental vessel (top left) and the stripper magnet
ensemble (bottom right).
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duration H− beam pulses. Laser-assisted charge exchange injection is a breakthrough technology that
overcomes long-standing limitations associated with the traditional method of producing high intensity,
time structured beams of protons in accelerators via the use of carbon foils for charge exchange injection.
The central theme of this experiment is the demonstration of novel techniques that reduce the laser power
requirement to allow high efficiency stripping of microsecond duration beams with commercial laser
technology.
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Many accelerator applications require short, intense
pulses of protons. The standard method for producing
these beams is through multiturn, H− charge exchange
injection into a synchrotron or storage ring. In this process,
an incoming H− beam pulse from a linear accelerator is
merged with a circulating proton beam in a ring using a
magnetic field. The merged beam is then stripped of its
electrons to yield a single species proton beam [1]. The
process is repeated until the desired proton beam intensity
in the ring is achieved. Compared with other beam
accumulation scenarios such as direct injection of protons,
this technique reduces the phase space area of the final
beam and also minimizes beam loss [2].
In the conventional implementation of the charge

exchange method, the electrons are removed from the
H− ions by passing the merged beam through a thin
(micrometer) carbon foil. Unfortunately, the presence of
the foil introduces serious performance issues. First, there is
a limitation on mean foil lifetimes in a high power beam
environment. The primary failure mechanism for carbon
foils is sublimation at high temperatures, which translates
into restrictions on the allowable beam power density.
Accelerators are already operating close to this limit [3].
Beyond the problem of survivability, the foils also produce
beam loss from particle scattering, resulting in restrictively
high radiation levels in the injection region [4]. Both of these
issues scale with beam power density and place hard limits
on the achievable beam parameters in proton accelerators.
Laser-assisted charge exchange injection, also called

laser stripping, offers an attractive alternative that replaces
the foil-based configuration with a laser and magnet

ensemble. In this material-free version of the charge
exchange method, the first, loosely bound outer electron
is Lorentz stripped by a high field dipole magnet, con-
verting H− to H0. While in theory it is possible to remove
the second electron using direct laser photodetachment, it
would require excessively high peak laser powers. Instead,
a laser is used to produce resonant excitation of the
remaining electron to a higher quantum state (H0!) with
lower binding energy [5], and then it is Lorentz stripped by
a second dipole magnet to produce a proton (H0! to p). The
process is shown schematically in Fig. 1 below. This
method is scalable to arbitrarily high beam power densities,
and it completely relieves the issue of beam loss and
radiation from particle scattering.
For decades, the concept of laser stripping saw no

experimental realization. This was due to a fundamental

FIG. 1. Schematic of the laser stripping concept in this experi-
ment, showing Lorentz stripping of the first electron by a dipole
magnet in the first step (the far right), resonant excitation of the
second electron by the laser in the second step (the middle), and,
finally, stripping of the excited electron by the second dipole
magnet (the left).
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these beams is through multiturn, H− charge exchange
injection into a synchrotron or storage ring. In this process,
an incoming H− beam pulse from a linear accelerator is
merged with a circulating proton beam in a ring using a
magnetic field. The merged beam is then stripped of its
electrons to yield a single species proton beam [1]. The
process is repeated until the desired proton beam intensity
in the ring is achieved. Compared with other beam
accumulation scenarios such as direct injection of protons,
this technique reduces the phase space area of the final
beam and also minimizes beam loss [2].
In the conventional implementation of the charge

exchange method, the electrons are removed from the
H− ions by passing the merged beam through a thin
(micrometer) carbon foil. Unfortunately, the presence of
the foil introduces serious performance issues. First, there is
a limitation on mean foil lifetimes in a high power beam
environment. The primary failure mechanism for carbon
foils is sublimation at high temperatures, which translates
into restrictions on the allowable beam power density.
Accelerators are already operating close to this limit [3].
Beyond the problem of survivability, the foils also produce
beam loss from particle scattering, resulting in restrictively
high radiation levels in the injection region [4]. Both of these
issues scale with beam power density and place hard limits
on the achievable beam parameters in proton accelerators.
Laser-assisted charge exchange injection, also called

laser stripping, offers an attractive alternative that replaces
the foil-based configuration with a laser and magnet

ensemble. In this material-free version of the charge
exchange method, the first, loosely bound outer electron
is Lorentz stripped by a high field dipole magnet, con-
verting H− to H0. While in theory it is possible to remove
the second electron using direct laser photodetachment, it
would require excessively high peak laser powers. Instead,
a laser is used to produce resonant excitation of the
remaining electron to a higher quantum state (H0!) with
lower binding energy [5], and then it is Lorentz stripped by
a second dipole magnet to produce a proton (H0! to p). The
process is shown schematically in Fig. 1 below. This
method is scalable to arbitrarily high beam power densities,
and it completely relieves the issue of beam loss and
radiation from particle scattering.
For decades, the concept of laser stripping saw no

experimental realization. This was due to a fundamental

FIG. 1. Schematic of the laser stripping concept in this experi-
ment, showing Lorentz stripping of the first electron by a dipole
magnet in the first step (the far right), resonant excitation of the
second electron by the laser in the second step (the middle), and,
finally, stripping of the excited electron by the second dipole
magnet (the left).
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polarity beam current monitor (BCM) to confirm the
conversion of H− to H0 and to p. In order to protect the
laser from radiation damage and to provide flexibility for
the experiment, the laser was remotely placed in a service
building and transported in an atmospheric-pressure pipe
to a local optics table adjacent to the experimental vessel.
The laser transport line was 70 m long and contained eight
reflection points. This transport resulted in about a one-
third loss in the laser peak power, and a positional jitter of
the laser spot at the IP of about !0.1 mm (rms), which is
significant compared to the vertical ion beam size. Neither
of these issues compromised the success of the experiment,
nor would they be a limitation in a full scale production
laser stripping system, where the laser would be placed
more locally.
The execution of the experiment consisted of setting up

the ion beam optics, aligning the relative position and
phase of the ion and laser beam, and tuning the resonant
excitation frequency of the laser by manipulating the angle
α between the laser and the ion beam. During the experi-
ment, the micropulses are synchronized to the 402.5 MHz
rf timing of the SNS accelerator, while the macropulse is
timed to an independent beam diagnostics device. Both
phases are remotely adjusted at appropriate accuracy to
ensure overlap between laser and ion beam pulses. While
the position and phase adjustments were accomplished
prior to the actual stripping using either H− or H0 beam
signals, the only signature of the correct resonant frequency
is the stripping event itself.
After tuning all parameters, a strong proton beam signal

was obtained, indicating successful stripping of both
electrons. The results of the BCM measurements for the
H− beam before stripping and the proton beam after
stripping are shown in Fig. 4. The blue line in the figure
indicates the average beam current signal for an unstripped
11 μs H− beam containing 11 minipulses, and the red lines
show eight measurements of the corresponding stripped
proton beam. The laser pulse length was 10 μs, such that
the last minipulse in the H− beam was not intercepted by

the laser and therefore remains as H0, as indicated by the
null signal on the BCM.
A discussion of the stripped beam measurement error is

useful here. There are three mechanisms contributing to
variations in the stripped beam measurement: the H− pulse-
to-pulse current variation, the noise on the BCM, and the
laser position and intensity jitter. The H− ion beam current
was measured to be stable within 2% by an independent
diagnostics device upstream of the experiment. The noise
level of the BCM was measured to be approximately 10%.
For the stripping efficiency calculations, a reference H−

was found by averaging the BCM signal over hundreds of
pulses to eliminate this noise. However, because the laser
positional jitter was large enough that the laser could
completely miss the ion beam sometimes, an averaging
for the stripped beam is not valid. The jitter is an artifact of
the remote laser placement and is not related in any way to
the physical process of the stripping. Therefore, to find the
maximum stripping efficiency, it is necessary to gather
statistics for hundreds of minipulses and identify the largest
stripped beam current signals, which represent adequate ion
and laser beam overlap. These correspond to pulses such
as those shown in red in Fig. 4. With this method, the
maximum stripping efficiency, calculated as the ratio of
the highest current proton minipulse to the averaged H−

current, was ≥ 99%. The error on the measurement is up to
10% (the BCM error), translating to a minimum stripping
efficiency of ≥ 89%.
This experiment successfully demonstrated that laser

stripping can be accomplished for microsecond-long pulse
lengths by manipulating the ion and laser beams to reduce
the required average laser power. The achieved stripping
efficiencies are comparable to the foil-based stripping
efficiencies of about 95%–98%. Yet, the duration of the
laser stripping event is still 2 orders of magnitude below
typical millisecond operational pulse lengths. Since the cross
section for the photon-particle interaction in the laser
stripping process is extremely small, the stripping event
results in negligible laser power loss. Thus, the laser power
can be recycled if the interaction point is located inside an
optical cavity, providing a path forward for full pulse length
stripping. Such external optical cavities have been routinely
applied to recycle the power from single-frequency lasers or
mode-locked lasers which have pico- or femtosecond pulses
repeating at tens of megahertz to gigahertz. However, this
experiment requires a burst-mode laser with a small duty
factor. In such cases, it is difficult to generate an effective
error signal within the short duration of the laser burst, and
the conventional cavity locking technique is not suitable. As
part of the development of the next step of this experiment, a
different locking method using a double-resonance optical
cavity scheme is being developed to realize cavity enhance-
ment of burst-mode laser pulses [14]. The goal of the cavity
is to produce millisecond-long pulse lengths with 1 MW
peak power, and to apply this technique in the laser stripping

FIG. 4. The experimental results. The average beam current for
a 11 μs H− beam measured by the beam current monitor at the
interaction point before stripping (blue), and eight separately
measured stripped proton beam pulses on the same beam current
monitor during stripping (red).
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q Scattering circularly polarized light on a transversely polarized e-/c+ beam (assume vertical PT) 
generates a polarization depend shift of the out-coming photon profiles.

– The beam polarization can be assessed from the scattered photon distribution.

P = 57% 

γ profile and asymmetry (R/L 
laser helicity) at LEPq Typical sensitivities at the Compton photon detector: Δy = S x PT

o S ~ 5 – 10 µm / %  (depends on lever arm LIR – detector).

o By flipping the laser helicity one only has to measure a relative shift.

LIR=Laser (beam) Interaction Region
R. Assman (PHD)

J.	Wenninger
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The LEP polarimeter
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q The LEP polarimeter was installed in LEP point 1 (now in the middle of the ATLAS detector).

– ND-YAG laser @ 100 Hz, interleaved right / left circularly polarized laser light (optical bench),

– Laser light path into the LEP vacuum chamber, in vacuum mirrors,

– Si strip detector (2 mm strips) for gamma profile measurement.

240 m 390 m

q Both e- (primary) and e+ polarizations 
could in principle be measured.

– e+ measurement difficult due to mirror 
vibration issues, performed only 2-3 
times during the entire LEP area.

q Distances to photon detectors of 
240m and 390m.

J.	Wenninger
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The LEP polarimeter (2)
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q The backscattered Compton photons were extracted at the entrance of the arc (Al window in the 
vacuum chamber ~ 50 x 25 mm2).

– Note that the actual layout was actually reversed (design drawing !).
– β functions at LIR (Laser-beam IR) ~40-120 m, beam sizes ~0.4 -1 mm.

28

J.	Wenninger
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Beam deposited 
safely into 
dump

Compton scattered 
photons detected 
downstream

Collision of
e- beam

with 
laser fringe

Split into upper/lower path
Optical delay control 
phase scan

• Aims	at	measuring	σy =	37	nm	beams	for	future	linear	collider.	Installed	at	ATF2	in	KEK.
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Vertical	Table	(Main	Optical	Table)
• Emerge	from	bottom	right

• First	enter	reflective	mirror

• Reflected	light	split	into	upper/lower	path

• optical	path	created	for	each	mode

è Interference	fringe

• Transmitted	light	 to	diagnostic	section

PSD,	photodiode	 (PD),	PIN-PD,	phase	monitor

Laser	table	à vertical	table	@	IP

20	m	transport	line

1.7	m	� 1.6	m Jacqueline	Yan,	Univof	Tokyo

TIPP2011
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Detector	measures	signal	modulation	depth

M	=	(amplitude)	/	(average)

Dilluted	Beam	�
small	M

Focused	Beam	� large	M

amplitude

average
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Longitudinal	laser	alignment	:			z-Scan

z0

u find position of max M

u can also get z laser spot size
ßà
2σz,laser
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€ 

longitudinal :   σmeas
2 →σ ideal

2 + δϕz
2σ 2

z,laser

transverse :      σmeas
2 →σ ideal

2 + δϕ t
2σ x

2

Fringe	Tilt

Tilt monitor:
PSD resolution 10 μm
à Δφ �0.3 mrad Jacqueline	Yan,	Univof	Tokyo,	 		TIPP2011

focal scan in y   :  Res. 0.1µm

Add mover (stroke 30 mm)
to final focusing lens

Spherical	Wavefront Effects
• offset	from	laser	focal	point	

è beam	“feels”	distorted	
fringes
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PRL		754	13	2479-82(1995)

Assumptions: 
•Gaussian – like profile
•pointing jitter �15% of σlaser
•Alignment precision based on 
lwscan & zscan

M,meas = 0.43 +/- 0.02 
(σy,meas = 55 +/- 2 nm)

M,meas = 0.54 +/- 0.04 
(σy,meas = 47 +/- 3 nm)

Stability	Studies	Based	on	IPBSM	Fringe	Pattern	Analysis	
FJPPL-FKPPL	ATF2	Workshop	Mar	17-19,	2014	LAPP

Jacqueline Yan, S. Komamiya, K. Kamiya �The University of Tokyo�
T.Okugi, T.Terunuma, T.Tauchi, K.Kubo (KEK)
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Motivation: Crab bunch rotation and pile-up at HL-LHC
§ LHC luminosity is currently limited by 

geometrical overlap, due the crossing 
angle (285µrad) between beams:

§ At HL-LHC, RF crab cavities will 
rotate the bunches to collide head on:

2011 Hadron Collider Physics symposium (HCP-2011)

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 e�ective 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 e⇥cient performance of the ATLAS detector.
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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
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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 e⇥cient performance of the ATLAS detector.
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Motivation: intra-bunch diagnostics / crabbed bunches 
§ The EO-BPM project grew out of idea 

to upgrade the Head Tail monitor; to 
visualize and study beam instabilities 
as they occur.

§ Applicable at HL-LHC to monitor 
effects on crabbed bunches.
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§ Standard approach:
§ Stripline BPMs + fast sampling 

oscilloscopes.

§ Limitation:
§ Bandwidth up to a few GHz, limited by the 

pick-up, cables, and acquisition system.

§ A new technology is needed:
Fast electro-optic pick-up
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§ Replace pick-ups in a button BPM with 
electro-optic crystals.

§ The electric field from a passing bunch 
induces a polarization change of light 
through the crystal.

§ Fibre-coupled design with laser and detectors 
160 m away from accelerator tunnel.

§ Transverse position along the 1ns LHC bunch 
is monitored.

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)!

8 

Robust Design. o  Effectively a button BPM based on eo-crystals.  

o  Transverse position is monitored. 
 
o  A fibre-coupled design with laser and detectors 

at 160m away from the accelerator tunnel. 

o  Incoming light is collimated by a GRIN lens and 
polarize before entering the crystal 

o  Passing particle bunch induces a polarisation 
change by changing the crystal properties. 

o  Light emerging passes through an analyser. 
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to detector 2 

from laser 
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Rotated polarized 
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Robust Design. o  Effectively a button BPM based on eo-crystals.  

o  Transverse position is monitored. 
 
o  A fibre-coupled design with laser and detectors 

at 160m away from the accelerator tunnel. 

o  Incoming light is collimated by a GRIN lens and 
polarize before entering the crystal 

o  Passing particle bunch induces a polarisation 
change by changing the crystal properties. 

o  Light emerging passes through an analyser. 
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Aim to develop fast, intra-bunch diagnostics to monitor crab-rotation of bunches.
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§ Different input and output polarisations.
§ Major and minor axes always at 45 and –45 degrees.
§ LNB: natural birefringence -> Thermal drift.
§ Transfer function:

1.- Different Input and output polarisation. 
Major and minor axis always at 45 and -45. 
2.- LNB: Natural Birefringence -> Thermal 
drift (Sophie’s Talk). 
3.- Transfer function T(Epi): 

EO Pickup  
Amplitude EO modulator:  
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Transfer Function: 

4.- Applying field-> light intensity modulation 
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EO pick-up
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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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(a) (b)

Figure 4: Analyser polarization scan of pick-up zero (a) and EO Signal for different analyser positions (b).

Figure 5: Frequency spectrum of the EO pick-up’s signal
around the 922nd harmonic of the SPS revolution frequency.

As the tunes in the SPS drift from their nominal values
during the coasting beam operation, it is fair to conclude that
the sideband peaks around the 922nd revolution frequency
harmonic shown in Fig. 5 correspond to the vertical and
horizontal SPS tunes during the measurements. This, in
turn, proves that the EO pick-up is sensitive to the transverse
beam position.

SUMMARY AND FUTURE WORK

The tests for the first two electro-optic pick-ups on the
SPS have been presented in this paper. The signal observed
from pick-up zero demonstrates a proof of concept that the
electro-optic modulation induced by a passing proton bunch
responds as expected from electromagnetic and analysic
simulations. A modified pick-up design, including a beam
facing electrode to shape the field, was found to enhance the
signal by a factor ∼8.

Even though the SNR with the preliminary system was
low, indirect measurements of the vertical and horizontal
betatron tunes were taken with a spectrum analyser, which

demonstrate that the device is sensitive to transverse position.
To further improve the signal it is necessary to refine the
pickup design, such that the induced field strength ELNB

is increased to a magnitude similar to the Eπ of the crystal.
Two areas for future improvement include: modifying the
electrode geometry to increase the field density; and length-
ing the crystal. Simulations have shown that the synergy of
both effects result in a significant signal enhancement.
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Compact	mechanics	
fit	LHC	BPM	flange.

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

• Alternatively,	as	interferometer	between	opposing	EO-pick-ups	allows	
direct	optical	measurement	of	the	beam	position	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
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Optical	response	of	the	compact	interferometer	to	an	average	SPS	bunch	as	the	laser	frequency	is	scanned.	

First	results	from	compact	setup	presented	at		IPAC2018:	
Tests	with	crabbed	beams	this	year. Enhanced	bunch	monitoring	by	electro-optic	

interferometric	methods,	WEP073,	IPAC	2018

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 E

a

(t) from the passing relativistic bunch is in
the z-direction, the resulting electro-optic retardation is
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where n

e

and n

o

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) =
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Bandwidth	limited	by	prototype	detection	system
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Lasers	can	also	be	applied	for	the	fast	read-out	of	beam	instrumentation
• Example	from	ATLAS:	Optical-electronic	links	that	bring	data	from	the	silicon	trackers	to	the	

electronics	in	the	counting	room.



Stephen	Gibson	– Introduction	to	Optics	– CAS	Beam	Instrumentation,	6	June	2018	 44

Optical	links

44Stephen	Gibson	– Application	of	Lasers	in	Beam	Instrumentation	 – CAS	BI,	8	June	2018	

Nuclear Instruments and Methods in Physics Research A 530 (2004) 293–310

The off-detector opto-electronics for the optical links of the
ATLAS Semiconductor Tracker and Pixel detector

M.L. Chua, S.-C. Leea, D.S. Sua, P.K. Tenga, M. Goodrickb, N. Kunduc,
T. Weidbergc,*, M. Frenchd, C.P. Macwatersd, J. Mathesond

a Institute of Physics, Academia Sinica, Taiwan
bCavendish Laboratory, Cambridge University, UK

cPhysics Department, Denys Wilkinson Building, Kebel Road, Oxford University, Oxford OX1 3RH, UK
dRutherford Appleton Laboratory, UK

Received 2 September 2003; received in revised form 19 April 2004; accepted 20 April 2004

Available online 20 June 2004

Abstract

The off-detector part of the optical links for the ATLAS SCT and Pixel detectors is described. The VCSELs and
p–i–n diodes used and the associated ASICs are described. A novel array packaging technique is explained and an
analysis of the performance of the arrays and the overall system performance is given. The proposed procedure for the
set-up of the optical links in ATLAS is described.
r 2004 Elsevier B.V. All rights reserved.

PACS: 42.88; 04.40N; 85.40; 85.60.

Keywords: LHC; Optoelectronics; Data transmission; ASICs

1. Introduction

Optical links will be used in the ATLAS
SemiConductor Tracker (SCT) and Pixel detector
[1,2] to transmit data from the detector modules to
the off-detector electronics and to distribute the
Timing, Trigger and Control (TTC) data from the
counting room to the front-end electronics [3].

This paper describes the performance of final
prototypes of the off-detector opto-electronics.
The main aim of this work was to verify the
performance of the full system before starting the
final production and to understand the procedures
required to set up the optical links at the start of
ATLAS operation.

The on-detector components are described in
Refs. [4–7]. The overall system architecture of
the SCT optical links is reviewed briefly in
Section 2. The specifications for the VCSELs and
p–i–n diodes are given in Section 3. The array
packaging is a custom development, since no
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Lasers	can	also	be	applied	for	the	fast	read-out	of	beam	instrumentation
• Example	from	ATLAS:	Optical-electronic	links	that	bring	data	from	the	silicon	trackers	to	the	

electronics	in	the	counting	room.

data stream (see Fig. 1). It consists of 12 channels
of biphase mark encoding and VCSEL drive
circuitry. Each channel has an input 40Mbits/s
data stream and there is also a common input
40MHz system clock for all channels. The biphase
mark encoding scheme is a DC balanced code
which creates extra transitions to encode data ‘‘1’’s
as illustrated schematically in Fig. 4 below. The
latency between the input and output data must
not be too long because of the fixed pipeline depth
of the front-end electronics. The measured latency

was 60 ns. The BPM-12 ASIC was also fabricated
in the AMS 0.8 mm BiCMOS process but used only
CMOS transistors.

4.2.1. VCSEL driver circuits
A very simple CMOS circuit is used to drive

each VCSEL. A schematic diagram of one channel
of the VCSEL driver circuit is shown in Fig. 5
below. An external voltage (bias) drives current
through a 2 kO resistor which is then amplified by
two current mirrors each with a current gain of 4.
The current to the VCSEL is switched on or off by

ARTICLE IN PRESS

Clock Input

Data Input

BPM Output

25nS

25nS

Fig. 4. Illustration of the biphase mark encoding scheme. The
top trace shows the input clock signal and the middle trace
shows the input data. The bottom trace shows the resulting
biphase mark encoded data. The data ‘‘1’’ is encoded as an
extra transition in the output.

Fig. 3. Photograph of a VCSEL array mounted on a base PCB with the MT guide pins.

Fig. 5. Schematic diagram of the VCSEL drive circuit.

M.L. Chu et al. / Nuclear Instruments and Methods in Physics Research A 530 (2004) 293–310298

PIN	diode

VCSEL	array	coupled	 to	12	fibres:
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Developments	for	HL-LHC	readout:	data	rate	of	5	Gb/s
Versatile Link

• Small Form Factor (SFP) Transceiver:
– Data rate: 5 Gb/s
– Wave length:

• 850 nm, Multimode
• 1310 nm, Single mode

– Function:
• Point‐to‐point
• Point‐to‐multipoint

• Development of pluggable modules.
– Two versions:

• Transceiver (VTRx)
• Double transmitter (VTTx)

– Compatible with the commercial 
counterparts

– LC connectors
– Length reduced to 43.5 mm
– Contains:

• The GBTIA & GBLD
• Radiation qualified PIN diodes and 

Lasers
– Radiation tolerant:

• 50 Mrad
• 5 x 1014 n/cm2

– Prototyping phase concluded:
• Prototypes available
• Production planed for 2015
• Target LS2 upgrades

ECFA 2014 Paulo.Moreira@cern.ch 8

The Versatile Link +
• Small form factor, high speed 

optical modules needed for:
• CMS tracker modules
• ATLAS EoS

• 5G downstream, 10G upstream:
– Driven by GBTX evolution path 
– 10G laser driver ASIC 

• Smaller
– Revised optical interface 
– MM only 

• Denser
– Up to 4 channels 

• Versatile
– Common package 
– Number of up/down links
– Configurable at assembly time or 

by turning off unused channels
• On‐going work

– 10 Gb/s tiny single/quad LD
– Package, fibres, connectors
– Feasibility study until fall 2015

ECFA 2014 Paulo.Moreira@cern.ch 18

See: Vasey et all, ACES 2014

P.	Moreira,	ECFA	workshop	2014
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Summary	of	‘Lasers Applications	for	BI’
Lasers	have	many	interesting	applications	at	accelerators!
• e- laserwires enable	ultra	precise	measurement	 of	micron	sized	electron	beams,	

demonstrated	at	ATF2.
• H- laserwires enable	non-invasive	measurements	of	transverse	profiles,	emittance	and	

longitudinal	bunch	shape	for	high	intensity	H- beams:
– Agreement	with	conventional	diagnostics	to	<2%.
– Dual	laserwire	system	recently	installed	at	CERN’s	Linac4.

• Laser	polarimetry of	e+	e- beams	at	LEP	under	consideration	 for	FCC-ee
• Interferometry	of	the	Shintakemonitor	to	measure	beam	sizes	down	to	50	nm
• Electro-optical	Beam	Position	Monitors are	in	development	for	HL-LHC:	with	first	signals	

from	prototype	at	SPS.
• Optical	links	at	up	to	10Gb/s	for	HL-LHC.
How	might	your	application	benefit	from	lasers?

46Stephen	Gibson	– Application	of	Lasers	in	Beam	Instrumentation	 – CAS	BI,	8	June	2018	
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Laser	/	THz	accelerators
• Dielectric	Laser	Accelerators

– High	electric	field	at	optical	wavelengths:

– Gradients	<	0.3-1	GeV/m

– Staging	rather	inefficient,	lowers	average	gradient

– Laser	efficiency	->	high	power	requirements.

48

Peak gradient as a function of Laser Field

Peralta et al.,
Nature 503, 91 (2013)

• THz	structures
– Easier	to	manufacture	/	control	at	THz	wavelength.

– Recent	demonstration	of	THz	accelerated	beams	
(>30	keV so	far),	+	new	developments	in	UK.
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Particle accelerator development over the past century has under-
pinned the study of fundamental forces and particles as well as 
the structure and function of materials and their properties at 

ever higher spatial and temporal resolution. Until recently, micro-
waves in the radiofrequency regime (1–10 GHz) have been the con-
ventional choice for powering accelerators due to the high degree of 
technical maturity of the sources, which have been used extensively 
across all areas of industry and science, from cell phones, micro-
wave ovens and radar to linear accelerators1, bunch compressors2,3 
and high-resolution streak cameras4,5. The long driver wavelengths 
are ideal for accelerating electron bunches with up to nanocoulomb 
bunch charge, and as a result of many decades of development, it 
has become possible to generate ultrafast electron pulses with very 
high peak brightness and quality. However, radiofrequency-based 
accelerators require costly infrastructures of large size and power6, 
limiting the availability of this key scientific resource. They also 
suffer from inherent difficulties in synchronization with lasers7, 
which lead to timing drifts on the 100 fs scale between the electrons, 
microwave drivers and optical probes, limiting the achievable tem-
poral resolution. Strong motivation thus exists for exploring alter-
native technologies that are compact, more accessible and adapted 
for pushing the resolution frontier, especially where lower levels of 
charge in the few picocoulomb range or lower is sufficient. Novel 
accelerator concepts thus primarily focus on laser-based approaches 
that provide intrinsic synchronization, allow scaling to smaller 
accelerator structures and can generate substantially stronger fields 
for acceleration and beam manipulation. These include dielectric 
laser accelerators8,9, laser–plasma accelerators10–14 and laser-based 
terahertz-driven accelerators15–17, each with different advantages.  
A consequence of downscaling in size is that less charge can be sup-
ported and creation of reliable structures can become more difficult. 

Laser–plasma accelerators, for example, which boast extremely high 
acceleration gradients on the order of 100 GV m−1, generate acceler-
ation structures dynamically and therefore suffer from instabilities 
and difficulties in controlling injection. Dielectric laser accelerators, 
which employ micrometre-scale structures, require extreme toler-
ances on alignment and control, and are limited to bunch charges in 
the subfemtocoulomb range. Terahertz-based accelerators, however, 
exist at an intermediate, millimetre scale that allows traditional fab-
rication techniques and supports moderate charge while still ben-
efiting from compactness, low cost and strong driving fields. This 
balance makes terahertz-based acceleration an extremely promising 
technology for future devices.

So far, the development of terahertz-based accelerators has been 
limited by the lack of sufficiently energetic terahertz sources, but 
recent progress in efficient laser-based methods18–20 has enabled 
generation of high-power, GV m−1 terahertz fields, opening new 
possibilities and spurring interest in terahertz-accelerator-related 
technologies. Proof-of-principle demonstrations include elec-
tron emission21,22 and acceleration15,16,23–27 as well as compression 
and streaking28,29. These experiments, although limited in charge, 
beam quality, energy gain and energy spread, have set the stage for 
development of practical, compact terahertz-based devices that can 
support sufficient charge and field gradients to realistically be used 
to boost performance of existing accelerators or as components of 
future compact accelerators and X-ray sources. Here, we demon-
strate the first such device based on a layered, transversely pumped, 
waveguide structure. This segmented terahertz electron accel-
erator and manipulator (STEAM) device can dynamically switch 
between accelerating, streaking, focusing and compressing modes, 
can support multiple picocoulombs of charge and features intrin-
sic synchronization. Using only a few microjoules of single-cycle  

Segmented terahertz electron accelerator and 
manipulator (STEAM)
Dongfang Zhang! !1,2,5*, Arya Fallahi! !1,5, Michael Hemmer! !1, Xiaojun Wu1,4, Moein Fakhari1,2,  
Yi Hua1, Huseyin Cankaya1, Anne-Laure Calendron1,2, Luis E. Zapata1, Nicholas H. Matlis1 and  
Franz X. Kärtner! !1,2,3

Acceleration and manipulation of electron bunches underlie most electron and X-ray devices used for ultrafast imaging and 
spectroscopy. New terahertz-driven concepts offer orders-of-magnitude improvements in field strengths, field gradients, laser 
synchronization and compactness relative to conventional radiofrequency devices, enabling shorter electron bunches and 
higher resolution with less infrastructure while maintaining high charge capacities (pC), repetition rates (kHz) and stability. 
We present a segmented terahertz electron accelerator and manipulator (STEAM) capable of performing multiple high-field 
operations on the six-dimensional phase space of ultrashort electron bunches. With this single device, powered by few-micro-
joule, single-cycle, 0.3!THz pulses, we demonstrate record terahertz acceleration of!> 30!keV, streaking with!< 10!fs resolution, 
focusing with!> 2!kT!m–1 strength, compression to ~100!fs as well as real-time switching between these modes of operation. 
The STEAM device demonstrates the feasibility of terahertz-based electron accelerators, manipulators and diagnostic tools, 
enabling science beyond current resolution frontiers with transformative impact.
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terahertz radiation, we demonstrate over 70 MV m−1 peak accel-
eration fields, 2 kT m−1 focusing gradients (which are an order of 
magnitude beyond current electromagnetic lenses and comparable 
to active plasma lenses), the highest reported terahertz streaking 
gradient of 140 µ rad fs−1 (making it well-suited for characterization 
of ultrafast electron diffractometer bunches down to 10 fs) as well 
as compression to ~100 fs. All these demonstrations strongly ben-
efit from very small temporal jitter achieved through laser-driven 
terahertz sources (see Supplementary Information). By increasing 
terahertz pulse energies to state-of-the-art millijoule levels20, it is 
expected that acceleration gradients approaching 1 GV m−1 can be 
achieved and sustained. Such gradients surpass those possible in 
radiofrequency accelerators by an order of magnitude and enable 
major improvements in electron bunch qualities such as emittance 
and bunch length. The picosecond duration of the terahertz pulses 
is an essential ingredient for reaching the GV m−1 regime, as experi-
ments have shown that maximum acceleration gradients, which 
are limited by field-induced breakdown, scale with the sixth power 
of the field duration30–33. Demonstration of the terahertz-driven 
STEAM device thus establishes a new compact, strong-field and 
extremely high-gradient accelerator technology.

Concept and implementation
The experimental setup (Fig. 1) consisted of a 55 keV photo-
triggered d.c. gun, a terahertz-powered STEAM device for elec-
tron acceleration or manipulation and a diagnostic section that 
included a second STEAM device used as a streak camera, all of 
which were driven by the same infrared laser source. Ultraviolet 
pulses for photoemission were generated by two successive stages 
of second-harmonic generation, while single-cycle terahertz pulses 
were generated by difference frequency generation. Terahertz pulses 
from two independent setups were coupled into the STEAM device  
(Fig. 1) transversely to the electron motion by two horn structures 

that focused the counter-propagating terahertz fields beyond the 
diffraction limit into the interaction zone. The electrons experience 
both the electric and magnetic fields of the terahertz pulses accord-
ing to the Lorentz force law = + ×qF E v B( ), where –q is the electron 
charge, E is the electric field, oriented parallel to the electron veloc-
ity v, and B is the magnetic field, oriented vertically in the lab frame. 
The electric field is thus responsible for acceleration and decelera-
tion, while the magnetic field induces transverse deflections.

Efficient interaction of the electrons with the fields was accom-
plished by means of segmentation, which divided the interaction 
volume into multiple layers, each isolated from the others by thin 
metal sheets (Fig. 1). Dielectric slabs of varying length were inserted 
into each layer to delay the arrival time of the terahertz waveform to 
coincide with the arrival of the electrons, effectively phase-match-
ing the interaction. Due to the transverse geometry, the degree of 
dephasing experienced in each layer was determined by the tra-
versal time of the electrons, which was dependent on the electron 
speed and the layer thickness. A reduction in dephasing can thus 
be accomplished by reducing the layer thickness and increasing the 
number of layers, at the cost of increased complexity. The ability to 
tune the thickness and delay of each layer independently is a key 
design feature of the STEAM device that enables acceleration of 
sub-relativistic electrons for which the speed changes significantly 
during the interaction (for example, from 0.43 c to 0.51 c for our 
maximum acceleration case).

The use of two counter-propagating drive pulses enabled two key 
modes of operation, which are specified with respect to the interac-
tion point, that is, the centre of the interaction region of each layer:  
(1) an 'electric' mode, used for acceleration, compression and focus-
ing, in which the pulses were timed to produce electric superposition 
and magnetic cancellation of the transverse fields at the interaction 
point; and (2) a 'magnetic' mode, used for deflection and streaking, 
where the magnetic fields superposed and the electric fields cancelled.
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Fig. 1 | Experimental setup.  A fraction of the infrared optical beam is converted to 257!nm through fourth-harmonic generation. The 257!nm laser pulse 
is directed onto a gold photocathode generating electron pulses, which are accelerated to 55!keV by a d.c. electric field. This laser also drives two optical-
rectification stages, each generating single-cycle terahertz pulses with energy up to 30!µ J. The two counter-propagating terahertz beams interact with 
the electron beam inside the segmented structure. Subsequently, the electron beam is detected by the camera. Top left inset: photograph of the STEAM 
device. Bottom right inset: the time-domain waveform of the terahertz pulse measured by electro-optic sampling and its corresponding frequency  
(f)-domain spectrum.
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Staging: existing work

LBNL have demonstrated staging at low energies (~200 MeV increased to ~300 MeV).

Simon Hooker,  JAI-Oxford 
JAI Advisory Board, 10 -11  April 2018

They have pioneered the use of plasma focussing elements.

Steinke, S. et al. Multistage 
coupling of independent 
laser-plasma accelerators. 
Nature 530, 190–193 (2016).

Van Tilborg, J. et al. Active 
Plasma Lensing for Relativistic 
Laser-Plasma-Accelerated 
Electron Beams. Phys. Rev. 
Lett. 115, 184802 (2015).

Here installed on a joint QUB / ICL / LBNL experiment on Astra Gemini (Dec 2017) 
focussing at upto 1 GeV

Laser	&	beam	driven	plasma	wakefield:	100	GV/m

• Laser-plasma	accelerators	(1	GeV	demonstrated)
– Laser	pulse	in	plasma	filled	capillary	enables	

electrons	to	surf	a	plasma	density	wave.

– Recent	exciting	developments	in	multi-pulse	
schemes	and	staging	at	low	energies.

49

• Proton	driven	plasma	wakefield
– 12cm,	3x1011 proton	bunch	drives	plasma	wakefield

in	cell	at	SPS.

– Acceleration	of	15	MeV	injected	e- to	>1GeV

– Successful	observation	of	self-modulation	last	year:

Laser-plasma accelerators

‣ Ponderomotive force of an intense laser 
pulse expels electrons from the region of the 
pulse to form a trailing plasma wakefield 

‣ The wakefield moves at speed of laser pulse 
(close to speed of light) 

‣ Electric fields within wakefield are very large 
(~ 100 GV / m)

Simon Hooker,  JAI-Oxford 
JAI Advisory Board, 10 -11  April 2018

plasma
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plasma
wave

E E

laser pulse

cavity
or “bubble”

self-injected
electrons

‣ To be trapped & accelerated an electron needs v > vp i.e. 
there is a threshold momentum 

‣ Linear regime: 

• Background electrons cannot be trapped 

• Requires “external” injection 

‣ Nonlinear (“bubble”) regime 

• Background electrons can be trapped (“self-trapping”)

Linear regime

Bubble regime

Multi-pulse laser wakefield acceleration

‣ Excite wakefield with train of low-energy 
laser pulses 

‣ Resonant excitation if pulse spacing 
matched to plasma period 

‣ Allows use of different laser technologies 

• Multi-kHz repetition rates? 

• Laser wall-plug efficiency > 10% ? 

‣ Potential for additional control over wake 
excitation 

‣ Natural architecture for “energy recovery”

Simon Hooker,  JAI-Oxford 
JAI Advisory Board, 10 -11  April 2018

S.M. Hooker et al. J. Phys. B  47  234003 (2013)
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Multi-pulse LWFA 
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Multi-pulse laser wakefield acceleration

‣ Excite wakefield with train of low-energy 
laser pulses 

‣ Resonant excitation if pulse spacing 
matched to plasma period 

‣ Allows use of different laser technologies 

• Multi-kHz repetition rates? 

• Laser wall-plug efficiency > 10% ? 

‣ Potential for additional control over wake 
excitation 

‣ Natural architecture for “energy recovery”

Simon Hooker,  JAI-Oxford 
JAI Advisory Board, 10 -11  April 2018

S.M. Hooker et al. J. Phys. B  47  234003 (2013)
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