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!   Overview of FETS Diagnostics!

!   Beam current monitors!

!   Beam position monitors!

!   H- laserwire emittance scanner.!

!   Results of tests of the FETS laserwire at CERN’s Linac4!

!   FETS - Linac4 collaborative laserwire development.!

!   Emittance measurements at 3 and 12 MeV.!

!   Current activities: 50 MeV profile measurements.!

!   Future FETS laserwire:!

!   Updated laserwire design.!

!   Particle tracking simulations.!

!   SLED: Sliding Laser Emittance Diagnostic.!

!   Conclusions and outlook!
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For a FETS overview please 
see Alan Letchford’s talk in 

WG1 session 2!
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!   The Front End Test Stand (FETS) is a high power H- accelerator at RAL:!

!   65 keV, 60mA, 2ms H- ion source.!

!   3 solenoid magnet Low Energy Beam Transport.!

!   324 MHz 4-vane bolted RFQ: 3 MeV beam!

!   Slow and fast chopping within the MEBT!

!   Laserwire emittance scanner diagnostic!

!   Status: Ion source and LEBT operational prior to shielding installation in 2015. 
RFQ sections now machined, verified by bead-pull, and soon to be installed.!

!   Beam diagnostics are essential for alignment and to measure the critical 
parameters to demonstrate the system performance.!
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!   Nine conventional AC current transformer toroids monitor the beam current at 
various locations along the beam-line.!

! Toroids have been already operated successfully for over a year in the LEBT.!

!   Ultimately aim to determine the transmission performance of the RFQ and fast and 
slow beam choppers.!

!   Eight toroids have been designed, constructed and tested in-house, while the 
toroid immediately after the ion source is a Bergoz ACCT with a fast response.!

!   Bench tests of these devices have met the required rise-time specification. !

!   One had a measured droop of 3%/ms due to low core permeability.!

Scott!
Lawrie!
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!   Multiple BPM locations within MEBT!

!

!

!

!   Two designs!

!   CERN Linac4 shortened stripline!

!   RAL custom button, designed by 
A. Letchford, with modified 
dielectric for fast RF pickup.!

Beam Position Monitor DAQ!JAI OctoberFest:!
High Energy Protons & HL-LHC!

Stephen Gibson!

LHC!

27!

!   Three options considered for MEBT BPMs at 
FETS:!

•  CERN shortened stripline (67mm)!

•  NTG button (40mm)!

•  RAL custom design (A. Letchford): 
modified dielectric for fast RF pick-up.!

•  DAQ developed by RHUL + UCL.!
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!   IQ sampling at 40.5 MS/s!

!   324 MHz down- mixed 
to IF=10.125 MHz using 
LO 313.875 MHz.!

!   Digitizer & FPGA!

!   NI PXI-based FPGA 
card and digitizer to 
acquire the IF signals.!

!   32 channel, 12-bit 
parallel processing 
within a microsecond.!

!   Wire-rig BPM tests:!

!   Position resolution is 
<1%, <20µm,  5x better 
than required.!

G. Boorman et al, “Beam-Line Diagnostics at the Front End Test Stand (FETS), Rutherford Appleton Laboratory, Oxfordshire, UK”, TUPC26, IBIC2013, Oxford, UK.!
G. Boorman et al, “Development of a BPM System using a Commercial FPGA Card and Digitizer Adaptor Module for FETS”, THPME186, IPAC2014, Dresden, DE..!
G. Boorman et al. “Characterising the Signal Processing System for Beam Position Monitors at the Front End Test Stand”, TUPB073, IBIC2015, Melbourne, Australia.!
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FETS Laserwire Emittance Scanner!PASI workshop 2015: !
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!   Photo-neutralization of H- ions for profile and emittance measurements @ 3MeV!

Fibre-coupled laser beam delivery: 
1kW pulse peak power.!



Emittance via photo-detachment!PASI workshop 2015: !
Diagnostics at FETS!

Stephen Gibson et al.! 8!

!   Basic principle:  laser interacts with H- in chamber to photo-detach electrons, 
leaving H0 signal to be measured by scintillator + camera. !

H- beam!
+ neutrals!

(residual gas)!

Laser beam delivery!

Neutrals !
(residual gas)!

Neutrals:!
photo-!

detachment!
signal!

Deflected H-!

Dipole!

Original design had laser beam 
inside dipole, to separate 

residual gas neutrals!



Fibre Laserwire beam delivery!PASI workshop 2015: !
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motorized !
beam expander!

focusing!
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f=500mm!

Iris for!
 alignment!

camera and filter wheel!
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around beam focus!

BE control!



Fibre Laserwire beam delivery!PASI workshop 2015: !
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Fibre!

collimating!
Lens!

f=6.4mm!

motorized !
beam expander!

focusing!
lens!

f=500mm!

Iris for!
 alignment!

camera and filter wheel!
on translation stage !
around beam focus!

BE control!

7

the laser beam can be approximated as a thin cylinder

with constant diameter (� = 150µm).

Regarding the characterisation of the longitudinal pa-

rameters of the laser pulse we measured the pulse shape

before and after the fibre propagation with fast photodi-

odes. Furthermore we measured the average power before

and after the fibre to check the coupling and transport ef-

ficiency of the fibre transport. The efficiency of the fibre

delivery was found to be about 70%± 5% with higher

efficiency at lower laser power.

For the emittance measurements the laser beam pulse en-

ergy interacting with the H
−

beam was measured to be

154 µJ.
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FIG. 8. Measured 2σ width of the laser beam focused by a
lens with a focal length f = 500 mm. At the bottom left
is shown the laser spot image taken at a position of -3mm,
where the minimum vertical size is obtained.

B. Diamond detector signal examination

To test the signal response of the diamond detector,

laser and detector were positioned in order to maximize

the signal in one specific channel of the diamond detec-

tor.

Fig. 9 shows in the upper plot the amplified laser pulses,

interacting with the H
−

beam, recorded with a photodi-

ode in the coupling box. In the lower plot, the resulting

signal of an amplified channel of the diamond detector

during a H
−

beam pulse is displayed. This signal corre-

sponds to one laser position and one diamond position

and each segment represents a 1 µs time-interval.

Comparing the continuous laser pulses with the signal

on the diamond detector, one finds a clear correlation

just between the segments 4 and 24 where the 400 µs
long H

−
macropulse can interact with the laserpulses.

In this timeframe the H
0
created by the laser interaction

form sharp peaks in the diamond signal. Furthermore the

H
0
background originating by collisions with the residual
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FIG. 9. Comparison of laser pulses recorded with a photodi-
ode and the amplified signal at the diamond detector.

gas molecules cause an offset on the diamond.

Fig. 10 shows a zoom to one of the pulses where the

diamond signal (solid) and the laser pulse (dashed) are

overlaid. The distinct agreement in the shape of the sig-

nals demonstrates the linear relation between laser-power

and output signal of the diamond detector.

FIG. 10. Zoom on one of the diamond signals of Fig. 9
(solid - inverted), compared to the corresponding laser pulse
(dashed). Dotted trace – linear fit of the background.

To characterize further the detector response, a com-

parison was done between the H
−
beam current recorded

shortly behind the laser interaction and the unamplified

diamond detector raw signal. Fig. 11 shows the relation

of both signals. The slight increase of the floor of the dia-



Fast photodiode! Camera on!
translation stage!

With vertical stage in 
lowest position, mirrors 
divert light to camera !

Output beam 
to accelerator!
with stage in 
upper range!

Motorized laser delivery system!PASI workshop 2015: !
Diagnostics at FETS!

Stephen Gibson et al.! 11!

!   Remotely controlled scanning of laserwire focal position delivered to the 
accelerator, with in-situ feedback via photodiode and diagnostic camera.!



Laserwire beam delivery!PASI workshop 2015: !
Diagnostics at FETS!

Stephen Gibson et al.! 12!

Fast!
photodiode!

Filter wheel and !
camera on Z !

translation stage!

Beam expander on 
motion stages,!

X and Y!

Port to 
accelerator 

vacuum chamber!

Focusing lens!

Fibre input / 
services!



Linac4 commissioning at CERN!
PASI workshop 2015: !
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!   Linac2 will be replaced in 2018 by Linac4 as the main injector for the LHC and 
HL-LHC. !

Figure 1: LINAC4 facility indicating the beam energy that
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FETS-Linac4 Laserwire Collaboration!
PASI workshop 2015: !
Diagnostics at FETS!

Stephen Gibson et al.! 14!

!   CERN Linac4 is the new 160 MeV  H- linear accelerator under construction to replace 
Linac2 as the main injector to the PS for the LHC (~2018). and ultimately HL-LHC.!

!   Due to synergies with UK FETS diagnostics, a collaboration was formed with CERN BE 
to install a laserwire emittance scanner in the Linac4, 3 MeV beam tests.!

!   Emittance measurement via photo-detachment!

•  Beamlet of H0 neutrals are recorded by a downstream diamond detector!

•  Laser delivery optics installed in Linac4 tunnel:!

!"#"$%!&"'()*+,-').)/0'1&
2+()*/. 



Integration with Linac4!PASI workshop 2015: !
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!   Portable enclosure to deliver laser beam to vacuum chamber, integrated with 
Linac4 layout.!

The Front End Test Stand 
Collaboration 

S. M. Gibson*, G. Boorman, A. Bosco – Royal Holloway, Egham, UK 
P. Savage, J. Pozimski –Imperial College, London, UK 

C. Gabor, A. Letchford – STFC/RAL, Didcot, UK 
T. Hofmann – CERN, Switzerland 

Overview of Laserwire Beam Profile and Emittance 
Measurements for High Power Proton Accelerators  

*Stephen.Gibson@rhul.ac.uk 

Introduction 
High power proton (H- ion) linacs are of interest 
for: Spallation Neutron Sources, a Neutrino 
Factoy, a Muon Collider and Accelerator Driven 
System for sub-critical reactors. Damage 
thresholds for beam powers in the megawatt 
regime limit the use of interceptive beam 
diagnostics, such as wire scanners. However, 
laser-based wire scanners (laserwires) offer a 
non-invasive method to probe high intensity 
beams. We present a generic laserwire 
emittance scanner suited to non-invasive beam 
profile and emittance measurements at high-
power H- linacs, being developed collaboratively 
for FETS and LINAC-4. 
 

Front End Test Stand at RAL 
FETS  consists of a H- ion source, a magnetic 
low energy beam transport (LEBT), 324 MHz 
Radio Frequency Quadrupole accelerator 
(RFQ), medium energy transport line (MEBT), 
high speed beam chopper and comprehensive 
diagnostics. A 60 mA beam current at 50 Hz is 
routinely achieved from the ion source and 
LEBT with up to 2ms pulse duration. 
 
 
 
 
 
 
 
 
 
 
 
 
 

LINAC-4 at CERN 
A 160 MeV replacement linac for the new LHC 
injector (SPL) is under construction at CERN. 
The ion source, 3 MeV RFQ and MEBT which 
includes a chopper have been commissioned 
on the surface and is currently being moved to 
the tunnel in readiness for initial tests at 3 MeV, 
then later with the full Linac-4 chain at 160 MeV. 

 
Collaborative effort 

A non-invasive laserwire emittance scanner is 
being developed for Linac-4 as part of a fruitful 
collaborative study, which uses the laser and 
beam delivery optics from FETS. As a first step, 
the laserwire system will be deployed for tests 
at the Linac-4 3 MeV front end in late 2013. 

Measurement Principle 
The laserwire photon energy of 1.16 eV is 
sufficient to liberate a weakly bound (0.75 eV) 
electron from the H- ion. The laserwire emittance 
scanner operates by slicing out a beamlet of 
neutralized particles, which propagate to a 
downstream to a position sensitive detector. The 
transverse emittance is reconstructed from the 
spatial profile as the laserwire position is 
scanned. A dipole deflects the main H- beam. 
 
 
 
 
 
 
 
 
 
Upstream residual gas interactions can generate 
a background of neutral particles on top of the 
signal from the photodetachment process. At 
FETS the background is avoided by arranging 
the laser interaction point one third into the 
dipole field, such that the neutral background 
particles are first separated from the H- ion 
beam, before the laserwire photodetachment. 
 
 
 
 
 
 
 
 
 
 
 
 

Laser Transport and Delivery  
A pulsed 30 kHz, 8 kW peak power laser is fibre-
coupled to motorized collimating optics, which 
controls the position and thickness of the 
laserwire delivered to the H- interaction 
chamber. A pair of translation stages control the 
vertical and longitudinal position of the laser 
beam, with micron-level resolution. A motorized 
beam expander enables various laser spot sizes 
to be obtained in eight magnification steps. 
Further adjustment can be made by careful 
selection of the collimating lens at the output of 
the fibre and the focusing lens after the beam 
expander. The setup offers flexibility to generate 
a range of different laser beam sizes. 

Laser Delivery System 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Laser Beam Quality Measurements 
The profile of the laser beam emerging from 
the collimation optics was measured by a 
camera mounted on a translation stage, giving 
a beam quality of M2<1.76. This is marginally 
better than the raw quality from the laser 
output, most likely due to mode cleaning 
qualities of the long fibre. The Gaussian beam 
profiles directly out of the fibre (left) and after 
(right) the collimating and focusing optics are 
shown. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Conclusions and outlook 
A laserwire emittance scanner enables non-
invasive beam diagnostics at high power proton 
accelerators. The beam delivery system 
developed for FETS has been optically tested 
and found to meet the specified beam quality 
after the transport fibre. The system is planned to 
be tested in the Linac-4 beamline at CERN in 
late 2013 as part of a collaborative effort to 
develop an laserwire emittance scanner for the 
next generation LHC injector. 

STATUS REPORT OF THE FETS PHOTO DETACHMENT EMITTANCE
INSTRUMENTAT RAL

C. Gabor∗, A.P. Letchford, STFC RAL, UK.
A. Bosco, G. Boorman, S.M. Gibson, JAI at Royal Holloway, University of London, UK.

P. Savage, Imperial College London, UK.
V. Scarpine, Fermilab, USA.

Abstract
The Front End Test Stand at the Rutherford Appleton

Laboratory (RAL) is being developed to demonstrate a
chopped H− beam of 60 mA at 3 MeV with 10 % duty cy-
cle. Due to the high beam power it is advisable to use the
technique of photo detachment to avoid intrusive methods.
It is intended to apply this technique to perform emittance
measurements at the output of the RFQ at full power. This
requires a dedicated diagnostics dipole with a special-made
vacuum chamber giving room for the different beam paths
necessary to install a particle detector to measure the pro-
duced neutrals. Other aspects are the beam transport and
influence of the dipole and its fringe field to the beam trans-
port. Other considerations are the installation of the laser,
the optics and the particle detector itself.

INTRODUCTION
The Front End Test Stand (FETS) under construction at

the Rutherford Appleton Laboratory (RAL), UK, built in
collaboration between ISIS, ASTeC, Imperial College Lon-
don (IC), the University of Warwick, University College
London (UCL) and the John Adams Institute (JAI) at Royal
Holloway, University of London (RHUL).

This experiment aims to demonstrate the first stages nec-
essary to produce a very high quality chopped H− ion
beam as required for future high power proton accelera-
tor applications. The beam will be pulsed at 50 Hz, with
pulse lengths of up to 2 ms, current of 60 mA and en-
ergy of 3 MeV. A good overview of the whole project with
appropriate references can be found here [1, 2]. One of
the key components of FETS is the non-destructive (or to
be correct: minimal-invasive) diagnostics at 3 MeV beam
energy. Using a laser to neutralize (photo-detachment)
a small portion of the beam pulse is one of the most
prominent candidate for H− ion beams used by other fa-
cilities like JPARC and SNS. First ideas to use photo-
detachment for the FETS project are described in [3]; the
concept of Photo-Detachment Emittance Instrument is de-
rived from the “proof-of-principle” experiment in Frankfurt
[4]. The paper summarizes the most recent developments
of this topic concentration on a scintillator test at Fermilab
(FNAL) and a design of a laser delivery system which will
be important if there are plans for a fast mode-locked laser
for time resolved measurements.

∗ christoph.gabor@stfc.ac.uk

Layout of the PD-EMI
At the interaction point, laser light neutralizes (photo-

detachment) a small portion of the H− ions and a magnetic
dipole field separates the produced species electrons and
neutrals from the remaining ions. For a more exhaustive
description see also [5] where also magnet and diagnos-
tics chamber including a general concept of commission-

Figure 1: Sketch of the FETS project. Shown are the main
components ion source, LEBT, RFQ, MEBT and photo-
detachment diagnostics.

Figure 2: TOP: 2D beam distribution measured with Alu-
miniumoxide. BOTTOM: light output integrated over the
profile versus beam current.
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Linac4 laserwire installation team!PASI workshop 2015: !
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Linac4 diamond detector!PASI workshop 2015: !
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!   Main H- beam deflected by spectrometer magnet.!

!   Neutral H0 are undeflected and arrive at a downstream 5 strip diamond detector, 
which can be moved into the beamline via translation stage:!

!   Each horizontal strip has 
a vertical width of 
~3.5mm.!

!   Small gap of 300um 
between strips!

!   600V nominal bias 
(adjustable).!

!   Strips was instrumented 
with charge sensitive and 
linear amplifiers.!
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!   Laser based profile scan and emittance measurement are compared with a traditional slit 
& grid scan for 3 MeV set-up. First results were very promising:!

•  Profile shows very good agreement in beam-core.!

•  Emittance measurement show good agreement, even with low resolution laser scan. !

!   Demonstrates non-destructive method using fibre-based laserwire.!

FETS + CERN Team!

FETS-Linac4 3 MeV results!
PASI workshop 2015: !
Diagnostics at FETS!

Stephen Gibson et al.! 18!

•  S.M. Gibson et al., `A fibre coupled, low power 
emittance scanner at CERN Linac4’  THPME190, 
IPAC 2014.!

•  T. Hofmann et al. `Demonstration of a laserwire 
emittance scanner for the CERN LINAC4 H- Beam’, 
submitted to PRSTAB.!



!   Laser based profile scan and emittance measurement are compared with a traditional slit 
& grid scan for 3 MeV set-up. First results were very promising:!

•  Profile shows very good agreement in beam-core.!

•  Emittance measurement show good agreement, even with low resolution laser scan. !

!   Demonstrates non-destructive method using fibre-based laserwire.!

FETS + CERN Team!

FETS-Linac4 3 MeV results!
PASI workshop 2015: !
Diagnostics at FETS!

Stephen Gibson et al.! 19!

•  S.M. Gibson et al., `A fibre coupled, low power 
emittance scanner at CERN Linac4’  THPME190, 
IPAC 2014.!

•  T. Hofmann et al. `Demonstration of a laserwire 
emittance scanner for the CERN LINAC4 H- Beam’, 
submitted to PRSTAB.!

and is present in the diamond detector signal, independent of

whether the laser is powered. The time resolution of the dia-

mond detector enables good discrimination between signal

peaks and background. A zoomed region for one segment

around the diamond signal is shown in Figure 5.

Figure 5: A zoomed region from Figure 4 shows the rapid

response of diamond detector signal to a single 110 ns laser

pulse. The arbitrary offset is due to oscilloscope delay set-

tings during the segment acquisition.

BEAM PROFILE AND EMITTANCE

RESULTS AT 3 MeV

Automated vertical scans of the horizontal laserwire were

performed for different diamond detector positions. At each

step, diamond detector data were acquired in 30, 1 µs seg-

ments, for one accelerator macro-pulse. The laserwire posi-

tion was then moved ready to acquire a subsequent accelera-

tor pulse.

The data were analysed by first applying a smoothing filter

(width = 10 samples) to the diamond signal to reduce noise.

A linear fit to the residual gas background pedestal was then

performed for each segment, and subtracted from the photo

detachment signal region, before integration over the window

containing the peak. The background subtracted signals

were averaged over five of the laser pulses (in segments 10

to 14) from the same LINAC4 macro-pulse.

The integrated and averaged signal is plotted versus the

laserwire vertical position in Figure 6, to give the vertical

transverse profile of the LINAC4 beam. The laser-results

were verified with independent measurements from conven-

tional slit scanner at the same location as the laser wire, and

measured by a downstream SEM-grid [8, 9]. Very good

agreement is found for the beam-core. The beam halo values

are slightly bigger when measured with the laser system.

Laserwire beam profile measurements were recorded for

a range of diamond detector positions and the results used

to reconstruct the transverse emittance of the LINAC4 beam.

A comparison with the emittance measured by the slit-grid

method is shown in Figure 7. Despite the lower spatial

Figure 6: Vertical profile of the 3 MeV H
−

beam as measured

by the laserwire-diamond system and slit-grid methods.

resolution of the laser data in these first tests, the ellipse

size and orientation is in good agreement. The measured

emittance values are the same to within 10%.

Figure 7: Vertical transverse emittance of the 3 MeV H
−

beam as measured by the laserwire-diamond (upper) and

conventional slit-grid (lower) methods.

CONCLUSION

The first low-power, fibre coupled laserwire for H
−

beams has been collaboratively developed and tested at the

LINAC4 during 3 MeV commissioning. First beam profile

and emittance measurement results from the laserwire scan-

ner demonstrate very good agreement with conventional slit-

grid diagnostics. While further tests are planned for 12 MeV

commissioning, these results already encourage prospects

for a final laser emittance station at 160 MeV.
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Figure . Comparison of beamprofiles. Signal of the slit/grid signal normalized to the charge measured with the diamond detector. 

12 MeV results at Linac4!PASI workshop 2015: !
Diagnostics at FETS!

Stephen Gibson et al.! 20!

!   The laserwire scanner was moved downstream for the second stage of Linac4 
commissioning at 12 MeV:  setup similar to 3 MeV. !

!   Profile measurement again shows good agreement with slit-grid measurements, at 
the new location with different beam optics.!

!   Even observe peak at 352 MHz RF frequency in 
a Fourier Transform of the diamond signal.!

!   Diamond detector signal shape matches laser 
pulse recorded with fast photodiode.!

T. Hofmann et al., ‘Experimental results of the laserwire emittance 
scanner for LINAC4 at CERN’, International Conference on Laser 
Applications at Accelerators, LA3NET 2015 + submitted to NIMA.!
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Transverse Profile Monitors

50 MeV laserwire design!PASI workshop 2015: !
Diagnostics at FETS!

Stephen Gibson et al.! 21!

!   New configuration designed for 50 MeV required as main diagnostics dipole is 
unavailable. Instead count liberated electrons deflected using small steerer magnet.!

!   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-

Figure 6: Magnetic field map (in Tesla) and electron trajec-
tories (black) from the laser interaction point to the diamond
detector. White areas are outside of beam-pipe.
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50 MeV laserwire design!PASI workshop 2015: !
Diagnostics at FETS!

Stephen Gibson et al.! 22!

!   Small sCVD diamond detector to register electrons. Diamond moves with laser to 
ensure beam is captured.!

!   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!

The electrons kinetic energy is only 27 keV, as can be de-

modify one of these steerer magnets as a simple and cost-
ective solution. By removing the magnet coil on the T-

Figure 7: Expected electrons distribution at the detector
plane, accounting for all laser positions during a scan.
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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 effects.

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 H
0

monitoring).
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Vacuum chamber installation in Linac4!Diamond mover, and chamber 
with steerer magnet!
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!   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!

Figure 10: Installed system at the LINAC4 diagnostic test-
bench.
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First 50 MeV beam at CERN Linac4 this week…!
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!   Experience gained from the tests of the laserwire at CERN Linac4 has allowed 
us to simply the design at FETS:!

!   Bring laser upstream of dipole and rely on fast detector to extract pulse 
signal from neutral from residual gas background.!

7

the laser beam can be approximated as a thin cylinder

with constant diameter (� = 150µm).

Regarding the characterisation of the longitudinal pa-

rameters of the laser pulse we measured the pulse shape

before and after the fibre propagation with fast photodi-

odes. Furthermore we measured the average power before

and after the fibre to check the coupling and transport ef-

ficiency of the fibre transport. The efficiency of the fibre

delivery was found to be about 70%± 5% with higher

efficiency at lower laser power.

For the emittance measurements the laser beam pulse en-

ergy interacting with the H
−

beam was measured to be

154 µJ.

FIG. 8. Measured 2σ width of the laser beam focused by a
lens with a focal length f = 500 mm. At the bottom left
is shown the laser spot image taken at a position of -3mm,
where the minimum vertical size is obtained.

B. Diamond detector signal examination

To test the signal response of the diamond detector,

laser and detector were positioned in order to maximize

the signal in one specific channel of the diamond detec-

tor.

Fig. 9 shows in the upper plot the amplified laser pulses,

interacting with the H
−

beam, recorded with a photodi-

ode in the coupling box. In the lower plot, the resulting

signal of an amplified channel of the diamond detector

during a H
−

beam pulse is displayed. This signal corre-

sponds to one laser position and one diamond position

and each segment represents a 1 µs time-interval.

Comparing the continuous laser pulses with the signal

on the diamond detector, one finds a clear correlation

just between the segments 4 and 24 where the 400 µs
long H

−
macropulse can interact with the laserpulses.

In this timeframe the H
0
created by the laser interaction

form sharp peaks in the diamond signal. Furthermore the

H
0
background originating by collisions with the residual
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FIG. 9. Comparison of laser pulses recorded with a photodi-
ode and the amplified signal at the diamond detector.

gas molecules cause an offset on the diamond.

Fig. 10 shows a zoom to one of the pulses where the

diamond signal (solid) and the laser pulse (dashed) are

overlaid. The distinct agreement in the shape of the sig-

nals demonstrates the linear relation between laser-power

and output signal of the diamond detector.
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FIG. 10. Zoom on one of the diamond signals of Fig. 9
(solid - inverted), compared to the corresponding laser pulse
(dashed). Dotted trace – linear fit of the background.

To characterize further the detector response, a com-

parison was done between the H
−
beam current recorded

shortly behind the laser interaction and the unamplified

diamond detector raw signal. Fig. 11 shows the relation

of both signals. The slight increase of the floor of the dia-
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!   Existing dipole magnet checked for suitability:!

!   3D field map model created!

!   Geometry of yoke and coils.!

!   100A gives 0.2475T in the centre of the magnet.!

!   Fringe fields extend to 300 mm beyond faces.!
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!   GPT simulations of the lattice and laserwire interaction demonstrate the 
suitability of the dipole.!

!   A. Kurup et al, `Simulation of the FETS diagnostic’, TUPB071, IBIC2015!

!"#$%&'()$*(+$!#,)$-).(+$
/'00.1'&.)2'($

!"#$%&'("&%!')"*+%,-"$.'
'

!"#$#32,)2(4$+25'0#$6.4(#)$7.,$6'+#00#+$8,2(4$/-!$-)8+2'$
)'$ 5&'+89#$ .$ 6.4(#)29$ :2#0+$ 6.5$ )".)$ 7.,$ 8,#+$ 2($ )"#$
5.&)290#$ )&.9;2(4$ ,2680.)2'(,<$ =#.,8&#6#(),$ ':$ )"#$ >';#$
.(+$9'20,$7#&#$6.+#$.(+$.$?@$6'+#0$':$)"#$6.4(#)<$A$?@$
:2#0+$6.5$7.,$ 4#(#&.)#+$ 8,2(4$ BCCA$ #392).)2'($ 98&&#()$ 2($
)"#$9'20,$7"29"$4.D#$C<EFGH!$ 2($ )"#$9#()&#$':$ )"#$6.4(#)<$$
!"#$'(I.32,$D#&)29.0$:2#0+$,"'7,$)".)$)"#$:&2(4#$:2#0+,$#3)#(+$
85$ )'$ ?CC66$ :&'6$ )"#$ #()&.(9#$ .(+$ #32)$ :.9#,$ ':$ )"#$
6.4(#)<$$$
!

,/'0121345''6/'#789:;<945=5'#/')>?>@A45',/'%ABCDE72F=5')/'*/'G9H;7IJ5K5''
0/'021CD9I9IJ5K'

)9:1L>B97I;'7E'BDA'(&-)'%>;A2'!9>@I7;B9C'

".-M$!+N-"$.'
'

!"#$ %&'()I*(+$ !#,)$ -).(+$ J%*!-K$ .26,$ )'$ +#6'(,)&.)#$
90#.($9"'552(4$':$.$LC6AM$?=#N$OI$2'($1#.6<$-89"$"24"$
1#.6$ 2()#(,2)2#,$ &#P82&#$ 8(9'(D#()2'(.0$ #62)).(9#$ .(+$
5&':20#$ 6#.,8&2(4$ +#D29#,$ ,89"$ .,$ )"#$ 0.,#&72&#$ ,>,)#6$
)".)$7200$1#$8,#+$'($%*!-<$$%*!-$9'(,2,),$':$.($2'($,'8&9#M$
Q%RM$=*S!$.(+$)"#$0.,#&72&#$+2.4(',)29<$

$

$

$

$

$

$

!"#$ 0.,#&$ 2,$8,#+$ )'$(#8)&.02,#$5.&)$':$ )"#$OI$ 2'($1#.6<$
!"2,$ 6.2($ 1#.6$ 2,$ )"#($ ,#5.&.)#+$ :&'6$ )"#$ ,)&255#+$
1#.6$ 1>$ 8,2(4$ .$ +25'0#$ 6.4(#)<$ $ !"2,$ 5.5#&$ 5&#,#(),$
)&.9;2(4$ &#,80),$ ':$ )"#$ 0.,#&$ +2.4(',)29$ 0.))29#$ 8,2(4$ .$
,2680.)#+$ :2#0+$ 6.5$ ':$ .($ #32,)2(4$ +25'0#$ 6.4(#)$ .(+$
2(D#,)24.)#,$)"#$5',,21202)>$':$0.,#&$,)&2552(4$85,)&#.6$':$
)"#$+25'0#<!

#,M-"N%&'-M,N0".G')"*+%,-"$.)'
'

!"#$ 6.2($ .26$ ':$ )"#,#$ ,2680.)2'(,$ 7.,$ )'$
+#6'(,)&.)#$ )"#$ :#.,21202)>$ ':$ 8,2(4$ )"#$ #32,)2(4$
+25'0#$ .(+$ )'$ 5#&:'&6$ ,)&2552(4$ 85,)&#.6$ ':$ )"#$
+25'0#<$ $ !"#$ /A@$ +&.72(4$ ':$ )"#$ 0.,#&72&#$ 0.))29#$
,"'7,$)"#$6.2($9'65'(#(),<!

!"#$1#.6$.)$ )"#$ #32)$ ':$ )"#$Q%R$ JBC;$5.&)290#,K$7.,$
)&.9;#+$ )"&'84"$ )"#$ :2(.0$ D#&,2'($':$ )"#$=*S!$ 0.))29#$
J8,2(4$ )"#$ 0.)#,)$ :2#0+,$ 6.5,$ :'&$ )"#$ P8.+&85'0#$
6.4(#),$ .(+$ &#18(9"2(4$ 9.D2)2#,K$ )'$ )"#$ 0'9.)2'($
F<F6$+'7(,)&#.6$':$ )"#$Q%R$#32)M$7"29"$ 2,$ )"#$,).&)$
':$ )"#$ 0.,#&72&#$ 0.))29#<$ !"2,$ 1#.6$ 7.,$ )&.9;#+$
)"&'84"$ )'$ )"#$1#.6$+865,M$72)"$ )"#$+25'0#$'($.(+$
'::M$ .(+$ )"#$ 5.&)290#$ +2,)&218)2'($ .)$ )"#$ ,)&2552(4$
0'9.)2'($7.,$+&2:)#+$)'$)"#$+#)#9)'&$0'9.)2'(<$

T(58)$1#.6$ S#.6$.)$)"#$
0.,#&$2()#&.9)2'($

S#.6$.)$)"#$+#)#9)'&$

BK$EK$

?K$ FK$

N$.N%+)"$.'
'

!"#$ ,2680.)2'($ &#,80),$
+#6'(,)&.)#$ )"#$,82).1202)>$':$
)"#$ #32,)2(4$ +25'0#<$ !"#$
0.,#&72&#$ 0.))29#$ ".,$ )"#$
:0#321202)>$ )'$ )#,)$ +2::#&#()$
6#)"'+,$ :'&$ )"#$ #62)).(9#$
6#.,8&#6#()M$ 2(908+2(4$
'5)2'(,$ )'$ ,9.($ )"#$ 0.,#&$
'8),2+#$':$)"#$+25'0#$:2#0+$.(+$
2($.00$)&.(,D#&,#$+2&#9)2'(,<$$!

!"#$%&'()$*(+$!#,)$-).(+$
/'00.1'&.)2'($

!"#$%&'("&%!')"*+%,-"$.'
'

!"#$#32,)2(4$+25'0#$6.4(#)$7.,$6'+#00#+$8,2(4$/-!$-)8+2'$
)'$ 5&'+89#$ .$ 6.4(#)29$ :2#0+$ 6.5$ )".)$ 7.,$ 8,#+$ 2($ )"#$
5.&)290#$ )&.9;2(4$ ,2680.)2'(,<$ =#.,8&#6#(),$ ':$ )"#$ >';#$
.(+$9'20,$7#&#$6.+#$.(+$.$?@$6'+#0$':$)"#$6.4(#)<$A$?@$
:2#0+$6.5$7.,$ 4#(#&.)#+$ 8,2(4$ BCCA$ #392).)2'($ 98&&#()$ 2($
)"#$9'20,$7"29"$4.D#$C<EFGH!$ 2($ )"#$9#()&#$':$ )"#$6.4(#)<$$
!"#$'(I.32,$D#&)29.0$:2#0+$,"'7,$)".)$)"#$:&2(4#$:2#0+,$#3)#(+$
85$ )'$ ?CC66$ :&'6$ )"#$ #()&.(9#$ .(+$ #32)$ :.9#,$ ':$ )"#$
6.4(#)<$$$
!

,/'0121345''6/'#789:;<945=5'#/')>?>@A45',/'%ABCDE72F=5')/'*/'G9H;7IJ5K5''
0/'021CD9I9IJ5K'

)9:1L>B97I;'7E'BDA'(&-)'%>;A2'!9>@I7;B9C'

".-M$!+N-"$.'
'

!"#$ %&'()I*(+$ !#,)$ -).(+$ J%*!-K$ .26,$ )'$ +#6'(,)&.)#$
90#.($9"'552(4$':$.$LC6AM$?=#N$OI$2'($1#.6<$-89"$"24"$
1#.6$ 2()#(,2)2#,$ &#P82&#$ 8(9'(D#()2'(.0$ #62)).(9#$ .(+$
5&':20#$ 6#.,8&2(4$ +#D29#,$ ,89"$ .,$ )"#$ 0.,#&72&#$ ,>,)#6$
)".)$7200$1#$8,#+$'($%*!-<$$%*!-$9'(,2,),$':$.($2'($,'8&9#M$
Q%RM$=*S!$.(+$)"#$0.,#&72&#$+2.4(',)29<$

$

$

$

$

$

$

!"#$ 0.,#&$ 2,$8,#+$ )'$(#8)&.02,#$5.&)$':$ )"#$OI$ 2'($1#.6<$
!"2,$ 6.2($ 1#.6$ 2,$ )"#($ ,#5.&.)#+$ :&'6$ )"#$ ,)&255#+$
1#.6$ 1>$ 8,2(4$ .$ +25'0#$ 6.4(#)<$ $ !"2,$ 5.5#&$ 5&#,#(),$
)&.9;2(4$ &#,80),$ ':$ )"#$ 0.,#&$ +2.4(',)29$ 0.))29#$ 8,2(4$ .$
,2680.)#+$ :2#0+$ 6.5$ ':$ .($ #32,)2(4$ +25'0#$ 6.4(#)$ .(+$
2(D#,)24.)#,$)"#$5',,21202)>$':$0.,#&$,)&2552(4$85,)&#.6$':$
)"#$+25'0#<!

#,M-"N%&'-M,N0".G')"*+%,-"$.)'
'

!"#$ 6.2($ .26$ ':$ )"#,#$ ,2680.)2'(,$ 7.,$ )'$
+#6'(,)&.)#$ )"#$ :#.,21202)>$ ':$ 8,2(4$ )"#$ #32,)2(4$
+25'0#$ .(+$ )'$ 5#&:'&6$ ,)&2552(4$ 85,)&#.6$ ':$ )"#$
+25'0#<$ $ !"#$ /A@$ +&.72(4$ ':$ )"#$ 0.,#&72&#$ 0.))29#$
,"'7,$)"#$6.2($9'65'(#(),<!

!"#$1#.6$.)$ )"#$ #32)$ ':$ )"#$Q%R$ JBC;$5.&)290#,K$7.,$
)&.9;#+$ )"&'84"$ )"#$ :2(.0$ D#&,2'($':$ )"#$=*S!$ 0.))29#$
J8,2(4$ )"#$ 0.)#,)$ :2#0+,$ 6.5,$ :'&$ )"#$ P8.+&85'0#$
6.4(#),$ .(+$ &#18(9"2(4$ 9.D2)2#,K$ )'$ )"#$ 0'9.)2'($
F<F6$+'7(,)&#.6$':$ )"#$Q%R$#32)M$7"29"$ 2,$ )"#$,).&)$
':$ )"#$ 0.,#&72&#$ 0.))29#<$ !"2,$ 1#.6$ 7.,$ )&.9;#+$
)"&'84"$ )'$ )"#$1#.6$+865,M$72)"$ )"#$+25'0#$'($.(+$
'::M$ .(+$ )"#$ 5.&)290#$ +2,)&218)2'($ .)$ )"#$ ,)&2552(4$
0'9.)2'($7.,$+&2:)#+$)'$)"#$+#)#9)'&$0'9.)2'(<$

T(58)$1#.6$ S#.6$.)$)"#$
0.,#&$2()#&.9)2'($

S#.6$.)$)"#$+#)#9)'&$

BK$EK$

?K$ FK$

N$.N%+)"$.'
'

!"#$ ,2680.)2'($ &#,80),$
+#6'(,)&.)#$ )"#$,82).1202)>$':$
)"#$ #32,)2(4$ +25'0#<$ !"#$
0.,#&72&#$ 0.))29#$ ".,$ )"#$
:0#321202)>$ )'$ )#,)$ +2::#&#()$
6#)"'+,$ :'&$ )"#$ #62)).(9#$
6#.,8&#6#()M$ 2(908+2(4$
'5)2'(,$ )'$ ,9.($ )"#$ 0.,#&$
'8),2+#$':$)"#$+25'0#$:2#0+$.(+$
2($.00$)&.(,D#&,#$+2&#9)2'(,<$$!

Beam at the laser interaction! Beam at the detector!
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!   Installation of the MEBT will proceed in steps. !

!   Plan to use sliding diagnostics to measure the beam profile, using laserwire and 
either a Faraday cup or diamond detector.!

Stage 1!

Diagnostics sled!

!"#$%&'$()*$+,$-&'./,0120$034-!
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!   Installation of the MEBT will proceed in steps. !

!   Plan to use sliding diagnostics to measure the beam profile, using laserwire and 
either a Faraday cup or diamond detector.!

First quadrupole pair and BPM! Stage 2!
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!   Installation of the MEBT will proceed in steps. !

!   Plan to use sliding diagnostics to measure the beam profile, using laserwire and 
either a Faraday cup or diamond detector.!

First rebunching cavity, next quadrupole 
pair, BPM!

Stage 3!



Sliding Laser Emittance Diagnostic!PASI workshop 2015: !
Diagnostics at FETS!

Stephen Gibson et al.! 31!

!   Installation of the MEBT will proceed in steps. !

!   Plan to use sliding diagnostics to measure the beam profile, using laserwire and 
either a Faraday cup or diamond detector.!

 Chopper 1 chamber!
Stage 4!
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!   Installation of the MEBT will proceed in steps. !

!   Plan to use sliding diagnostics to measure the beam profile, using laserwire and 
either a Faraday cup or diamond detector.!

Rebuncher 2, quad, BPM, chopper 1 beam 
dump and toroid! Stage 5!
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!   Installation of the MEBT will proceed in steps. !

!   Plan to use sliding diagnostics to measure the beam profile, using laserwire and 
either a Faraday cup or diamond detector.!

Quadrupole, button+stripline BPMs and 
chopper 2 chamber! Stage 6!
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!   Installation of the MEBT will proceed in steps. !

!   Plan to use sliding diagnostics to measure the beam profile, using laserwire and 
either a Faraday cup or diamond detector.!

Rebuncher 3, BPM, quad, chopper 2 beam 
dump and toroid! Stage 7!
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!

!   FETS diagnostic developments are well advanced.  Tests of the beam position 
monitors demonstrate excellent resolution in a wire-rig system.!

!   The H- fibre coupled laserwire for FETS has been successfully demonstrated in 
collaboration with CERN at Linac4:!

!   Laser emittance scanner matches slid-grid measurements at 3 MeV and 12 
MeV.!

!   Profile laserwire system developed and installed for 50 MeV and 100 MeV. !

!

!   Revised plans of FETS laserwire diagnostics presented based on existing dipole 
magnet with suitable parameters, validated by particle tracking simulation.!

!   Sliding diagnostics planned for MEBT installation.!

Thank you – questions?!


