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Abstract
A laser-based profile monitor has been designed for com-

missioning of CERN’s LINAC4 accelerator at 50 MeV and
100 MeV, as part of the development of a non-destructive
profile and emittance monitor foreseen for the final 160 MeV
beam. The system is based on a low power laser which is
scanned through the H− beam. Electrons, which are photo-
detached from the ions by the laser, are deflected by a steerer
magnet and measured by a diamond detector. The custom
designed diamond detector is tailored to minimize the distur-
bance due to the electromagnetic field of the passing main
beam. The laser source will be installed in the LINAC4
Klystron gallery located 75 m away from the profile station
and an optical fiber will transport the laser to the tunnel. The
laser propagation for different pulse length and peak power
values was characterized with laboratory tests with such a
long fiber. In this paper we describe the overall design, focus-
ing on key elements such as the fiber-based laser transport
and the electron detection with the diamond detector.

INTRODUCTION
As the LINAC4 construction advances, its commission-

ing is taking place in stages at different beam energies, as
indicated in Fig. 1. So far, all the accelerator’s equipment
and the beam parameters have been validated up to the exit
of the first DTL tank (12 MeV).
The conventional techniques which are foreseen to mea-

sure the beam profile and transverse emittance, like SEM-
grids or wire-scanners, are all destructive or at least invasive
with respect to the ion beam.

During the 3 MeV and 12 MeV commissioning, a non-
invasive laser system was successfully operated to measure
the vertical emittance of the H− beam, by collecting the
neutralized H0 atoms [1–3].
The next two stages of the LINAC4 commissioning will

be used to check the performance of a modified version of
the laser-based instrument. The system will be part of a
diagnostics test bench that will be temporarily installed after
the last DTL cavity (50 MeV) and then moved after last
CCDTL cavity (100 MeV).
For these development stages, the system will be setup

for measurements in the vertical plane only, with the aim
of demonstrating the ion beam profile reconstruction by
collecting the electrons that are photo-detached during the
laser scan [4].
∗ thomas.hofmann@cern.ch

The main novelty of our system with respect to those in
other facilities [5,6] will be the use of a relatively low power
laser and of a fast diamond detector as electron collector.

Figure 1: LINAC4 facility indicating the beam energy that
will be reached during the different commissioning stages.
The laser stripping system has already been tested at 3MeV
and 12MeV periods and is presently setup for 50MeV and
100MeV before being permanently installed at 160MeV.

CONCEPTUAL DESIGN
The conceptual and mechanical design of the system is

shown in Fig. 2. Since in our application the laser beam is
relatively small with respect to the H− beam size, the vertical
position of the liberated electrons is well defined and count-
ing the stripped electrons as function of the laser position
during a scan allows the beam profile to be reconstructed. A
dipole magnet located just after the laser interaction point
(IP) is used to extract the electrons toward the diamond de-
tector designed to integrate the electron signal. Due to the
much lower energy of the stripped electrons with respect
to the H− ions, the magnetic field necessary to extract the
electrons has a very weak effect on the main beam.
As the detachment cross section is small and during a

linac pulse only a tiny H− beamlet is traversed by the laser,
less than 108 H− ions per linac pulse are neutralized (i.e.
lost). Compared with the total pulse charge of 1014 for the
nominal beam current (40 mA), this technique can therefore
be considered as non-invasive.

LASER DELIVERY, TRANSPORT AND
FOCUSING

The selected fiber-laser (V-Gen VPFL-ISP-1-40-50) oper-
ates at a wavelength of 1064 nm, with kilowatt peak powers
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Figure 2: Conceptual design of the laser profile monitor.

and pulse-lengths variable from 1 ns to 300 ns. This is sig-
nificantly different from existing systems [6, 7], based on
q-switched Nd-YAG lasers with peak powers 3 orders of
magnitude higher.
The low peak-power facilitates the laser operation/safety

measures and allows the laser to be transported from its
location in the klystron gallery to the interaction point (IP)
by means of a large-mode-area (LMA) optical fiber [8]. This
represents a distance of 20 m to the final position at 160MeV
and 75 m to the 50 MeV area (see Fig. 1). This technique
greatly reduces the complexity of the transport system and
thus provides a reliable solution with minimal maintenance.
The remaining challenges are the high power densities at
the end-facets [9] and non-linear effects in the fiber, which
limits the transmitted peak power [10].
The optical setup to focus the laser to the IP consists of

collimation and focusing optics which are mounted on a
vertical stage to scan the laser across the H− beam. Further-
more an optical path to characterise the laser pulse shape
and M2 is added. More details can be found in [1].

75 m Fiber Transmission
Looking into theory, Stimulated Brillouin Scattering

(SBS) is the dominant non-linear effect, limiting the trans-
mission through the fiber. This effect increases with the
length of the fiber and acts above a certain peak power thresh-
old, causing Stokes-shifted back-reflections due to sponta-
neous light scattering at thermal phonons. The threshold
peak power is defined in [10] as,

PB,th = CB,th
1

γBLe f f
(1)

where CB,th is the critical factor, γB is the fiber-specific Bril-
louin coefficient and Le f f the fiber length. Moreover, SBS
also depends on the spectral width of the stimulating laser
pulse. For shorter pulses corresponding to wider spectra
the effect is less dominant. As CB,th and γB is not known
for the LMA fiber, a test in the laboratory was performed to
characterize the laser transmission

Figure 3 shows the pulse shape before and after the fiber
transmission for different pulse energies. The pulses after
transmission are clearly delayed by 375 ns, which corre-
sponds to the light propagation along 75 m. Distortions in
pulse shape and pulse width cannot be observed even for
peak powers above 2 kW.

Figure 3: Laser pulses with different energies before (left)
and after fiber (right).

Figure 4: Laser transmission through the 75m large-mode-
area (LMA) optical fiber.

By using an energy meter with a large surface detector,
the overall transmission of the laser pulses could also be
measured for different peak powers. The plot in Fig. 4 shows
a transmission above 75% below 1 kW peak power and
slightly lower transmission for higher pulse peak powers.
The tests were not continued beyond the 2 kW level, in
order not to damage the fiber end-facets before the actual
beam measurements. The experiences gained during the
measurement campaigns at 3 MeV and 12 MeV [1,2] makes
us confident that sufficient electron stripping can be achieved
with laser peak powers below 1 kW. Measurements with
5 ns, 10 ns and 30 ns pulse lengths confirmed the high
transmission for similar high peak powers.
After these laboratory tests we concluded that the fiber

transmission with peak powers below 2 kW works very reli-
ably and is not significantly affected by SBS.
Another challenge for kilowatt fiber transmission is the

coupling into the fiber core. The LMA-fiber we are using
has a 20 µm core diameter, which can lead to power densities
of more than 100 J/cm2. In this regime ablation can take
place and damage the end-facet [9].
To handle this problem, fiber connectors with inserted

end-caps were chosen. As illustrated in Fig. 5, the core
material is expanded into the cladding area. In this way,
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the laser must be focused inside the fiber to maximise the
transmission, which means that the power density at the fiber
surface is greatly reduced.
Using this technique no issues with burned end-facets

were observed, in contrast to what occurred during the mea-
surements with the LINAC4 3 MeV beam, when the fiber
was not equipped with end-cap connectors.

Figure 5: Principle of end-cap fiber facet [11].

ELECTRON MONITORING
As shown in Fig. 2, the dipole magnetic field guides the

detached electrons from the main H− beam axis into a T-
shaped vacuum chamber hosting the diamond detector. In
this section the magnet and detector design will be described.

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

rived from the 50MeV H− energy and the proton to electron
mass ratio. These low energy electrons can be deflected by
90° with an integrated field of only 0.9 mTm.
Steerer magnets used routinely at LINAC4 can provide

up to 3.5 mTm integrated field. We therefore decided to
modify one of these steerer magnets as a simple and cost-
effective solution. By removing the magnet coil on the T-
chamber side, the steerer acts as a C-shaped magnet with
the remaining coil powered to create the field.

To predict the electron trajectories in the modified steerer
field, a magnetic field-map was created. In Fig. 6 the B-field
in the Y-plane is plotted. The trajectories for the stripped
electrons were simulated using as input the beam dynamics
data in the plane of the laser interaction (X= 0mm; Z =
-83 mm) and the magnetic vector-field. In addition to the
Lorentz force, space charge effects of the main H− beam
and synchrotron radiation was taken into account but had no
significant effects on the paths of the electrons.

In Fig. 6 the black curve represents the 3-sigma envelope
of the electron trajectory when powering the magnet coil
with a current of 4.7 A. The dark blue bar at Z = -60 mm
represents a shielding which surrounds the beam-pipe be-
tween laser IP and steerer magnet. The shielding outside
the vacuum chamber was designed to modify the magnetic

field lines in order to avoid electrons being deflected too
early after the stripping process and subsequently hitting the
wall of the beam-pipe before reaching the extraction channel
towards the electron monitor.

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.

Figure 7 visualizes an overlay of electron distributions,
generated during the laser scanning process, arriving at
X = 72 mm. It represents the superposition of the stripped
electrons at each laser position during the vertical laser-scan.
For one laser position, the width of the distribution in the
Y-plane would be less than 1 mm. The detector position
X = 72 mm was chosen, as this is the focal point generated
by the weak focusing of the dipole.

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

Diamond Detector
A laser pulse with 100 µJ pulse-energy and 100 ns pulse-

length is expected to detach approx. 5 · 105 electrons from
the atomic cores. The detection of such a small number of
low energy electrons (Ekin =27 keV) required the design
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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 electronsmissing
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 H0 monitoring).
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Figure 10: Installed system at the LINAC4 diagnostic test-
bench.
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