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Abstract

CERN’s Linac4 will provide 160-MeVH− beams of in-
tensityN = 2×1014 ions s−1. Before this beam can be in-
jected into the existing CERN Proton Synchrotron Booster
(PSB), a beam chopper must be used to remove some se-
quences of 0.5-ns-long micro-bunches from it. We devel-
oped a monitor to measure the time structure and spatial
profile of the chopped beam, with respective resolutions
∆t ∼ 1 ns and∆x ∼ 2 mm. Its large active area 40 mm
× 40 mm and dynamic range also allows investigations of
beam halos. The beam was first allowed to strike a carbon
foil, and the resulting secondary electrons were accelerated
by sets of parallel grid electrodes. The electrons then struck
a phosphor screen, and the scintillation light was guided to
a thermoelectrically cooled, charge-coupled device camera.
The sub-nanosecond time resolution was attained by apply-
ing high-voltage pulses to the grids. The monitor has been
tested with 700-ps-long UV laser pulses, and a 3-MeV pro-
ton beam provided by a tandem.

INTRODUCTION

In the planned design of Linac4 [1, 2, 3, 4], aH−

beam is accelerated to energyE = 3 MeV in a radiofre-
quency quadrupole (RFQ) which is excited at frequency
fe = 352.2 MHz. The beam emitted from the RFQ out-
put thus consists of a train of 500-ps-long micro-bunches
that each contain109 ions and are spaced by intervals of
f−1

e = 2.8 ns. A beam chopper [1, 5] positioned down-
stream of the RFQ is planned to remove 133 consecutive
micro-bunches out of every 352 in the beam. It is here
crucial to remove all the ions in the bunches, as the ions
would otherwise miss the longitudinal acceptance of the
PSB, strike its inner walls, and radioactivate the accelera-
tor. In this paper, we describe a monitor [6] which charac-
terizes and validates the time evolution of the spatial profile
of this chopped beam. More technical details can be found
in Ref. [6].
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MONITOR PRINCIPLE AND
CONSTRUCTION

In this monitor, theH− ions were first allowed to strike a
carbon foil of thicknesstd = 50 µg · cm−2 (Fig. 1) which
was placed at a 45-degree angle with respect to theH−

beam. The secondary electrons emitted from the foil were
moved out of the path of theH− beam and collected on a
phosphor screen. The image of the scintillation light prop-
agated along a fiber optic conduit, and was photographed
by a charge-coupled device (CCD) camera. CCD’s and
phosphor screens are normally used as integration devices
because of their slow (ms-scale) response times. In this
monitor, however, a resolution∆t ∼ 1 ns was attained by
applying high voltage (HV) pulses of sub-nanosecond rise
or fall times on a grid electrode and the phosphor screen,
which controlled the flow of secondary electrons from the
foil to the phosphor [7]. The monitor could be gated off
during the strongH− micro-bunches, and turned on within
∼ 500 ps to verify whether there were any residual par-
ticles in the chopped bunches. The CCD normally had a
dynamic range of∼ 104 against single micro-bunches of
the beam. As we shall described below, this could be fur-
ther increased by many orders of magnitude by exposing
the CCD over several micro-bunches.

Initial acceleration of the electrons was provided by a
grid [8] which was positioned parallel to the carbon foil
at a distancel ∼ 7 mm from it, and in the path of the
H− beam. The grid consisted of 25 graphite filaments of
diameterd = 5 µm (manufactured by Toray Industries
K.K.). Calculations showed that the filaments would heat
up (T > 2000 ◦C) and break, if the full RFQ beam intensity
of I = 70 mA were focused into a 1-mm-diameter spot on
their surface. The filaments would easily survive atd ∼ 10
mm and reduced values of the duration∆tm ∼ 100 ns and
repetition ratefr ≤ 1 Hz of the RFQ macro-pulses. We
plan to validate the chopped beam at this reduced intensity,
once the RFQ is constructed.

Next the electrons traversed a series of grids, including
one with a specific structure which allowed 1-kV pulses
of sub-nanosecond fall time to be applied to it. The grid
surface of 50 mm× 50 mm was segmented into four 12.5
mm× 50 mm strips, parallel to the wires. The segments
were connected to four gold striplines printed by thick-film
methods on the ceramic frame. The widths and thicknesses
of the segments were carefully adjusted to attain a charac-
teristic impedanceZ0 = 50 Ω. The grid potential could
thus be driven with an avalanche diode switch (Kentech In-
struments HMP1/s/v), which simultaneously generated HV
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Figure 1: Schematic layout of the beam profile monitor. IncidentH− ions of energyE = 3 MeV struck a carbon
target foil. Secondary electrons emitted from the foil were accelerated by grids A–E, and struck a phosphor screen. The
fluorescence image was transported by fiber optic conduits F and G to a CCD.

pulses of amplitudeV = −500 V and fall timetr ∼ 200
ps on the four lines without impedance mismatch.

The phosphor screen was manufactured by first deposit-
ing a layer of indium tin oxide on the surface of a 50 mm
× 50 mm fiber optic plate. The plate consisted of6-µm-
diameter optical fibers which were bundled together. A
layer of 1-µm-diameter grains of gadolinium oxysulphide
doped with terbium (Gd2O2S : Tb, P43), followed by a
40-nm-thick aluminium layer was deposited on the plate.
The aluminium layer served three purposes, i): only elec-
trons accelerated to energyE > 3 keV could penetrate the
layer and produce scintillation light, whereas lower-energy
electrons were stopped by it. The detector could thus be
quickly turned on or off by adjusting the incident energy
of the secondary electrons, ii): it prevented stray light, or
the glow from the carbon foil heated by theH− beam, from
entering the fiber optic bundle and producing spurious im-
ages, iii): it increased the collection efficiency of the fluo-
rescence light from the screen.

The screen was mounted on a ceramic frame, and four
gold striplines of impedanceZ0 = 50 Ω were printed on
the ceramic and connected to the aluminium surface of the
screen. This allowed a voltage pulse of amplitude 6–7
kV and rise-timetr ∼ 500 ps to be applied on the phos-
phor screen, by driving the four lines simultaneously us-
ing another switch (Kentech Instruments PBG3/s/v). The
pulses propagated along four parallel coaxial cables of

lengthl = 2 m, and arrived simultaneously at the phosphor
screen. As the screen presented an open circuit at the end
of the coaxial lines, it reflected the voltage pulses, which
then returned to the switch. At the position of the phosphor
screen, the leading edge of the reflected pulse overlapped
with the counterpropagating trailing edge [9], and this col-
lision caused the potential on the phosphor screen to double
its amplitude, toV ∼ 6 kV needed for the gating.

MEASUREMENTS WITH UV LASER
BEAM

We generated UV laser pulses of energyE ∼ 5 mJ,
wavelengthλ = 266 nm, and pulse length∆t ∼ 700 ps to
simulate the time structure of the micro-bunches expected
in Linac4. This was accomplished by using a stimulated
Brillouin scattering (SBS) cell [6, 10, 11] to temporally
compress the output of a Q-switch Nd:YAG laser. We re-
placed the carbon target foil with a gold photocathode foil,
and irradiated it with the UV laser beam of energyE = 10–
200 µJ to generateNγ = 2 × 107 − 4 × 108 photoelec-
trons per incident laser pulse. This simulated the monitor
response against the secondary electrons produced by the
Linac4 beam.

In Fig. 2 (a)–(f), the spatial profiles corresponding to the
time profiles betweent = −2 ns and 3 ns are shown. These
are analogous to stop-motion photographs of the beam with
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Figure 2: Sequence of CCD exposures taken of the UV laser pulses which simulate the expected intensities of the Linac4
beam . Profiles (a)–(f) were measured at a photoelectron intensityNe = 4 × 108, whereas (g)–(l) were measured at
Ne = 2× 107.

a 1-ns-scale resolution. Although the laser beam on the
photocathode was adjusted to vertical and horizontal diam-
etersdv ∼ 8 mm anddh ∼ 3 mm, the CCD images were
much larger (d ∼ 15 mm). This blow-up is due to space-
charge effects in the photoelectron beam during transport
from the photocathode to the phosphor screen. Several ver-
tical and horizontal bands are seen in Fig. 2 (c)–(d), which
were presumably caused by the deflection of the photoelec-
tron trajectories near the grid filaments during the above
blow-up. The photoelectrons were multiplied when they
struck the acceleration grids, and this could also contribute
to this band structure.

To avoid these space-charge effects, we used a lower in-
tensity in the UV laser. This corresponds to a much lower
numberNe = 2 × 107 of photoelectrons emitted from the
photocathode per laser pulse. The spatial profiles measured
at these conditions are shown in Fig. 2 (g)–(k). The band
structure and blow-up have now been reduced. The rela-
tive amplitude of the spurious afterpulses are much smaller
(typically∼ 0.5% of the main pulse).

MEASUREMENTS WITH PROTON BEAM

We carried out an experiment using the Tandem facil-
ity of the Institut de Physique Nucléaire, Orsay, to study
the response of the monitor against a 3-MeV proton beam.
This facility provided 5-ns-long micro-bunches containing
Np = 5× 104 protons, which arrived with a repetition rate
f = 10 MHz. The spatial resolution for cases wherein the
secondary electrons were accelerated between the foil and
phosphor with an energyE = 8 keV was∆x < 2 mm.

Space-charge effects at the low beam intensities induced
negligible blow-up in the CCD image, which is in good
agreement with the results of particle-tracking simulations.

We studied the dynamic range and sensitivity of the
monitor, by measuring its response against a 10-mm-
diameter proton beam of various intensities, betweenNp =
10 and6× 104 protons per micro-bunch. Fig. 4 shows the
integrated signal on the CCD, as a function of the number
of protons arriving at the foil as calibrated using a Fara-
day cup. A linear response was observed over the four or-
ders of magnitude in beam intensity that was accessible by
the tandem, within the systematic error of the Faraday cup
readings. Clear signals were observed at the lowest proton
intensitiesNp ∼ 10.

In conclusion, this monitor is now adequate to validate
the chopped beam of the Linac4 RFQ at the intensities and
time structures expected for PSB injection. The device
must however be further improved if it is to be used in fu-
ture facilities with even higher beam intensities. The largest
problem when using this monitor was the space-charge ef-
fect [12] at high currents of the secondary electrons, and
the high amplitudes of spurious prepulses and afterpulses
that this induces. One possibility for reducing these spuri-
ous pulses may be to add more switching electrodes to the
monitor. We had previously studied the afterpulses that oc-
cur in gated photomultipliers [7]. By switching the poten-
tials of the photocathode and four dynodes simultaneously,
we suppressed the intensity of the afterpulses to5 × 10−4

relative to the main pulse. However, since residual gases in
the accelerator vacuum may be ionized by the signal elec-
trons, it may be difficult to completely suppress the spu-
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Figure 3: Time profile of the UV laser pulse measured by the monitor, at an intensity corresponding toNe = 4 × 108

(a) andNe = 2 × 107 (b) photoelectrons. Note that the signal intensity of (a) is greater than that of (b) by an order of
magnitude, whereas we here plot the normalized intensities.

rious pulses below a relative intensity of10−4 using elec-
trodes alone. An alternative way of eliminating these ef-
fects may be to use the laser described here to photoionize
theH− beam, instead of intercepting the beam with a target
foil or filament. This would result in a smaller number of
signal electrons reaching the phosphor screen.
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Figure 4: Intensity of the CCD signals, as a function of the
number of 3-MeV protons in each 5-ns-long micro-bunch
arriving at the carbon foil. The measurements were made
by integrating the signals from103 micro-bunches on the
CCD.


