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A silicon detector monitor has been developed and tested in the framework of the beam diagnostics

development program for the HIE-ISOLDE superconducting upgrade of the REX-ISOLDE heavy-ion linac

at CERN. The monitor is intended for beam energy and timing measurements aimed at the phase tuning

of the superconducting cavities. Tests were performed with a stable ion beam, composed of carbon,

oxygen and neon ions accelerated to energies from 300 keV/u to 2.82 MeV/u. The energy measurements

performed allowed for beam spectroscopy and ion identification with a resolution of 1.4%–0.5% rms in

the measured energy range. The achieved resolution is suited for a fast phase tuning of the cavities,

which was demonstrated with the third REX 7-gap resonator. The time structure of the beam,

characterised by a bunch period of 9.87 ns, was measured with a resolution better than 200 ps rms.

This paper describes the results from all these tests and provides details of the detector set-up.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

In the framework of the High Intensity and Energy (HIE)-
ISOLDE project [1] for the superconducting (SC) upgrade of the
REX-ISOLDE [2,3] linac at CERN, an R&D program has been
launched to investigate all technologies involved, including beam
diagnostics developments. Fig. 1 shows the layout of the REX linac
and of the HIE upgrade. A staged construction of a superconduct-
ing linac based on sputtered quarter-wave cavities is foreseen
downstream of the present normal conducting linac. As shown in
Fig. 1, REX linac consists of a Radio Frequency Quadrupole (RFQ),
which accelerates the ions up to 300 keV/u, an Interdigital H-type
(IH) structure with a final energy between 1.1 and 1.2 MeV/u,
three 7-gap resonators which boost the energy to 2.2 MeV/u and
finally a 9-gap resonator used to boost and vary the energy
between 2 and 3 MeV/u. In the final layout of the HIE upgrade,
six cryomodules each one containing 5–6 superconducting
cavities are foreseen downstream of the Interdigital H-type (IH)
structure. The three 7-gap resonators and the 9-gap resonator will
be replaced by the low-energy superconducting modules [4].
ll rights reserved.
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A beam monitor based on a solid-state detector has been
developed to be placed downstream of the HIE linac cryomodules.
The monitor is intended for beam energy and timing measure-
ments aimed at the phase tuning of the superconducting cavities.
The phase of the Radio Frequency (RF) power fed to the accelerat-
ing cavities needs in fact to be accurately set to ensure the beam is
efficiently and stably accelerated. The standard procedure of tuning
the RF phase relies on relative measurements of the average beam
energy downstream of the cavity. The synchronous phase is set
relative to the phase at which the average beam energy is
maximised by tracking its sinusoidal modulation as a function of
phase. At REX the average beam energy is measured using the
dispersion developed in the switchyard dipole magnet at the end of
the linac (Fig. 1). The dipole magnetic field needed to keep the
beam centred in a Faraday cup on a beam line after the magnet is
recorded as a function of the RF phase. To the first order, the
change in dipole field is proportional to the change in beam
velocity. Such a procedure is robust and reliable but is time
consuming and difficult to automate. The number of cavities used
to post-accelerate ions at ISOLDE will increase from 5 to 34 with
the HIE upgrade, motivating the development of a quick, and
eventually automated, solution for tuning the phases of the super-
conducting cavities. In this framework a silicon monitor prototype
has been tested in a diagnostic box of the REX linac. The purpose of
this test was to investigate monitor performance for cavity phase
scanning and longitudinal beam profile measurements. The choice
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Fig. 1. Layout of the current REX linac (upper) and of the HIE upgrade (lower).

Fig. 2. Photograph of the tested 300 mm 50 mm2 PIPS detector.
Fig. 3. Photograph of the test set-up inside a diagnostic box at REX. The Faraday

cup is located on the first actuator (on the left). The PIPS detector is located on the

second actuator (on the right) and placed on the beam line.
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of a solid state detector was dictated by the high sensitivity
required by the low intensity beams at REX, which excludes the
use of any kind of pick-up or other non-intercepting device.
2. Silicon detector monitor structure

The prototype monitor consisted of a partially depleted Passi-
vated Implanted Planar Silicon (PIPS) detector manufactured by
Canberra, suitable for charged particle spectroscopy. Two detec-
tors of different sizes have been tested, the first characterised by
300 mm thickness and 50 mm2 active area, shown in Fig. 2, and
the second characterised by 500 mm thickness and 25 mm2 active
area. The nominal detector capacitances are 29 pF and 11 pF
respectively, while the nominal leakage currents are 4 nA and
10 nA (at 20 1C). The recommended bias voltages are 60 V and
100 V respectively.

The detector is supposed to stop the beam particles so
measuring their total energy. SRIM simulations [5] show that all
ion species from helium to uranium with energies up to 3 MeV/u,
which is the maximum energy currently provided at REX, are
stopped in silicon within a 100 mm thickness. At the energy of
10 MeV/u, which is the maximum energy foreseen in the HIE–REX
superconducting upgrade for beams with A=q¼ 4:5, a 500 mm
silicon thickness is sufficient to stop all ions species from
beryllium to uranium.

The detector was installed in the diagnostic box DB5 at REX
(Fig. 1), at the end of the linac, downstream of the 9-gap resonator
and upstream of the switchyard dipole magnet [2,3]. The custom-
made mechanical support holding the detector and the modified
internal structure of the diagnostic box are shown in Fig. 3. The
silicon support temporarily replaced the aluminium foil normally
used for the generation of secondary electrons detected by a
Multi-Channel Plate (MCP) for beam profile monitoring [6]. The
actuators that are normally used to move the aluminium foil to
the in and out positions, i.e. intercepting the beam or not, were
then exploited for the proper handling of the silicon detector. The
Faraday cup was located on the actuator in front of the silicon
detector, which could be used to monitor the beam current during
set-up and, if necessary, to stop the beam to protect the silicon.
The detector was connected to one of the diagnostic box feed-
throughs by means of a radial microdot connector and a 20 cm
vacuum-compatible kapton-insulated coaxial cable. The detector
housing was grounded by electrical connection to the mechanical
support and therefore to the diagnostic box itself.

The monitor read-out electronics and data acquisition set-up
are shown in Fig. 4. A FET-input low-noise charge-sensitive
preamplifier (Canberra mod. 2003BT) was connected to the
feed-through outside the diagnostic box. It provided at the same
time an energy output signal, proportional to the charge released
inside the silicon detector, and a timing output signal, derived
from the main energy signal through an internal pulse shaping
network. The characteristic energy output response is a positive
exponential pulse with fast rise time and an exponential decay
time constant of about 250 ms. The energy-to-voltage conversion
factor (preamplifier sensitivity) is 20 mV/MeV with an input
energy dynamic range of 500 MeV. The timing output is a
negative rectangular pulse with a very fast trailing edge
(o3 ns) and a width proportional to the rise time of the
corresponding energy output. The timing signal is actually a sort
of time derivative of the energy signal. As a result, although the
rise time of the energy signal is getting larger at increasing
energies, the leading edge of the timing signal is stable and



Fig. 5. Schematic of REX beam pulsed structure.

Fig. 4. Silicon detector monitor structure and data acquisition set-up.
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allows for a good timing resolution that is found to be indepen-
dent of energy. A test-bench characterisation of the preamplifier
was performed, which confirmed the quoted specifications, with a
minimum noise level of 2 keV FWHM (Full Width at Half
Maximum) at 3 ms shaping time.

The preamplifier energy output signal was processed by a
standard spectroscopy chain, consisting of a semi-Gaussian shap-
ing amplifier (Ortec mod. 572 or Caen mod. N968) and a Multi-
Channel Analyser (MCA) for pulse-height analysis and acquisition
of the energy spectra. An ICS (Integrated Computer Spectro-
meter)-PCI card was used as Multi-Channel Analyser for the first
tests and later replaced by a VME peak-sensing ADC (Caen
V1785). The timing output signal was referenced to the RF
master-clock that controls the phase of the accelerating cavities.
The Caen Multi-Hit TDC (Time-to-Digital Converter) V1290N,
characterised by a resolution of 25 ps (LSB), was used to measure
the time interval between the particle signal and a reference
signal synchronised with the RF. As the maximum frequency of
the reference signal accepted by the TDC was 10 MHz, the
101.28 MHz RF master-clock had to be frequency-divided by a
factor of 14 to provide a 7.23 MHz reference signal synchronised
with the RF. A fast discriminator converted both the reference
signal and the particle signal into standard NIM signals, as
requested by the TDC input.
3. Beam time structure, composition and intensity

The REX beam has a pulsed time structure determined by the
charge breeding system placed upstream of the linac [2,3]. The
system consists of a Penning Trap (REXTRAP) and an Electron
Beam Ion Source (REXEBIS) operating in series, which prepare the
mass-to-charge (A=q) ion state for acceptance into the REX linac.
In REXTRAP the ISOLDE semi-continuous beam of singly charged
ions is accumulated, bunched, and phase-spaced cooled to make
the emittance suitable for the injection into REXEBIS, where the
ions are charge bred to A=q ratio between 2.5 and 4.5 through
electron bombardment by a high-energetic electron beam. The
beam macro-pulse observed after the REX linac is determined by
the superposition of the pulse extracted from the EBIS and the RF
pulse of the linac. The macro-pulse duration is typically in the
range 502500 ms, while the repetition rate can range up to
100 Hz. The REX accelerating cavities are then excited by RF
power at 101.28 MHz, which gives further temporal structure to
the beam and divides the macro-pulse from the charge breeding
system into micro-bunches separated by 9.87 ns. The pulsed REX
beam time structure is shown in Fig. 5, in the condition of
maximum repetition rate (100 Hz) and maximum macro-pulse
duration ð500 msÞ.

The test beam consisted of a buffer-gas beam diffusion from
REXTRAP, which is a typical pilot beam used to tune the linac. For
most of the test measurements presented, a beam with A=q¼ 4
was used, which was composed mainly of a mix of 12C3þ , 16O4þ

and 20Ne5þ . In some instances it was useful to use a pure beam of
12C4þ with A=q¼ 3.

The beam intensity had to be strongly attenuated in order to
reduce the particle count rate on the silicon detector. The monitor
is in fact intended for single-particle detection in order to perform
a pulse-height energy spectroscopy of the beam particles. The
pulse peaks are detected and sampled by the internal ADC of the
multi-channel analyser. Therefore, signal pile-up effects and
fluctuations of the baseline, due to the intrinsic error of the
shaper baseline recovery system, easily introduce a fluctuation in
the detected peak value and spoil the energy resolution. Count
rates below a few kHz are typically required in spectroscopic
measurements to reduce these effects and preserve a satisfactory
energy resolution. The pulsed structure of REX beam must be
taken into account in order to correctly evaluate the required
beam attenuation. The average count rate RS of particles detected
by the silicon detector can be expressed in terms of the average
count rate RP inside a REX macro-pulse by the relation,

RS ¼ RPTPf REP ð1Þ

where TP is the macro-pulse duration and fREP is the linac
repetition rate. Actually the product TPf REP corresponds to the
duty cycle of the linac. In order to perform single-particle
detection, the average count rate RP inside the macro-pulse must
be kept below 10 kHz. During most of the measurements docu-
mented in this paper the macro-pulse duration was 450 ms and
the repetition rate was 33 Hz. According to Eq. (1), this means
that the average count rate RS measured had to be kept below
150 Hz. In fact it was found that in order to avoid pile-up effects
and obtain a high energy resolution RS needed to be in the range
20–40 Hz. This corresponds to a macro-pulse count rate RP in the
range 1.3–2.7 kHz, which actually means an average count of
0.6–1.2 particles in the 450 ms macro-pulse. However, as it will
be discussed in next sections, reliable measurements can be
performed with RS count rate up to 150 Hz, at the expense of
energy resolution.



400

600

800

1000

C
ou

nt
s

RFQ beam @ 300 keV/u
A/Q = 4

12C3+

20Ne5+

F. Zocca et al. / Nuclear Instruments and Methods in Physics Research A 672 (2012) 21–2824
Another motivation for reducing the beam intensity is to limit
the radiation damage from integrated beam exposure in order to
maximise the lifetime of the silicon detector. A common strategy
used to reduce the beam intensity is to scatter the beam off a
tilted gold foil into the detector located away from the beam axis
[7–9]. Such systems are typically used where the average beam
current is high (usually when the beam duty cycle is high) and the
integrated radiation dose gives serious cause for concern for the
longevity of the silicon detector. However, such systems suffer
from poor energy resolution due to the scattering process [8].
Often attenuators and collimators still have to be used in addition
to the gold foil to satisfactorily reduce the beam intensity [10]. For
the tests of the prototype monitor presented in this paper, it was
decided to directly intercept the beam with the silicon detector to
simplify the system and to enable better measurements of the
system energy resolution. Radiation damage issues are not such a
pressing concern at REX because of the low average beam
currents arising from the duty cycle of the charge breeding
injection system.

Different methods of attenuation were tested to reduce the
particle count rate detected on the silicon monitor. In the tested
set-up, a beam intensity attenuation factor of about 106 was
needed in order to reduce the beam intensity from the typical
stable pilot beam intensity of about 100 pA down to an average
count rate of about 100 ions per second. At first, some perforated
copper foils, previously used as attenuators for diamond detector
tests at REX [11], were placed on the collimator wheel in front of
the silicon detector. The attenuators were observed to strongly
scatter ions directly into the detector so that the resolution of the
measurement was seriously compromised. The beam–foil inter-
action induced a background spectrum that appeared continuous
and masked the characteristic beam spectrum. In this situation no
further measurements could be taken. A strong level of attenua-
tion was then obtained by manipulating the ion source para-
meters. The typical pulse extracted from the EBIS has a short time
structure ð50 msÞ followed by a tail that decays exponentially, as
presented in Fig. 5 of [12]. The potentials of all the trapping
electrodes were flattened to a constant value during the EBIS
cycle of injection, breeding, extraction and cleaning to remove the
time structure of the extracted pulse resulting in strongly reduced
beam intensity. In addition, collimators all along the linac were
used to reach the required attenuation factor. The third and best
attenuation method was achieved by placing perforated copper
foils upstream and downstream of the Radio Frequency Quadru-
pole (RFQ). Particles that are strongly scattered by the attenuators
are cleaned by the rf of the linac and are therefore not present in
the spectrum measured at the detector. The purpose built copper
foils were characterised by 15 mm thickness and holes diameters
of 50 mm and 35 mm. Different transmission factors, in the range
5%–0.1% per foil, were obtained by varying the hole spacing in the
range 0.2–5 mm. Thanks to the good quality of the holes and to
the upstream position of the foils in the linac, the required
attenuation factor was achieved while preserving good quality
in the acquired energy and time spectra, as will be shown in the
next sections. Moreover, the attenuation factor was easily repro-
ducible and decoupled from the operational parameters of the
machine.
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Fig. 6. Typical pilot beam energy spectrum acquired at 300 keV/u.
4. Monitor energy resolution and beam energy profile

In order to evaluate the noise performance of the system, a test
pulse from an Ortec 419 precision pulse generator was injected at
the preamplifier input node through the test capacitance input.
The Full Width at Half Maximum (FWHM) of the pulser line is
determined by the total electronic noise of the system, to which
the detector capacitance gives a substantial contribution. Electro-
nic noise of 11 keV and 6 keV FWHM, at a shaping time of 0:5 ms,
was measured for the 300 mm 50 mm2 detector (Cdet ¼ 29 pF)
and 500 mm 25 mm2 detector (Cdet ¼ 11 pF) respectively. The
alpha resolution of the 300 mm 50 mm2 detector was tested by
temporarily placing an alpha source inside the diagnostic box. The
resolution obtained with 241Am 5.486 MeV alpha particles was
21.2 keV (0.38%) FHWM at a particle count rate of 0.5 Hz.

The main contributions to the energy spread in charged
particle spectroscopy are well known in the literature [13,14]
and consist of: (i) the electronic noise of the system, (ii) the
statistics of the created charge carriers, (iii) variations in the
energy loss in the detector entrance window/dead layer,
(iv) fluctuations in the energy loss due to nuclear interactions where
a small portion of energy is transferred to recoil nuclei rather than to
electrons, (v) and effects of incomplete charge collection (defects,
trapping, recombination, and low field effect). In addition, pile-up
and incorrect baseline restoration effects substantially contribute to
the energy spread at high particle count rates. In the measured alpha
resolution the pile-up contribution was negligible, thanks to the
very low count rate of 0.5 Hz. It was instead found to be a dominant
contribution in beam measurements, at much higher count rates, as
discussed below.

Beam energy spectra were finally acquired for the different
energies provided by the REX linac, from 300 keV/u up to
2.82 MeV/u. A typical energy spectrum acquired at 300 keV/u,
which is the output energy of the Radio Frequency Quadrupole
(RFQ), is shown in Fig. 6, where helium, carbon, oxygen and neon
peaks (at A=q¼ 4) could be well identified. The monitor energy
resolution was investigated by measuring the energy spread
obtained on the 6 MeV 20Ne5þ line and subtracting in quadrature
the expected intrinsic beam energy spread. The resolution was
probed at different intrinsic beam energy spreads by operating
the Rebuncher cavity (ReB), located 1.0 m after the exit of the RFQ
(Fig. 1), over a range of different power levels. In Fig. 7 the energy
spread measured with the 300 mm 50 mm2 silicon detector at a
macro-pulse rate (RP) of 7 kHz is plotted as a function of the
effective voltage of the Rebuncher cavity (ReB), which controls
the longitudinal electric field used to bunch the beam. The
monitor data are compared to the intrinsic beam energy spread,
as calculated by computer simulations assuming nominal beam
parameters at the output of the RFQ, and as measured through the
spectrometer at the end of the linac [15]. Good agreement is
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obtained with the intrinsic beam spread if a resolution of 1.4%
rms is subtracted in quadrature from the measured silicon
detector data.

The resolution was also probed at different intrinsic beam
energy spreads by varying the voltage of the RFQ electrode with
respect to the nominal value [2,3]. In Fig. 8 the energy spread
measured with the 500 mm 25 mm2 silicon detector at a macro-
pulse rate (RP) of 2 kHz is plotted as a function of the variation of
the RFQ electrode voltage from the nominal value of 36.6 kV. The
monitor data are compared to the intrinsic beam energy spread,
as calculated by computer simulations and as measured through
the spectrometer at the end of the linac. Good agreement is
obtained if a resolution of 1.1% rms is subtracted in quadrature
from the measured silicon detector data, corresponding to an
absolute energy spread of 66 keV rms (or 156 keV FWHM) for the
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6 MeV neon line. The improvement in the measured energy
resolution can be partially attributed to the better performance
of the 500 mm 25 mm2 detector, from the lower electronic noise
and the thinner entrance window with respect to the 300 mm
50 mm2 detector. The improved resolution is also due to the
lower particle count rate that could be achieved in the second
measurement.

At increasing beam energy, the absolute energy spread wor-
sened, as expected, mainly due to contribution (ii) mentioned
before, which is directly proportional to the square root of energy.
The relative energy resolution was found to improve, while still
depending strongly on the average particle count rate on silicon.
At the highest energy of 2.82 MeV/u (at the output of the 9-gap
resonator), and at a macro-pulse count rate (RP) of 3 kHz, the
monitor energy resolution achieved with the 500 mm 25 mm2

detector was estimated at 0.5% rms.
As already discussed in the previous section, the purpose built

attenuator foils used to reduce the beam intensity do not
contribute significantly to the energy spread, thanks to the good
quality of the holes and to the upstream position in the linac. No
difference was noticed in fact between the spectra acquired using
the attenuator foils and the spectra acquired while manipulating
the EBIS source parameters to reduce the beam intensity. The use
of attenuators is, however, preferred, as already discussed,
because it allows decoupling the beam attenuation method from
the operational parameters of the machine.
5. Cavity phase-up with energy measurements

Although absolute measurements of the intrinsic energy
spread of the beam are challenging with the achieved system
resolution, the monitor performance fully meets the main
requirements for a fast and accurate cavity phase tuning proce-
dure. The principle was demonstrated with the third REX 7-gap
resonator at an energy of 1.92 MeV/u. During the measurement
the dominant ion species present in the beam was 16O4þ . As the
phase of the cavity was rotated, the peak channel number of the
oxygen energy signal measured by the MCA was recorded and
then plotted in terms of energy by means of a prior calibration, as
shown in Fig. 9. The error bars plotted in Fig. 9 represent the rms
width of each acquired spectrum line.
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As described in detail in Sections 3 and 4, the single-particle
energy measurement on which the phase-up scanning procedure
is based, relies on a strong attenuation (a factor 106) of the beam
intensity. Nevertheless, the accelerating cavities can be correctly
tuned at these reduced intensities, because space-charge effects
at REX are negligible.

The change in the average energy of a bunched beam passing
through an RF cavity can be expressed as

DW ¼ qVeff ðbÞ cos f ð2Þ

where q is the ion charge, Veff ðbÞ is the effective accelerating
voltage seen by the beam in crossing the cavity as a function of
the reduced velocity b and f is the phase. Owing to the large
number of accelerating gaps and the large change in velocity
during acceleration in the structure, Eq. (2) is somewhat of an
approximation compared to the behaviour observed. Nonetheless,
the second-order analytic expressions exist [16] that can be used
to fit the data points as shown in Fig. 10, and have the form

DW ¼ aðbÞ cos fþbðbÞ sin 2fþcðbÞ ð3Þ

where a, b and c are constants for a given velocity. The HIE–REX
superconducting cavities in nominal operation would not deviate
so far from the sinusoidal modulation as observed for the 7-gap
resonator, but the second-order fitting techniques will be used to
minimise the size of the data sample required to accurately tune
the cavities. In Fig. 10 the second-order fitting has been applied
on the left-hand side of the curve (longitudinally stable phases) in
three different conditions, using all the 20 acquired points, using
only 10 data points (one data point every two acquired) and
finally using only 5 data points (one data point every four
acquired). The agreement between the three fitting curves is very
good around the curve maximum. This allows determining the
cavity synchronous phase with the required accuracy of 72.51
even with a minimised number of points in the phase-up curve,
which helps speed up the procedure.

The time required for the phase scanning is then determined
by the precision needed in the acquisition of each data point in
the phasing curve. For each energy value to be acquired in the
curve, the energy distribution is characterised by a spread which
is the quadratic sum of the intrinsic energy spread of the beam
and the silicon monitor energy resolution. Both contributions are
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strongly dependent on the beam energy and on the phase of the
cavity itself. For a given spread of the energy distribution, the
precision required in the evaluated mean energy value deter-
mines the needed statistics, and hence, for a given count rate, the
acquisition time for each data point in the phasing curve. The
required precision is related to the energy change expected while
varying the phase for each cavity. Simulations were run to
evaluate the change in average energy DW as a function of the
phase f for each of the foreseen 32 superconducting cavities,
consisting of 12 low-energy cavities and 20 high-energy cavities.
The simulations were done with heavy beams ðA=q¼ 4:5Þ, which
give the smallest change in energy per cavity. In normal accel-
erating mode the maximum change in energy ranges from 715%
to 73.5%, with the smallest occurring in the last (20th) high-beta
cavity at 10 MeV/u, as shown in Fig. 11. In this cavity the
simulated beam energy spread is o0:5% rms. For the low-energy
cavities simulations were also run when operated in non-stan-
dard decelerating mode. The change in energy ranges from 718%
to 72.3%, the smallest one occurring in the last (12th) low-beta
cavity at 0.45 MeV/u. In this cavity the simulated beam energy
spread is large, about 1.5% rms, which will contribute significantly
to the spread of the acquired energy distributions. Even in the
worst condition of small change in energy and large intrinsic
beam spread, the monitor resolution is compatible with an
accurate phase-up procedure that can be completed within a
reasonable measurement time of a few minutes per cavity, while
considering an average particle count rate RS on silicon of about
100 Hz.
6. Monitor timing resolution and beam time profile

A VME multi-hit TDC (Caen V1290N), characterised by a
resolution of 25 ps (LSB), was used to measure the time interval
between the particle signal and a 7.23 MHz reference signal
synchronised with the RF master-clock of the cavities. Each of
the TDC input channels can be enabled for the detection of
multiple hit rising/falling edges, while the time origin of the
measurement is given by the latest reset of the internal counter.
In order to get the time distribution of the beam, two channels
were enabled for time measurement, one fed with the particle
timing signals and one with the reference signal. The hit time
stamps for both channels were acquired and the time interval
between the particle arrival and the reference signal calculated
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through custom-made software. An important functionality of the
module is the possibility to define a time acquisition window
with respect to a trigger signal, so that only the hits that match
this window are loaded in the output buffer. This feature was
particularly useful to optimise the data acquisition, because of the
pulsed structure of the REX beam and the low average count rate
(RS) of beam particles on the silicon detector (Eq. (2)). The particle
signal was in fact also used as a trigger signal, so that a relatively
short acquisition window (500 ns) was set around the particle hit
to detect at the same time the reference signal hits. A continuous
acquisition mode would instead have predominantly acquired the
7.23 MHz reference signal rather than the low rate (10–100 Hz)
particle signals.

The reference signal period was measured with a resolution of
42 ps rms, as shown in Fig. 12. This resolution also includes the
intrinsic 25 ps TDC resolution (LSB) and any jitter introduced by
the discriminator. The 300 mm 50 mm2 silicon detector is char-
acterised by a timing resolution as quoted by Canberra of 140 ps.
The timing resolution of the system could then be reasonably
evaluated as better than 200 ps rms. No significant difference in
the acquired beam time profile was noticed while using the
500 mm 25 mm2 silicon detector, whose time resolution is not
quoted. In the acquired time profiles, the intrinsic beam spread
was dominant with respect to the system timing resolution.

The beam time profile was acquired at 2.82 MeV/u, which is
the output energy of the 9-gap resonator. A time structure of 14
bunches was acquired, as shown in Fig. 13, with the expected
period of 9.87 ns corresponding to the RF frequency of
101.28 MHz. The acquired timing profile is shown in Fig. 14 in a
two-bunch window with increased statistics. The measured
bunch length was 2.5 ns FWHM, compatible with the time spread
expected at the output of the 9-gap resonator [17] and after a drift
of approximately 9 m to the silicon detector.
7. Cavity phase-up with Time-of-Flight measurements

An alternative phase-up scanning was tested for the third REX
7-gap resonator using a Time-of-Flight (ToF) procedure, as shown
in Fig. 15. The beam energy as a function of phase was measured
by recording the arrival time of a bunch relative to the reference
signal. The modulation of the energy as a function of phase was
enough to vary the arrival time of a bunch by up to 90 ns over the
10.6 m drift distance between cavity and monitor. At 101.28 MHz
the bunch spacing is only 9.87 ns, making it challenging to
differentiate between bunches arriving at the monitor. A mea-
surement was possible by slowly varying the phase such that the
bunch being tracked never moved more than 9.87 ns in arrival
time and could always be identified. Such a measurement was
time-consuming and made far easier with the prior knowledge
gained by phasing in the energy domain. Nonetheless, the ToF
principle was validated and remains a viable option for phasing
the cavities should a chopper be incorporated into the HIE
upgrade and the bunch spacing increased. The independent
measurements made in the time and energy domains were used
to validate each other. From the measurements of the change in
energy as a function of phase it was possible to calculate the
change in arrival time as a function of phase with knowledge of
the drift distance. In Fig. 15 the ToF measured data are compared
to the calculation using the energy domain measurements. The
agreement is good and only breaks down where the energy
resolution was poor.
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8. Conclusions

A prototype silicon detector monitor has been tested in the
frame of the beam diagnostics development program for the
HIE-ISOLDE superconducting upgrade of the REX-ISOLDE linac at
CERN. The monitor is intended for beam energy and timing
measurements aimed at the phase scanning of the superconduct-
ing cavities. Tests were performed with a stable ion beam
composed of carbon, oxygen and neon ions accelerated at ener-
gies from 300 keV/u to 2.82 MeV/u. Different attenuation meth-
ods were investigated and beam intensities as low as a few
particles per second could be reached. The achieved energy
resolution, of 1.4%–0.5% rms in the measured energy range, is
adequate for a fast and accurate cavity phase-up procedure,
which was demonstrated for the third REX 7-gap resonator. The
achieved timing resolution, of better than 200 ps rms, is well
suited for the beam time profile acquisition. It also allows for a
ToF phase-up procedure should a chopper be incorporated in the
HIE–REX upgrade and the bunch spacing increased.
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