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Abstract 
The CERN Linac4 has been successfully commissioned 

to its nominal energy and will provide 160 MeV H ions 
for charge-exchange injection into the Proton Synchrotron 
Booster (PSB) from 2020. A complete set of beam diag-
nostic devices has been installed along the accelerating 
structures and the transfer line for safe and efficient opera-
tion. This includes two longitudinal Bunch Shape Monitors 
(BSM) developed by the Institute for Nuclear Research 
(INR, Moscow). Setting-up the RF cavities of Linac4 in-
volves beam loading observations, time-of-flight measure-
ments and reconstruction of the longitudinal emittance 
from phase profile measurements. In this paper the BSM is 
presented along with some results obtained during acceler-
ator commissioning, including a comparison with phase 
measurements performed using the Beam Position Monitor 
(BPM) system. 

INTRODUCTION 
The Linac4 [1] is an 80 m-long, normal-conducting, 

pulsed, linear accelerator, providing a 160 MeV H ion 
beam every 1.2 s. A block diagram of the machine is shown 
in Figure 1. It will replace the ageing 50 MeV proton 
Linac2 as the injector of the PSB in 2020. The motivation 
for this upgrade is twofold: firstly to overcome the present 
space charge limitation at PSB injection, doubling the in-
tensity within the same transverse emittance; secondly to 
minimise beam loss at PSB injection. The latter require-
ment is achieved with a charge exchange injection, an ad-
equate chopping scheme and longitudinal phase space 
painting for high intensity beams.  

 
Figure 1: Linac4 schematic layout. 

The beam instrumentation specifications [2, 3] along the 
accelerator and its transfer line must cover the challenging 
operational parameters summarized in Table 1. 

Table 1: Linac4 Parameters and Achievements To Date 

Parameters Design target Achieved 
Peak current in the linac 40 mA 24 mA 

Routine current in the linac 40 mA 20 mA 

Transv. Emittance at 160 MeV 0.4 .mm.mrad 0.3.mm.mrad 

Energy at PSB injection  160 MeV 160 MeV 

Pulse length / rep. rate 400 s / 1 Hz up to 600 s/1Hz

 

                                                           
† jocelyn.tan@cern.ch 

The achieved performance during the Linac4 commis-
sioning stages from 45 keV to 160 MeV are presented in 
[4, 5, 6, 7]. Here we present results of longitudinal beam 
profile measurements performed with the BSMs located in 
the transfer line, including a comparison with phase meas-
urements performed using the BPM system.  

BEAM PHASE PROFILE DIAGNOSTICS 

Bunch Shape Monitor 
The BSM principle of operation is explained with Figure 

2 and is described in detail elsewhere (see for example [8]). 
In brief, its operation is based on transforming the longitu-
dinal structure of the beam under study into a transverse 
distribution of low energy secondary electrons. 

 
Figure 2: BSM principle: 1-wire target, 2-input collimator, 
3- rf deflector combined with electrostatic lens, 4-corrector 
magnet, 5 and 7- collimators, 6-bending magnet, 8-electron 
multiplier. 

This is achieved by placing a wire target in the beam, 
which emits secondary electrons in proportion to the in-
stantaneous H intensity. These electrons are accelerated 
with a HV applied to the target and converted to a trans-
verse distribution using an RF deflection, from which a 
specific slice is selected for detection using a collimator. 
The RF deflector operates at the accelerator frequency 
fRF  of 352.2 MHz. For a fixed setting of the RF deflecting 
phase with respect to the accelerator reference, the inten-
sity of the secondary electrons passing the collimator and 
detected with the electron multiplier corresponds to the H 

intensity at a specific point of the longitudinal charge dis-
tribution of the beam under study. The whole distribution 
is obtained by scanning the phase of the RF deflecting field 
through a complete half period. The bending magnet is 
tuned to select only electrons with an energy corresponding 
to acceleration from the target potential, and is used to re-
move any influence from electrons detached from H ions 
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in the target. For each profile, the phase range of the meas-
urements is 180, with a resolution close to 1. The phase 
scan provides one longitudinal point per beam pulse. Nev-
ertheless, the BSM signal is sampled every µs thus provid-
ing the longitudinal distribution within the beam pulse. As 
the complete measurement is performed over many beam 
pulses, the reproducibility of beam parameters from pulse 
to pulse is assumed.  

Two monitors are currently installed in the transfer line 
at the end of Linac4, their distance with respect to the last 
PIMS ( Mode Structure) cavity being respectively 5.55 m 
and 35 m. When the Linac4 is connected to the PSB in 
2020, the final position of the 2nd monitor will be at 63.5 m. 

Beam Position Monitor 
The beam trajectory measurement system was designed 

to provide the absolute beam position, the relative beam 
intensity and the mean beam energy via time-of-flight 
(TOF) measurements between BPMs. It consists of a set of 
42 BPMs, with 15 units installed between the Linac4 RF 
modules and 27 units spread along the 177 m-long transfer 
lines to the PSB. Compactness, good linearity and sensitiv-
ity to the bunching frequency were the main criteria for se-
lecting shorted striplines pick-ups as the basic sensor [9].  

 

 
Figure 3: I/Q schematic with fLO = fRF  15/16. 

The “I/Q method” [10] as represented in Figure 3, is ap-
plied for signal processing. The analog signal from the 
BPM is filtered to obtain the first RF harmonic which then 
undergoes down-mixing with a Local Oscillator (LO). The 
resulting intermediate frequency (IF) is sampled at four 
times the IF so as to acquire data /2 apart. Averaging of I 
and Q samples over one IF period is performed for noise 
filtering. From standard trigonometric functions, one then 
obtains the magnitude M and the relative beam phase for 
each electrode, as a function of time with a granularity of 
1/fIF = 45 ns. The position is computed from the difference 
in magnitude between two facing electrodes and normali-
sation with their sum, while the beam intensity is propor-
tional to the magnitude sum of all electrodes.  

The strong variation of the BPM sensitivity with bunch 
velocity (due to the changing energy) along the linac is 
taken into account during the processing. Table 2 lists the 
specifications and the present performance. 

 

Table 2: BPM Specifications vs. Achieved Performance 

Parameters Specifications Achieved 
Position resolution [mm] 0.1 0.006 

Position accuracy [mm] 0.4 0.1 

Phase [] 0.5 0.1 

Intensity [mA] 0.5 0.1 

 

MEASUREMENTS 
In addition to the determination of longitudinal emit-

tance for optimum RF module settings [11], the BSM has 
been extensively used to assess qualitatively or quantita-
tively the longitudinal distribution over the working range 
of the cavity, as well as for different chopping frequencies. 
A first comparison with BPMs phase is included. 

Momentum Spread Measurement for Nominal 
Settings at 160 MeV 

Figure 4 shows the results of bunch shape measurements 
with the two BSMs obtained for nominal accelerator set-
tings. The longitudinal phase distribution of the pulse is ob-
tained by integrating all phase profiles over time. In order 
to minimize errors in the rms size estimate, a 2% cut off 
level is set as represented by the red lines in Figure 4.  

 

   
Figure 4: Evolution of the longitudinal bunch profile 
within the beam pulse observed with the first BSM (A) at 
the exit of the linac and the second BSM (B) in the transfer 
line. The phase unit is in degree at 352.2 MHz. 

The rms bunch lengths at the first and the second BSMs 
are σ1 = 26 ps and σ2 = 120 ps respectively. The measure-
ments were performed for a low beam current of 5.6 mA. 
In this case a momentum spread in the beam can be esti-
mated using simple considerations. Two particles with a 
momentum difference of p/p after drifting a distance L 
will be separated longitudinally by the phase interval in de-
gree: 

∆𝜑 ൌ
360𝐿
𝜆𝛽𝛾ଶ

∙ ∆𝑝 𝑝ൗ  

Here  and  are relativistic factors, and  is the RF 
wavelength. Substituting Δφ2 = 15.2° measured by the 2nd 

BSM, one can estimate the rms  ∆𝑝 𝑝ൗ ൌ 7.3 ൈ 10ିସ. 
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The simulations performed for a beam current of 
62.5 mA [12], show much faster growth of the rms bunch 
length from 18 ps at the BSM#1 to 140 ps at BSM#2  loca-
tion and give smaller momentum spread of 6.710-4 at 
BSM#2. The larger experimentally estimated momentum 
spread above is consistent with the wider initial bunch 
length found at the Linac4 exit. 

Variation of Chopping Pattern 
Figure 5 shows the evolution of the bunch shape within 

the beam pulse for three chopping patterns, for a 140 s-
long pulse with optimum cavity settings. The measurement 
conditions are summarised in Table 3. 

 

 
Figure 5: Bunch shape behaviour within the beam pulse for 
three chopping patterns. 

 

Table 3: Chopper Settings and Rms Bunch Lengths  

Parameters Fig. 5a) Fig. 5b) Fig. 5c) 
Av. Current [mA] 17 15 11 

Chopper ON [s] 0 1 0.325 

Chopper OFF [s] 100 8 0.625 

Duty cycle [%] 100 89 62.5 

 from BSM [ps] 26 28.4 27.6 

 
Fig 5a) shows the pulse structure acquired with the chop-

per off, while in Fig 5b) the chopped beam structure is 
clearly visible. The plot in Fig 5c) corresponds to a chop-
ping frequency of 1.05 MHz, very close to the nominal 
LHC chopping pattern at 0.99 MHz. The BMS specifica-
tion for a low noise acquisition imposes a relatively low 
amplifier bandwidth of a few hundred kHz after the elec-
tron multiplier which, when combined with the BMS sig-
nal sampling at 1 MHz means that one cannot detect the 
chopping frequency. Nevertheless, the effect of the chop-
ping pattern is small, as can be seen from Table 3 where 
the rms bunch length is only slightly increased when meas-
uring a chopped beam. 

Phase and Power Scan of PIMS11-12 Cavities 
During the commissioning steps of the linac and later for 

machine operation, the essential technique for emittance 
reconstruction is based on analytic calculations with trans-
fer matrices and beam profile measurements. This working 
principle is valid and applied for both transverse and lon-
gitudinal planes [11]. In the latter case, phase or amplitude 
of an RF cavity is varied to modify the beam phase spread 
which is measured by a BSM dowstream. With at least 
three measurements, a matrix inversion calculation gives 
the initial longitudinal Twiss parametres at the cavity input. 
Furthermore, a phase shift of a longitudinal profile can be 
interpreted by a change of transit time, or an energy gain 
E given by [13] 

∆𝐸 ൌ
∆𝑃
𝐼

 

with P as the difference in RF power, and I as the beam 
current at a dowstream current monitor. This simple and 
precise method is applied to determine the energy gain 
through a cavity by beam loading measurement. 

The PIMS structure consists of 12 modules powered in 
pairs. Phase measurements of the PIMS11-12 modules 
were performed for a beam current of 14 mA with a 200 µs 
beam pulse duration. A nominal accelerating voltage of 
4.1 MV was used. The dependence of the average bunch 
position (phase with respect to the main RF clock), as 
measured by the BSM, on the phase of the accelerating 
field in PIMS11-12 is shown in Figure 6. The phase spread 
of the measured function is 290.6  which in time domain 
corresponds to a swing of 2.29 ns in the beam transit time 
between the cavity and the BSM.  

 

 
Figure 6: Dependence of average bunch position on the 
phase of the field in PIMS11-12. The phase spread of the 
measured function is 290.6  (vertical axis). This is equiv-
alent to 2.29 ns of beam transit time swing. 

Bunch lengths have been measured for various ampli-
tudes of PIMS11-12 voltage with nominal settings of 
PIMS1-10. The initial accelerating voltage of PIMS11-12 
was the nominal 4.1 MV. The integrated longitudinal pro-
file over the entire beam pulse measured for several RF 
power levels are presented in Figure 7. Athough the results 
show a slightly higher profile at 3.1 MV, the rms bunch 
length here is 6% larger than the nominal one, rising up to 
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12% at 0.3 MV. As for the phase scan, the beam transit time 
swing induced by the power scan is 1.03 ns. 

Besides the longitudinal emittance reconstruction, the 
BSM profiles obtained by phase and power scans can be 
used to set both the amplitude and phase of the accelerating 
field by comparing with theoretical functions. For a better 
understanding of the accelerator it should be interesting to 
associate RF settings from the BSM with those from BPMs 
via TOF [14].  

 
Figure 7: Integrated longitudinal distributions for different 
accelerating voltages in PIMS11-12. The phase spread (on 
the horizontal axis) of the peak distribution is 128.5 . This 
is equivalent to 1.03 ns of beam transit time swing. 

 

Figure 8: Beam phases in the Linac4 transfer line. Top plot 
was acquired with the BMS#1. Bottom plot was taken with 
a nearby BPM. 
 

 
Figure 9: Beam phases in the Linac4 transfer line under 
different machine settings. Top plot was acquired with the 
BMS#2. Bottom plot was taken with a nearby BPM. 

Beam Phase Comparison with the BPMs 
Longitudinal bunch position measurements taken by the 

BSM were compared to those from a beam position moni-
tor pick-up located ~1 m away. Figure 8 shows the acqui-
sition of a 150 s-long pulse with BSM#1 and its neigh-
bouring BPM. Figure 9 shows similar plots taken by 
BSM#2 and a neighbouring BPM upstream under different 
machine settings, where the pulse was shortened to 130 s. 
For each case, one observes a good agreement for the time 
evolution of the beam phase.  

Since the phase information from the stripline pick-ups 
relies on the function tan-1 (see Figure 3), only the non-in-
teger part (modulo  ) of the total phase is known. Further-
more the argument Q/I does not contain information on the 
particle distribution of the H bunches. The phase distribu-
tion measured in a single shot by a pick-up is equivalent to 
the peak distribution of the longitudinal bunch length 
measured by the BSM, which requires a fine phase scan 
taking about 50 shots. The BSM is therefore used for phase 
spread measurements and longitudinal emittance recon-
struction, while the BPM phase curve can quickly spot 
shortcomings in, for example, the cavity beam loading 
feedback system. 

CONCLUSION 
The Bunch Shape Monitor has been extensively used for 

all the commissioning stages of the Linac4 from 3 MeV to 
160 MeV, and to explore and optimise the final settings of 
the machine. This instrument is complementary to the 
Beam Position Monitors that are able to give the average 
time structure of the beam phase in a single shot. Both 
monitors will be useful after the connection of the Linac4 
to the PSB, to validate the new transfer line optics at 
160 MeV, for setting up the longitudinal painting scheme 
for high intensity users, and for optimisation during routine 
operation. 
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