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Abstract 

 
LINAC4 [1] is part of the CERN LHC injector chain 

upgrade and will accelerate H- ions from 45 keV to 160 
MeV. A movable diagnostics test bench will be used to 
adjust the machine parameters during different stages of 
installation. One of the main instruments on this movable 
bench is a transverse emittance meter. 

Given the beam properties at 3 MeV and 12 MeV, the 
slit-grid system already developed for the measurements 
of the transverse emittance of the 45 keV H- source will 
not be suitable, mainly due to the high thermal load on the 
steel slit already with a single LINAC4 pulse. For this 
reason a new slit has been designed based on analytical 
and numerical simulations for different materials and 
geometries. The energy deposition patterns for the 
different cases have been simulated using FLUKA [2] and 
will be presented in detail. In addition, the choice of wires 
for the SEM grid will be discussed, in terms of material, 
diameter and spacing required, to achieve the required 
measurement accuracy.  

INTRODUCTION
  
During three LINAC4 commissioning steps, the 

movable diagnostics test bench will be installed at the exit 
of the RFQ (3 MeV), the Medium Energy Beam Transfer 
line (MEBT, 3 MeV), and at the exit of the first DTL tank 
(12 MeV). The beam parameters for the 3 locations are 
shown in Table 1. 

Table 1 LINAC4 beam parameters, the transverse beam 
sizes have been extracted from [3]. 

Commissioning 
scenario 

Nominal beam 
parameters 

Pulse length 50-100μs 400 μs 
Repetition Rate 1 Hz 2 Hz 
Max. current 65 mA 65 mA 

RFQ MEBT DTL
Energy [MeV] 3 3 12 
Hor. size [mm] 9.13 3.6 1.21 
Vert. size[mm] 3.46 3.1 1.8 
 
 As mentioned an emittance meter has already been 

built and is presently used for the commissioning of the 
H- source with a beam energy of 45 keV. In this case the 
slit consists in a two stainless steel blades with a thickness 

of 0.2 mm at the edges and an aperture of 0.1 mm. At 
3 MeV and at 12 MeV this design is not suitable as the 
melting point of stainless steel would be reached. In 
addition, this slit would not be able to stop the H- ions at 
12 MeV. For these reasons a new slit has to be developed 
considering alternative materials and geometries. In 
particular carbon (graphite) has shown to be the best 
candidate material. 

THERMAL EFFECTS ON THE SLIT 
 
Thermal Load Analytical Calculations. 
 
The temperature increase for a single beam pulse can 

be calculated as [4]: 

Δ           (1) 

 
Where Npart is  the number of particles per pulse, Cp 

the specific heat capacity of the material, dE/dz the 
stopping power of the particles in the material, σx ,σy the 
standard deviation of the particle distribution in x and y 
(see Table1). With a good approximation the Cp of 
Stainless steel can be considered constant (Cp=0.46 
J/(g.K)), whereas a function of temperature Cp(T) should 
be used for carbon [5]. 

Table2 shows the maximum temperature increase at the 
depth where the stopping power is maximum (Bragg’s 
peak), calculated using Eq. 1 after inferring the dE/dz 
from SRIM [6]. In this case the slit has been modeled as a 
foil (made of stainless steel or carbon) perpendicular to 
the beam direction. At 3 MeV and 12 MeV, the energy of 
the two electrons of the H- ions is very low (less than 7 
keV), and therefore they have not been considered in this 
thermal analysis.   

 
Table 2 Maximum temperature on a foil perpendicular to 
the beam direction, for a commissioning scenario of 
65 mA and 100 μs H- pulse. 

  RFQ MEBT  DTL
Tmelting/

sublimation

Carbon 1359 K 2673 K 4669 K 3773 K 

Steel 2000 K 5134 K 13000 K 1790 K 
 
Table 2 shows that even though carbon behaves better 

than steel, due to its lower density and higher Cp, the 
maximum temperature can exceed the 
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melting/sublimation point of the material. Even when the 
maximum temperature is below such a limit, thermo 
mechanical simulations not discussed here indicate that 
the mechanical stresses reach values that are not 
acceptable [7]. 

The energy deposition density can be reduced by 
designing the slit with at angle with respect to the beam 
direction. Figure 1 shows the effects of the slit angle on 
the maximum temperature. 

 
Figure 1 Maximum temperature on a graphite slit as 
function of the angle for the MEBT case, when using a 
constant Cp=0.7 J/(g.K) (red) and a variable Cp(T) (blue) 
[5]. 

For the MEBT case with a 15 degrees slit angle the 
maximum temperature drops to about 1200 K. The figure 
also shows the difference in the maximum temperature 
when approximating the Cp with a constant value, with 
respect to a more accurate and realistic Cp(T) model. 
 
Energy Deposition Monte Carlo Simulations. 
 

The temperature increase has been also simulated with 
FLUKA [2], by modelling a single blade of Graphite, 
with different angles (90°, 45° and 15°). FLUKA provides 
energy deposition maps on scoring volume modelled with 
a Cartesian mesh. The bin size in x and y have been 
chosen large enough in order to reduce the statistical error 
and small enough to keep the density of particle almost 
constant inside the bin. Along the z-axis, the bin size must 
be shorter than the width of the Bragg  peak. This resulted 
in dx=dy=200 μm, dz=1μm for the 3 MeV case and 
dx=dy=100μm, dz=2.5μm for the 12 MeV case. 

In order to obtain enough statistics the simulation has 
been performed using 108 particles distributed according 
to the beam transverse sizes of Table 1. No initial 
divergence and energy spread have been considered. 
 

 
Figure 2 Energy deposition along the z axis for several 
slit angles at 3 MeV (MEBT). 

 Figure 2 shows an example of the energy deposition 
along the longitudinal axis for a graphite slit with 3 
different angles, the beam energy is 3 MeV. 

Table 3 Maximum temperature on the slit for the full 
intensity at the 3 positions calculated using the energy 
depositions from FLUKA. The 90 degrees case is 
compared to the results using dE/dz from SRIM. 

SRIM FLUKA

Angle [deg] 90 90 45 15

RFQ 1359 1342 1216 937 

MEBT 2673 2613 2065 1696 

DTL 4669 4594  3931 2790  
 

Starting from the energy deposition maps, the 
temperature increase for one pulse has been calculated 
using a temperature dependent Cp (T) [5] neglecting any 
heat exchange process like conduction during a pulse. The 
maximum temperatures in the case of 100 μs 65 mA pulse 
are shown in Table 3. 

Despite having a higher value for the Bragg peak (900 
MeV.cm-1 at 3 MeV, 400 MeV.cm-1 at 12 MeV), the 
maximum temperature is smaller at 3 MeV, due to the 
lower transverse particle density at the RFQ and the 
MEBT position. 

For the 90° case, the table shows both the results from 
the full analytical method based on Eq. 1 and SRIM and 
the ones arising from FLUKA energy deposition. The 
agreement is rather good and both methods confirm that a 
slit perpendicular to the beam direction would not survive 
a single beam pulse. 

Also in the case of a slit with an angle of 45°, the 
temperature increase is above the sublimation point of 
graphite for the 12 MeV case and this configuration can 
thus not be used either. 

In the case of 15°, the temperature increase is below the 
sublimation point of graphite, nevertheless, at 12 MeV, 
the thermal load will induce unacceptable mechanical 
stresses on the slit [7]. 

Since a slit with angles less than 15 ° would not fit in 
the available space on the diagnostic test bench, it was 
decided to move the whole bench by 1 meter downstream 
of the original position at the DTL exit. In this case both 
σx and σy increase by a factor 1.5. With this difference in 
the particles density, the FLUKA simulations show a 
maximum temperature of about 1530 K, which is 
acceptable. 
 

SIGNAL AND THERMAL EFFECT ON 
THE SEM GRID WIRES 

The signals from the wires have three components: 
• Secondary emission (SE) caused by the H - ions 

entering the wire 
• Secondary  emission  caused by protons and 

electrons exiting the wire 
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• Direct  charge  deposition  of  protons  and  electrons 
stopped inside the wire 
 The SE signal can be calculated using the theory of 
Sternglaas [8], in which the Secondary Emission Yield 
(SEY) is described as 
 SEY Λ E    

Λ 3.68. 10 /  (2) 1 .     (3) 
 

Where Na is the Avogadro constant, ρ is the density of 
the material, z is atomic number, M the molar mass and 
Ek, the kinetic energy in MeV of the incoming particles. 
With a good approximation the stopping power of the H- 
ions can be considered equal to the one of the protons. 
 

The percentage of protons leaving the wire and their 
energy has been simulated using FLUKA. The average 
kinetic energy is used to calculate the SEY of protons 
leaving the wire. The number of charges created (in unit 
of electron’s charge) per ion hitting the wire is given by: 
 

Q=Ye+ηYs+ (1-η)-2    (4) 
 

Where Ye is the SEY of H-, while Ys and η are the SEY 
and the percentage of the proton leaving the wire 
respectively. At 3 and 12 MeV, the two electrons of the 
H- ions have not enough energy to cross the wire. 
 
 
Two wire types have been considered: a 40 μm diameter 
tungsten wire and a 33 μm diameter carbon wire. 
 
 
Signals at 3 MeV. 
 

At 3 MeV the range of protons in tungsten is about 30 
μm, therefore 73 % of the protons are stopped inside the 
40 μm tungsten wire, the remaining fraction produces SE 
on leaving the wire. The average kinetic energy of these 
leaving protons is 1.52 MeV. The contribution to the 
signal is thus -0.18 electrical charge (e) per H-. 
  For carbon the range of protons is about 100 μm and all 
protons will cross the wire. The signal from a carbon wire 
is provided by direct charge deposition of electrons and 
SE of entering H- ions and exiting protons. In this case the 
signal is -1.259 e per H- ion hitting the wire, considerably 
higher than the one for tungsten. 
 
Signals at 12 MeV. 
 

At 12 MeV the range of protons in tungsten is larger 
than 200 μm and around 1mm in carbon. For a tungsten 
wire, the contribution of SE is equal to 0.646e/H-. The 
total signal for tungsten is thus -1.354 e per H- while for 
carbon the total signal is -1.8 e per H-. 

 
 

Wire heating. 
 

Table 4 shows the maximum temperature reached on 
the wire at the centre of the beamlet passing through the 
slit for both: carbon and tungsten wires and at the 3 
measurement positions. 

Table 4 Maximum emperature of the ires. 

  Carbon Tungsten 
position Tmax [K] Tmax [K] 

RFQ 309 343 
DTL 303 320 

MEBT 300 306 
 

The temperature is far below the sublimation/melting 
point of the materials and also well below the threshold 
for thermionic emission. 
 

CONCLUSION AND OUTLOOK 
It has been shown that a new carbon slit design with an 

angle of 15° with respect to the beam will work without 
damage for all locations where the LINAC4 movable 
bench will be used, ANSYS simulations are underway in 
order to study further the thermo-mechanical stresses and 
the cooling requirements for the slit. 

At 3 MeV the calculated signal on the SEM grid for 
tungsten wires is very close to the noise level while it is 
much higher in the case of carbon wires, for both 
materials there are no thermal concerns. A carbon SEM 
grid will be used at 3 MeV while at 12 MeV, both 
tungsten and carbon are suitable and the choice will be 
based on more practical aspects. 
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