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Abstract

A High Intensity Proton Source consisting in an 8 GeV
superconducting H-minus linac and transfer line to the
Main Injector has been proposed. The primary mission is
to increase the intensity of the Fermilab Main Injector for
the production of neutrino superbeams. Start-to-end sim-
ulations from the RFQ to the stripping foil using the sim-
ulation code��������	 (ANL) is presented in this paper. In
particular, we will study the impact of jitter errors on the
H-minus phase space at the stripping foil.

INTRODUCTION

The FNAL superconducting H-minus linac is made of
two major parts : an accelerating section and a transport
line. The beam dynamics simulation codes��������	 [1] and
 ��� [2] are the main tools used for the design of the accel-
erating section and the transport line respectively. We have
translated the


 ��� lattice of the transport line into��������	
format in order to perform start-to-end simulations of the
complete accelerator (� 1.6 km). In particular, we study
with this code the impact of jitter errors on the transverse
and longitudinal beam parameters.

ACCELERATOR LAYOUT

Accelerating section

A layout of the accelerating section is presented in Fig-
ure 1 :
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Figure 1: Layout of the accelerating section.

The main elements of the accelerating section (see Fig-
ure 1) are an?A@ Ion Source, a Low Energy Beam Trans-
port (LEBT) to match the beam into a Radio-Frequency
Quadrupole (RFQ), a Medium Energy Beam Transport
(MEBT) with 2 Room Temperature (RT) bunching cavi-
ties and a beam chopper followed by 16 RT Triple Spoke
B
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Resonators (RT-TSR), 18 superconducting Single Spoke
Resonators of Type 1 (SSR1) and 33 longer ones (SSR2),
42 superconducting Triple Spoke Resonators (TSR), 56
Squeezed ILC-type superconducting cavities (S-ILC) de-
signed forEGFIHKJML NPO followed by an ILC type section.
The ILC-type section is divided in its first part (ILC-1)
by 9 cryomodules containing each 7 ILC cavities and 2
quadrupoles. Two options are under study concerning the
second part (ILC-2) : the first option [3] [4] consists in 28
cryomodules with 1 quadrupole and 8 ILC cavities per cry-
omodule while the second option makes use of 8 ILC RF
units. We define in this paper [5] an ILC RF unit as contain-
ing 3 cryomodules each with 9 ILC cavities in the first and
third cryomodule and 8 ILC cavities with one quadrupole
in the second cryomodule. The focusing period is� 3 times
longer in this second option compared to the first one.

Transport line

The beam is transfered from the accelerating section to
the MI-10 location in the Fermilab Main Injector by a� 1
km transport line as presented in Figure 2:

Figure 2: Layout of the transport line.

The transport line is a regular FODO lattice (60Q phase
advance per cell) made of two opposite signs arcs of 36
dipoles each. The dipoles are� 6 meter long. As pre-
sented in Figure 2, 6 collimators are located in the match-
ing section upstream the first arc and 4 debunchers cavities
(necessary to reduce the momentum spread) downstream
the second arc. The debuncher cavities are 17 cell super-
structures operating at room temperature. Downstream the
debuncher, the beam enters a matching section to get the
desired beta functions at the stripping foil.

Parameters at the stripping foil

Figure 3 presents��������	 simulations of the horizontal
beta function along the accelerator for a 45 mA beam cur-
rent and the two options above-mentioned. Simulations
included 3D space charge (RTSUOVJXW macro-particles) in the
accelerating section and an ideal lattice (no alignment er-
rors or jitters). The longer focusing period in the second
option leads to a larger beta function for the 8 ILC units.
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Figure 3: Horizontal beta function for the two options of
the accelerator. Beam average current of 45 mA.

As shown in Table 1, both options present similar longitu-
dinal and vertical beam parameters at the stripping foil at
the exception of the transverse emittance. In fact, a trans-
verse emittance dilution (� 40%) occurs in the second op-
tion compared to the first one. This is due to the weak
focusing in the ILC units.

Table 1: Beam parameters at the stripping foil for both op-
tions of the accelerator. Beam average current of 45 mA.

Beam parameters Option 1 Option 2Y
[MeV] 8026 8006Z�[ [keV] 401 320Z�\ [mm] 2.33 2.34]^\ [keV-mm] 869 725Z�_ / Z�` [mm] 1.15 / 1.21 1.14 / 1.25]^_ / ]^` [mm-mrad] 0.46 / 0.50 0.62 / 0.70

STATISTICAL ERROR SIMULATIONS

This section presents the impact of RF errors and mag-
netic field errors on the beam dynamics for the lattice of
the accelerator including the 8 ILC units (Option 2 above-
mentioned). The simulations were performed with��������	
on the Jazz cluster at ANL [6]. Three set of RF errors are
considered : (0.5%, 0.5Q ), (1%, 1Q ) and (2%, 2Q ) with for
each set a magnetic field error (solenoids and quadrupoles)
of OaSbOcJd@fe . The RF error distributions are Gaussian trun-
cated at g 3 rms value and the magnetic field errors are
uniform with extreme valuesg max. As for the ”ideal”
case discussed in the previous section (no errors), a beam
current of 45 mA was considered and 3D space charge
were implemented into��������	 in the accelerating section.
The simulations were repeated 24 times starting every time
from a different seed for the random generator and with
RhSXOVJXW macro-particles. The debuncher cavities were set to

Figure 4: Transverse (left column) and longitudinal (right
column) distributions at the stripping foil for 3 set of RF
and magnetic field errors. First row : (0.5% 0.5Q 10@be ),
second row : (1% 1Q 10@be ) and third row : (2% 2Q 10@be ).

minimize the energy spread and no collimators were used
in the beamline. Figures 4 present the transverse and lon-
gitudinal beam distribution at the stripping foil with all the
seeds superposed and Table 2 the corresponding statistical
(mean and RMS deviation) beam parameters at the strip-
ping foil.

Table 2: Beam parameters at the stripping foil for three sets
of RF errors (magnetic field errors ofOiS�OcJ @fe ).

.
Beam param. 0.5% 0.5Q 1% 1Q 2% 2QY

[GeV] 8006g 0.5 8006g 0.8 8006g 1.6Z [ [keV] 342g 36 378g 78 955g 788Z \ [mm] 2.5g 0.2 2.9g 0.4 5.7g 4.1] \ [keV-mm] 827g 81 998g 182 5461g 8046Z�_ [mm] 1.1g 0.1 1.2g 0.2 1.3g 0.3Z�` [mm] 1.3g 0.1 1.4g 0.3 1.6g 0.5] _ [mm-mrad] 0.6g 0.1 0.6g 0.1 0.9g 0.3] ` [mm-mrad] 0.7g 0.1 0.7g 0.1 1.0g 0.3

We notice from Table 2 that RF and magnetic errors have
a significant impact on the longitudinal parameters of the
beam. It is interesting to notice that even with a set of er-
rors of (2% 2QjOcJP@be ) we think the bunch length will fit
within the MI RF bucket (53 MHz,� 18.9 ns). In fact we
want to inject into the centralg 6 ns of the bucket (12 ns
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Figure 5: From top left to bottom right : RMS horizontal size, RMS horizontal normalized emittance, RMS energy
spread, Beam losses, Transverse and Longitudinal distributions at the stripping foil. For a set of RF errors and magnetic
field errors of (1% 1Q 10@be ) and a collimated beam of 45 mA.

total) which is about 4 linac RF buckets (325 MHz,� 3 ns).
With (2% 2QkOcJd@fe ) the bunch length increases up to� 150
mm which is only � 0.5 ns and therefore should fit within
a MI RF bucket. Concerning the stripping foil, tempera-
ture considerations have set a spot size of about 1.2 to 1.5
mm RMS on the foil which is within the range of the set
(0.5% 0.5QlOVJd@be ) and (1% 1QmOcJd@fe ). The set (2% 2QnOVJd@be )
would require significant collimation. From these simula-
tions it looks like we would be comfortable with a set of
RF and magnetic field errors of (1% 1QoOVJd@fe ).

ERROR SIMULATIONS & COLLIMATION

Figure 5 shows��������	 simulations (24 seeds) for RF and
magnetic errors of (1% 1Q 10@be ) with 6 collimators imple-
mented between the accelerating section and the transport
line (see Figure 2). The first 2 horizontal and vertical col-
limators have an half-aperture of 6 mm and the last ones
of 5.5 mm. This configuration collimates� 10% of the
beam. Compared to the scenario (1% 1Q 10@fe ) presented
in previous section (no collimation), the horizontal normal-
ized RMS emittance decreases by� 20% (]^p =0.46g 0.04
mm-mrad) and the vertical by� 40% (]^q =0.42g 0.04 mm-
mrad), the horizontal RMS size of the beam at the stripping
foil by � 8% (Z p =1.05g 0.15) and the vertical by� 30%
( Z p =0.95g 0.15). Impact of the collimation is shown is
Figure 5 with a decrease of the RMS horizontal normalized
emittance and a square like shape transverse beam distribu-
tion at the stripping foil. As expected, we did not observe a
significant impact of the transverse collimation on the lon-
gitudinal beam parameters.

CONCLUSION

Start-to-End simulations of the Fermilab High Intensity
Proton Source have been presented in this paper. The simu-
lations were performed with the code��������	 for an average
beam current of 45 mA, withRrSUOVJXW macro-particles and
3D space charge effects in the accelerating section. Impact
of three sets of RF errors (0.5% 0.5Q ), (1% 1Q ) (2% 2Q ) was
investigated with magnetic field errors ofOcJP@be and a lattice
of the accelerator including 8 ILC RF units. From these
simulations it looks like we would be comfortable with a
set of RF and magnetic field errors of (1% 1QoOsS�OcJd@fe )
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