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ABSTRACT
Studies on replacement of the ageing LHC injector chain are carried out at CERN. This
comprises a proposal to replace the current Proton Synchrotron(PS )and its injector with a new
accelerator chain consisting of PS2 and the (Low Power) Superconducting Proton Linac (LP)SPL.
SPL will generate a 4GeV H− beam which will be injected by charge exchange injection into
PS2. Therefore, studies of longitudinal aspects of the PS2 injection are made aiming to find
simple injection schemes to gain an adequate density distribution in the PS2 buckets as well as
longitudinal emittance, injection time and chopping factor being within the considered limits and
a bunching factor as large as possible.

1 Introduction

The study is carried out within the present efforts
of designing a new preinjector chain for the LHC.
This new chain should consist of the mentioned
PS2, which will replace the present PS (Proton
Synchrotron), and the associated injector (LP)SPL,
which is the (Low Power)Superconducting Proton
Linac. The injection between SPL and PS2 will be
managed with a H− charge exchange scheme. The
aim of this study is to examine longitudinal aspects
of the injection process. The motivation behind the
studies is to find simple injection schemes aiming on
the one hand a large bunching factor ’to mitigate
transverse direct space charge effects’[4] and on the
other hand certain parameters like proton intensity,
longitudinal emittance and time of injection should
not exceed the considered values [5], [1], [2], [3]. A
first study is summarized in section 3. The parame-
ters and values used for the simulations are given in
section 2. Section 4 mentions the role of simulation
programs.

This second study is a continuation of the first
one. It is about two methods which have been con-
sidered due to the results of the first study. The first
idea of chopping assumes a fixed chopping window
[4]. This will be replaced by a moving one. The op-
erating mode of this triangle function moved win-
dow, the caused injection scheme and the results
behind are explained in section 5.1.

In section 5.2 another additional injection
scheme is described. The first study deals with
either a negative or a positive Energy Offset for
bunches. Whereas this scheme represents a com-
bination of both filling strategies. It uses positive
and negative bunch to bunch Energy Offset.

2 SPL and PS2 Parameters
and Calculation

Table 1 gives an overview of parameters which are
used for the calculations and simulations. The ab-
brevations are described subsequently. Some of the
parameters are taken from [5], [4], [1] and [2].

• NpSPL Number of Protons per SPL Bunch

• baim Number of SPL-bunches injected in one
PS2-bucket

• Naim Number of Proton Intensity (per PS2
bucket)

• NbInjTurn maximum Number of SPL bunches
per Turn which can be injected in a PS2 bucket.



LPSPL Value PS2 Value
Length 459 m CPS2

15
77 ∗ CSPS

Ipk 32 mA Einj 4 GeV
Iav Imax*Fch γinj 5.26
max Fch 0.62 Vrf 1.5 MV
frf−SPL 704.4 MHz frf−PS2 39.35 MHz
fSPL 352.2 MHz frev 218.6 MHz
τSPL 2.84 ns τrev 4.57µs
max τinj 1.2 ms γTR 20i
NpSPL 5.67 ∗ 108 fSynchr 4.08 KHz
baim 740.54 frev

fSynchr
53.5

NbInjTurn 8.95
στ 20.8 ps Naim 4.2 ∗ 1011
εlend 4.82 µeVs h 180

Table 1: (LP)SPL and PS2 Parameters used for Simulations

It is given by

fSPL
frf−PS2

8̃.9 (1)

• Fch max considered chopping ratio

• στ 15ps width of SPL bunch

• εlend estimated longitudinal emittance at the
end of transferline

2.1 Calculation of Parameters

The following list provides other important param-
eters and their calculation. Besides that it has to be
pointed out that σE is considered a free parameter,
which can be adjusted to the needs of the PS2 by
an appropriate setting of the debuncher.

• σE 3 MeV

• The value of the chopping factor Fch depends
on the method you choose. Fch means the
percentage of all injected bunches which are
able to pass. Cmax and Cmin specifies the
time interval boarders within the bucket.It is
not the width of the chopping window. The
chopping window interval is placed between
CmaxandCmin. The variables amp and ovl
refer to amplitude and overlap of the trian-
gle function along which the chopping window
moves. Finally the chopping factor is calcu-
lated as:

Cmax − Cmin − amp− 2 ∗ ovl
2π

. (2)

• NTurnsinj denotes the number of injected
turns. Its value also depends on the simula-
tion method and can be determined with:

NTurnsinj =
baim

NbInjTurn ∗ Fch
. (3)

• τinj names the duration of injection and is
given by NTurnsinj ∗ τrev.

• The bunching factor B is defined as mean cur-
rent over one period divided by the peak cur-
rent Im

Ip

• Since the fundamental SPL frequency is not an
integer multiple of the revolution frequency of
the PS2, the position of the SPL bunches in
the PS2 bucket shift from turn to turn Fig.1.
First the number of LPSPL oscillations in PS2
period are calculated:

TPS2

TSPL
=
fSPL
fPS2

= 1611, 1117 (4)

round to 1611. The difference of the rounded
and unrounded value 1611, 11− 1611 = −0, 11
gives SPL oscillations which are ’left’.The
product of the left oscillations and τSPL gives
the bunchshift of 3ns. The minus before the
result indicates the movement in the negative
θ direction.

3 Summary of the previous
study

In a previous study [4] the following three longitu-
dinal painting schemes have been proposed for the
PS2 injection. Each of them is shortly described
and its values are summarised within a table.
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Figure 1: Overlaping of bunches with positive Energy Offset due to bunchshift

• In the first configuration, all SPL bunches out-
side a time interval of ±8.5ns around the cen-
ter of the PS2 bucket are removed by the
SPL chopper at low energy. The arriving SPL
bunches have a negative Energy Offset of ∆E=-
7MeV and an Energy Spread of σE=2.5Mev.
The result is a beam with a dense core, sig-
nificant tails and a bunching factor of 0.411.
Additional values can also be find in Tab.2.

∆t ±8.5ns
∆E -7MeV
σE 2.5MeV
B 0.411
εl 0.544eVs
τinj 560µs
Nturns 123
Fch 0.67

Table 2: Values of Option 1

• The second scheme considered in the previous
study is similar to the scheme described above,
but with a reduced time intervall (within which
SPL bunches may arrive) of ±6.5ns, and a big-
ger Energy Offset of ∆E=-8.5Mev and Energy
Spread σE=4MeV. The total duration of the
injection had to be increased to 160 turns in
order to obtain the same intensity. It emerged
that the longitudinal scheme tends to be more
homogenous than option 1. Additionally there
are less inhomogenities after the injection. The
appropriate values of this method are listed in
Tab.3.

• The third scheme described in the previous
study which is called ’Chopping’[4] assumes a
more complicated structure of the injected SPL
beam. In general, only SPL bunches arriving
within two interval on either side of the bucket
center between -Dt and Dtchop and Dt, arrive
in the PS2 (other bunches are removed by the
SPL chopper). A problem is now that no bunch
will be able to pass in the middle. As a con-
sequence the intensity may will reduce to near

∆t ±6.5ns
∆E -8.5MeV
σE 4MeV
B 0.420
εl 0.464eVs
τinj 730µs
Nturns 160
Fch 0.57

Table 3: Values of Option 2

0. This is avoided by adapting the window in
a way that bunches are let through every 4th
turn. The results show that this filling scheme
increased the bunching factor to 15% compared
to the others. The main disadvantage of this
injection scheme is that it may be incompatible
to the considered chopper. The values can be
found in Tab.4.

∆t ±8.5ns
∆tchop ±2.8ns
∆E -1MeV
σE 2.5MeV
B 0.490
εl 0.596Vs
τinj 750µs
Nturns 164
Fch 0.50

Table 4: Values of Option 3

4 Simulation programs

Both studies simulate the filling schemes and gen-
erate longitudinal paintings with ESME, a program
to simulate longitudinal dynamics in a synchrotron.
The data for bunches and turns are created and cal-
culated within a Mathematica file. For each turn
Mathematica creates a file providing the coordi-
nates for the ESME program. The ESME reads
these files and due to the coordinates calculates the
time evolution of particle coordinates. Graphical
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representations of the longitudinal phase space, the
bunch shape and, in case of direct space charge com-
putations, the longitudinal space charge forces can
be produced.

5 Filling Schemes

The first scheme assumes an inner chopping win-
dow, which is not fixed, but moves forth and back
following a triangular function. The SPL bunches
which would arrive inside the inner chopping win-
dow are removed by the chopper. So bunches can
only pass on the left side (negative side) between
Cmin and left side boarder of the inner chopping
window and on the right side (positive side) be-
tween the rigth side of the inner chopping window
boarder and Cmax Fig.2. The chopping window dy-
namic is explained in section 5.1.

The second filling scheme is produced by as-
suming alternating positive and negative Energy
Offset of the SPL bunches. This can be seen in
Fig.13.

5.1 Dynamic inner chopping window

Note that this case needs a chopper capable of kick-
ing out only one individual LPSPL bunch and, thus,
is not compatible with the present specifications for
the SPL chopper.

Above it is already shortly explained that the
main idea behind is to move the chopping window
boarders among a triangle function. This triangle
function is created in Mathematica using the ab-
solut value of the modulo function with a negative
offset of half of the rate. The rate of the mod-
ulo function represents the frequency of the triangle
function. Finally the triangle function was adapted
to the problem by integrating it within the elliptic
distribution calculating the LPSPL bunches.

In Fig.2 it can be seen that actually two tri-
angle functions (doted triangle lines) are caused
among which the boarders of the chopping window
move. One for the negative side (thick line left from
the vertical middle line) and one for the positive side
(thick line right from the vertical middle line) of the
bucket. Compared to the alternating offset filling
scheme this time the vertical axis (E - thick dotted
line in the middle) of the bucket plot represents the
division. The width of the window mainly depends
on amplitude and overlap of the triangle function.
The height of one triangle (horizontal line in the left
plot of Fig.3) marks the amplitude. The filled field
between the dotted lines in the right plot of Fig.3
indicates the area of overlap.

Fig.4 shows the obvious movement (gap in the
middle - without bunches - moves) of the chopping
window after one, two and six turns. The result of
this filling scheme is displayed in Fig.5. It is seen

that the line density shows a saddle like character-
istics in the middle. This is due to the fact that the
chopping window boarders do not move beyond the
vertical axis.

This problem is avoided by adding an over-
lap to both of the triangle functions. The overlap
should ensure that the boarders move beyond the E
axis and therefore bunches are injected also in this
middle region. The effect of this overlap on line
density is displayed in Fig.6. The shape in the mid-
dle region is less saddle like. The impact on bucket
spreading in the middle region is displayed in Fig.7.
You can see a slightly better bunch spreading in the
middle region by adding an overlap to the triangle
functions.

The overlap is calculated as fraction of the am-
plitude ovl = 1

x ∗ amp where x is a free parameter.
The simulations showed that an overlap with x=100
or x=200 is enough to avoid a saddle characteristics
of the line density. Additionally it has to be empha-
sised that the overlap minimizes the length of the
chopping window by 2 ∗ ovl. This factor is included
within the calculations of the number of injection
turns NTurnsinj and the chopping factor Fch.

Also variations in σE and ∆t- the time interval
between Cmin − Cmax- influences line density and
bunch spreading. In Fig.8 the line density distri-
butions with different σE are displayed. The plots
with σE = 2MeV or σE=3MeV are slightly better
than the one with σE=4MeV. The comparison of
the bucket plots (Fig.9) shows better bunch spread-
ing with a σE=3MeV.

The comparison of time interval values with
∆t=±7.67ns, ±8.09ns and ±8.52ns is shown in
Fig.10. It turns out due to the better bunch spread-
ing the bucket plot of ∆t=±7.67ns has to be valued
slightly better than that of ∆t=±8.09ns.

Examining the line density plots reverses the
result. There ∆t=±8.09ns has to be preferred. The
bucket plot is shown in Fig.11.

After all this differences and comparisons the
final results of this simulation are summarized in
table5 and the final plot is displayed in Fig.12.

The line density plot does not show a strong
saddle like shape due to the chosen overlap of 1

100
of the triangle function amplitude. The bucket plot
displays a good bunch spreading. Both plots fulfill
the aimed requirements for filling schemes (1).

5.2 Alternating Engergy Offset

Versus the triangle method this method does not
need any further hardware installations. The alter-
nating Energy Offset method simply changes the
sign of the Energy Offset parameter with every
bunch. This is achieved by integrating the parame-
ter in an elliptic distribution. The distribution is
calculated within the Mathematica file and basi-
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Figure 2: Chopping window dynamic

Figure 3: Amplitude and overlap of triangle function

Figure 4: Development of triangle function moved window after 1st,2nd and 6th Turn

Figure 5: Saddle like line density without overlap

cally generates a number of points which in the end
represent one bunch. Since only one bunch has been
generated now, the elliptic distribution is embed-
ded in a loop counting over the number of bunches.
Moreover this ’distribution - number of bunch’ unit

is object of another loop counting over the number
of turns. So in the end bunches with alternating
Energy Offset are created turn per turn.

In [4] two methods concerning Energy Offset
are described. One uses a positive Energy Offset
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Figure 6: Line densities with overlap (l-r): 1/100*amp and 1/200*amp

Figure 7: Bucket spreading (l-r): without ovl, 1/100*amp and 1/200*amp

Figure 8: Line densities (l-r) with:σE=2 MeV,σE=3 MeV andσE=4 Mev

Figure 9: Bucket plots (l-r) with :σE=2 MeV,σE=3 MeV

the other a negative one. Further it is stated ’...a
negative offset has a more positively effect on the
longitudinal Profile than a positive offset.’[4]. The

disadvantage of only a positive Energy Offset is that
it leads to ’conglomerations’ due to the bunchshift.
This can also be seen in Fig.13. The upper part
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Figure 10: Line density plots with:∆t=±7.67ns, ±8.09ns and ±8.52ns (l-r)

Figure 11: Bucket plots with:∆t=±7.67ns, ±8.09ns (l-r=)

Figure 12: Final bucket and line density plot of ’triangle chopping’

of the bucket shows bunches with positive offset,
the bottom side shows bunches with negative offset.
Compared to the the fixed Energy Offset version as
described in [4] this method unites both versions in
one simulation. Therefore a factor 2 in filling the
bucket is won, which is also the main motivation of
simulating this filling option.

It turned out that an Energy Offset of ∆E =
±7Mev provides the best result of line density and
intensity within the bucket. In Fig.14 and Fig.15
you can see the difference in line and bucket den-
sities between an offset of ∆E = ±7MeV and
∆E = ±9MeV . The bucket plot also displays the
almost empty middle region caused by ±9MeV .

Further a variation of the time interval ∆t =
Cmin − Cmax shows that an interval of ∆t =
±7.67ns gives a better result in line density than
∆t = ±7.38ns,∆t = ±7.5ns or ∆t = ±8.5ns.

The problem is if you watch the associated
bucket plots, it turns out bunch spreading with
∆t = ±7.67ns tends to exceed the bucket line.
Therefore with ∆t = ±7.67ns it is more likely that
some particles will be ’out of range’. This is the
reason why ∆t = ±7.38ns is to be prefered. The
differences in line density distributions can be seen
in Fig.16. The row of comparisons above leads
to the final result of using ∆E = ±7MeV and
∆t = ±7.38ns. Fig.17 shows the associated plots
of the bucket and line density. The final simulation
parameters using the alternating offset method are
summarized in Tab.6.

5.3 Conclusion and Outlook

• Due to the presented results and plots the
chopping option has to be prefered. A discus-
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Figure 13: Development of alternating Energy Offset after 1st,2nd and 6th turn

Figure 14: Buckets after 137 turns with ∆E=7 Mev and ∆E=9 Mev

Figure 15: Line densities after 137 turns with ∆E=7 Mev and ∆E=9 Mev

sion on 17th November 2008 gives hope that
the present chopper may can be adapted to the
requirements. This topic will be discussed in a
further meeting.

• The point above brings me to the advantages
and disadvantages of every method.

The positive sides of triangle chopping are
without doubt bunching factor, shape of line
density and bunch spread within the bucket.
Unfortunately less positive is the incompati-
bility with the present chopper. The present
chopper has to kick out at least three bunches
at once, but the triangle bunching method
forces single bunch chopping. Also the larger
number of turns compared to the alternating
offset (may) will be a problem for the foil for
H−stripping. Nturn can be decreased by using

a larger outer time interval Cmin − Cmax and
adapting further parameters.

No doubt the alternating offset option provides
a smaller number of turns, is compatible with
the present chopper and additionally it gains
a factor 2 in filling due to a shorter time until
the bunches overlap with each other. On the
other hand this method definitely has a worse
line density shape compared to the chopping
option. Also the implementation of a second
cavity after the debuncher seems to be a less
positive side of this option.

• A desireable future aspect of the alternating
Energy Offset option is the implementation of
a second harmonic to gain a better adaption
of the bucketshape for better fitting with line
intensity charakteristics.
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Figure 16: Line densities: ∆t = ±7.67ns, ±7.38ns, ±7.5ns,±8.5ns (l-r)

Figure 17: Final bucket and line density plot of ’alternating Energy Offset’

∆t ±7.67ns
amp 0.008 Hz
ovl 1/100*amp
rate 3.63 (var)
∆E ±0MeV
σE 3 MeV
B 0.51
εl 0.51 eVs
τinj 1.02*10−4s
Nturns 223
Fch 0.37

Table 5: Final values of ’triangle chopping’ simula-
tion
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