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The proton beams used for the fixed target physics at the Super Proton Synchrotron (SPS) are extracted

from the Proton Synchrotron (PS) by a multiturn technique called continuous transfer (CT). During the CT

extraction, large losses are observed in locations where the machine aperture should be large enough to

accommodate the circulating beam. This limits the maximum intensity deliverable due to the induced

stray radiation outside the PS tunnel. Scattered particles from the interaction with the electrostatic septum

are identified as the possible source of these losses. This article presents a detailed study aiming to

understand the origin of losses and propose possible cures. The simulations could reproduce accurately the

beam loss pattern measured in real machine operation and determine the beam shaving, intrinsic to the

extraction process, as the cause for the unexpected losses. Since these losses are unavoidable, the proposed

solution implies a new optics scheme displacing the losses to a region with better shielding. New

simulations demonstrate the satisfactory performance of the new extraction optics and its suitability to be

implemented in the machine. Finally, beam loss measurements in these new operation conditions

confirmed the previous simulation results.
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I. INTRODUCTION

The Proton Synchrotron (PS) is the oldest element in the
CERN accelerator complex, however capable of delivering
a wide variety of beams for different purposes [1].
According to the characteristics of the beam the extraction
procedure varies. Three different extraction techniques are
used in the PS: fast, multiturn or continuous transfer (CT),
and slow or resonant extraction.

On a yearly basis, radiation surveys are carried out to
monitor radiation levels in the specific areas outside the
tunnel where large losses occur (typically injection and
extraction regions), in addition to the surroundings of
office buildings. During the 2006 survey, two hot areas
were identified (Fig. 1): the injection region from PS
booster (stations 4 to 5) and building 151 (stations 22 to
23 and 29 to 35, where the first two are located just outside
building 151 while the other seven are measured inside
[2]). Building 151 is also known as PS bridge because the
PS tunnel traverses it, as depicted in Fig. 2. Losses in the
injection region can be explained by the injection process
itself; however, losses in building 151 are unexpected as
there are no aperture limitations in that region.

The radiation surveys do not specify which specific
process is causing the losses. An analysis of beam loss
monitor (BLM) measurements during all PS cycles

revealed that only during CT extraction the beam is lost
in that particular region. Figure 3 shows the BLM readings
(i.e. cumulative losses) for a complete CERN neutrinos to
Gran Sasso (CNGS)1 beam cycle. There are three main loss
locations after the extraction process starts: first BLMs 5 to
10, where the saturation of BLM number 9 matches up
with the high radiation dose in building 151 that appeared
during the 2006 survey (Fig. 1); second, BLM 16 where the
magnetic septum to extract the beam towards SPS is lo-
cated; third, BLMs 30 to 35 where the saturation of
BLM 31 indicates the location of the electrostatic septum
used to slice the beam during the CT extraction. Studies
were launched [4] to explain why these losses arose, con-
sidering that there are no aperture limitations in the PS ring
in that area. The outcome of these studies pointed out
particles scattered by the electrostatic septum blade as
the source of the losses. This study confirms the assump-
tions regarding the beam loss mechanism and proposes and
implements a solution to reduce the losses in building 151.

II. PRINCIPLE OF THE CT EXTRACTION

The PS ring is composed of 100 combined-function
magnets arranged in a focusing-defocusing-defocusing-
focusing lattice and interleaved by 100 straight sections
(SS, numbered from SS00 to SS99). All the machine
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1The CNGS beam is delivered to the SPS for neutrino
production as a part of the CERN neutrinos to Gran Sasso
experiment [3].
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elements are named with reference to the straight section
where they are located.

The CT extraction is used to fill the SPS in
two consecutive PS runs (circumferenceSPS ¼ 11�
circumferencePS). All elements used in this process are
displayed in Fig. 4.

When the 14 GeV=c flattop is reached, the PS horizontal
tune is set to Qx ¼ 6:25 which provides a phase advance
per turn of 90�, while the vertical one remains fixed at
Qy ¼ 6:3. A few milliseconds before the extraction, two

slow bumps, BSW31 and BSW16, are powered. The first
one approaches the beam to the electrostatic septum in
SS31 (SEH31), whereas the second does it to the magnetic
septum in SS16 (SMH16). Simultaneously, two quadru-
poles located in SS25 and SS05, which form the so-called

QKE16 circuit, are used to alter the optics between them
(Fig. 5), in such a way that large �x and almost zero Dx

values are obtained in the SEH31 location while the optics
remain unchanged in the SMH16 location. These changes
increase the beam size and reduce the energy dependence
in SEH31, minimizing the losses at the septum while keep-
ing the beam size small during the extraction in SMH16.
When the beam is close enough to SEH31 and the first
losses appear, two fast magnets with rise time much shorter
than the revolution period, namely, BFA21 and BFA09,
will be used to adjust the relative position between beam
and septum blade on a turn-by-turn basis, to obtain an
equal intensity extraction per turn (Fig. 6). The portion of
the beam above the blade will receive an additional kick
that along with BSW16 will drive the particles above
SMH16 and will extract them to the transfer line towards

FIG. 3. BLMs integrated measurement for the CNGS beam.
The BLM signal is divided into 255 bits, beyond that value the
BLM saturates. The timings for injection, transition crossing,
and extraction are shown. Losses below the PS bridge are
measured by BLMs 5–9.

FIG. 4. Layout of all elements used during the CT extraction.

FIG. 2. Drawing of the PS bridge building 151. The tunnel PS
traverses it (bottom right) being not possible to increase the
shielding in that region.

FIG. 1. Result of the 2006 PS radiation survey in �Sv=h for a
circulating intensity of 0:8� 1013 pþ= sec [2]. Measurements
were taken from 44 different stations spread all along the PS
tunnel (top left). The color code in the histogram represents the
ratio between the measured dose and the guideline value speci-
fied in [15]. In blue, stations where the dose is below 30% of the
guideline value; in yellow, stations where the measured dose is
between 30 and 100%; in red, where the measured dose is above
100%. The stations measuring in building 151 are 22–23 (brown)
and 29–35 (green).
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the SPS. The strengths of the fast kickers are increased
during the five turns to assure the equal population between
the different slices. A typical time structure of the BFAs
strength is shown in Fig. 7. The total kick is divided into a
constant strength or pedestal (red), and an increasing one
or staircase (blue) to refine the adjustment. As described in
[5], it is not possible to generate slices with same emittan-
ces and same intensities at the same time: the condition of
equal intensity is the most suitable to reduce beam insta-
bilities in the SPS.

The typical five turns long spill structure measured by
the current transformer in the transfer line from PS to SPS
is shown in Fig. 8. By integrating the signal the extraction
efficiency for each turn is obtained and shown in Table I.
According to this, the two main parameters taken into

account in order to validate the simulations are an equal
intensity extraction (� 20% per slice) and an overall aver-
age efficiency of the process of �93%. The simulations
described in the following sections include tracking
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FIG. 5. PS optics distorted by the QKE16. The region at small
horizontal and vertical � is between SS05 and SS25. The
locations of SMH16 and SEH31 are pointed out.

FIG. 6. Five slices in normalized phase space. Qx ¼ 6:25
corresponds to 90� phase advance per turn. As the CSPS ¼
11� CPS, two consecutive PS extraction of five slices each are
needed to fill the SPS completely.

FIG. 7. BFA21 kicker strength in kV during the five extraction
turns. The pulse length corresponds to six machine turns. The
last part (6th) turn is used to empty the machine. During the fifth
turn the remaining central part of the beam is placed above the
septum to be extracted and a higher voltage is needed.

TABLE I. Extraction efficiency measurements for each of the
five turns, with an overall average efficiency of �93%.

Beam

Turn Extracted (%)

1st 18.1

2nd 18.5

3rd 20.5

4th 18.1

5th 17.8
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FIG. 8. Five turn spill structure measured by a current trans-
former in the transfer line between the PS and the SPS. Some
noise on the reading is observed before the extraction and during
the first turn.
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through the PS lattice with the fast bumps changing turn by
turn, particles interaction with the septum blade, and
finally trajectory comparison with the PS aperture model
to determine the loss locations.

A. Optics of the CT extraction

During operation the radial position of the beam, thus
the energy, is adjusted to match the injection energy of the
SPS. A typical radial displacement implemented in the PS
for this reason is of the order of �x ¼ �3 mm giving a
momentum error of about �p=p ¼ �0:001. In addition,
there is a peak to peak value of �x ¼ 8 mm in the closed
orbit measured just before the extraction starts. Figure 9
shows the MADX [6] orbit model used in the simulations
which includes the real closed orbit measured by the BPMs
and the radial displacement.

Particle tracking around the ring is performed with a
modified version of the SIXTRACK code [7] based on the
MADX model provided. In order to simulate the change in
the closed orbit during the five turns extraction two dipoles,
varying strengths turn by turn, are included in the code.
The kick provided by the fast bumps is calculated by

�SS21 ¼ �US;N

R
Bdlst

Umax;st

1

B�
�UP21

R
Bdlped

Umax;ped

1

B�

�SS9 ¼ �US;N

R
Bdlst

Umax;st

1

B�
�UP9

R
Bdlped

Umax;ped

1

B�

(1)

with US;N the voltage of the staircase for the turn N,Umax;st

maximum voltage of the staircase, UP21 and UP9 voltage
for fast bumpers in 21 and 9, Umax;ped maximum voltage of

the pedestal, B� the magnetic rigidity, and
R
Bdl the

integrated magnetic field for the maximum voltages
Umax;ped and Umax;st. In real operation the fast bumps are

adjusted manually until the equal extraction is achieved.
Normalizing the coordinates, X ¼ xffiffiffi

�
p and X0 ¼

�ffiffiffi
�

p xþ ffiffiffiffi
�

p
x0, and integrating over the distribution (bi-

Gaussian in phase space) to obtain 1=5 of intensity in
each slice as shown in Fig. 6, the relative position between
beam and septum blade can be calculated. From these
values, the needed closed orbit per each extraction turn
can be calculated and with Eq. (1) the coefficients for the
pedestal and staircase are then adjusted. Figure 10 shows
the simulated closed orbits for the slow bumps and the five
consecutive extraction turns. While the closed orbit peak in
SS16 is kept constant, the one in SS31 increases according
to the values calculated before. The zoomed area in Fig. 10
shows the relative position between septum blade and
closed orbit during the five turn process. Only in the fifth
turn the closed orbit goes above the septum as the central
part of beam has to be extracted in the last turn. Table II

TABLE II. Parameters used in the simulations to achieve the
equal intensity extraction. The second column is the relative
position of the beam and septum blade for a bi-Gaussian beam.
The third and fourth columns show BFA kicks in mrad calculated
from the needed closed orbit. The last column shows extracted
efficiency for each of the five turns.

Turn Relative Kick Kick Beam

Position BFA21 BFA9 Extracted [%]

1st 0.84 �0:5225 �0:5070 20.0

2nd 0.67 �0:4793 �0:4638 18.5

3rd 0.62 �0:4953 �0:4798 19.2

4th 0.32 �0:5864 �0:5709 19.0

5th � � � �1:0236 �1:0081 19.5
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summarizes the parameters for each turn used in the
simulations to set up the equal intensity extraction. These
values are included in the SIXTRACK model of the PS
lattice.

B. Model of the electrostatic septum

The interaction of particles with the septum blade is
included in the simulations with the K2 code [8]. The
electrostatic septum in SS31 is composed of a 1.8 m long
molybdenum blade creating an electrostatic field with the
anode as shown in Fig. 11. The vacuum pipe is earthed so
the circulating beam is not affected. The main septum
parameters used in the simulation are presented in
Table III.

The kick given by an electrostatic septum is calculated
with [9]

� ¼ arctan

�
eE0l

pc�

�
; (2)

where e is the electronic charge, E0 the electric field
gradient, l the electrode length, p the particle momentum,
c the speed of light, and finally, � the relativistic normal-
ized speed. For the values in Table III, the maximum kick
from SEH31 is �max ¼ 0:86 mrad. The K2 model used in
the simulations takes into account all possible cases when a

particle reaches the septum (Fig. 12). If a particle arrives
above the septum (case A in Fig. 12), it can either traverse
the whole electrostatic field receiving the maximum kick
or, if its divergence is negative, it might end up hitting the
septum blade. On the other hand, if a particle arrives below
the septum (case C in Fig. 12), it can either continue
circulating freely in the vacuum chamber or, if its diver-
gence is positive, it could hit the septum blade at some
point. Finally, a particle could hit the septum in the front
(case B in Fig. 12). In all the cases that the particle
traverses a certain length of material, it will undergo all
the processes included in K2, i.e., multiple Coulomb scat-
tering, ionization energy loss, and nuclear interactions
[10]. In the event of a particle outscattered into the electro-
static field region, the kick applied is proportional to the
remaining length traversed inside it.

C. PS aperture model

An accurate aperture model is essential to reproduce the
loss pattern measured in real operation by the BLMs.
Because of this, special effort was put in order to measure
and establish it, based on dimensions from mechanical
drawings for each element and measurements made in
situ [11]. Figure 13 shows the horizontal (bottom) and
vertical (top) aperture model used to compare with particle
trajectories to determine the loss locations.

III. BEAM LOSS MONITOR SYSTEM

In order to be able to correlate simulations with mea-
surements, it is necessary to understand how losses are
measured in the PS. The PS beam loss monitor system is
composed by 100 aluminum cathode electron multiplier
(ACEM) detectors [12], mounted on top of the main mag-
nets. Because of the position chosen in the past (the system
dates back to the middle 1980s) and the large variation of
the signal with the primary proton energy, it is practically
impossible to correlate the amount of protons lost in the
machine with the signal recorded by the BLMs, even if all
the BLMs are calibrated every year to assure a uniform
response for a given loss [13]. Moreover, most of the losses

FIG. 11. Electrostatic septum 31. The circulating beam passes
in the left vacuum pipe, whereas the electrical field is present at
the right of the septum blade.

TABLE III. Main SEH31 septum parameters.

Parameter Value Unit

Electrode length 1850 mm

Septum length 2293 mm

Septum half gap 65 mm

Blade nominal thickness 0.1 mm

Operative gap width 27 mm

Angle with respect to beam �0:0006 rad

Voltage (DC) 170 kV

FIG. 12. Sketch of all possible cases when a particle reaches
the septum.
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in the PS are in the horizontal plane, whereas the BLMs are
mounted on top of the bulky iron yoke of the main magnets
just after each SS as shown in Fig. 14. In addition, the
BLMs are installed on different sides of the main magnets,
sometimes facing the inside (as in Fig. 14) of the ring,
sometimes outside, following the pattern of the four
magnet types which compose the PS lattice. According
to their location, they cover a different solid angle
directly affecting the measurements. For these reasons,
the BLM system is used during operation to detect mal-
functioning of the machine, and not as a real protection
system, obtained by comparing online a given loss pattern
with the reference one.

The pattern of the losses observed with the system can
tell something about the region where the losses occur,

whereas it is not possible, for example, to deduce the ratio
of beam lost between two different sections of the machine.
It is not even possible to deduce if the loss is produced in
one of the main magnets or in the straight sections, as the
BLM is mounted at the entrance of the magnet unit. The
aim of the simulations presented in the following section is
to reproduce qualitatively the observed loss pattern but not
to quantify the beam loss detected by the BLMs. This
would require a detailed simulation of the secondary
shower developing in a large fraction of the main magnets,
and goes beyond the purpose of this study.

IV. SIMULATION RESULTS

The average extraction efficiency achieved during ma-
chine operation is � ¼ 93:0% with approximately equal
intensity for the different beam slices as presented in
Table I, in comparison with simulations which give an
overall extraction efficiency of � ¼ 96:3% with an inten-
sity per slice quoted in Table II. This discrepancy can be
explained from the fact that in the simulations the real
alignment of the septum with the rest of the machine
elements considering all of them centered with respect to
the closed orbit. In addition, simulations have been per-
formed with the nominal width of the septum; however, the
impact of the beam in the septum and the energy deposited
could have lead to a deformation of the blade increasing
the width. A larger impacting surface can certainly lead to
a decrease in the extraction efficiency. The average extrac-
tion efficiency evaluated for different alignments and sep-
tum widths is presented in Table IV. More realistic
scenarios reduce the simulated extraction efficiency to
values in good agreement with the measurements during
machine operation.
Figure 15 (top) compares beam loss histograms from

measurements and simulations considering the nominal
parameters, showing a very good qualitative agreement
as all the hot locations were found in the latter. Within
the �4% of losses, 95% are found to be caused by the
scattering in the septum blade. Specifically this is the
reason for losses in SS05-09, where the quadrupole located
in SS05 (as a part of the QKE16), defocuses the scattered
particles and cause the losses. The maximum energy loss
simulated for the particles lost in the SS05-10 region is
0.5% which gives a dispersive contribution to the closed
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FIG. 13. PS aperture model in mm. Vertical (top), horizontal
(bottom).

FIG. 14. ACEM detector mounted on the main magnet unit 16.
The yellow cylinders on top of the magnet and parallel to the
extraction magnetic septum are new BLMs-LHC type under
tests.

TABLE IV. Extraction efficiency measurements (%) simulated
for different relative angles between beam and septum blade and
different septum widths.

0.1 0.2 0.3

�0:0002 96.1 94.5 93.4

�0:0006 96.3 95.3 94.2

�0:001 95.0 94.0 92.6
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orbit of 15 mm still far from the available aperture con-
firming the kick provided by the quadrupole SS05 as the
main reason for the losses. The other 5% of losses are
particles which have been not scattered by SEH31 but due
to a wrong closed orbit are either not kicked properly in
SEH31 or extracted in SMH16. However, the particles can
be either outscattered towards the anode (sliced beam) thus
receiving an additional kick, or towards the center of the
vacuum chamber (circulating beam) as shown in Fig. 12.
Figure 15 (bottom) compares simulated losses for the two
cases, showing that one-third of the particles lost were
scattered towards the vacuum chamber and lost in the
sections immediately after the septum while the rest were
outscattered into the field region spreading more the losses
and producing the ones in SS05-09 after being deflected by
a quadrupole in SS05. These three results (overall effi-
ciency, turn-by-turn efficiency, and beam loss distribution)
confirm the accuracy of the model used for simulations.
However, as already mentioned in Sec. III, there are certain
issues that prevent from a one-to-one comparison between
simulations and real measurements when analyzing the
results.

Losses in sections SS05 to SS09 are clearly identified,
but in relative terms the loss peaks are smaller in the
simulations than in the measurements. This is probably
because the simulations do not take into account secondary
showers from the particles hitting the machine aperture,

counting only direct losses. Another significant difference
appears in section 57, where the magnetic septum for slow
extraction (SMH57) is placed. Those losses come probably
again, from secondary particles produced in the septum
and measured by the BLM in that location.
The BLMs are mounted, as mentioned before, at the end

of each straight section inside or outside depending on the
magnet, while in the simulations all particles are grouped
and counted considering the whole section producing
which can lead to some inconsistency between measure-
ments and simulations.
In Fig. 16 it can be seen that most of the losses occur

inwards the machine while in the septum (SS16 and SS31)
areas occur outwards, which is consistent with the closed
orbit in Fig. 10. It is important to highlight that the BLM in
SS09 is located inwards and, thus, measures correctly. That
would explain why it is the only one that saturates in that
area. Dose measurements on contact done in several points
along SS06 to SS10 [14] show that higher doses are found
inwards (Fig. 17) in agreement with the simulations per-
formed. The maximum dose appears in SS08 but, as men-
tioned before, in this case the BLM is placed outwards
which could explain why it is not reflected in the BLM
measurement. Once more the secondary particles produced
by losses in SS08 seem the most probable cause for the
saturation of BLM in SS09.

New optics scheme for loss displacement

Previous simulations confirm particle interaction with
the septum blade as the source of losses in SS05 to SS10,
making them unavoidable unless the extraction process is
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changed [5]. In the meantime, the only viable solution to
reduce the radiological impact of the extraction losses is to
displace them in a better-shielded part of the machine,
where the tunnel radiation shield thickness is larger. This
can be done by installing a new quadrupole 4� in phase
advance upstream the quadrupole in SS05 and removing
the latter. Then the new extraction optics would be un-
changed in the location of the electrostatic and magnetic
septa, as shown in Fig. 18. The quadrupole defocusing the
scattered particles producing the losses would be now in
SS73, bringing the losses into the SS73 to SS78 region.
Simulations for this new configuration show a clear dis-
placement of losses from building 151 to the SS73 area as
shown in Fig. 19 (top). These losses, as predicted, are
scattered particles into the sliced beam (Fig. 19, bottom).

This solution was implemented during the 2007 PS run
obtaining the results expected from the simulations.
Figure 20 shows the BLMs measurements where the ones
in the PS bridge measure almost zero losses, but the one in
SS75 saturates; nevertheless the shielding around this re-
gion should decrease the dose outside the tunnel. Though a
mismatch of one section in SS74 between simulations and
measurements can be seen, due to the location of BLM at
the entrance of the main magnet that corresponds to the
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FIG. 18. CT extraction optics for the new QKE16 formed now
by quadrupoles in SS25 and SS73. The locations of SMH16 and
SEH31 are indicated.
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FIG. 19. Beam loss distribution for new CT optics scheme
(color legend as in Fig. 15). Beam losses have been displaced
from SS05-09 to the SS73 area.

FIG. 20. BLM integrated measurement for the CNGS beam
with the new optics scheme. Losses in SS05-09 have been
displaced to a better-shielded region in SS75.
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middle of the straight section in the simulations, it is
possible that losses occurring at the end of SS74 are
measured forward in SS75.

A new radiation survey, similar to the one carried out in
2006, showed that actually the irradiation outside the tun-
nel has been decreased in the region of the experimental
building, whereas a practically negligible increase was
observed outside the tunnel near the zone on top of SS75
(station 27a), where most of the losses were concentrated
after the quadrupole displacement. The results of the new
radiation survey are shown in Fig. 21, where the dose in the
inside of the experimental building (stations 29 and 30)
was reduced below the guideline values.

V. CONCLUSIONS

The present study succeeded to explain the beam loss
mechanism producing high radiation doses in the sur-
roundings of the CERN PS building 151 observed during
the continuous transfer extraction. The detailed model built
for the simulations included five turn tracking with time
varying fast kickers, interaction of particles with septum,
and loss location by comparison with the PS aperture
model. The parameters used to validate the simulations
were overall extraction efficiency, turn-by-turn efficiency,
and beam loss distributions. However, several issues were
mentioned to be taken into account when comparing mea-
surements and simulations. As these losses are unavoid-
able, a new optics is proposed to displace them to a

better-shielded area. Simulations confirmed the expected
results leading to an implementation during the 2007 PS
run. A radiation survey in 2007 showed a great reduction in
the radiation dose in building 151, changing its classifica-
tion to supervised radiation area. High radiation doses in
stations 22 and 23 are planned to be solved by increasing
the shielding in that particular area.
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FIG. 21. PS 2007 radiation survey in �Sv=h [2]. The color
code is as in Fig. 1. The dose in stations 29 and 30 now fulfills
the value guidelines.
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