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Abstract

The growth of the Booster proton flux during the last decade leadsincraase of the residual
radiation in the collimation area. This report described new effpaided in autumn of 2014 for a
possible upgrade of the Booster collimation system installed in 2004h wias designed as a two-
stage collimation (2SC) system, but operates in the conventioné sitagie collimation mode still
ensuring a significant reduction in Booster activation.

This report finalizes both theoretical and experimental studiderpexd for the Booster 2SC
system. The original 2004 design is reviewed, and the purpose fory38nss reformulated. For
numerical simulations of the 2SC, new software combination witivihBX and MARS code has
been prepared. The results of numerical simulations for 2SC in bo#ohiali and vertical planes did
not showed advantages of the 2SC mode in comparison to conventional 1SC mode.

The analytical evaluations for 2SC in the vertical plane Hsen performed. They defined
peculiarities of the Booster collimation system and have explaiaasons for its potentially low
collimation efficiency.

Two major experimental beam studies for the collimation in horg@md vertical planes have
been performed. Several configuration of 2SC has been realized. gér@reental results did not show
any advantages of 2SC operation mode in comparison to 1SC mode.

A new configuration of 2SC system using a rather thick foil rebmtatto the long straight
section before of the first secondary collimator has been seggaesti numerically simulated. The
collimation efficiency of this single pass collimation systésnhigher the multi-turn collimation
efficiency of existing 2SC system. A possible configurationes 2SC system is discussed and a two-
stage plan for updating the Booster collimation system is proposed.
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1. Introduction

The Fermilab Booster is a 15Hz rapid cycling synchrotron aetelg protons from 400 MeV
to 8 GeV with accelerating efficiency about 90%. Booster oibsised on combined function dipoles
and includes 24 equal-length periods. Totally, about 10% of protons are losy @@®;O00-turn
accelerating cycle. Major fraction of loss happens at the beginning ofdblerating cycle.

The Proton Improvement Plan (PIP) established in 2012 is aimed toedthubdl beam
throughput, while maintaining the present residual activation levelsoOP2 PIP tasks is a possible
upgrade of the Booster collimation system installed in 2004 at its periods 5, 6 and 7.

The booster collimation system has been designed as a two-gliagaton (2SC) system. In
past, shortly after installation, there were some efforts tah@m2SC in regular Booster operation.
However, 2SC did not show any advantages in comparison to a conveh&@habperation. Therefore,
only the 1SC operation mode has been used for Booster operation duringenss) which was still
ensuring a significant reduction in the Booster activation.

The growth of the Booster proton flux during the last decade leadsitcraase of the residual
activation in the collimation area. It was believed that thecéffe operation of 2SC mode is mainly
prevented by uncontrolled radial orbit variations inherent to the reaiigjing used in Booster till 2015.
Implementation of new magnetic cogging in 2015 resulted in a dtabl® orbit and created favorable
conditions for a new implementation of the 2SC, which is aimed to eegiicontrolled beam losses
mostly generated shortly after injection.

New efforts for implementation of 2SC system in the Booster tiparaave been started in
autumn of 2014. This report finalizes both theoretical and experimgtidies performed for 2SC
system.

The second chapter of this report contains a general descriptionldbe Booster, outlines
demands for its intensity increase. Overview of a residualtiadlian Booster demonstrates a strong
need for an effective collimation system. In order to understand design principles of the designed
2SC system some relevant details from available publicationmesented. A lot of useful information
concerning tuning of the installed collimation system has been faondeports about its
commissioning works. It was found that the design purpose for 2SC wasldbed very softly,
assuming 99%-beam loss over up taZ2Bm region in periods 6, 7 and immediately downstream. It
looks that the presently used 1SC mode of operation achieves this pwyesalso present an
overview of the hardware of the existing collimation system.détails of shielding in the collimation
area are given together with constructions of secondary and primaryatohsm

The third chapter overviews the reassessment plans gener#tedstdrt of the PIP project and
their evolutions during last years. For better understanding of thep&®ems, its general principles,
merits and features are briefly presented. Motivations fastea from 1SC to 2SC are also discussed.
Our efforts to prepare numerical analysis of 2SC are dedcribdull details. They included an
adaptation of MADX code, modifying the Booster lattice file amtirecting the MARS code for
accounting the out-scattering effects.

The presented analytical evaluations for 2SC in the vertical plave defined peculiarities of
the Booster collimation system and have explained reasons fguoientially low collimation
efficiency. These evaluations provided an insight on possible simutdatiks increasing the resulting
collimation efficiency during multi-turn simulations in the led¢iwith imperfections. The results of
numerical simulations for 2SC in both horizontal and vertical plareealap presented. The absorption
efficiency of the secondary collimator (1SC mode) has been calculated wiRcMode.

Since the simulation results and experimental studies did not showtages of 2SC in
comparison with 1SC for existing configuration, we proposed a new coatign of 2SC system using
a rather thick foil relocated into the long straight section bejbtbe first secondary collimator. The
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results of numerical simulations for new proposed 2SC are prdderttee fourth chapter. This single
pass collimation system does not depend on multi-turn behavior ofeBamstics. The collimation
efficiency of the new 2SC system is higher than the colionafficiency of existing 2SC system, and
potentially higher of 1SC mode. A possible configuration of new 2Stmys discussed and a two-
stage plan for updating the Booster collimation system is proposed.

The results of the experimental studies for the collimation irzdwtal and vertical planes are
presented in the fifth chapter. The details of the study stepdisoussed. Several configuration of 2SC
has been realized. The sum of many BLMs reading located arounddseeBwas used as a figure of
merit to compare 1SC and 2SC. The results did not show any advaataZfe€ operation mode in
comparison to 1SC mode. Such results are in agreement with our ttedogpegidiction about low
collimation efficiency due to the Booster peculiarities.
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2. The Booster Collimation System

2.1 Fermilab Booster

The Proton Source is an initial part of the Fermilab accelecamplex, which also includes
Main Injector (MI), Recycler, and external Beamlines (NuMlI, BBNSwitchyard, MTA, etc.). The
Fermilab 8 GeV Proton Source consists of 750 keV Pre-Accelerator, 400LiMiac, 8 GeV Booster
and the beginning part of the MI-8 Line [1]. The Fermilab Booster [2,84&rs a 15Hz rapid cycling
synchrotron accelerating protons from 400 MeV to 8 GeV during 20,000-taeteeating cycle at a
repetition rate of 15 Hz and accelerating efficiency about 908@ally, about 10% of protons are lost
during accelerating cycle. Major fraction of loss happens at the beginning atierating cycle.

Figure 2.1 shows the Booster enclosure map. The Booster tunnelrisrate tunnel 8 feet high
and 10 feet wide, covered by 15 feet of earth shielding. The Boasteméerence along the reference
orbit is about 474.2 m. Booster is made up primarily of combined-functasnets and RF cavities
and is divided into 24 equal-length periods.

BOOSTER
ENCLOSURE AT
MAP = ’//\///PERIODS \

7
Mg O // 74
/)

/ERIOD 4\ MPO2 RF11 RF12 .~ N
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Figure 2.1: Booster Enclosure Map (courtesy of J.M. Fulgham).

The combined-function magnets provide both a dipole field and a quadrupalerfie dipole
field bens the beam and the quadrupole field focuses the beam eitizentally or vertically. These
magnets are named like regular quadrupoles, "F" for focusidg"R" for defocusing. Figure 2.2
shows the cross sectional view of combined-function magnets [4] martiiges of typical Booster
elements. The horizontal widths of so-called "good field" aredRbrand "D" are equal to 4.3" and
3.0", respectively. The vertical widths of "good-field" for both metg are the same as distances
between pole tips, i.e. 1.64" and 2.25" for F and D magnets, respedtiveimnal beam aperture in the
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horizontal plane is defined by RF-cavities having the drift-tubds the internal diameter of 2.25". In
the vertical plane, three smallest apertures have the followengeats: "F* magnets with the vertical
pole gaps of 1.64"; "D" magnets with the vertical pole gaps of 2a2fl',RF-cavities with drift-tubes
diameter of 2.25".
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Figure 2.2: Cross Sectional View of a "F" magnet (left) and a "D" ntdgheverlapped by apertures

of some typical Booster elements implying possible aperture restrictotiee beam: a) RF-cavities
(Diam. 2.25"); b) regular beam pipes (Diam. 3.25"); c) corrector package (Biaf)i d) special

aperture in short straight 12 (Diam. 5.23" shifted horizontally by 2 cm outwards}h sjeter pipes
between F and magnets (Diam. 6.00"); f) flanges of combined-function magreets {D25").
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Each Booster period contains two horizontally focusing magnetsnéiret”) and two
horizontally defocusing magnets ("D-magnet”) separated by twagkt lines (6.0-meter "long
straight" and a 1.2-meter "short straight") and two 0.5-meter ghiftg separating F and D magnets
(see Fig. 2.3). The standard cell length is 19.76 meters.

Numbering of the lattice periods arbitrarily begins at theatpn long straight, designated as
“Long 1” (or more shortly, as “L01"). The long straights gede the correspondingly numbered short
straights, so the short straight immediately downstream ohdLl” is labeled “Short 1” (or “S01").
Incidentally, the terms “upstream” (or “US”) and “downstreafof “DS”) refer to the direction of
beam motion. Beam always travels from upstream to downstreame @&her24 long and 24 short
straight sections in Booster for a total of 96 combined-function magnets in the ring.

LONG SECTION
F-MAGNET D-MAGNET _<€&—6.0m—3 D-MAGNET F-MAGNET <1.2m>»

SHORT
SECTION

Figure 2.3: Typical Lattice Period of Booster [4].

RF cavities, injection and extraction components, secondary collgnatotch kickers and
notch absorber are located in the long straight sections. Beam diegraosdl correction element
packages are located in both the long and short straight sectionoridetion element packages are
made up of six different circuits that generate dipole, quadrupolesextidpole fields, giving fine
control over the beam.

The initial 400 MeV proton beam in the Booster is provided by the Fasrhihac using multi-
turn charge-exchange injection. The 400 MeMdds exited from the Linac pass through a stripping
foil which removes two electrons of bns. Beam injection into the Booster take place at Long 1.
Beam can be extracted from Booster at two locations, depending destieation. An extraction at
long 13 transfers beam to the Booster dump. An extraction at Long 8taditby kickers in period 2,
transfers beam to the Main Injector via the MI-8 line.

The Booster RF system is composed of about twenty sththatsincrease the beam energy
from 400MeV to 8 GeV. Since Booster is a synchrotron, the cawtynent frequency sweeps from
37.8 MHz to 52.8 MHz as the beam revolution period decreases from 2.2 pysctabimjo 1.6 ps at
extraction. Presently (spring of 2017), twenty RF stations (alsdcas RF cavities) are located in ten
long straight sections of the Booster lattice. As a rule, txeréwo RF stations per long straight. Every
RF cavity contains a drift tube with accelerating gaps at both @hesdrift tube is tapered copper
structure with a minimum 2.25" i.d. beam pipe in the center.

The Booster collimation system is located in periods 5, 6, and7. Figusa@ws layout of the
Booster collimation system in its present configuration. It isve-stage collimation (2SC) system
installed in 2003. 2SC general principles used for this design cdoupe in the paper “Beam
Collimation at Hadron Colliders” written by N.V. Mokhov [5]. The designtled collimation system
for the Booster is described in several reports [6, 7, 8, 9, 10, and 11].

Note, the enumeration of the combined function magnets shown in Fig. 224pmrds to the
magnet labeling in the Booster tunnel, which is not quite consisiéntive definition of the Booster
period shown in Fig. 2.3. The letters F or D are also added to the nutolmksignate focusing and
defocusing magnets, respectively. For example, the period 6 inchagsets labeled as 5-3F, 5-4D,
6-1D, and 6-2F, and the period 7 includes magnets labeled as 6-3F, 6-4D, 7-1D, and 7-2F.

1 Over the years, the total number of RF stations imareased during Booster upgrades from 16 swiiorthe original
designs to 20 in 2017, and to 22 stations plannedfuture.
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Short 5 Long 6 Short 6 Long 7
{sap | 52 ™ 53¢ 5—4D"6—1D|_|6—2F|'._|6-3F He6-4p 71D

. . . . Mask
H-prim V-prim BLM Sec. collimators ~ combined function magnets  gec. collimator

Figure 2.4: Layout of 2SC system in periods 5, 6 and 7.

The Booster 2SC consists of horizontal (H-prim) and vertical (M)ypprimary collimators
located in the short drifts nearby of Short-5 and three identicahddhg secondary collimators (or
absorbers) 6A, 6B, and 7A located in Long-6 and Long-7. Each absorbapable to limit beam
aperture in both horizontal and vertical planes. Primary collimétoitsthe beam aperture only in one
plane,i.e. H-prim limits horizontal beam aperture, and V-prim limits Weetical beam aperture. The
primary collimators are movable thin scattering foils. The abs®rés movable girders with square
cross-section with square apertures in the center for beam paSsageally, the absorbers has been
also used the Booster notching system. Recently (~2013), the dedicatigd Absorber has been
installed in period 13.

2.2 Demands for Booster intensity increase

The flagship of Fermilab’s long term research program is thepDénderground Neutrino
Experiment (DUNE). The staged plan to achieve the multi-metjdveam power required by the
DUNE physics program is outlined in the paper [12]. This plan drilie need for increased proton
intensity for the Fermilab accelerator complex. All protonsoaiginated in the 8 GeV Proton Source,
which is largely original construction.
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Figure 2.5: Evolution of Booster proton delivery [17].

The lab has adopted a staged approach to increasing the proton irfeengigy high energy
neutrino program. The Proton Improvement Plan (PIP) [13, 14, 15, and 16] ipaigarno maximize
the proton output from the existing Proton Source. The key component dute iesses and upgrade
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pulsed hardware in the Booster to allow beam to be accelerated b ldkz cycles. This goal has
recently been achieved. Figure 2.5 shows the total proton output frdBodiséer. The goal of the PIP
campaign is 2.4-10 protons per hour while maintaining 2012 activation levels, ensuring viable
operation of the proton source through 2025. This and other upgrades will lefldvain Injector to
deliver 700 kW of beam to the NuMI line. On Jan. 24, 2017 the Main Injectaddi@gred 700 kW
proton beam over one hour [17].

In the current configuration, it's unlikely that significantly mdseam current could be injected
into the Booster. Therefore, in order increase the beam powertdwdda the DUNE from 700 kW to
1.2 kW the Proton Improvement Plan-II (PIP-II) [18] has been establidtee key feature of PIP-II is
to replace the existing 400 MeV linac with a new superconducting 80 IMac. In addition, the
Booster rate will be increased from 15 to 20 Hz.

To prepare Fermilab accelerator complex to PIP-1I requirementsew flexible campaign
named as PIP-I+ is proposed as follow-on to PIP [17]. This campaign is codsadeadridge between
PIP-1 and PIP-Il. The goal is to get 1 MW beam power to the Nuid prior to PIP-II. In addition,
this transition plan should anticipate a transition to the new HIRald in 2023, with which Booster
will be expected to deliver 4.7Eprotons per hour at a repetition rate 20 Hz. Such increase in the
Booster beam intensity will demand a further reduction of losses in the Booster

Thus, there is a demand to increase Booster intensity whileaséieg the particle losses and
maintaining the same residual activation levels in the accelerator components

2.3. Radiation in Booster Tunnel and Needs for Effective Collimation

Figure 2.6 show the recent (Mar 31, 2017) radiation data at differertiolteaaround the
Boostef. The radiation has been measured at the distance of one foah&dooster elements. Two
plots of the same data with two different vertical scales paesented to facilitate comparison the
radiation levels at different areas and view details of distributions withie garticular areas.

According to the ACNET application B87, the main Booster parasetghin 8 hours before
shutdown for the above Mar 31, 2017 radiation data measurements are thendpltbe Booster up
time, the average number of events (or the Booster cyclesgpends, the average number of protons
per event, the average number of protons per hour, the number of protons (outhe’Booster beam
transmission efficiency) are equal to 95.8 %, 12.6 ev./4@%®pc, 1.72L0"pph, 90.9 %, respectively.

Figure 2.6,a demonstrates very high radiation levels at the ctdlimegion in periods 6-7 (up
to 700 mrem/hour) and at the extraction region in period 3 (up to 550 mrem/htsarthA relatively
high radiation exists at the injection region in period 1 (up to 200 mren/andrthe notching region
in periods 12 and 13 (up to 150 mrem/hour).

Figure 2.6,a shows details of radiation distribution in the collimategion. The highest
activation levels corresponds to period 6, especially at the followirgasunrement points:
1) "SEC.COL 6A" (up to 700 mrem/hour) located between the absorbers 6A afs@&Bigure 2.4);
2) "L6" ((up to 400 mrem/hour) located in front of the absorber 6A; 3)"SEC&BD (up to
300 mrem/hour) located behind of the absorber 6B; 4) "S6" (up to 300 mrem/hatediat the short
straight 6. The activation levels in vicinity of the primary ico#itors ("HORZ PR IN/OUT", "S6", and
"VER IN/OUT") and in the period 7 ("L7" and "L7 DS" located beforel after the absorber 7A) are
relatively smaller and do not exceed 100 mrem/hour.

Therefore, the collimation region and extraction regions remaimaia source of concern since
some of the magnets around these regions have seen very highofevetan loss. The Booster has
never lost a gradient magnet due to coil failure [13]. It is expethat if gradient magnet fails due to
radiation damage it will happen first in the collimation areds Hlso expected that all cabling in this
region will eventually have to be replaced.

2 Booster Radiation Reports on Web-page: http://wdafnal.gov/cgi-booster/rad_survey.pl
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If beam losses in the Booster will be increased in a futurdalaa intensity increase without
essential improvement of Booster beam efficiency, then the @dlibm regions with existing
collimation system may experience even higher radiation lewelekample, in the “Proton Source
Improvement Plan” issued in 2011 [14] it is noted that prompt radiationslevere already a
measurable concern in a small number of West Booster Towersofticated above the collimation
region, when residual activation levels in the Booster tunnel ar@ L0 mrem/hour at 30 cm on the
outside of the shielding in the vicinity of the Booster collimators.
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Figure 2.6: Radiation data for Mar 31, 2017 at the distance of onetfdiffeaent locations around the
Booster for two different vertical scales: a) 900 mrem/hour; b) 100 mrem/hour.

Collimators do a satisfactory work on a reduction of radiatiothéhmost of Booster tunnel.
However radiation is already very high in the vicinity of colliora and its further increase does not
look as a possible solution. The radiation significantly exceedsetred predicted by simulations
performed during the design phase of the Booster collimators [14].

Radiation exposure of maintenance workers is a concern driven by albydngher equipment
activation due to increased proton flux and by the expected higheefr@goef maintenance due to
increased stress of the equipment. For example, the highestioradiate at 1 ft of secondary
collimator 6A reaches 700 mrem/hour. At Fermilab, the individual checkpmise¢t to 50 mrem per
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week for 1 person, while the job stop limit is set to 55 mrem. Thsnsithat the radiation worker can
not remain there more than 4 mindteShese conditions complicate possible maintenance works on
accelerator components in vicinity the collimation region. Furthes@ning of the radiation situation

in collimation region will make impossible immediate asses$Bdaaollimator area requiring long cool-
off periods that can significantly affect the length of Booster downtimes.

Figure 2.6,b allows to view details of radiation distribution in regmwith RF stations. Let's
remind that RF-cavities have smallest apertures in both horizontal archvémections (see the above
discussion for Fig. 2.2). The RF stations are located in pairs withitohg straights of periods 424,
except of the period 20 (see Fig. 2.1).

The radiation measurements are performed at 5 points within thasdsparamely 4 points
within long straights (upstream and downstream of every of RWostations) and 1 point at short
straight. For example, the period 15 has the 5 measurement pointsh&ifbllowing nicknames:
1) "L15 RF3_US" and "L15_RF3_DS" for the points no. 1 and no. 2 located upstream and downstream
of the first RF station "RF3", respectively; 2) "L15_RF4 US" and "L154 ROS" for the points no. 3
and no. 4 located upstream and downstream of the second RF station "Rfettively; 3) "S15" for
the point no. 5 located in the short straight 15.

It is seen from Fig. 2.6,b that within long straights of all periaith RF stations, namely
periods 1419 and 2124, the radiation levels are highest for the measurement point ncatédoc
upstream of the first RF station. Moreover, within long straightmos$t periods with RF stations,
except of period 19, the radiation levels decrease monotonically with inafethgepoint number from
1 to 4. Also within the most periods, except of periods 14 and 18, the radiéatids for last point no.5
located at short straights are minimal.

This regularity suggest that every pair of RF stationsasts sequence of aperture restrictions
for incoming beam which size exceeds the drift-tube apertofr®= cavities. Note that this behavior
exists in the presence of acting collimator system. Tlyslaety could mean that some considerable
part of the beam halo avoids the aperture restrictions in thenatdits and directly hit apertures of RF
stations. Therefore, up to now the RF stations act in part as atlireystem providing a relatively
high radiation in their vicinity. Since RF stations require quidient, complicated and relatively long
maintenance procedures, the reduction of residual activation nestafifs is very desirable to avoid
excessive radiation exposure of maintenance workers. This cin@moé&can also drive the need for
an upgrade of existing collimation system or even for designing and building eneew

% 50 [mrem]/(700/60) [mrem/min]=4.3 min
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2.4 Overview of the Booster Collimation System Designs

Note, that the Booster 2SC systems were the designed forpthesible usage at both the
injection energy (0.4 GeV) and the top energy (8 GeV). Howevegptimal thickness of the primary
collimators should be very different at the injection and top ergerdfievas suggested [6] to use
rotating primary collimators constructed as disks of differeruktiéss. Presently, this suggestion is
considered to be unpractical. Moreover, since major beam losseshatpjpgection energy, it was
decided to consider the collimation system only for the injection energy.

The 2SC system has been designed using the STRUCT [19] code avidR$®: codes [20],
which perform two mutually complementary tasks. The STRUCT codalaied multi-turn particle
tracking in the accelerator and halo interaction with collimatbine MARS code simulated full-scale
Monte Carlo hadronic and electromagnetic shower in the latticeeaks, shielding, tunnel and
surrounding soil.

2.4.1. Original 2001-Design with L-shaped Secondary Collimators

The original design of the Booster collimation system has beseipted in the 2001 paper [6].
Some details and motivations were also reviewed in the paper B\ Be the description of the
collimator design taken from ref [6].

It was proposed to use straight sections of periods 6 and 7 for cahnb&cause this region is
far from the engineering, support and office buildings. It wasmasd that 30% of the beam is lost at
injection energy (0.4 GeV), and the purpose of the beam halo clearstegnsis to localize proton
losses in a specially shielded short section, thus to reduce timadi the rest of the machine to the
acceptable levels.

A 2SC system has been proposed with 0.1 mm thick tungsten (or 0.15 nkgthphite)
horizontal and vertical primary collimators followed by four coppecondary ones. The length of
secondary collimators is equal to 0.6 m. The mechanical design sé¢bedary is based on two pieces
of copper welded together in an "L” configuration. The collimateeatbly is bolted inside a stainless
steel box.

Figure 2.7 shows the layout of the suggested 2SC system and horiandtalertical
[-functions. The principal locations of the primary collimators and 8 s#condary collimators are the
same as in the presently existing 2SC system (see the &mpva4), in which only 3 secondary
collimators are used. The 4th secondary collimator named asrSWVig.i2.7 for the 2001 design is
absent in the present configuration. In the later designs, the 3rth@rtth secondary collimators
"SH2" and "SV2" shown in Fig. 2.7 were merged in the later design and named\é%'"SH

Note, the collimator names shown in Fig. 2.7 are used in the lattipgssfor STRUCT code.
The character "S" means "secondary”, and characters "H" \#@hdaré set for "horizontal” and
"vertical" designating the major collimation plane. The numberché&d to the secondary collimator
name designates a function of the collimator in the 2SC schemex&mple, the 2SC scheme for the
horizontal plane uses the primary collimator "Pr.H" and two secgraddiimators "SH1" and "SH2",
and the 2SC scheme for the vertical plane uses the primary atwltitPr.V" and two secondary
collimators "SV1" and "SV2".

There are several different naming conventions used in theelattiGpts and the Booster
controlling devices and radiation surveys. Let's list here threegngactonventions which can be used
for absorbers of the 2SC: 1) Collimator "6A" can be also namsetCOL1" or "SH1"; 2) Collimator
"6B" can be also named as "COL2" or "SV1"; 3) CollimdioA" can be also named as "COL3" or
"SHV2". By the way the latter name "SHV2" is used focas®lary collimator when it works as 2nd
secondary collimator in the both horizontal and vertical planes.
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Figure 2.7: Beta functions and the collimator location for 2001 2SC design [6].

Primary collimators are placed at the edge of the ciraigdteam after injection. Secondary
collimators are positioned with Odboffset with respect to the primary ones at phase advancesr¢hat
optimal to intercept most of particles out-scattered from timagoy collimators during the first turn
after the halo interaction with the primary collimators. Tablef@dsents thg-functions and phase
advanced\u between collimators for the 2001 design [6].

Table 2.15-functions and phase advances between collimators for the 2001 design [6].

element Lhor, M LBier, M Alhor , deg | Atker, deg
horiz. prim. Pr.H 19.0 11.9 0 -
vert. prim. Pr.V 19.0 11.9 - 0
Secondary SH1 7.4 20.4 37 -
Secondary SV1 6.2 20.0 - 20
Secondary SH2 6.2 20.0 154
Secondary SV2 7.1 20.3 - 127

Figure 2.8 shows the beam loss distribution along the accelertaiojeetion. Below the
location of the combined-function magnets and elements of the 2%€mnsgse also shown. The
original plot (on the left) is accompanied by the zoom image otdfiemation region (on the right)
extracted with help of a standard graphical editor (right).

According to Ref. [6], this 2SC system localizes about 99% of bessnih a 50 m long region.
Beam loss in the rest of the machine is on average 0.1 Wimsexeral peaks of ~1 W/m. The hands-
on maintenance limits are 0.25 W/m in the open long beam pipes anoch 3n\viie magnets. We can
discern from Fig. 2.8 that this 50 m long region starts from horizontabpy collimator and includes
all Booster elements till the middle of the long straight 8, namely periods 6 and 7.

It was also noted in Ref. [6], that the primary collimators produeery large tail of out-
scattered particles in the transverse phase space, and ttlegartthe tails will be lost on the aperture
during the first half of a betatron oscillation. The loss natehe magnets behind the primary
collimators at injection is ~100 W/m. This note means that redddaster aperture restrictions affect
on quality of the suggested design.
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Figure 2.9 shows actual layouts of the 2SC with L-shaped absoooededd in ref [7, 22]. It is
seen that the 3rd and the 4th secondary collimators "SH2" and "SV2" shown2n7Rigere physically
merged in one absorber in the installed 2SC system.

Long 5 Short 5 Long 6 Short 6 Long 7
Primary Primary Secondary Secondary
Horizontal Vertical Vertical Horizontal
secondary and Vertical
Horizontal
a)
Long 5 Short§ Long 6 Short 6 Long 7
Iﬂ—fDHrl—(rHol—\|DHrl—|rHo}—T{I}
PHC e SHC1 $VC1 s
PHC is in upstream mini-siraight section of Period 5
PYC isin downstream mini-siraight section of Period 5
SH C1 is 20cm from up siream end of Long 6 siraight section
SVC1 is 300cm from up stream end of Long 6 straight section
SHC2 and SYC2 are hoth located 60cm from downstream end of Long 7 straight section b)

Figure 2.9: Layout of 2SC system with L-shaped absorbers installed in 2002 :d&sjd@h b) [22].
MARS simulations shows that the secondary collimators SH1 ardsBbuld be embedded
into iron shielding about 60 cm thick transversely (starting at reom the collimator outer surface)
and extended about 60 cm downstream. This 2SC system with copper L-seepedary collimators
without shielding boxes has been installed in Booster tunnel duringuthenex of 2002 [7, 21]. All
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collimators were movable, the have been exercised. Initialtsd®oked encouraging. A preliminary
design of shielding was complete and it was planed to install shielding over thewnexbri¢hs.

The installation of shielding for the three Booster secondaryveatiirs has been planed for the
January 2002 shutdown [23], even ~75 tons of steel has been ordered. Havetv&hielding Plan”
has been abandoned due to the following reasons [24]:

a) radiation levels in the area of the collimators meant thabutld require several crews to
complete the shielding job;

b) the awkwardness of location made it likely that the beam pipellmws would be damaged
— particularly if we had multiple crews trying to work quickly;

c) the existing design did not allow for servicing of the motorsDT\8, or vacuum flanges
without unacceptable radiation exposure;

d) there was no provision for the eventual removal of the system.

The conclusion was quite categorical: "Remove collimators and dght". The collimators
were removed during the shutdown in January of 2003 result [25]. Itegagnized in ref [26] that
"previous design scrapped as unworkable".

2.4.2. The 2003-Design with Integrated Secondary Collimators

2.4.2.1 The design conception and the basic rules

After abandoning the 2001 design with L-shaped collimators surroundaeddybox shielding,
the design conception for new collimators has been suggested [24]:

a) integrate collimator and enough shielding for at least twiesent Booster flux into a
movable system which can be assembled externally and installed quickly (~ 1 day)

b) design must include a clear plan to scale up to the full shielding;

c) there must be a reasonable method for servicing the motors and £;VDTs

d) there must be a reasonable plan to remove the central cahlnststem (“coffin”) in the
event of a catastrophic failure (e.g. vacuum leak);

e) there must be a reasonable plan to remove the entire system if a nesv Bonsts.

Some ground rules has been also listed [24]: no “quick and dirty” tengpsobutions; what
goes in, stays in; no partial designs; nothing goes in until we have a clear ptanidraie system.

Two basic design choices described in ref. [24] includes: a) m®ealiimator inside a central
coffin, all on rolling cart, around which full shielding could later bacpd; b) collimator fixed inside
central shielding steel, and entire assembly is moved.

2.4.2.2 Adopted Integrated Collimator Design

The secondary collimators with the steel jaws fixed withim@vable shielding body were
chosen for a new design. Such design principle is also calleck astélgrated collimator-shielding
design. It was designed during winter and summer of 2003 [25]. It wased to complete the design
of the new collimation system by June of 2003 [26]. The mechanicaihndasdyfabrication of the new
secondary collimator has been ordered to the external company "Bartosze&dengi' [27].

The 3D model of the new secondary collimator by "Bartoszek Engiggeshown in Fig. 2.10
and example of the MARS-code model had been presented soon in March, 2008¢28] figjures
had been included also in the poster of the report [10] presented at the PAC'2003 (May, of 2003).

The report [10] describes the new collimation system as the bigiggge project to increase
the Booster intensity. The collimation principle was described ubagame figure as for the previous
abandoned 2001-design with L-shaped absorbers (e.g., ref [21, 25]). This tivegatiee collimation

“ the Linear Variable Differential Transformer ufed measuring linear displacement of collimators.
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principles are the same for both the previous 2001-design and the new 2@d3-@lee principles
were formulated in the following way. High amplitude partices intercepted by a thin primary foll,
and subsequently absorbed by thick stainless steel secondaryatm¥imEach of the secondary
collimators intercepts the beam on one edge in each plane.

The report [10] describes the mechanical assembly of the secorwllnyators in the new
collimation system design in the following way. The otherwisepinadesign is complicated by the
need for fairly extensive shielding of the secondary collimataus. tO lack of a quantitative model for
Booster beam loss, it is assumed that beam losses at injeotcextraction energy are equal to 30 %
and 2% respectively. This leads to a shielding requirement of alibat long steel 0.6 m thick around
each of the three secondary collimators. To avoid the need for bleygats or vacuum seals in the
extreme radiation environment inside the shielding, we settled adesign in which the secondary
collimator jaws are fixed within monolithic steel shielding blodkach block is attached to the beam
pipe on either end with bellows, allowing the entire assembly to mwee the range required by
collimator operation.

Figure 2.10: The Bartoszek's 3D model of the new secondary collimator in ightdtrag 6 [27].

Design of three new secondary collimators has been almost corbplétay of 2003. They
have been assembled and were ready for installation in the 200hé&sushutdown [29], namely in
September of 2003 [30]. The successful installation of the collimatsr$éen declared on the post-
shutdown meeting in October, 2003 [31]. Figure 2.11 shows photos of the installed collimators.
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Figure 2.11: The photos of the installed secondary collimators: 6A andtBB long straight 6 (on the
left) and 7A in the long straight 7(on the right) [31].

The plan to begin the collimator commissioning during 1-2 month in parasitic mode has
been outlined at this meeting [31]. Since this plan is also vitalnfavadays experiments with
collimation system, it is presented in this report:

a) Run secondaries in until the begin to attenuate the beam, then back off slightly;
b) Adjust primary positions to minimize (uncontrolled loss)/(transported beam);

c) Re-optimize orbit for each collimator setting;

d) Measure loss patterns and establish tight limits;

e) Integrate collimators into normal operation.

According to December 12, 2003 report [32], the collimation system caomiisg has been
delayed due to necessity "to have Booster optimized to the neve'lattiwas estimated to be about 2
month to bring collimator into standard operation after fixing this issue.

2.4.2.3 STRUCT & MARS Simulations for New 2003-Degh

We was able to find only two more or less detailed publications atioutilations with
STRUCT and MARS codes for the new 2003-design performed beforetdgrated collimator-
shielding secondary collimators has been installed into Booster tumastumn of 2003: the review
talk [7] given by N. Mokhov on March17, 2003 and paper [9] submitted in Map@3 for PAC'03.
Let's consider these publications in details in order to understand basic ideaslesitims

The talk [8] was devoted to physics justification of a new integraollimator-shielding design
of the Booster beam cleaning system. According to the abstreataanying the report, the system
developed will localize 99% of beam loss with low beam loss andtiadikevels in the rest of the
machine. The collimator-shielding units developed for the ultimatersyparameters and optimized
via detailed MARS14 simulations as L6A and L6B secondary cdiiirmawill provide adequate
collimation, shielding and maintenance functionalities, assuring tlwehgtrand residual radiation
levels inside the tunnel, in sump water and above dirt shielding ae bet regulatory limits with a
reasonable safety margin.

It is emphasized in the report conclusion that the declared the 9%%zdtion of beam loss
can be reached, if the proposed optimal primary scatterers and agcoontdimators in L6 and L7
sections are implemented. Installed two 0.3-mm carbon foils aafyricollimators are OK at injection
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but too thin at 8 GeV. Installation of only a pair of secondarymsatbrs, L6A and L6B, instead of the
optimal four-unit set, would do a reasonable beam cleaning but with a somewhat eftioety.

The pair of STRUCT [19] and the MARS codes [20] has been used for sonubd this new
design, while the beam loss analysis has been performed wittUGITRode by A. Drozhdin.
Unfortunately, there is some inconsistency in the collimator syst@dels used with the STRUCT
code. The model of the 2SC system used with STRUCT code atlyeae 2001-design with four
0.6-m long secondary collimators. Instead the new 2003-design usesliBmeelong secondary
collimators with 0.2 m long tapered upstream end of jaws [10, 27]. Tleeptes of the 2SC system
for the presented STRUCT results is accompanied by exactbathe figure and data shown above for
the 2001-design (see Fig. 2.7, 2.8 and Table 2.1). The optimal thickness of they mattimator foil
at the injection energy is also exactly the same as fd@G0#&-design, namely 0.15 mm thick graphite.
It was concluded again that such a system would localize about 9®¥%awnf loss in a 50-m long
region.

It is also important to mention that the above STRUCT simulatiovs @en performed for the
Booster lattice without injection and extraction bumps.

The second part of this talk [8] presents the MARS simulation sedtifjure 2.12 shows the
MARS model of the used in the simulations. The absorber configuratiosizeglcorresponds to the
integrated collimator-shielding secondary collimator adopted fondwve 2003 design [10, 27]. Thus,
the MARS calculations presented in this report are based on the lbsaranalysis performed by
STRUCT code for the old 2001-design. It is not clear how such irstensy may affect on the
declared efficiency of the collimation system.

cm Booster L6 integrated collimators/shielding cm Booster L& integrated collimators
200

10.16cm

45

45.4cm

-200

o
200 - 200 L-Z
ty

Figure 2.12: The MARS model for the integrated secondary collimator of the new 20§38 [8gs

Another paper [9] submitted in May of 2003 for PAC'0O3 contains more @irapsive
information about STRUCT and MARS simulations for the 2SC sysAgjain as in the recent talk [8],
the model used by STRUCT code is based on the old 2001-design and Mé&Rk@adel for the new
2003-design with integrated collimator-shielding of system. Thus,sees again, that the MARS
calculations presented in this report are based on the beam losssaperformed by STRUCT code
for the old 2001-design. Also, in comparison with the above talk [8], key camtdus this paper [9]
have some difference, which is important for understanding the collimation syfieiency.
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In the abstract of the PAC's paper [9] it is stated that the prigfos new beam halo cleaning
system is to localize proton losses in specially shielded regwinige calculations show that this
2-stage collimation system will localize about 99% of beam losstraight sections 6 and 7 and
immediately downstreanThis statement is different from ones presented in the talr8]Ref. [6]
for the old 2001-design: "such a system would localize about 99% of beam loss in a 50-rmgitamg re

Why the above difference in statements has an importance? The mentioned above thegh0 m |
region (see Fig. 2.8) includes many unshielded Booster elements (cdnilomaéion magnets, beam
position monitors, vacuum pipes, bellows and pipes between collimator)eabdam losses on these
elements will create a high activation around them and could not bed@musas desirable or "useful”.
Only beam losses which happen in specially shielded regions (i.evemfdhe secondary collimators
without out-scattering of incident protons back to the beam pipe) musedied as desirable. The
straight sections 6 and 7 also include unshielded pipes and bellows bewleeators. Therefore
beam losses on them must be considered as harmful contributing inekighat activation levels.
However, paper [9] treats all losses within periods 6 and 7 as pemigsiseful”) because "sections 6
and 7 are far from the engineering, support and office buildings".

Although the 2SC system simulated with STRUCT code and presentin ipaper [9] has
three secondary collimators (L6A, L6B, L7) as it was adoptethionew 2003-design, the 0.6-m long
stainless steel secondary collimators as in the old-2001 desigtillazensidered. Moreover, it directly
makes reference to the results published in the 2001 paper [6] fudtR@01-design when the optimal
thickness of the primary collimators is discussed.

To evaluate the quality of a 2SC system it is necessakpde what portion of beam losses
happens on well-shielded collimator jaws. A good design of the 2S@nsysiust maximize this
portion and minimize losses in the rest of machine including lossael onshielded elements located
in the collimation region. Unfortunately, the results presented in the above red¢8®hot allow us to
evaluate the portion of beam losses on collimator jaws with BEle¢oigth of ~4 m, while it is not clear
how out-scattering of incident protons back to the beam pipe has been treated, if any.

Moreover, it is not clear how and why the beam loss 50-m region [6,8%anken to (long
straight - V.K.) sections 6 and 7 with total length of 12 m. Looking on Fig.2.8 from #remeéd 2001
paper [6], one can see that some considerable part of the beansfmesesto outside of collimators
including magnets and beam pipes in periods 5, 6 and 7. Therefore, theedl€3346 could be
essentially less, if "useful” losses are applied only to either strseghibns 6 and 7 or collimator jaws.

2.4.2.4 Commissioning the New Collimation System 2004

In January of 2003, E. Prebys presented the detailed "Initial Coramigs Plan” [33] which
consisted of two parts. The first part of the plan named as h@atr Position and Angle Registration”
contained the following steps:

» Conditions: Turn MiniBooNE off; moderate impact on stacking.

» With pitch and yaw set to zero, move each of the secondary catsnatall directions
until beam transmission is reduced by 10-20%. Record transmission vs. location.

* Repeat Horizontal measurements with yaw angle at each extreme.

* Repeat Vertical measurements with pitch angle at each extreme.

* Use information to calculate beam angle at collimators aridpgeh and yaw
accordingly.

* Move both vertical and horizontal primary collimators in until traission is reduced
by 5-10%. Record transmission vs. location to determine the positidimeobeam
relative to these.

The second part of the plan named as "Performance Studies" contained the follepsng s

» Conditions: Reduce MiniBooNE as needed to prevent tripping.
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» With the angles established, move each of the secondary collinratisiually in the
design vertical direction (1 and 2 up, 3 down) until an effect ia seetransmission.
Back out until the observed effect disappears. Snapshot beam B%36% i each case.

* Begin to run the primary vertical collimator into the beam. As sa®rithere is any
measurable effect on losses or transmission, move the primématof into the beam
in roughly 1 mm increments, snapshotting losses at each point, untinisaim is
reduced by 5%.

* Retract and repeat individual collimator studies in the horizonsadep(1 and 2 move
out, 3 moves in).

* Repeat measurements in each plane with all three secondaimatmis in their
operational configuration.

Note the collimation optimization plan included the movement of secoroddliignators both
horizontally and vertically under different pitch and yaw anglesh Boimary collimators were also
moved as it required by principles of 2SC systems.

By the E. Prebys's the talk given in February of 2004 [34], the tvge-stallimation system
was in the works a long time, while it was suffered majdyags¢s, but now in place. Another month or
so has been estimated to bring collimators into standard operatisas lalso noted that at the time,
"primary collimators are not optimized to energy loss proféat they should be "replaced in
upcoming shutdown".

Some successful tuning of collimators has been performed lgyoM2004, and the collimators
were put for a one week of continuous operation. The Booster radiatiddebasneasured after that
week and compared with measurements done a week before when oodlirdat not operate.
Figure 2.13 (E. Prebys's talk [35]) shows improvement in the Boostieatean due to collimator
operation. It was recognized that this plot provides reasons for eptif8b]. The collimator operation
has reduced the radiation almost everywhere around Booster exteptcoflimation area itself where
the radiation was considerably increased.
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Figure 2.13: Difference in the Booster activation (mrem/hr@ 1ty ane week of collimator operation
in comparison with the previous week measurements done after operation withowatoodlifg5].

The usage of the collimators in normal Booster operation has beenededaune 2004 [36].
Figure 2.14 shows readouts of Beam Loss monitors (BLM) located atbarooster for two cases:
when collimators are off and when collimators are on. BLM readoets@amalized by the alarm (trip)
values set individually for every particular BLM.
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Lim. p<hr:

Figure 2.14: The screenshot of the "Fraction of Trip Plot" by AN@gdlication B88 showing Booster
losses via normalized BLM signals: a) losses without collimaésrsa reference plot (red bars);
b) losses with collimators shown as yellow bars, if they lessedfbars, and as green bars, if they
exceed red bars [36].

One can see that due to usage the collimation system the besen tegistered by BLMs
become less almost everywhere around the Booster. However, Riddied near the primary and
secondary collimators, namely in short straight sections 5, 6, and 7n dadg straight sections 6
and 7 have considerably increased values.

Several general principles adopted for operation of Booster etiim system has been
presented in ref. [36]: 1) activation was “OK” before collimatopiementation; 2) we want to use
collimators to increase rate while keeping activation “about the same”.

It was noted that historically, the “watt meter” has been out netiable indicator of activation,
but it works by counting lost protons. Since we can not distinguish prabsawsbed on the collimator,
now we must rely on individual loss monitors (BLMs) and radiation surveys.

Figure 2.15 shows relative change in the Booster activation in pereerce collimators
become operational. One can see the reduced activation+5y 20 around much of the ring [37],
particularly in the extraction regions and in the RF statigmors. However, the activation has been
increased about 50 % in the Booster period 1 (injection region) aAtb806 in the collimators
regions and immediately downstream, i.e. in the periods 6, 7, and 8. Acctodiely [37], it can be
afforded to collimate a little less to mitigate the activity at perd@ssomewnhat.

Another interesting suggestion contained in the comments in ref. [8i4 fellowing: "Perhaps
try running with reduces (or eliminated) primary collimatiori?Probably, there was not noted a
considerable difference between operating the collimation sysignthe primary collimators, i.e. as a
2SC system, and without primary collimators, i.e. as a singte stallimation (1SC) system. The
further activity with collimators has been formulated in ref. [38] "aying to find and optimum
collimator configuration that achieves adequate loss reduction atbendng with the minimum
increase near the collimators.” A quite critical evaluatiorihef collimator operation was given by
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E. Prebys in ref [39]: "Helping, but still at least a factorfigé away from initial predictions.” The
Booster shutdown plans to move "pinger” to period 5 and use collimatastfaction pre-notch [39]
have further increased the demand for further minimization of beam losselseneallimators.
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Figure 2.15: Relative change in the Booster activation expresgedants since collimators become
operational [36,37,38].

Comprehensive information on the above commissioning works with the atalisnwas
presented in two talks given in June of 2004 [40] and March of 2005 [41], iespecThe talks
contain useful photos and schemes of installed primary and secondanatos, their mechanical
data, motion possibilities and restrictions, overview of new softa@mnéolling the collimator motion,
examples of measured beam orbits in the collimator regions, prosddugsitioning the collimators
and many other useful information, e.g. about 0.3 mm copper foil usedpnirtrery collimator. In the
conclusion of the 2004 talk, it was cautiously declared that collimatorking at some level. The
conclusion of the 2005 talk emphasized, that collimators have significgadiliced losses in areas of
concern allowing an increase in the maximum extracted protorhqar Note, the talks [40, 41]
presented the Booster collimation system as a two-stage oneveElQW@SC operation mode was never
used in regular operations. Up to now (2017), only secondary collima&rsad for operations in a
single-stage collimation mode without any usage of primary collimators.

This talk did not touch any details of collimator simulations amereace to the issued on the
next day (June 25, 2004) document [11] by A. Drozhdin et al. as a "collickesayn paper”, which
contained the STRUCT code simulation results for the installed 0.3mwk copper primary
collimators. The only connection of this talk [40] to simulation resalts formulation of the purpose
of the collimation system. At the beginning of the talk [40] it haanblermulated as a paraphrase of
text presented in the abstract of the 2003-design paper [9]: "Jingose is to clean up the beam halo
and localize the proton losses particularly in shielded Boosterdseriong 6 Long 7 and immediately
downstream.” Let's mention, that the "collimator design paper"dddld not contain any conclusion,
since it does not contain any text excepting the single line abstract areddagiions.
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2.4.2.5 The 2004 Collimator Design Paper with STRUTCresults

The mentioned "collimator design paper"” [11] contains results & THUCT code simulation
for primary collimators made of 0.4 mm thick copper, which is qudsecto the installed 0.3 mm thick
copper foil [40]. Figure 2.16 shows the layout of the STRUCT model oh8talied 2SC system and
horizontal and verticgf-functions at the injection energy (400 MeV) and at the extraction energy.
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Figure 2.16: Beta functions at the injection and at the top enertheigollimation regions for real
location of collimators [11].

In comparison to Fig. 2.7 for the old 2001-design, the locations of prinolimpators and two
secondary collimators in the long straight section 6 did not changee Thardifference in the long
straight section 7. In ref. [11], it contains only one secondary collimaimed "SH2" instead of two in
the old 2001-design, while this collimator is located closer to dodam entrance. Note, that the
Booster lattice with nonperiodj@functions at the injection energy is now used instead the lattibe
periodic Sfunctions for the old 2001-design shown in Fig. 2.7. Figure 2.17 shows the transverse
positions of the collimators jaws for collimation in the both horizontal and vieplaaes.

' top

outside

primary primary secondary secondary secondary
horizontal Pr.H vertical Pr.V SH1 (long_6A) SV1 (long_6B) SHV2 (long_7)

Figure 2.17: Transverse positions of the collimator jaws [11].

The names of the secondary collimators are the same as lmitibe script for STRUCT code.
As it was discussed above for Fig. 2.7, the collimator names used 8TRECT code explain the
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collimator function in 2SC scheme. In this "collimator design paddd; the 2SC scheme for the
horizontal plane uses the primary collimator "Pr.H" and two secomddimnators "SH1" and "SHV?2",
and the 2SC scheme for the vertical plane uses the primary atltitPr.vV" and two secondary
collimators "SV1" and "SHV2". The collimator "SHV2" (alsolled either "COL3" or "7A"
somewhere else) is used as 2nd secondary collimator in the both horizontal aatiplartées.
Table 2 in [11] lists sizes of the beam envelopes at the collifatations and the horizontal
and vertical collimator positions. According to the caption for Fadum, "95% normalized emittance
is 12tmm-mrad”. Our reconstructing evaluations showed that the beam ersvetwpeEsponds toB
size of the beam. The transverse collimator positions correspondnayabeule when primary
collimators are placed exactly at the-8dge of the beam, and secondary collimators are positioned
with 2 mm offset with respect to the beam.
Although, Figure 2.17 shows the vertical position of the collimatorl"S&hd the horizontal
position of the collimator "SV1" in proximity to the beam, one coelaize that these collimators are
effectively involved in 2SC schemes for the vertical and horizontalegl respectively. The phase
advances of these collimators do not obey conventional rules (seef¢4j) adopted for 2SC system,
and they could not intercept protons scattered by the primary collimator.
The "collimator design paper" [11] also contains the Table 1 with sabiig®-functions at
collimators and phase advances between collimators. The table PoPluegs the values of these

parameters at the injection energy.

Table 2.26-functions and phase advances between collimators for the 2004 design [11].
The values for the 2001 design [6] are shown in parentheses.

element Lhor, M LBier, M Alhor, deg | Alker, deg
horiz. prim. Pr.H 15.8 (19.0) 10.7 (11.9) 0 -
vert. prim. Pr.V 16.2 (19.0) 14.8(11.9) - 0
Secondary SH1 6.5 (7.4) 24.1 (204) 53 (37) -
Secondary SV1 7.9 (6.2) 23.3 (20.0) - 21 (20
Secondary SHV2 (SH2) 6.0 (6.2 18.3 (20j0) 143 (154) 124 (1

)
27)

The values listed in the earlier Table 2.1 for the 2001-design soeslbdwn in the table 2.2 in
parentheses for comparison purposes. This table demonstrates tiggschathe latticgs-functions
functions can cause some noticeable changes in beam sizes andagveasees at the collimator
locations. The behavior of th&functions in the Booster is routinely varied and tuned using the
correctors. Such corrections are aimed to reach some purposesandinbt directly related to the
collimation. Therefore, 2SC system in Booster works at conditionarging beam sizes and phase
advances, and must be steady against variations of these parameters.

Although the "collimator design paper” [11] does not formulate the purpdbesdSC system
with version, the presented STRUCT results for primary colbrsamade of 0.4 mm thick copper
allows us to understand them. The first raw in the Table 3 of thisnaed11] lists the following
beam loss values at the injection energy (0.4 &ewal losses in the ring are equal to 1439 W, beam
loss in the collimation region (92-152 m) are equal to 1412 W, and the lsmmoltside the
collimation region are equal to 26.14 W.

The first, we can calculate that beam losses in the coiimaggion are equal to 98 %. The
second, the total length of the collimation region considered inephat is equal to 60 m, i.e. about
three 20 m Booster periods. Figure reproduces a fragment of Fig.&tmemocument [11] showing
the beam loss distribution along 35 m long region starting at the grositithe horizontal primary
collimator "Pr.H" and terminated at the end of the long straiggttian 7. To facilitate understanding of

® As it is written in all figure captions [11], theeam intensity was B0'? ppp at 15 Hz repetition rate, i.e. 20"’ pph.
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the collimator positions and to connect them to the beam loss bamgwyeslightly edited the original
figures via coloring collimators and captioning them with nick names.
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Figure 2.18: Beam loss distribution in the collimation region at niection energy with (red) and
without (green) orbit motion (fig.8 of ref [11]).

One can see that beam losses on the primary collimatorbsastalt can be visually seen that
the total losses on secondary collimators do not exceed 30 % obéatal losses on the presented
35 m long collimation region. Most of beam losses happen on the combineidriumetgnets and on
beam pipes. Since these elements are not shielded, the lossesnocotiié not be considered as
desirable (or "useful"), one can conclude that collimation efficiasfcthe 2SC with 0.4 mm thick
copper primary collimator does not exceed 30%.

2.4.2.6 The Collimator Design with Optimal PrimaryFoils

During years starting from the collimator commissioning in 20@3& was an opinion that the
efficiency of the collimation system could be improved if the princollimators of an optimal
thickness will be used in the instead of really installed 0.3 mm cdogbelt was declared again in the
talk [42] at 2010 Proton Source Workshop that the highest collimatiarneeify is achieved and beam
loss rate even immediately downstream of the primary coltireatan be kept at 1 W/m level if the
thickness of primary collimators is equal to 0.003 mm for tungsten andrBriltor carbon at injection
energy, and it is equal to 0.1 mm for tungsten and 5.4 mm for carbon at thé@x&aergy. Thus, the
optimal primary collimator thickness must be increased with gngngwth. Note the above values of
thickness are exactly the same as in the 2001 design paper [6].

The declared purpose [42] of the collimation system is to locplia®n losses in a specially
shielded section, thus to reduce irradiation of the rest of the neatthihe acceptable levels. Straight
sections 6 and 7 were chosen because these regions are far from engameesingport buildings. The
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collimation system would localize about 99% of beam loss in a 2Z&mregion. Beam loss in the rest
of the machine is on average 0.1 W/m, with several peaks of ~1 W/m.

The talk [42] also presented results of the STRUCT code simulatiotie injection energy.
The plot with beam loss distribution along Booster for the 0.3 mm thegghge primary collimator
has been presented there. That thickness is two times largetirofl one for at the extraction energy.
The plot demonstrated that the beam losses outside of the cahmagion are less 1 W/m even at
non-optimal twice-thicker primary collimator.

Another plot of the talk [42] has presented the beam loss distributidre ioollimator region
for two different primary collimators. The above 0.3 mm thick gragimit@ary collimator is compared
with the 0.1 mm thick tungsten primary collimator. The thickness ofatter one is optimal at the
extraction energy. Thus, the beam loss distributions with almostapthin” and non-optimal "thick"
primary collimators are compared. Figure 2.19 reproduces than ploty wkitiave slightly edited via
coloring collimators and captioning them with nick names.
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Figure 2.19: Beam loss distribution in the collimation region at nifection energy for 0.3 m thick
graphite primary collimators (green) and for 0.1 mm thick tungsten (red) [42,43]).

One can see effects of a thicker primary collimator: lossethe secondary collimators are
reduced, while losses on other elements are increased. HowewtrJogstes on the secondary
collimators do not exceed 50 % of total beam losses on the presentedoB8§ collimation region
even for 0.3 mm thick graphite primary collimator, while the loss pammesome unshielded elements
(combined function magnets and beam pipes) is rather high reackisg WI'm.

Since about of half losses happen on unshielded elements, one can condlagdéirtetion
efficiency of the 2SC with 0.3 mm thick graphite primary colionadoes not exceed 50%.
Unfortunately, we was not able to find a plot with beam loss disimitsitfor the optimal primary
collimators (neither 0.15 mm C nor0.003 mm W) in published results of STRUCT code.
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2.5 Details of the Collimation System Hardware

Three secondary collimators (absorbers) have been designed bgsZgar Engineering”[27].
In this design, because of tight integration of the collimator jawd shielding steel, both the
collimator jaws and the surrounding shielding move. The shielding Idaks Icubic block. Its weight
is 10.6 ton. The absorber has four degrees of freedom. It can be moizeshtiadly and vertically by
+1.50 inches, and it can be yaw and pitch rotatedIfyradians. All three absorbers 6A, 6B, and 7A
are identical. Figure2.20 shows details of the absorber asseagdther with sizes important for
description of the beam aperture in beam dynamics simulations codes.

T
» W

47.90"121.67em
Figure 2.20: Booster absorber assembly (found at AD drdying

The long vacuum liner with square cross-section serves as thmatolis jaws. The liner is
surrounded by steel shield with wall thickness ~0.5 m. The shieldiegdgprlong the full length of
vacuum liner (~1.22 m). To minimize a hot spot at the upstream end abslogber and to move the
radiation further into the shielding volume, the upstream 8 inches ofnigreid tapered by 2 cm at
vertically and horizontally. When the absorber is centered on the tiegmhave a 3 inches square
aperture. The upstream and downstream ends of every absorbemaeeted to the neighboring
vacuum pipes via usual unshielded bellows, which allow simultaneous horizamdalvertical
translation of 1.50 inches each, while a total lateral offset fobéflews is up to 2.12 inches. Figure
2.21 shows the absorber layout in the long straight section 7.
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Figure 2.21: Absorber layout in the long straight section 7 (AD drawing, #"0360.08B9Z43").

Figure 2.22 shows 8 photos taken in the collimation area of the Boostezl {44]. Booster
elements in the photos has been labeled following to designations adaplied in Fig.2.4. For a
reader convenience the schematic layout of the 2SC system is again showootitag. 2.22.

® Accelerator Division drawing library at web htfadmscad.fnal.gov

Page 29 of 118



15-1D | 52F feggl 5-3F I‘-.'I 6-1D [{62F [ 6-3F [ {6-4D
V-prim combined function magnets

" Primary
. |Collimator 7

b) view at horizontal pri

7 Short 5 - corrector|
ol T B
; SrWN
-Hur.PrimA X E
ICollimator iL
| e
beam -
upstream direction
label "Danger”

Shield between
6A & 6B

' psec. Coll. 6A
Shield between 6A & 6B| Sec. Coll. 6B ; e
\ = -
3 ==

7
= : /
4 i P 5 Upstream
i 1] L_ i ( . B iy label
o WL 102 ‘y‘, \ Danger
.‘f«....—v
1 | Y]

et s

beam
direction

Secondary
Collimator 7A

Figure 2.22: Photos in the collimation area of the Booster tunnel (courtesy Aplet T44]).
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Except of the discussed above absorbers, all shown Booster elemengdy tambined
function magnets, correctors, beam pipes, bellows, and both primamatolis have no any special
shielding. There are only two supplementary shielding assemibllee is located between
absorbers 6A and 6B, and another is located after absorber 6B (s@e2Ejg.and Fig. 2.22,f). Note
that there is no any kind of supplementary shielding at both endseoéltsorber 7A, and at the
upstream end of the absorber 6A (see Fig. 2.22,e and Fig. 2.22,h)

These supplementary shielding assembles protect the aisla phssBiooster tunnel from high
residual activation existing at attached to the absorbers urethigipdes and bellows. Every shielding
assembly consists of the several rectangular steel platgedap on the hooks. Every plate is not
heavy and can be mounted by a single worker.

Within the collimation region there is special area with @ hmggidual activation. Two tablets
"Danger" with the text "Contamination area. Walk through quicklg' lacated at the boundaries of
this area. It starts from straight short section 5 (S05) and énlkds downstream end of the secondary
collimator 7A (see Fig. 2.22,d and Fig. 2.22,h) occupying length of about ortealraf the Booster
period,i.e. about 30 m. This area includes many unshielded elements (combined funatjmets,
correctors, beam pipes, bellows). The boundaries of this high actiea@oset on the base of regular
Booster radiation surveys. Example with results of such survey doméamh 31, 2017 has been
shown earlier in Fig.2.6. According to that survey, the residuavatictn at 1-foot from Booster
elements exceeds 70 mrem/hour within all this 30-m long contaminagan Bhe maximum residual
activation exists at 1-fooot distance from the absorber 6A.

Let's remind again, that up to now (2017) only secondary collimatorssadefor operations in
a single-stage collimation mode without any usage of primatynatbrs. However, from time to time
some beam tests to check a feasibility of the 2SC mode witle addlge primary collimators has been
performed. Several constructions of the primary collimators have been used.

Both primary collimators use similar vacuum enclosures basedi@n scanner assemblies
allowing for motion control [41]. Two primary collimators are idigt in 0.5-m short drifts (see
Fig. 2.3), which are located before and after the 1.2-m shorttgtssegtion 5 (S05). The flanges of the
vacuum enclosures of primary collimators are connected to tigea- and D magnets in a usual way
without any special shielding (see Fig. 2.22,b-d).

Initial 2004 design [40] of the primary collimator used two foils el to opposite sides of
rectangular frame of the movable foil holder. Figure2.23 shows ties if the same movable foll
holder with a 12 mils (0.3mm) carbon foil used at the injection erardya 15 mils (0.381mm) copper
foil used for higher energy collimation testing. That initial deufdlil configuration has been rejected
and replaced by configuration with a single 15 mils copper scattering foil in 2005 [41].

Figure 2.23: Copper (left) and carbon (right) sides of the primary collimatdriug904 [40].
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Figure 2.24 shows some drawings of the vacuum enclosure for the promiangator, the
movable assembly holding the scattering foil, the copper hot sinkdwd81 mm scattering foils, and
photo of the primary collimator installed in 2005 [41].

Figure 2.24: The primary collimator [41] (from left to right): @rags of the vacuum enclosure and the
movable assembly, the copper hot sink with 0.381 mm scattering foils, and photo of assembly.

As results of our theoretical studies and discussions in 2015-201&ae rimary collimator
configuration with the copper hot sink has been replaced by simple mn#laminum plates with
uniform thickness of 15 mils (0.381 mm) on February 2, 2016. With minor meethanodifications
this new aluminum foils was attached to the same the movabénbl/ shown in Fig. 2.24. To
confirm a firmness of this new primary collimator configurationa thermal load from the proton
beam the calculation of deposited beam power and thermal parameters hasobeericaiaed [45].

The presented here details of the collimation system hardwarendé&ated clear that the most
elements of Booster periods 5, 6 and 7 located within the 30-m long callinigtve no any dedicated
shielding. Only secondary collimators covering a total length of about 4 m hacateedshielding.
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3. Reassessment of the Booster 2SC system

3.1 Plans and approaches for reassessments

3.1.1 Initial plans and motivations at PIP start in 2011

As it was discussed in the 2010 “Proton Task Force Report”, the \mempents made to the
Booster, have allowed higher throughput while keeping the activatiols llegs than 1 watt per meter
(outside the collimation region) [13]. It was also stated that teasanear the collimators and
extraction where the machine components and magnets have beenlamhtmue to receive high
doses of radiation will be of greatest concern. However, the Bdussenever lost a gradient magnet
due to coil failure. It is expected that if gradient magnis thue to radiation damage it will happen in
this area. It is also expected that all cabling in this region will eventoualle to be replaced.

There were different ideas to decrease high radiation in thenatthn area to allow a further
increase of the beam intensity. Let's remind that tillmégehe Booster notching system had used the
secondary collimator 6A as a notch absorber adding extra beam lasskes collimation area.
Therefore, the one way to decrease beam losses in the collnegitor was to create a dedicated notch
absorber in another Booster region instead of usage of the secondiangtoos. This way has been
accepted and its realization has been started in 2012 as a part of the PIP plan [13,14,15,16,46,47].

Another way to decrease high radiation in the collimation aragpatential improvement of the
Booster collimation system. At the start of PIP plan in 2012 [4fjotential improvement in the
collimation system in future has been considered to be vital for l&pEmtion. Although during all
years after its installation in 2004 the Booster collimation esystoperated in a single-stage
collimation (1SC) mode using only secondary collimators, the priroallynators were ready for
operations in a two-stage collimation (2SC) mode of collimation.

Initial tests during commissioning of the collimation systen2004 described in the previous
chapter did not proved an advantage of the 2SC mode versus 1SC. By thd@0edormances of
the 2SC system has been related with several issues, e.g. imoaldpickness of the primary foils and
frequent radial orbit variations inherent in the RF cogging schdrherefore, a new study on
feasibility of 2SC mode has been planed after implementation ghdmeentum cogging which keep
the beam orbit stable [46,47]. The momentum cogging has been implemergeildi [48] allowing
new beam studies of the Booster collimation system in 2SC mode of operation.

The initial strategy concerning an improvement of the Boostemmailbn system has been
outlined in the “Proton Source Improvement Plan” issued in 2011 [14]. Thespglameduce radiation
problems associated with the present Booster collimation systgnredissessing its design,
implementation, and operational use in light of present-day Boosteatigpet, which could results in
development a specific collimator improvement planThis might result in a proposal far new
Booster collimation systemThe final scale of this plan element could be known only after completion
of beam studies and simulations, but $3.2M including M&S and burdened laborédradlloeated in
the initial budget.

It was stated that the radiation significantly exceeds #wellpredicted by simulations
performed during the design phase of the Booster collimators. The followingastepscessary [14]:

1. Perform realistic simulations of the beam loss and radiatideand compare them
with observations in order to learn why present radiation exceeds the expedted leve
2. Depending on the outcome of the previous step, 2 possible scenarios can be expected:
a) better machine tuning together with improvements of cogginigbeikufficient
to address the problem;
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b) a new collimation system or an upgrade of the existing onésnéz be
elaborated, designed and build.

It was noted that the first outcome looked somewhat less probablesItecognized to be
impossible to put a realistic effort estimate in the cagbetecond outcome. It was assumed that the
worst case scenario can require few years to fully address the problem.

Up to now the above plan formulated in 2011 looks to be actual. It quitettypwatlines our
works on the reassessment of the Booster collimation systenefforis presented in this report have
been started in autumn of 2014.

3.1.2 Plans by start of new efforts in 2014

Initially, the problems with 2SC collimation system have beeluced to quite simple task,
which was formulated by N. Mokhov [49] and V. Lebedev. [50]. It was believedttirae problems
are originated from non-optimal thickness of the primary collimdols used in the installed
hardware [42]. To define an optimal foil thickness it was necessamgpeat simulations of the beam
loss following to the approach adopted at the design of the collimsygtem. Since the STRUCT
code become obsolete by 2014, it was necessary to develop a newisimiol@l and check new
results with the design ones.

Note, our posterior simulation results obtained later in 2016-2017 and eck$erihis report
have brought out many questions and concerns about an applicabilgyaifsimulation approach for
the Booster collimation system. Some specific features of tbestBr hardware and working
parameters have required critical reconsideration of the siowlaesults and well-developed
principles of two-stage collimation systems.

3.1.2.1 Initial Plan for Study Booster CollimationSystem

New efforts on the Booster collimation system has been startedtumn of 2014. Initial list
with all relevant subjects has been presented by W. Pellico ahekéng on Dec. 17, 2014 [65]. It
included the following items:

1. Review present Booster operations

a) Running conditions — impact of collimators on present operations

b) Orbits and Apertures

c) Beam loss profile around the ring

d) Present positioning of both primary and secondary collimators w.r.t. beam
2. Review Original Collimator Design

a) Primary(s) — have been upgraded several times

b) Secondary(s) — Placement
3. Review Present Diagnostics

a) BLM placement

b) Additional Scintillators — being planned (by R.T. Tesarek)

c) Local BPMs (near collimators)

d) Determine if upgrades are required
4. Review Present Software

a) ACNET software

b) Simulations/Optics Modeling Software

i. Original software — used to predict activation and ring loss profile
ii. Re-generate activation and loss profile
1. Use MADX
2. Use Optim

V. Kapin has been appointed to lead and organize an implementation of the above tasks.

Page 34 of 118



Later the above general purposes for study of the existing Booster tollimgstem have been
specified more precisely. It was necessary to understandesnonstrate if operation of collimators in
a two-stage mode could be more efficient than its current operation in conve(dingk-stage) mode.
An optimization of 2SC mode has been tightly related with an optihwte of the scattering foil for
the primary collimators. A common plan to achieve the above purpodsebasyenerated. The main
steps of the plan are outlined as the followings:

a) choose and adjust a computer code for study Booster collimation system

b) with help of numerical simulations find optimal foil thickness for primary roaitors

c) install a new optimal foil

d) perform beam study using the Booster collimation system in 2SC mode operation

e) post-process data of beam study and compare beam loss for 2SC mode with 1SC.

f) make conclusions if it is reasonable to operate in 2SC mode instead of 1SC mode

3.2 General Principles of Two-Stage Collimations

3.2.1 The problems of conventional (one-stage) collimation

Various beam physics mechanisms can cause beam emittance gnovftdrmation of a beam
halo. The most important causes of emittance growth are the iiogj¢@dl]: nonlinear forces due to
magnet errors; beam mismatch causing oscillations of theadigs; misalignments of the focusing
and accelerating elements; nonlinear space-charge forcesamsbwith non-stationary density;
nonlinear single-particle and coupling resonances; random kicks duendtsef and etc. As result, a
small fraction of the particles with large transverse ammidis may form a “halo” surrounding the
beam core. As noted in ref. [51], some details of a halo formation are not yet fully anderst

Particles in a beam halo are a main source of uncontrolled rdgpaen losses on the aperture
restrictions of the machine elements. Uncontrolled beam losses cause pestdems such as residual
activation of accelerator components, local vacuum degradation amdicadiamage of insulation
materials. As rule, a beam halo contains future lost parti€les.defense against uncontrolled beam
losses is a collimation system, which should be the tightestuapedstriction at suitable position in
the machine.

The main purpose of a collimation system is to clean beam byvieghall halo particles. A
proper collimation system should intercept halo particles (or futseparticles) and redirect them
inside of well-shielded beam absorbers, while it should be done lrpreelefined controllable way
which is stable to fluctuations of the machine parameters. &RByar[52] illustrates concepts of beam
core and beam halo, and problem with a conventional beam collimator jaw.

TR

out-scattered

\ beam .
g u'\‘ - halg ———* & mi LA
% %—H B =coreee— E— et \
g - ——
=/ —halo E
/ﬂ )'\ﬂ
impact
parameter

Figure 3.1: lllustration of beam profile, beam core and halo, out-scatterectdrags in a conventional
solid block collimator, the impact parameter [52].
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As contrasted with a naive idea that all particles touchingnaemtional beam collimator are
stopped inside its body, a considerable portion of the halo particlieg méar collimator edge at small
impact parameter is scattered out of such collimator. The ingaaemeter is the distance from the
edge at which the collimator jaw is hit (see Fig 3.1.)

The problems related with usage of conventional solid blocks to deéfendoeam aperture
restriction has been has been understood more than 50 years agn, 069 iFNAL reports by
L.C. Teng [54, 55]. Figure 3.2,a shows a calculation model for proton outrstwptéd edge of the
collimator jaw sketched in ref. [54]. The systematic descriptiond@wbacks related to the
conventional (or single-stage) collimation has been presented in many papens;ef.¢56, 57, 58].
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Figure 3.2: Proton out-scatting in a conventional collimator: a) sclhgnheC. Teng [54]; b) projected
angular distributions of elastically scattered particles in ref [56].

Let's follow description presented in ref. [56]. The most direct afagollimating a beam of
particles is conventional solid-block aperture. Depending upon the atedad thickness, a certain
fraction of the intercepted beam will survive, either by trawey the whole length of the block or by
being scattered out of the side against the beam.

Figure 3.2,b shows two calculations for a 40cm-long iron block. Curvestagsponds to the
surviving particles that entered the block far enough from the malg®® be affected by out-scattering.
They leave the downstream end with a Gaussian-type distributioegeakhe forward direction.
Curve "b" corresponds to particles that are intercepteduat from the edge of the block. The right-
hand side of their distribution ('‘Block side') is essentially ungkd compared to curve "a", whereas
the left-hand side ('Beam side’) is enhanced by a tall pepliro€les scattering out of the block. The
particles traversing the whole block (curve "a") can be suppréssesing a longer block or a ‘denser
material. Suppressing the out-scattered peak in curve "b" is difticeilt. The out-scattered particles
may have increased amplitude and essentially lower energyharefore, they are very likely to be
lost in an aperture restriction in the machine before returning to the cadimsaction.

Although specific examples have been taken in Figure 3.2,b the fortheofcurves is
characteristic. See for example, very similar curves for SSLGrailbrs [58] by A. Drozhdin et al. For
a given material of the collimator, the position and width of the pédke out-scattered particles in
curve (b) depends upon the impact parameter and upon the energy. Tiee theampact parameter
and the higher the energy, the narrower the peak becomes and tmdtalesees to the zero-angle
position. When using a single block to collimate a beam, the absorfiicarey of the block is the
first concern.
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For a given material of the absorber, the absorption efficiepggdepends on good alignment
of the absorber jaw. It can be defined as ratio of the absorbicgsd),,sto total number of particles
entering into the collimatdXyy, i.e. &ps= Naps/ Nt - If the number of incident particles which are out-
scattered from the collimator is designatedNas = Nt - Naps then one can define the out-scattering
efficiency asgut = Nout / Niot =(1- &apg.

The dependence of out-scattering efficieggy on an alignment angke., for single solid-
block collimator jaw has been simulated by M. Seidel at DESY. [bifjure 3.3 shows the out-
scattering efficiency,,: (or probability) as a function of alignment angle for two diff¢raverage
impact parameterst=. In the simulation, the collimator jaw has a simple rectangular crossfse

Bear m—- 1.0

0.8

impact parameter \\ f/:/
¥ ;

fraction of non-absorbed particles

0.4} ! \
Beam > b . /“HJ <b>=3um‘
...... F ] coltimator _
halop 02F jaw S S
o,
positive angle -0.0002 -0.0001 0 0.0001 0.0002

alignment angle / rad

Figure 3.3: The out-scattering probability as a function of aligiraegle for two different average
impact parametersiz= [57].

The impact parameter strongly influences the absorptionesftigi of a single collimator jaw.
In the case of the perfect alignmeatd = 0), the absorption efficienaypsis up to 60 % and 70 % for
the impact parameterdx =1um and $> = 1pum, respectively. The most important result is the
strong dependence of the absorption efficiency on the angular algrohthe collimator jaw. If the
jaw is misaligned as depicted in Fig. 3.3 (left side), the @¥eaollimator length is reduced. With
misalignment of0.1 mrad&gpsdrops to 10 % and 30 % fobx = 1 um and 9> = 1um, respectively.

Note, a sharp drop @fys at small negative angles < 0). For example, at the alignment
angle (.o =-0.01 mrad gps drops down to 30 % and 50% forb><=1pum and $>=1pm,
respectively. The dependenggson aco for positive alignment angles is quite smooth. Probably, the
difference betweemr,,(0co)-curves for small positive and negative angles is originated the fact
that at a small positive, particles enter into the collimator perpendicular to its sarfadile at a
small negativex, particles enter into the collimator tangentially to its acef Therefore a small
positive misalignment angles are preferable in a practice. rifdeless, the total angle width of the
maximal absorption efficiency does not exceed several tensaof, which is far below of usual
mechanical possibilities for bulky collimators.

Thus, there is a non-negligible chance that a particle thathitdlimator reenters the beam
aperture as a result of multiple scattering in the matdriad absorption efficiency strongly depends on
the angular alignment of the collimator jaw. Theoreticalgximal values of the absorption efficiency
are located within a narrow interval of the alignment an@ésut several tens pfad). Due to edge
scattering the absorption efficiency of a single collimatwns out to be insufficient [57]. Note, that
small misalignments withit0.1 mrad could be partly cured with steering the beam orbit.
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3.2.2 Features and merits of two-stage collimation system

The particle out-scattering in the conventional (or single-stagiéination is uncontrollable
and harmful process, which can create high residual activatiareas nearby and downstream of the
collimator. However, it can be converted into a useful mechanisaaditional collimators (so-called
secondary collimators) can be added downstream after the convegtitimahtor, which is called in
such two-stage scheme as primary collimator. In this schdmemgjor function of the primary
collimators is to scatter a primary beam, while major functbrihe secondary collimators is the
interception and absorption of particles which were scattered lgrithary collimators. Therefore, the
primary collimator can be transformed from thick solid block to Bgattering foil passing most of
incident particles. Such primary collimators are also calledaagets or scrappers. The secondary
collimators must have dedicated shielding and the aperture of $besedary collimators must of
course be such that they never interfere with particles which have not touchedry potimators.

It is convenient and customary [55, 56, 59, and 60] to use normalized variablesnatgzing
the action of the two-stage collimation system. The transfaom&tom un-normalized to normalized
coordinates reduces the betatron oscillations to simple harmorionmbet's use throughout this
report the following formulae for dimensionless normalized coordin@agital letters) for some
transverse plane (either horizontal or vertical) [60]:

X=x/o; X'=(a/o)x+(B/o)X, o=\ (3.1)
wherex andx' are non-normalized coordinates,and 5 are the Twiss parameters ands the beam

emittancegis the rms beam size. Figure 3.4 taken from ledtdi2] illustrates transformation from un-
normalized to normalized coordinates.

£=yx%+ 20 xx'+ Bx" ¢ - beam emittance
%' a, f3, y - Twiss parameters
—ph d !
N P \ A — phase advance X
(N |
\5 i 3 ~ p P \\
; /, / @ ”g 7 \
N AR sE| /
LE / T — . Area =1
’ 7 - 1
// 7 X P \ I x
Area=nme | . < %
{ ; g Sﬂ X //
i g S [
b // r a ﬂ r
=——X+,[—x ]
xma)( = V Eﬂ gﬂ S Xma)(_

Figure 3.4: Conversion from un-normalized phasesjieft) to normalized phase space (right) [52].

Note, that Figure 3.4 illustrates a simple castheflinear motion. During multi-turn motion all
particles stay exactly on their elliptic trajecewifor the non-normalized phase. With the abowealin
transformation formulae the ellipses are convettedircles, and all particles stay on their circle
trajectories in the normalized phase. However,ath@ve ideal elliptical and circle trajectories vk
destroyed in the case of non-linear motion, whishalways realized in all real machines where
particles are affected by nonlinear componentsotii bhe magnetic field (sextupoles, octupoles, etc)
and the space-charge field of beam with non-unifdistribution of the charge density.

Let's illustrate the case of the non-linear mobgrthe MADX code examples for its symplectic
tracking module PTC-TRACK [53] created by V.K. aRdSchmidt in 2005. Figure 3.5 shows the
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phase-space coordinates of several particles du@@ turns in a non-linear test lattice for un-
normalized phase-space and four cases of the naadalhase space, which differ between each other
by the order of the normal-forms given by param&term_no".
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Figure 3.5: Example of nonlinear normal-form comsu@n from un-normalized phase space (left) to
normalized phase space (right) at 4 different nbiforan orders [53, examples for MADX code].

The un-normalized phase-space contains the phase-smwordinates of six particles, which
differ by values of the initial amplitudes. The teles are enumerated in terms of their initial
amplitudes in increasing order. Points represerimput coordinates of six particles after evemntu
form images of tilted ellipses. The first (red) fode with smallest initial amplitude forms an idlea
tilted ellipse with a thin boundary. The secondef) particle forms a tilted ellipse with a thicker
boundary. The third (blue) particle forms a cloodKing as a tilted ellipse with a smeared boundary.
Next particles form some smeared clouds remindilifgses.

The normalized phase-spaces on the right partg@f3 show the phase-space coordinates of
first four particles with smallest amplitudes. Tleft-up plot shows results of the linear conversion
("norm_no=1"), which corresponds to "ellipse-toet#' conversion formulae presented in Fig. 3.4. The
right-up plot shows results of the 4th order thenmad form ("norm_no=4"), and the bottom plots show
results the 8th and 16th orders of the normal favmghe left and right plots, respectively.

The linear normal form ("norm_no=1") demonstratgeeeect transformation of the red ellipse
into the red circle representing the 1st particithihe smallest amplitude, while next particlesnie
the circles with thick boundaries, which is distaitand smeared with the amplitude increasing. To
suppress such distortions for first three partialeleast the 16th order normal forms should be.use

The above discussion has a direct impact on arysisalf a two-stage collimation system with
help of ideal phase-space circles and straighs linethe normalized coordinates. It is necessary to
realize that the initially perfect shapes on thagghplane will be essentially distorted after a lneinof
turns in real machine having non-linear fields. Eaample, a thin straight line on the initial phase
space may finally look as a cloud of particles s@around a bended line. This smearing means that
phase-space coordinates of particles coming tacofianator location will deviate from coordinates
prescribed by collimation design. As result, soragiples may even avoid the collimator.

Figure 3.6 shows the schematic layout of a conwegeati two-stage collimation system [56]
consisting of primary collimator (thin foil) whiclscatters the halo particles, and two secondary
collimators (solid blocks) absorbing the scattepadticles. The half aperture set by the primary
collimator isnyim in Normalized coordinates and the secondary cattms are stepped-back from the
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beam by a distan@g also in normalized coordinates, i.e. the distabe¢éween the secondary
collimators and the beam axis is equahtg=nyintd. After passing through the primary collimator
scattering foil the particles have an angular ghredich enables many of them to be intercepted by
the secondary collimators placed at optimal pasgtiater in the lattice.

Primary 1st sec.

/ collimator
collimator j * .

..........
..............................
.............

..............

2nd sec.
collimators

Figure 3.6: Layout of two-stage collimation schdB@.

Figure 3.7 shows example of three characteristictiga trajectories in this system
(norim=1) [61]. The first trajectory (in red color) showesrticle scattered outwards of the beam and
passes through the first secondary collimator. Taicle can be absorbed by this first secondary
collimator. The second trajectory (in green colme)ongs to particle which passed through the pymar
collimator without getting any angle kick. This usttirbed particle will continue motion inside the
beam envelope. The third trajectory (in red cosdws particle scattered inward to the beam axds an
passes through the second secondary collimators Pphrticle can be absorbed by this second

secondary collimator.
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Figure 3.7: Particle trajectories in the two-stagiimation system [61].

Particles may have a small impact parameter orptimeary collimator. However, the impact
parameter of the scattered particles at the secpmaddimator is significantly enlarged. This leatis
reduced leakage of the particles due to out-soagteeffect from the secondary collimators. A
minimization of the out-scattering effect in solidilky collimators is main merit of the two-stage
collimation system in comparison to a conventiosalgle-stage collimation. As result, residual
activation around the absorbers included two-stegiémation system should be lower than for
absorbers operating as conventional (single-siagijnators.
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As it was noted by P.Braynt in CERN Acceleratchal lecture [59], the principle for
positioning the secondary have been first giveth@é1969 FNAL report [55] by L.C. Teng. It was also
independently developed at CERN. Figure 3.8 showis features of two-stage collimation scheme.

The scheme uses a primary collimator (or scattdmidwed by two secondary collimators that
are optimized to intercept particles that are scedt by the primary collimator. Figure 3.8,A shaws
case of optimal phase shifis andis for the most efficient interception of the scattertails. It is
assumed that energy loss suffered by these sahpiargcles in the primary collimator is negligible

The situation "a" in Fig. 3.8,A shows phase spdca moment when patrticles located on the
boundary of the beam envelope were scattered byptingary collimator. The normalized particle
coordinates at the primary collimator before scaite are X=nyim and X'=0, or non-normalized
coordinates are

Xprim = nprima ' X;')rim = _(a/ﬁ)xprim ' (32)

These scattered particles suffer essentially amlangleflection. Furthermore, the scattered
protons populate a vertical straight line (redJuding particles scattered at both positive ancatieg
angle relatively the beam. The density of the plrtdistribution along the line is well describeg b
Gaussian distribution centered&t0, where the particle density has maximum valilibs. rms angles
of the Gaussian distribution in the normal coortks#}, are shown in Fig. 3.8,A as two green dots with
coordinatesX's ==(Nprim:+ &). Their non-normalized coordinates atg = X, * §,. The rms angles in

the normalized coordinaté can be found from the rms angles of the Gausssntalition in the non-
normalized coordinate& according to the following equation:
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Figure 3.8: Main features of two-stage collimat&sheme in normalized phase-space [59]: A) every
collimator located at an optimal phase shift; Blads of situation "b" with a non-optimal phasefshi

All scattered particles are located outside ofthase space occupied by the beam envelope.
Therefore, they can be intercepted by means ofsdwendary collimators without influencing the
particles inside the beam envelope. The situatidnifi Fig. 3.8,A shows the interception of the
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outwards tail of the scattered particles by thet faecondary collimator located at an optimal phase
shift th=fopr (0<top<90°) from the primary collimator. The situation "c" iRig. 3.8,A shows the
interception of the inwards tail of the scatteradgitigles by the second secondary collimator located
an optimal phase shifh=Tt L4 from the primary collimator.

Note that both secondary collimators intercept dalis of the scattered particle distributions,
while the dense central part of the distributioneven as the situation "d" in Fig. 3.8,A escapesfro
the collimation system. Existence of the parti@dssaping from the two-stage collimation system is
caused by the mandatory gappbetween the beam envelope and secondary collimaldrerefore,
secondary collimators could not intercept all syatl particles and ratio of the intercepted pasi¢b
all scattered patrticles is always less than 100 %.

Figure 3.8,B shows the situation "b" (see FiguB/Mfor the secondary collimator nearest to
the scatterer) in more details for general caseoofoptimal phase shift. The scattered particles ar
spread out along the red line at an anglequal to the betatron phase advance between thenyri
and secondary collimators. The secondary collim&ostepped back from the beam envelope to
prevent it becoming a new primary collimator. Thelsegment PR is a locus of the particles which
are not intercepted by the first secondary collonaand its minimum corresponds to the maximum
length of outwards tail (red dotted line) intereptby the first secondary collimator. There is an
optimum it for which the length of the line PR reaches itaimum.

A convenient equation for the optimal,: has been derived in ref. [60]. Using Figure 3.8,B,
the length of the straight-line segment PR desighhyK can be expressed’as

K= nsec_ r]prim COSi .
sinu

(3.4)

The functionK(£) has minimum value gt =44, Which is expressed by the following equation:
COSLlyp = Ny /Neee - (3.5)

This equation defines two anglgs,,1 and topt, =(TeLopt,1). One secondary collimator should be
set at a phase shiffp,1 (0<topt,1<90°) downstream of the primary collimator, and anotkecondary
collimator should bet set at the opposite sideneflieam at a phase shift fopt,1). ONeNyrim andnsec
have been chosenps is deduced. For example, ni=3, andn,=3.5, thenB,,=31°, and secondary
collimators should be located at phase advancésaB#l 149. The optimal phase advances, the
minimal parameteK, is defined by the following equation:

K=,n_ -n’ (3.6)

prim prim *

Thus, the secondary collimators located at optimggmwill intercept maximal number of the
scattered particles reaching a possible theordimo#l This optimum depends upon the radius of the
beam envelope, which equals the half-apertureeptimary collimatong:im (normalized) and the step
backd (normalized), which defines the position of thems®lary collimatonse=npim+o.

If for given parametem,;im anddboth secondary collimators are located at optjphalse shifts
from the primary collimator, than both secondarylic@tors will intercept maximal theoretically

" With help of 3 relations: K=lpg=lpdsiny; 2) wherelp=lps=(Nseclon); 3) l0p=NprimCOY.
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possible number of particles, while it will happéaring the first passage of the scattered particles
through the secondary collimators (B2m).

Let's imagine what happen in a practical case whensecondary collimators are located at
slightly non-optimal phase shifts. Some portion sufattered particles, which is less the above
theoretical maximum, can be intercepted at the pessage of the scattered particles through the
secondary collimators. Let's assume an arbitragelaumber of passages (or turns) in cyclic machine
After some number of turns in a machine with naeger tunes the remains of not-yet-intercepted
scattered particles will approach to the secondayimator at more and more favorable phases
allowing an interception of new portions of the tsmad particles. This process could continue for
indefinite number of turns, and finally, a theazatilimit for maximum number of intercepted parl
will be reached.

Thus, a location of the secondary collimators at-aptimal phase shifts leads to the multi-turn
collimation process during which small portions safattered particles are intercepted by secondary
collimators. This situation looks to unavoidablepiractice, since it may happen either due to playsic
impossibility to set absorbers at the right locatar due to variations of machine optics (and hence
phase advances) for different regimes.

Let's remind again that the above consideratioagsssumed the linear beam dynamics during a
larger number of turns. However, the perfect shtalmes shown in Figure 3.8 can be distorted and
destroyed after some number of turns due to a pcesaf non-linear fields in a realistic machine.

3.3 Preparation for Numerical Simulations of the Collimation System

3.3.1 Substituting STRUCT code by MADX code

As was already describe in the chapter 1, thermal@SC system installed in Booster had been
designed with the STRUCT code [19], which simulagechulti-turn tracking of halo protons in the
Booster lattice with their scattering on collimaoResults of the STRUCT code have predicted the
beam loss profile around Booster. Protons losthenmiachine components were stored to the files for
the next step of calculations with the MARS cod®][avhich performed full-scale Monte Carlo
hadronic and electromagnetic shower simulations.

In the 2014 talk [66], some collimation relevanatiges of the STRUCT code has been
considered. The STRUCT code is basically partigeking code performing the following tasks:

* Importing MAD-8 optics table for lattice generation

» Simulation of lattices with all types of magnetsBooster - bends, combined function
magnets, multipoles (Q, S, O,..14-), RF cavitiegts] etc.

* Implement different types of apertures

* Importing externally generated particle distribngo

» Treating an interaction of protons with material aoilimators (some modules of the
MARS code were included in STRUCT)

» Exporting coordinates of lost particles for furthisage with MARS-code

However, programming style and the status of thR3TT code by the end of 2014 did not

allow its effective usage due to the following 1@as [66]:
o the code had been developed and supported by oalperson (A. Drozhdin)
o difficulties to use STRUCT code without author gande (A.D. was retired in 2012)
o some FORTRAN modules have several versions (eachevVery particular task)
resulting in many versions of executables
o0 some numerical data for particular tasks was wriittside source code
o0 absence of a guide how combine multiple versiomaadules to produce executable
o0 compilation was possible only under UNIX OS

Page 43 of 118



It was concluded that the STRUCT code is obsoleteshould be replaced by another particle
tracking code. It was decided to use tracking meslaf the MADX code [67] as a substitute of the
STRUCT code. Such choice has been motivated byaensasons. First, the MADX code developed
and supported at CERN has modern tracking rouaindsrecognized world-wide as a kind of industry
standard. Second, V. K. had a long time experiamdevelopment and usage of MADX. Several other
features of the MADX code also made it attractivéé a substitute of the STRUCT code:

» Since the Booster lattice file [68] by 2014 hasrbakeady supported in MADX format,
therefore there was need for importing MAD-8 latite as for STRUCT code;

* Nonlinear tracking of halo particles by MADX is giectic and was already
benchmarked by many users.

» Arbitrary initial particle distributions can be algenerated and accepted for tracking

» Most of aperture restrictions (e.g. rectanguldiptatal, racetrack, etc) with offsets are
implemented in MADX thin-track module

* output text file with lost particles is availablar further usage with MARS

» code extensions for both space-charge and frirede-@ffects are available, if needed

Thus, a new pair of codes, MADX & MARS was chosersimulate proton tracking in the
Booster collimators. Since MADX code is not a cubition dedicated code, it has no some features
relevant to the simulation of the Booster collintatol' herefore, it was also decided to learn hovgeho
features have been implemented in the STRUCT codeécaembed some of them into MADX code.

3.3.2 Adaptation of MADX code for Booster collimation

The thin-lens tracking module of MADX has been @ be used in collimator simulations.
The following STRUCT code features have been implated with the MADX code:

= Several routines for generation of initial partidistributions have been written using
the MADX script language

= Fortran subroutines for simulations of proton satg on the primary collimator thin-
foil implemented in the STRUCT code and originalhyported from old versions of
MARS code has been adapted and embed into the Mi&ibrack module

= The specific for Booster combined-function magnetgerture restrictions with
trapezoidal cross-section has been implementdweilViADX thin-track module

3.3.2.1 Generation of the initial particle distribuions

In order to evaluate an efficiency of the two-stagélimation system a numerical tracking of
the halo particles should be performed. AccordimyiGs by N. Mokhov [5, 49, and 69] and
V. Lebedev [50], the halo particles should stathatedge of the primary collimators from its upam
side. Figure 3.9 show scheme for a generationeoirtitial distribution of the halo particles. Inetheal
(x,y)-phase space the halo particle distribution ikia $trip with a typical thickness @xpa0~10um
(halo size), and particle distribution along thexys follows to Gaussian law. Several routines gisin
the MADX script language (or macros) has been anitio generate initial particle distributions for a
given halo sizé\x,,0. Other parameters for a generation of the indisribution were taken from the
Twiss parameters at the locations of the primafineators.

The starting points of the MADX lattice have to bet at upstream side of the primary
collimators. Since the horizontal and vertical @mn collimators are located at the different places
two independent simulations have been performetidazontal and vertical planes. Also two versions
of the MADX lattice should be generated from thigioal MADX lattice file starting at S24. The first
lattice started at the horizontal primary collinrai® used for simulations in the horizontal plaaed
the second lattice started at the vertical printatiimator is used for simulations in the vertipéne.
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strip with thickness ~ 10um
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Figure 3.9: Initial particle distributions at upsam edge of the horizontal primary collimators.

Figure 3.10 [70] demonstrates an example of thialrproton distribution at the edge of the
horizontal primary collimator with the halo size &%.,,~10um. The plots have been automatically
generated by GNUPLOT code using the MADX outpugsilNine plots are presented. The first three
plots show the particle populations on the trarsvgrhase-spaces, ¥), (X, px), (v, py), and the forth
plot shows the phase-spagey() enlarged for a visualization of the halo sizeA®f,, The next five
plots show the projections of the particle disttibns along the transverse axey, px, py, and along
the relative particle energy given by the varighléen the MADX code [67]. Since a monochromatic
initial particle distribution is assumed, thar=0 for all particles on the plot "PT-histogram®.

3.3.2.2 Implementation of the proton scattering orhin-foil

The standard version of the MADX code has no anyimes for simulations of the charge
particles with matter of the accelerator walls. Bimnulations of the two-stage collimation systers it
necessary to simulate the particle scattering dahirafoil of the primary collimator. There can be
several possible ways for such simulation.

The first and simplest way is to use an analyticahula by Moliere, which well describes the
multiple Coulomb scattering of high energy parsciateracting with the nuclei in a thin foil. The
angular distribution of the scattered particles dstieam of the foil is roughly Gaussian for small
angles. The rms angle of the projected distribuigagiven by [71, p.328]:

grere =g, = % z,/x/ X, [1+ 0038In(x/ X, )], (3.7)

wherep, ¢, andz are the momentum, velocity, and charge number hef ihcident particle,
respectively. The parameteiX; is the thickness of the scattering medium in ramidengths.

Let's consider an example for the scattering ofptfsdon beamz=1) with the kinetic energy of
400 MeV pc=954 MeVc) on the copper foil with thicknesls0.1cm. The copper density is equal to
£=8.96 g/cm, and the radiation length of copper is equaX§o=12.86 g/cri[71, p.114]. Then, the
parametek is equal tox=pd=0.896 g/crh. The substitution of numerical values into the 2d.
produces the rms angi=4.7 mrad.

The second way is to generate initial particlerdigstions with help of some special code
dedicated for simulation of particle interactionnmatter. Then the particle distribution is importetb
the particle tracking code. For example, this appihohas been implemented for study the collimation
system for heavy ion synchrotron SIS100 at GSIn@ery [62], where the FLUKA code is used for
simulations of the scattering process in the pryntatlimators and the MADX code is used for pa#dicl
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tracking through the accelerator lattice. Howewsrch approach requires the creation and running

some additional scripts for transferring the p#ticoordinates between codes, what can be not so
convenient.

segm#0001; elem#00000; turn#000000; Ntracks=0010000; el-name <<start>>
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Figure 3.10: Example of the generated particleibigion at "start” of MADX code.

The third way has been implemented in the STRUCdecavhich the particle tracking code
embeds some relatively simple subroutines from diedicated particle-matter interaction code.
Following to an advice by N.V. Mokhov [49], the fage of subroutines TARGB simulating particle-
foil interactions has been retrieved from the STRWSOurce code. One of the MARS code authors
S.I. Striganov has inspected the extracted TARGBc®code in order to understand the frames of its
applicability [72]. It was concluded that the TARGBurce code is based on an old version of the
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MARS code. It uses the Monte-Carlo simulations bf/gical processes causing energy loss and
scattering of protons in thin primary collimatoféie multiple Coulomb scattering is simulated whb t
Moliere distribution. The Landau distribution isedsfor computation of energy loss. Finally, in arde
to simulate proton interaction with the thin fodéthe primary collimators, the TARGB module of the
STRUCT code has been transferred to the MADX caodiereamed as "SCATTER" [70].

Figure 3.11 shows some results of simulation testthie "SCATTER" module. The test
simulation was formulated by the following way: theeident monochromatic 400 MeV proton ray
consisting of 10 particles hits 1 mm thick copper foil at the nokaagle.
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Figure 3.11: Example of the proton distributionswgiated by subroutine TARGB: &)}distribution;
b) y-distribution; c) energy-distribution.

The py -distribution andpy -distribution looks quite similar since the scettg process posses
an angular spatial isotropy. The half-widths oftbdistributions are equal about ~5mrad, what Idoks
be quite consistent with the values @h=4.7 mrad obtained with the analytical Moliere
formulae eq. 3.7 under the same conditions. Theggrdistribution shown in Fig. 3.11,c has been also
tested using the online code PSTAR [73, 74], witielculates the stopping power and range tables for
protons in various materials. The average prot@rgnevaluated with PSTAR is equal to 398.1 MeV,
while the mean value of energy-distribution probgbiby the SCATTER module is equal to
398.6 MeV.

Figure 3.12 [70] shows the proton distributionta tlownstream side of the horizontal primary
collimator made of the 0.38 thick copper foil. The initial proton distributiovas shown in Fig. 3.10.

As results of interaction of the proton beam witle thorizontal primary collimator foil, the
initial thin-width distributions along the transegervariablegx andp, have been converted into bell-
shaped distribution similar to Gaussian distriboitiand the initial monochromatic lipe=0 has been
converted into a kind of Landau distribution whiobks like a non-symmetric bell-shaped distribution
with a low-energy tail and an abrupt high-energlesiwhile the distribution is shifted to low-energy
direction withp; <0.

The SCATTER module for simulations of the protomaewith thin scattering foil can be used
with MADX particle tracking module THIN-TRACK follwing simple rules. The primary collimator
should be described in the MADX lattice as a zemgth (=0) rectangular collimator
RCOLLI MATOR with the special aperture type either HPRIMCOLL\WWRIMCOLL for horizontal
and vertical primary foil, respectively. The apeetusizes for this element are treated as outer
boundaries of particle stopping target, i.e. inggrd4o conventional rectangular apertures defining
internal boundaries of the vacuum pipe. The foitteraits actual thickness in meters used in gartic
matter calculations, and cut-off energy for low rgye particles are given by the parameters
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PRI M COLL_MATTER, DP_RELATI VE_DROP, and MATTER _THI CKNESS_M respectively. The
example below has been used for the above Fig: 3.12
| =0, APERTYPE=hpri ntol I,
APERTURE={ xsi ze_hpri mysi ze_hpri nt,

APER_COFFSET={ x_hpri m neg_of f set, 0. 0},
PRI M_COLL_MATTER=copper,

hprim O:

rcol i mator,

DP_RELATI VE_DROP=0. 9,

MATTER_THI CKNESS_M=0. 000381;

segm#0002; elem#00004; turn#000001; Ntracks=0009973; el-name <<m_hprim_e>>
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Figure 3.12: Particle distribution after scatteriog the horizontal primary collimator with 0.8&
thick copper foil for the initial proton distribwin shown in Fig. 3.10.
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3.3.2.3 Implementation of the trapezoidal aperturen MADX

Following to the STRUCT code using trapezoidal apes for boundaries of the Booster
gradient magnets, similar aperture has been imlgenhde the MADX patrticle tracking module THIN-
TRACK. In order to avoid confusions with a sign tbe rotation angle of the trapezoidal aperture, tw
additional types of the apertures has been intredtuUEOCTRAPEZOID and DEFTRAPEZOID. This
aperture should be described in the MADX latti¢e $similar to other standard apertures. For example
the trapezoidal aperture for F magnet is descnigddthe following script [70]:

a_hor _foc_trap:= 0.0825; b ver foc_trap:= 0.02083;

tg_al pha _foc_trap: = 0.086;

FMAG c: SBEND, APERTYPE= FOCTRAPEZQ D,

APERTURE={a_hor _foc_trap, b_ver foc_trap, tg_al pha foc_trap};

The detailed description and usage of this apersugesen in the next section.
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3.3.3 Attaching Regular Apertures to the Booster MADX lattice

The original Booster lattice files have been créater the MAD-8 code, which was a
predecessor of MADX. The MAD-8 lattice format haseh supported for many years starting from
2000 and the last version in MAD-8 was issued imilAg 2013. The MADX version of Booster lattice
has been created in 2013 by M. McAteer and C.Y.[68h All available versions of Booster lattice
files both in MAD-8 and MADX formats have been iested in order to find any information about
apertures in Booster. As result, all inspectedciafiles do not use aperture restrictions at all.

However, the information about Booster apertures lteen comprehensively implemented in
the STRUCT lattice files for all Booster elementsuand the ring. Three types of apertures usedean th
STRUCT lattice files are the following: circulareatangular, and trapezoidal aperture. Two first
aperture types have been used for most Boostereatlsrand beam pipes. The circular and rectangular
apertures are quite basic and exist in most trgokade including MADX.

The trapezoidal aperture is quite specific, arthg been used to define pole shapes of Booster
gradient magnets. Figure 3.19,a shows a sketchhefttapezoidal aperture from the STRUCT
manual [19], where it is defined as "parallel va&tijaws and horizontal jaws rotated with respect t
horizontal plane by anglea”. Figure 3.19,b shows three variants of trapecaqerture against the
background with magnet drawings already shown lkeforFig. 2.2. Figure 3.19,b also shows the
horizontal and vertical half-widths of aperturesoied as andb, respectively.

|

1

¢ ~"good field”
V" a=3.00"2

| b=2.25"2

“good field”
v a=4.30"/2
"2

v Y
pole rotatedap;rtuu r g extended:
a)

-y
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1 a=7.24"/2
1 b=2.25"2
S
1
1
Y |

b=1.64"/2

b)

Figure 3.19: Trapezoidal apertures: a) definition STRUCT manual code [19]; b) magnet cross-
sections and the trapezoidal aperture for "goold'fiarea (green), for a regular STRUCT lattice file
"LAT92.INP" (brown), and a special STRUCT lattidte? with "extended" trapezoidal aperture for a
horizontal notching study.

All three variants of the trapezoidal apertureswahan Fig. 3.19,b have different horizontal
half-widthsa and the same vertical half-widthoinciding with the sizes of pole tips half-gapmal
to b=0.82" ancb=1.125" for F and D magnets, respectively.

The first trapezoidal aperture in Fig. 3.19,b (greelor) shows boundaries of the "good-field"
area [4,75] with horizontal half-widthg=2.15" anda=1.5" for F and D magnets, respectively. The
second aperture shown in Fig. 3.19,b (brown cakg regular trapezoidal aperture one used in most
STRUCT lattice files. The horizontal half-widths tfis regular STRUCT apertures are equal to
a=3.25" anda=3.00" for F and D magnets, respectively. Thus #perture is wider than "good-field"
aperture by 51% and 100% for F and D magnets, caspb. The third trapezoidal aperture was found

8 the file name is "LAT92.INP_2-hor_notcher_L12_0ekG 80Gauss_p6inch"
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in the STRUCT lattice filéfor a horizontal notching study. It is a speciafiant of horizontally
"extended" trapezoidal aperture with the horizoh&df-widths equal t@=3.25" anda=3.00" for F and
D magnets, respectively.

According to the 1968 NAL design report [2], théiad design of the Booster gradient magnets
used an elliptical vacuum chamber located insigepible tips. The sizes of the vacuum chamber were
equal to 5.5%1.65" for F magnets, and 4X2.25" for D magnets. The sizes of "good-field" avesxre
almost the same. The overall transverse sizes gheata were equal to 2416". Figure 3.20 shows
normalized field gradient for computed pole consosfown in Fig.9-5 of the 1968 design report [2].

102 102k
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= == = { 5 5 -3 =z =l | 5 3
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Figure 9-5 —Normalized Gradient

Figure 3.20: Computed normalized gradients in Fimeagnd D magnets [2, fig. 9-5].

The present construction with gradient magnets ¢et@ly enclosed in a stainless-steel vacuum
chamber with overall transverse dimensionsx18™ has been considered in the report [75] pubtishe
in 1969. The presented in this report widths of "tp@od-field" were 4.25%1.64" for F magnets, and
3.0"x2.25" for D magnets. These sizes of the "good-fielincide with sizes presented in "Booster
Rookie book" [4] and shown in Fig 3.19,b. Accordiiogref. [3] the designed pole tips of the Booster
magnets were contoured to produce field gradientdhe median plane within 1 % design fields over
the specified "good field" width.

Figure 3.21 reproduces the plot from the repor} @itd shows the normalized median plane
gradients, which have been calculated for magnefil@s computed with help of methods using a
complex variable transformation theory. The low &igh excitation corresponds to the injection and
extraction energy, respectively. It was declared] ffhat the designed magnetic field on the median
plane possesses the requisite dipole, quadrupte sextupole characteristics over a finite working
region (good-field region). Termination of the gefteld region is brought about as sharply as is
consistent with leaving the good-field region iestled characteristics within pre-specified toleem
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Figure 3.21: Computed magnetic-field gradientsHooster magnets [75, fig.3].

® the file name is "LAT92.INP_2-hor_notcher_L12_0ekG 80Gauss_p6inch"
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The beam dynamic simulations are usually performigiin a simulation area, which is usually
limited by vacuum chamber walls. In the case of ##eq there are no walls in the horizontal dirattio
and aperture restriction could be introduced imgepof some physical considerations. For example, it
looks to be reasonable to restrict the simulati@a dnorizontally by the horizontal width of the tgb
field" area. Such assumption will enable a realiseam dynamic simulation using known magnetic
fields within the simulation area. However, for ating particle losses on imaginary boundaries looks
to be not adequate, since particles have a charmavive moving outside the "good-field" area unde
action of dominated magnetic field and small unraeas high-order components.

Some trade-off decision is required. The imaginaoyizontal boundaries of the trapezoidal
aperture used in the STUCT code coincide with batied of the pole tips. Note, that tracking results
for particles which -pass outside of the "goodefiedrea during multiple-turns should be consideed
unreliable. However, the particle losses happengihgl a single pass outside of the "good-field"aare
looks to be reliable result.

Let's evaluate an importance of the "good-fieldertywre restriction and compare it with
minimal beam aperture recognized earlier with heflrigure 2.2. Let's assume the 95% normalized
emittances of 12 mm-mrad as in the 2004 desigrrtrgldd. Then, the un-normalized rms emittance at
the injection energy is equal to 2 mm-mrad. Théetd8d below presents maximum values of fhe
functions [2], rms beam sizes, and sizes of theddeeld" area.

Table 3.1 maximun®-functions, rms beam sizes, "good field" sizeswchi mm an@s
sizes of "good field" area
2a/ 2b, inch|a, / by, mM| amin / Bmin, IN Orms
F magnet 33.75/10.88.2/ 4.6/ 24.6 /14.0 4.3"'x1.64" | 54.6 / 20.8 6.6/4.5
D magnet 17.30/20.45.9/6.4/17.6/19.2 3.0"x2.25" | 38.1/ 28.6 6.5/4.5
Long (RF-cavity) 7.59/20.47 3.9/6.4| 11.7 / 19,Diam. 2.25" 28.6 / 28.4 7.3/4.5

element Lhor! Beer, M| Oims , MM| 3Gims, MM

The minimal aperturesnyin and by, expressed in the beam-sigma demonstrate mostesever
aperture restrictions. The minimal horizontal apes$amn,>6.50ms are quite large, allowing large
deviations of the beam central orbit. The minimaftical apertures are smallayi,=4.50/ms. This
minimum value is reached at the three locationthefBooster periods: 1) at junctions of F magnets
with 0.5 m short drift sections between F and D medgj 2) at junctions of D magnets with the long
straight sections; 3) at drift-tubes of RF-stations

In order to compare the MADX results with the SRUf@EBuIts, it was decided to implement
the regular STRUCT trapezoidal aperture in the MARXices. Circular and rectangular apertures
found in the STRUCT code have been transferredMA®@X lattice file for the most Booster periods.
Note, that MADX uses zero-length apertures whicbusth be normally located at both ends of a
uniform beam pipe.

Some apertures found in the STRUCT Ilattice did omtrespond to installed accelerator
elements. In most cases it was originated by mmatitins or replacements of some machine elements
which were performed during the last decades tleeglong straight section 12 now contains new beam
kickers. However, the STRUCT apertures in the cwtion area did not correspond to actually
installed elements at all. Therefore, new realiapertures for the collimation area have been ieder
in the MADX lattice file for the periods 5, 6, aiid
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3.3.4 Apertures in Collimation Area for the Booster MADX lattice

Using both available drawings and ruler measuresignthe Booster tunnel, the layout of the
Booster periods 5, 6, and 7 containing the colliomatsystem (see its layout in Fig.2.4) has been
restored. Figures 3.22, 3.23, and 3.24 show theulayof the periods 5, 6, and 7, respectively [70].

The gradient magnets shown in these figures arkaddry all possible ways used including the
labels glued on the magnet surfaces, the desigatio STRUCT lattice files, and marks on
collimation layout schemes. For example, the defmgumagnet located before long straight section 5
is designated in the STRUCT code as "DMAGUO05", whgdecodes as "Defocusing MAGnet located
at Upstream of the section”. The collimation schemse the abbreviation "4-4 D" for this magnet.
Two labels are glued on this magnet at its endsiehathe label "4-04U" for Upstream end and the
label "4-04D" for Downstream end. Some leading gemd lower-case letters have been added to the
magnet marks to facilitate understanding.

Figure 3.22,a shows the layout of the period 5 fr@gg from the center of the short straight
section 4 (S04) and ending at the center of thet sti@ight section 4 (S05). The second half of S04
shown in this figure contains the correction paekagagnet denoted in MADX lattice files as
"CPSO4". Note, that the correction packages locatezhort straight sections S04, S05, and S06 are
not shown in Figures 3.22, 3.23, and 3.24. Figu22,8 also shows sketches of the trapezoidal
apertures and their half-widths for both F and Dynss.
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Figure 3.22: Scheme of the period 5: a) layouhefgeriod 5; b) apertures in long straight 5.
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The period 5 includes four gradient magnets (twand two D magnets), the long straight
section 5 (LO5), which contains sextupole magngatkers, the horizontal and the vertical lon Pefil

Monitors (IPM), and correction package magnet "C¥LOThe horizontal primary collimator is

installed in the second downstream 0.5-meter shdttof period 5. The beam aperture in LO5 is beam
pipe with diameter of 3.25".
Figure 3.23,a shows the layout of the period 6 ir@gg from the center of SO5 and ending at
the center of S06. The period 6 contains two semmgndollimators located in LO6, and the vertical
primary collimator located in the first upstrearb-teter short drift of period 6.
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Figure 3.23: Scheme of the period 6: a) layouhefgeriod 6; b) apertures in long straight 6.
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Figure 3.23,b shows apertures in LO6 for both bgdapes and two secondary collimators.
Available drawings and photos are also shown farebdlustration. Each secondary collimator with
square tapered aperture is represented by 3 zsgthleectangular apertures in the MADX lattice.file

Figure 3.24,a shows the layout of the period 6 péeod 6 contains one secondary collimator
located in LO6. Figure 3.24,b shows apertures éh lbeam pipes in LO6 and the secondary collimator.
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Figure 3.24: Scheme of the period 7: a) layouhefgeriod 7; b) apertures in long straight 7.
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3.3.5 Non-linear fields in the Booster lattice files

An adequate beam dynamic simulation of real acatlerrequires knowledge of magnetic
fields within the simulation area. The Booster camel function magnets has been designed to possess
the requisite dipole, quadrupole, and sextupoleadteristics with precision 1 % over the "gooddiel
width. The boundaries of the 1% error area for cai@g gradients are shown by two parallel lines in
the above Fig.3.20 and Fig 3.21. The behavior efgtadient curves depends on the excitation level
due to iron saturation effects. For computed gradien Fig 3.21 the curves for low and high exatat
still remain within 1% error area assuming smatirgdning of the "good-field" area [75].

Since the computed fields were based on some nmgdessumptions for used computer
codes [75], they could not predict precisely actiiglds for the fabricated magnets. Therefore, the
magnetic fields of the Booster magnets have beasuaned during 1970th by several researches under
different conditions and approaches.

The 1973 report [3] edited by E.L. Hubbard repradube gradient curves measured by
R. Peters. Figure 3.28,a shows these normalizetiemtacurves for both F and D magnets. The widths
of the plot area with small deviations of both @s\are in agreement with the sizes of the "godd"fie
area. The measurements of the dc relative grathei® magnet "F-47" magnet have been presented in
the 1974 report by R. Jahala [76]. The measurentemte been performed for four excitation levels
including the injection and extraction. Figure 3t28produce the "Fig.3" from that report.
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Figure 3.28: Measured normalized gradients in Bmoshagnets: a)the measurement results by
R. Peters reproduced in ref. [3, fig. B-3]; b) Tdneerage internal gradient at the various currentfo
magnet "F-47" [76, fig.3].
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The 1976 report [77] by E. Gray contains the acsueament results made on a spare D magnet
D-48, which was connected into the Booster ring apérated in the standard ac cycle. It was
concluded that the presented ac measurements besimagreement with previous dc measurements.
Figure 3.29 reproduces the "Fig.6" from that report

The field measurement results for the Booster gradinagnets reproduced in Fig. 3.29 have
been plotted on a copy of "Fig.9-5" from the acel® design report [2, fig. 9-5] shown by solidds.
The results of dc measurements for F and D mad@reetsunpublished 1974 report [78] by R. Yamada
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et al have been superposed on the plots (see @woistedl as "R.J. data") together with the ac
measurements (see crosses denoted as "Present oa@a:’ Gray.
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Figure 3.29: The injection normalized gradientsF@and D magnets from ref. [77, fig.6].

From the above presented plots one can see thauneglamagnetic gradient curves in real F
and D magnets have quite complicated shapes vawitigchange of an excitation level. Probably,
some other old measurement results could be fotiod. example, measurements of sextupole
components in gradient magnets have been perform2d03 [79]. However, details of those studies
were not published at all.

The Booster lattice files for both MAD-8 and STUQ®Bde contain only quadrupole and
sextupole components for the gradient magnets, ewhdth components were set as constants
independent of beam energy. Thus, the old resilte magnetic field measurements were not
implemented in the beam dynamics codes. Moreoeeently the sextupole components in MADX
lattice have been revised because the MADX modeldcoot correctly predict both tunes and
chromaticity [80].

Since even sextupole component in the gradient etagill causes some questions, it looks to
be nonsense to implement other high order compsresisting within a "good field". Thus, the beam
dynamics simulations for Booster lattice could regiroduce details of the particle motion depended o
high order nonlinearities. It may be reasonablsame cases to neglect the nonlinear components in
the case when beam passes through the machinentdecomdy a few times. However, non-linear field
components become essential for the multi-turn belyrmamics, when beam passes through the
machine elements many times during many turnsidagatly, it is not possible to simulate correctly
how linear particle trajectories will be distortddring many turns by nonlinear components existing
within a "good field" area. Therefore, an implenaiun of a collimation system relying on a linear
behavior of the particle trajectories during mamys looks to be risky and should be avoided.

For example, the scattered on primary collimatal falo particles must pass through the
existing two-stage collimation system many timesrdyutens and even hundreds turns. According to
the design the initial amplitude of the halo padetds equal to @ and even more after scattering on the
primary collimator. It looks to be doubtful thaindiar trajectories of the scattered particles will
preserved in order they hit the secondary collimsa&b prescribed coordinates and impact parameters.
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3.4 Peculiarities of the Booster two-stage collimations system

3.4.2 Analytical evaluations for 2SC in the vertical plane

For our evaluations we need to choose take thpedlyscattering foils relevant for the Booster
collimation system near injection energy. Many p@ign collimator foils of different thickness and
made up different materials has been consideredaggested. Since the main purpose of the primary
collimator is scattering the hallo particles, lettssider two foils to be equivalent, if they prwithe
same scattering angle given by the Moliere form(#@e3.7). For the given energy of the incident
proton, two foils are equivalent if the raifX, is the same.

Figure 3.30 shows the thicknessf an equivalent aluminum foils for primary colitors made
of different materialys the energy scale. Some foils have been recommdnddte 2004 design with
the STRUCT code (violet color). One 3@t copper foil (pink color) had been installed if030and
existed till 2014, and another new 38t aluminum foil (green) has been installed in 20ABo
several foils (brown color) have been consideredossible candidates.

t

‘ ‘ I I [ ]
MM CorpCT 400MeV: | installed <2014 foil: 1
2500 |{#{W)=3um or {Cu)=381um &
HGraphite)=150um (equiv. (A)=2.3mm) |— §
(equiv.: f((A)=76pm; ‘," <‘:‘;
2000 t(Cu)=12um)
\_ = i =
| | ‘4. _@
(new 2015 foil: |
1500 t{(A=381um
(equiv.: P //\
(Cu)=60um) | .- (STRUCT 8GeV: |
1000 3 t{(W)=100um or -
g L f(Graphite)=5.5mm
< " (equiv. f(Al)=2.5mm)
500 T ‘
§ ‘!' others at 400MeV: .
@J.‘ t(Fe)=15um; {Ti)= 30pum; ]
!.:‘q t(Si)= 80um; t(Be)= 302um Wkin’ GeV ]
0 1 2 3 4 5 6 7 8

Figure 3.30: Thickness of an equivalent aluminum foils for primary colitors made of different
materialsvs energy scale.

Originally, in our simulations the cooper foils Hasen used. For example, the thickness of the
new 381um Al foil has been derived from the optimal +50 copper foil found in our numerical
simulations of 2SC system [81, 82]. Thereforeslete the thicknessof an equivalent cooper foils
instead of the thicknessof an equivalent aluminum foils shown in Fig. 3.3@t's consider three
variants of the primary collimators foils. All treeare the copper foils with different thicknéss
400pum, 50um and 1Qum. The first 40Qum foil is close to the foil existed till 2014, tkecond 5@um
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foil is close to the new Al foil installed in 2018nd the thinnest 10m foil is very close to the foll
recommended by STRUCT design for the injection gynefFor 400 MeV proton beam the rms angles
calculated with help of the Moliere formulae (ed@)3are equal to the following values:

288 t., =40Qum
O [mrad =4 093 tg, =50um . (3.8)
038 t., =10um

Then, for three copper foils the rms angle in tloemalized coordinated angég can be
calculated with eq. (3.3). With the unnormalizedsremittance ofme=210° m-rad and the vertical

Bfunction at the primary collimator ¢&=11.85, the rms angles in the normalized coorde@idor
copper foils are equal to

705 t, =40Qum
740MY = 1 226, t, =50um . (3.9)
093 t., =10um

Let's assume that the Booster optics is linearwammbupled. In this case, an evolution of the
phase space in the normalized coordinates is testchy the rotation matrices. Every particle moves
along its invariant circle with radius defined hyitial conditions. All particles represented on the
normalized coordinates are rotated on the samee gpilase advancg) after a transition from one
element to another. Particularly, circles and gtralines represented on the normalized phase-space
will preserve their shapes.

Figure 3.31 shows an evolution of the halo protonghe vertical normalized phase space
during their passage throughout the Booster elesrarttording to the 2SC scheme for the collimation
in the vertical direction, which involves the vedi primary collimator and two secondary collimator
"6B" and "7A", while the secondary collimator dowat involved in the 2SC and stays in the vertical
garage position.

At the initial moment, the halo protons are scatidoy the vertical primary collimator "Vprim"
located atY=3 (or y=30 in the non-normalized coordinates). Scatteredoptpopulate a vertical
straight line shown by red. This line touches tlecBcle only at one point with coordinat¥s3c and
Y'=0. Let's call this point as the center of the lied. This straight line includes particles scagtk
outwards ¥'>0) and inwardsY(>0).

Let's assume that the angle distribution of thétsead protons is Gaussian with rms angle
given by Moliere formula (see eq.3.7). Thereforethe normalized phase-space scattered protons will
populate the straight line with the density disitdal according the Gaussian low with rms ar§jier,
which is defined by& according to eq.3.3. During evolutions of the nalized phase-space shown in
Fig. 3.31, the density of scattered particles aktegred straight lines will be preserved.

Let's normalize the total number of particles paped along the straight line by unity (or
100%). The portion of particles located within timee segmentfmin, Pmay IS defined by the following
integral:

E(Hn' Prin s pmax) = ﬁjpmax exr{_zf_egj mf ) (310)

min

while due to the normalization the values=¢#,,-(1,+(1)=1.
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Figure 3.31: Passage of scattered protons throwghewsmall aperture elements according ta2B€

scheme in the vertical plane: a) the first passddbee 2SC system; b) further and muitrn passage
of all gradient magnets and RF cavities, and albsdary collimators.

During its sequent passage throughout the Boostenemts the scattered protons could be
intercepted by small aperture restrictions of tle@®er elements including the secondary collimators
gradient magnets and the RF cavities (see Tab)e Bhils process is defined by the Booster optics,
beam energy and emittance, and parameters of itmanyrcollimator. Under assumption of linear and
uncoupled optics, the interception process carvhkiated using analytical formulae.

Table 3.2 contains both initial parameters andltesd analytical calculations for the Booster
elements with small aperture restrictions. Thechbtimn of the table contains the sequent numbers fo
diagrams shown in Fig. 3.31. The second column atositnames of the elements abbreviated
according to the scheme of Booster elements showtheotop of Fig. 3.31. Since the Booster magnets
and collimators are optically quite long, the pagtens at their upstream (us) and downstream (dis en
are presented in separate rows of the table.

The Twiss parameters calculated for the Boostéicdafile by the MADX code are shown in
and RF cavities. The columnix lists these aperthadf-widths calculated for the normalized
coordinates. The parametempresented in the column x has been calculated vl of eq. 3.4 using
phase advances valugggiven in the column vii, viii and substituting values from the column ix
instead Ofngec.

Let's consider an evolution of the red straighe Ishown in Fig. 3.31 for the copper foil with
the thicknes$c,=400um. This line is rotated by the angle10.82 (see column vii of Table 3.2) at
the downstream end of the D magnet "D 5-4" showthéndiagram 1. The outward tail of the red line

Page 60 of 118



touches the aperture of the "D 5-4" at the distalie®.34 (see column x of Table 3.2) from the center
of the read line. Therefore, the outward tail of tled line within the distancé&s=[-[1,8.34] will be
intercepted by the aperture of the downstream érideo"D 5-4". The portion of stopped patrticles in
this outward tail is calculated by the funct®(4, pmin, Pnay With the following parameters:
4=7.05 (from eq.3.9 for the 4Qén Cu-foil); pnir=*+0 and Ra=8.34. The resulting value of
=(7.05, 8.34, #)=0.118 is shown in the column xi of the Table 3.Bus, the downstream aperture of
the "D 5-4" stops about 11.8% of the scatteredgest

Table 3.2 Calculations &€ and= values for different thickness of the copper ftils

l\llo Element names Twiss parameters by MADX y:lﬁ, m lezn K = fortey, [um]*
[ S,m|A,m| o, |urad/at| p,deg [ [*] | ea-(34) 7200 50 | 10
i ii iii iv v Vi vii Vii iX X Xi Xii Xiii
V-prim 0 ]11.85-2.170 0 0 3
D 5-4us 0.250 12.972.282| 0.0032 1.15 0.0286/ 5.62 130 q 0 D
1 D 5-4ds 3.139 20.420.151| 0.0294 10.82 0.0286 4.48 8.34 0.1080001 O
COL1us 3.934 20.210.111| 0.0357 12.85 3.31 1.73
COL1ds 5.152 20.020.050| 0.0453 16.31 3.32 1.57
COL2 us 6.752 19.990.030| 0.0581 20.92 3.32 1.45
2 COL2ds 7.969| 20.13-0.091| 0.0677 24.37 3.32 1.42] 0.300.265]| 0.063
D6-1us 9.140 20.420.137| 0.0769 27.68 0.0286 4.48 3.92
D6-1ds 12.02912.96| 2.290| 0.1032 37.15 0.0286 5.62 5.35
F 6-2 us 12.52P10.79 2.058| 0.1099 39.56 0.0208 4.48 3.40
F 6-2ds 15.4186.342/ 0.112| 0.1769 63.68 | 0.0208 | 6.36 5.61
F 6-3 us 16.6186.346/-0.111] 0.2130 76.68 0.0208 6.36 5.83
3 F 6-3 ds 19.50910.82-2.056] 0.2799 | 100.76| 0.0208 | 4.47 -5.12 | 0.2340.012] 0.0

D 6-4 us 20.00813.00] -2.290| 0.2866 103.17 0.028q9 5.61 -6.46
D 6-4 ds 22.89820.48| 0.150| 0.3128 112.61 0.028q 4.4f -6.09

4 COL3 us 23.70320.27/ 0.110] 0.3191 | 114.87 332 -5.05] 0.008.001] O
COL3 ds 24.92020.08| 0.049| 0.3287 | 118.33 3.32 5.39

5| AIRFDF _ "48.2"| 0.0286 4.5 | _ "3.35"] 0.08| 0.056| 0

6 | N-turns Col2&3 _ "25.4" 3.32 | - "1.42"[0.103| 0.196| 0.063

7 Escape 0.16 0.47 0.874

Since the secondary collimator "6A" stays in theaga position for considered scheme, the
next aperture restriction comes from the secondatlymator "6B". The diagram 2 of the Fig. 3.31
shows the further interception of the outward #ithe downstream end of the collimator "6B". The
total portion of the protons stopped by the coliond6B" is defined by the value of
=(7.05, 1.42, 8.34)=0.301, which is listed in théuamn xi of the Table 3.2.

Note, that the downstream end of the collimato&"# located at the optimum phase advance
for the given values ofiyim andnse, Thus, the collimator "6B" cuts the maximum poksilength of
the outward tail of the scattered protons. TalBec®ntains the optimal phase shiftg: and minimum
Kopt for secondary collimators & RF-cavities. For thikosen values of the primary collimator
locationnyim=3 and the set-backs of the secondary collimafgrs2 mm, these values have been
calculated with help of the egs. (3.5), (3.6).

10 Sequent numbers shown in Fig.3.31 and Fig.3.32.
! see Table 3.1

12n=bv/\/%

13 using eq.(3.10)
14 see Table 3.1

Page 61 of 118



Table 3.3 Optimal phase shifts,: and minimunK,,: for secondary collimators & RF-cavities.

element nameInteger values set-backs of sec. collimatorgie=[Nprim]+ 3 eg. 3.5 eq.3.p
of Yses [Nprim] As m o Lopt, 1ad| Lopy, deg| Kopt
COL2 us 3 0.002 0.32 3.32 0.442 254 1142
COL2 ds 3 0.002 0.32 3.32 0.442 254  1}]42
COL3 us 3 0.002 0.32 3.32 0.442 254 1142
COL3 ds 3 0.002 0.32 3.32 0.442 254 142
Al RF D F 4.5 0.841 48.2| 3.35

The two magnets "D 6-1" and "F 6-2" located at phase advancgs90° will not intercept
any protons from the outward tail, since th&wparameters are larger thatparameter of the
secondary collimator "6B". Therefore, they couldt meach the remains of the outward tail after
collimator "6B".

However, the downstream end of the magnet "F @8atkd at the phase advapc®0® will
intercept the inward tail of the scattered protagsit is shown in the diagram 3 of Fig. 3.31. The
portion of the stopped particles is equalE¢7.05, {1, -5.12)=0.234.

The diagram 4 of the Fig. 3.31 shows the furth&roeption of the inward tail at the upstream
end of the collimator "7A". This collimator locatede phase advanges(18(°-65.13), which is far
from the optimal valug,p,=25.4. Therefore, this collimator cuts the inward tdiKa-5.05, which is
much larger of the minimal valu&,,=1.42 shown in Table 3.3. The portion of the stapparticles is
very small to =(7.05, -5.12, -5.05)=0.003, since the upstream miafh6-3" has already cut the
inward tail at the distand€=5.12 from the center of the red line.

After passing the secondary collimator "7A" durthg first turn, the scattered protons will pass
throughout a sequence of the ~90 gradient magmets-a0 RF-cavities located within periods28
and ¥5 . Each gradient magnet and RF cavity is the aperestrictions. Thus, the scattered protons
will pass many aperture restrictions located atyrdifferent phase advances. Let's hame this seguenc
of elements as "All_RF_D_F", and add their data separate row of Table 3.2.

One can assume, that some of these gradient magm@tRF cavities are passed at the phase
advance which is close to the optimal phase advageei8.2 shown in Table 3.3 with the
name "All_RF_D_F". Therefore, some of these elesenbuld cut the inward tail at the
distanceKop=3.35 from the red line center (see the diagrarhtheoFig. 3.31). Thus, the portion of the
protons stopped by "All_ RF_D_F" is close¢7.05, -5.05, -3.35)=0.08. Note, that the outwaitlis
not reachable for "All_RF_D_F", since it was alrgadt atK,,~=1.42 by the collimator "6B".

The collimation process could be lasted during mamgs. Since the tune shift is not equal to
an integer number, the scattered protons will plassnachine element at different phases during each
sequent turn. One can also assume, that at soméheuiscattered protons will arrive to the secopdar
collimator (either "6B" or "7A") at the phase clogethe optimal phase advanug=25.#, and the
inward tail will be cut at the minimum distankg,=1.42 from the center of the red line. This event i
shown on the diagram 6 of the Fig. 3.31. The porta the protons stopped by the secondary
collimator at some turn is close #7.05, -3.35, -1.42)=0.103.

Finally, the portion of the scattered protons, whéscape from the 2SC system is evaluated as
=(7.05, -1.42, +1.42)=0.16. Remind that existencéhefescaped patrticles in 2SC is unavoidable and
defined by the mandatory gaybetween the &beam envelope and the secondary collimators.

Similar calculations have been performed for twbeotfoils thickness. They are listed in
columns xii, xiii of Table 3.2. The calculated was can be used for evaluations of the collimation
efficiency. Figure 3.32 contains the numerical eghla® and graphical illustrations for the calculatio
of the collimation efficiency for three copper ®itonsidered here.
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3.4.1.1 Definitions of the Collimation Efficiency

The collimation efficiency can be defined in twoysd49, 57, 62, 63, and 64], which will be
denoted here asa0 andé&es: - It assumed that the halo protons start at tlstreg@m edge of the primary
collimator and then pass through the primary cation foil. Let's denote the number of these halo
protons ad\naie After scattering on the primary collimator thésdo protons may move along machine
elements during many turns, while some of thembmatost on the aperture restrictions of the machine
elements including the secondary collimators.

Usually, the secondary collimators are well-shidlégeements and therefore the beam losses on
them could be treated as "useful" (or desirabld). other machine elements have no shielding
protection and therefore the beam losses on thé¢ Ipeuavoided. Let's denote the total number of lost
halo particles ables:, and the total number of the halo particles last the secondary
collimatorsNseccor Then, both collimation efficiencies are giventhg following ratios:

ghalo = NSecCoII/Nhalo’ (311)
‘glost = NSecCoII/ Nlost ' (312)

The first definition of the collimation efficiencga, has been used in ref. [62, 63, 64], and the second
one withgest has been used in ref. [49, 57, and 62]. Both iefiiies become the same when all halo
protons are l0stNes=Nhaio). Let's use both definitions of the collimatiofi@éency in this report.

3.4.1.2 Collimation Efficiencies for analytical evliations of the vertical 2SC

Let's explain in details calculations of the cobimon efficiency for the above analytical
consideration of the 2SC in the vertical plane @nésd in Fig 3.32. Both collimation efficienciesvha
been calculated after the first turn and for inéarge number of turns, resulting in the follogviiour

1st-turn co—turn Llst-turn

parameterse,s ", e g5 Jand 2" . The left upper plot presents final results faest four
collimation efficiencies at three thickness of cepfwil.

Figure 3.32,a shows the Gaussian density distobstialong the red straight line for three
thicknesses of copper foil. Figures 3.32,b,c,dgmesequent beam losses during beam pass throughout
of the Booster elements for the foil thickness 4805Qum, and 1m, respectively. The bar numbers
corresponds to the sequent numbers of diagramsgn3B1 and to numbers in the columni of
Table 3.2. The values of the proton portiagnisted in the columns xKiii of Table 3.2 are shown in
percents for every bar of Fig 3.32,b,c,d.

An example with 400m Cu foil

First, let's consider the sequent losses for tlpu#0Cu foil shown in Fig 3.32,b. The sum of
"bad" (undesirable) losses on apertures of theigmadnagnets and on RF-cavities is equal to
L,.4=43.2%. The sum of "good" beam losses inside adrsdary collimators "6B"(or COL2) and "7A"

(or COL3) during the first turn are equbgff;;‘m:BOA %. After infinite number of turns these "gbod

turn

losses could potentially increase uplffy,;"=40.7 %. The total losses on all machine elemeftes the

1st turn are equal to2? =L, ,+L""=73.6%. After infinite number of turns the totakées on all

st-turn good

machine elements could reach upld®y] =L, ,+ Locd =83.9%. The number of escaped protons which

will continue motion without interactions with amperture of the machine is equalRg -°=16.0%

cape
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(see "Escape" name in Table 3.2). Note, the sulosbfand escaped protoh§? —+P2Y"=99 9% is

—turn escape
almost equal to 100%.
All collimation efficiencies for the 4Qfm Cu foil are less than 50%, because the "bad" beam
losses on unshielded elements with small apertresoo highL,,,=43.2%. These values are quite

low and almost the same as for a well-aligned sirsghge collimation system, which has absorption
efficiency about 50% (see Fig.3.3) and is much &mpa practical realization.

If the apertures of the gradient magnets and RIgieavcould be essentially increased, the
"bad" beam losses will drop down, ik, - , @nd the "bad" losses will be converted into "dood

losses happened on the secondary collimators. ¢h sase, the "good" losses could reach up to

Lgoad" — 73.6% andLy," — 83.9%. In this case, the collimation efficiencigg, could reach up to

g3, 73.6% ande ™ - 83.9%. The collimation efficiency, ., could approach to 100%, which

halo
actually misleading for our consideration, sincechsiexcellent 100%-result masks existence of
considerable 16%-fraction of escaped protons.

However, the apertures of the Booster magnets &adaiRities are considered to be permanent
for our study of the existing 2SC system. Therefareeduction of "bad" beam losses of these elesnent
can be reached via usage of thinner foils. Theutations of the collimations efficiencies for twther
foil thicknesses are similar to the presented apand details of calculations will be omitted.

An example with 504m Cu foil

Figure 3.32,c shows the sequent beam losses f&Qma Cu foil, which is 8 times thinner of
the considered above |3t Cu folil. It is seen, that the density distribuatis reduced at the distribution
tails and is increased at the distribution cenftberefore, the "bad" losses on the gradient magrets
RF-cavities, which intercept particles located loa tails of distributions, will be essentially regd to
Lyq=6.8% fromL,,,=43.2% for 40Qm foil. On the other hand, the portion of escapedgns located

near the center of the distribution is increasetbupne half = X""°=47%).

escape

As result, there collimations efficieneg,,, changes slightlys'“" is reduced to 26.6%, and

alo

g™ is increased to 46.2% from 30.4% and 40.7% for3bmm foil, respectively. However, the
collimation efficiencye,,, demonstrates an essential progress and reaches k> """ =79.6% and

lost

g0 """ =87%, which looks quite good, but don not alarmuakibe large number of escaped protons,
which are out of a control of 2SC system in a gahease.

An example with 104m Cu foil

The situation becomes even more questionable &cdise of the thinnest 1@ copper foil. In
this case the "bad" losses disappear atLg|,=0%, and the most of the particles escape fron28@

0 {urns
escape

=12.6%, and it signals about worth situation. Howevhe collimation efficiencye,,

=87.4). In return, the collimation efficiencs,, is very low, namelys " =6.3%

halo

system

and g2

halo
co—turn —

reaches maximum possible values, namgfy"" =100% ande.“" =100%, which declare some
favorable situation. The key difference between tetinitions of collimation efficiencies is relatéal
different treatments of the escaped particles. ddiemation efficiencye,,, directly depends on the
number of escaped protons,i.e.  €hai=Nseccol(NiosttPescapy, ~ While  the  collimation
efficiency€os=NseccolNiost SImply ignores escaped protons. The meaning of edmaped protons
depends on their behavior in a particular machingaw point of the collimation matters.
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3.4.1.3 Differences between a "steady" machine vsrapid synchrotron

Let's understand how particles escaped from a 3Stéra could behave in a "steady" machine
like a hadron collider or storage ring and in adagycling synchrotron like the Fermilab Boostentdl
that escaped particles must stays onrtam envelope which sits on the closed orbit.

The relevant features of a steady machine areal@nving: a) the beam energy is constant;
b) the physical and dynamical beam apertures aite figh and approaches te-1I0 g; c) the beam
bunches are already formed and preserve their shapele circulating for many hours under
stationary conditions for closed orbit and beametope; d) the emittance grown is minimal, while
beam halo size increases with very slow speed néliew micrometers per turn.

In such machine, the escaped particles have goadcel to be intercepted by the primary
collimator again after many hundreds or even thodsaurns. It could be ensured if that physical
aperture is sufficiently high and the primary aolitor foil is quite thin resulting in a minimal egg
drop for scattered particles. Under such condititvesescaped protons could circulate for many turns
in a machine without touching aperture restriction.

After a next interaction of the escaped particléh wrimary collimator foil, some part of the
scattered protons could be intercepted by the skrgrcollimators similar to the first pass. Thuse t
initial portion of the escaped protoRss.apeWill be reduced again and again with every nexdspaf
2SC collimation system. In principle, the initiadion of the escaped protoRsscapecould be reduced
to 0, while the number of particles lost on theoselary collimatordNsecconwill be increased. The final
value of the collimation efficiencghaio Will become high and reach the initial value €@k

Such high values of the collimation efficiency ablle easy obtained in computer simulations
of 2SC systems via multi-turn beam tracking undial conditions, which assume a constant both
beam energy and ideal magnetic fields. Such idmallations can be performed for a very large
number of turns and allow multiple passes of soadt@rotons throughout of the primary collimators,
and hence, high values of the collimation efficieman be simulated. However, a computer model
should be adequate to the conditions in a real mach

For example, the particle tracking with the STRUGITthe Booster 2SC system code has been
restricted by 400 turns [43]. The simulations hahewed that at the injection energy, an average
number of each patrticle interaction with horizoraadl vertical primary collimator was about 1 fothbo
directions, while at the top energy this numbereased up to ~8 and ~5 for horizontal and vertical
primary collimator, respectively. These results destrate that the above mechanism for increasing
the collimation efficiency with help of multiple gsing throughout primary collimators does not
feasible at the injection energy considered in studies. Although the assumption about a steady
conditions during 400 turns in Booster looks tcalsuite doubtful.

Let's consider conditions and peculiarities for 28€ar the injection energy in such specific
rapid cycling synchrotron as Fermilab Booster. Tasythe following: a) the beam energy varies from
0.4 MeV till 8GeV during 20,000-turn Booster cir@se shown in Fig. 3.33; b) the beam envelope must
shrink inversely to the product of relativisfiandy due to an adiabatic damping as shown in Fig. 3.33;
c) the physical aperture of the beam elements isnaal as 4.6; d) the beam central orbit varies
during cycle and tuned independently for differéinte points; e) the transverse sizes of the beam
bunches vary during acceleration cycle; f) the raged bunches could not be stationary, since even
correcting magnets are tuned independently foegfit time points; g) there can be a continuousbea
mismatching during accelerating cycle leading @ iticontrollable emittance growth; h) the speed of
the emittance growth and an increase of the hae should be essentially larger than in a steady
machine, but they are unknown and not measuralalk at

Various beam physics mechanisms for an emittanoatrand the halo formation had been
already itemized in the section 3.2.1 Some of tlcenld be simulated with some good precision, but
they are not able to predict beam size in existimgchine with many unknown conditions and
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parameters. Any inclusion of some particular medmnwill generate non-reliable and rather
speculative misleading results. Only well underdtdntle, measurable and predictable concepts and
mechanisms could be bring into play at design amdlations of a collimation system, since we want
to remove uncontrollable beam losses in a contitdlway.

10

et turn -
0 5000 10000 15000 20000

Figure 3.33: Thickness of an equivalent aluminum foils for primary colttors made of different
materials. Some foils have been recommended by ®0d design with the STRUCT code. One
copper foil had been installed in 2005 and existed014, and another new aluminum foil has been
installed in 2015. Also several foils shown in broirame have been considered as possible
candidates.

For example, the adiabatic damping shrinking thenbsize is deterministic process, but many
other counter processes responsible for an emétgrmwvth are unknown and unpredictable. It could
be only concluded that beam size will vary, andgbeond hit of escaped protons into the thin edge o
the primary collimator is improbable. Thus, the abaechanism increasing the collimation efficiency
via multi-passing of scattered protons throughduhe primary collimators should be excluded from
our considerations for the Booster case. The cileove simulations [43] with the STRUCT code
allowing energy variations also showed that thetinpaissing process does not happen during at least
400 turns at the injection energy.

The most above peculiarities of operation are pet#ic for Booster only, they a quite normal
for any rapid cycle synchrotron. Therefore, thesmder features should be taken into account at
choice of the collimation system type and its desigd simulations.

3.4.1.4 Summary of reasons for potentially low cathation efficiency

Let's summarize main reasons of potentially loviceffhcy of the Booster 2SC. The first reason
is small apertures of gradient magnets and RFieavilThey do not allow a usage a rather thick
400um Cu foil reducing the collimation efficien@ja, down to 3640%, which could not exceed
collimation efficiency of the conventional singleage collimation. The elimination of those aperture
restrictions could potentially increase the collima efficiencies up to ~85%, since the portiontfogé
escaped protons is low as ~15%.

In order to reduce direct beam losses of the aprtof gradient magnets and RF-cavities, the
usage of thinner foils looks to be attractive. Hoare the portion of escaped protons for thinnelsfoi
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will be increased dramatically froffescapa50% for the SQm Cu foil till Pescapg90% for very thin

10 um Cu foil corresponding to the 2004 design. It doog assumed that due to an emittance growth
the escaped particles could hit the secondaryncalbrs. However, such process is similar to a one f
conventional single stage collimation and its &fcy should be the same as for single stage
collimation. There is no a clear physical mechandume to which the escaped particles will hit the
secondary collimators with enlarged impact paramseis in 2SC scheme. Therefore, a low collimation
efficiency &ac<15% for very thin 1Qum Cu foil (as the 2004 design) looks to be welliakged, while

a high collimation efficiencyg,s~100% looks to be doubtful.

Then, the primary collimator with the $0n Cu foil is a compromise between a reduction of
beam losses on the aperture restrictions and actieduof the escaped protons. It could potentially
reach the collimation efficiency @&f~50%.

The second reason for potentially low efficiencytbé Booster 2SC is non-optimal phase
locations of the secondary collimators. As showovab(see Table3.3) for the design valugs,=3
andnse=3.32 the optimal phase advances between primahysacondary collimators for 2SC in both
planes are equal tQo,=25.4 and top=(180°-25.4)=154.8 for the first and the second secondary
collimators.

Figure3.34 shows the phase advances availabl®datibns of the secondary collimators. The
available phase advances in the horizontal planerdhe rangg~=32+81° and 1~=130-185 in Long
straight 6 and 7, respectively. According to theD2Qesign (see Table2.2), the first secondary
collimator COL1(6A) has been set at the phase avama=53°, and the second secondary
collimator COL3(7A) has been set at the phase amvan,=143. The phase advances for both
horizontal secondary collimators are considerabhfriom the optimal phases.

The available phase advances in the vertical ptawer the range=10-27° and=113-13C°
in Long straight 6 and 7, respectively. Accordinghe 2004 design (see Table2.2), the first seagnda
collimator COL2(6B) has been set at the phase awvam,=21°, and the second secondary
collimator COL3(7A) has been set at the phase avaym=124. The phase advance of the vertical
collimator 6A is very close to optimal value, baetphase advance of the vertical collimator 7A is
considerably far very from the optimal phases.

Figure 3.34: Phase advances available for locatdriee secondary collimators in periods85for
collimation in the horizontal and vertical planes.
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A location of the secondary collimators at non-oati phase shifts leads to the multi-turn
collimation process during which small portions safattered particles are intercepted by secondary
collimators. Then it becomes to be questionable moany turns the scattered particles could be
considered remain of the trajectory which is the €1 initial central beam orbit andb®eam envelope
until they will approach to the secondary collintato an optimal phase. Thus, even for compromised
50 um Cu foil a stable linear beam dynamics within a&er aperture during many turn is a necessary
condition in order to reach a moderate values efthilimation efficiencyga~50%.

The third reason for potentially low efficiency tble Booster 2SC is a large fraction of escaped
protons, which are out of any control by the caoditon system. Their behavior depends on the
operation features of the real machine. In ouriegjdhese escaped protons are considered to be non
controllable losses. We could not suggest any wedkerstandable, measurable and predictable physical
concepts and mechanisms which will force theseigbast to hit the secondary collimators with
enlarged impact parameter. Let's remind that tek ¢d the 2SC collimation system is to enlarge the
impact parameters of the particles hitting the sdaoy collimators. More generally, the 2SC
collimation system mist intercept uncontrolled poily lost particles in a well-controllable way.

The above analytical consideration clearly demaiss$r a potentially low efficiency of the
Booster 2SC system in the vertical plane. The amlfipr the horizontal plane is so straightforward.
Therefore, in the next chapters the results of nhenerical simulations for the vertical and the
horizontal planes will be presented. Since it i$ passible to prove theoretically an existence ror a
absence some favorable physical mechanisms inlama&ehine, the experimental studies for 2SC
system has been also performed.
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3.5 Numerical Simulations

3.5.1 New Simulation Approaches

As it was explained above, since the STRUCT codeigpresently maintained at Fermilab, it
has been decided to replace it by tracking with NKARvhich has been adapted for simulations of the
2SC. A new combination of the MADX and MARS15 codesised for proton tracking in the Booster
with their scattering on collimators [83, 84].

Adaptation of the MADX code included modificatiooEboth a MADX script for the Booster
lattice and a MADX source code itself. The apedui all Booster elements have been inserted into
the MADX-lattice using sizes given either in theRBICT-lattice file or in the engineering drawings.
Also, a new trapezoidal aperture for the Boostenlmoed function magnets has been implemented in
the MADX source code. The proton out-scatteringalosorbers is simulated via a direct use of the
MARS code, while proton interactions with foils tife primary collimators is simulated with the
TARGB module embedded in the MADX code.

The simulation algorithm includes the followingste

a) generation of halo proton distribution at thegeedf a primary collimator with an
external script;
b) multi-turn tracking of halo protons using the MX thin-track module including proton

interactions with foils of primary collimators (VIBARGB) and recording coordinates of protons lost
on lattice apertures;

C) collection of protons lost on apertures of eadfsorber and restoration of their
coordinates at the front planes of the absorbeng s external script;

d) tracking protons collected at the previous stepugh each absorber using its MARS
models, where the MARS code perform full Monte Gailmulations for protons inside of absorbers;

e) collection of protons out-scattered from abslz the back plane of absorbers using
an external script;

f) tracking of out-scattered protons from the batkne of absorbers using MADX and
recording lost protons;

0) post-processing via counting lost protons otickatelements before and after tracking
with MARS code, i.e. with or without out-scatteriaffects.

3.5.2 Absorber Model in MARS Code

In order to simulate correctly out-scattering obtpons in absorbers, a MARS model has been
created for 3 identical secondary collimators. Tinedel has been created and supported by I. Tropin
and N. Mokhov. Since MARS code use its own coordirgystem, some interface for importing and
exporting the particle coordinates is needed. Sutelface has been created by I. Rakhno. It islaimi
to interface used for interactions with the STRUs8e, and therefore it uses the STRUCT coordinate
systemX, X, v, Y, p), which is different from the canonical coordiratesed in the MADX code. Then
an additional interface code for exchange of th&®STT-style coordinates and MADX coordinates
has been written by V.K.

Figure 3.35,a shows the longitudinal section sketicthe secondary collimator with relevant
sizes used for implementation of the MARS modekSéhsizes have been extracted from the absorber
drawings presented in Fig 2.20. Figure 3.35,b shibwscross-sections of the MARS model drawn in
the internal MARS coordinates. The MARS model isduby MADX as a "black-box". MARS model
is centered on the longitudinal axis of the MAR&inal coordinate system. All transverse shiftthef
real collimators are simulated via virtual shifts ppoton coordinates during theirs export / import
between MADX and MARS.
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Figure 3.35: The sketch of the secondary collimaimss-section with relevant sizes (a) and the
cross-sections of its MARS model (b).

3.5.3 Simulations for Single Stage Collimation System

The MARS model has been also used for calculatiothe absorption efficiency of a single
absorber allowing us to evaluate an efficiencyhef ¢xisting 1SC system. It is known that there is a
strong dependence of the absorption efficiencyrgukar alignment of the absorber jaw and size ef th
beam halo [57] (also see Fig.3.3 reproduced fronp) [F-igure 3.36 shows a longitudinal section @& th
absorber having a frontally-tapered square apewnce positions of incident halo rays used in the
simulations. The halo rays with negative slope® xxoss the absorber jaw at its tapered front end
while the halo rays with x>0 cross the jaw aréstangular back end.

halo ray
x’>0

——-"—?

Xinp

Ry — = — Y —— — -—-
.beam core D e i L
_______ \' T halo ray
//—’:—- ’ 0
————— - extreme ray X <
- ) size of beam core I)b

Figure 3.36: Longitudinal section of absorber andifoons of halo rays at x' > 0 (blue) and x* <&dj.

In simulations, the halo rays consist Bf,~=10" protons with identical input coordinates
(Xinp» X), While xinp is explicitly defined by’ due to an assumption that the beam core (or ael@re)
just touches absorber surface without any lossabps from the beam core. Counting the number of
protons lost in absorbeNys, the absorption efficiency is defined similar tbet collimation

efficiency &ao as

gabs = Nabs/ Nhalo ' (312)

whereNgpsis a number proton absorbed in the collimator @atrgenerating out-scattered protons.
Figure 3.37 shows,psversus the beam slopeat different halo sizes for 400 MeV protons.
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Figure 3.37:&psVs beam slope’ at different halo sizes: un (brown), 10Qm (blue), 30Qm (green),
1mm (red).

The gpscurves have maximum values at zetpi.e. at an ideal angular alignment. The
maximum values depend on the halo size and rea#) 63%, 68%, and 83% for the halo sizes of
10 um, 100um, 300um, and 1mm, respectively. These curves can beirtispreted as dependencies
on the impact parameter.

The efficiencygpsfor halo rays with negative slopes<Q) is considerably higher than for rays
with positive slopesx(>0) since the frontally-tapered aperture incredlsesffective absorption length
for halo rays withx'<0 in comparison to halo rays wixt»0, which cross a relatively sharp non-tapered
back end of the jaw. Unfortunately, the absencéapgring for the back end jaws of the Booster
absorbers fabricated in ~2003 reduces a rangéwith a high&yps by a factor ~2. Note, that modern
collimators designed at Fermilab in the last dedale "tapers" at both front and back jaws [85].

The above plots could also provide a lower boundhef collimation efficiency for the 2SC
system. For this purpose, it is convenient to atersthe fraction of non-absorbed particles, i.e. th
fraction of particles out-scattered back into tlaewum chamber. The figure of merit is the absonptio
inefficiency, which is defined as

ﬂabs = N outscaJNhan = 1_ gabs’ (313)

whereNoyt-scatiS @ Nnumber of out-scattered protons.

Let' assume a well aligned absorbérf~0), then its absorption efficieney,s should be close
to the maximum values @fpscurves in Figure 3.37. Table3.4 lists the evahraithe goal values for a
2SC system at different values of the beam hale. Sihe columnii lists the maximum values of the
&pscurves, and the column iii contains the valueshef portion of out-scattered particles. The major
purpose of the 2SC system is a reduction of thescaittered particles.

Let's assume that under considered ideal condittm@SC system could reduce the portion of
out-scattered protons by 50%. In comparison tergla conventional single-stage collimation working
as a single pass system within the length of alesptbe 2SC system is much complicated and could
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reach its maximum efficiency only after many turequiring a preservation of many initial parameters
Therefore, the above 50% will drop down in a reathine.

Table 3.4 Evaluations of the goal values for thiéroation efficiency of 2SC system.

Halo size,um Max &ps, %0 Nabss Y0 |2SC Nhato, Y0| 2SC &aio
i i ii iv v
10 55 (100-55)=450.5*45=~23| 100-23=77
100 62 38 19 81
300 68 32 16 84
1000 83 17 9 91

With the assumed 50 % reduction, the required roalion inefficiency in the column iv must
be two times less thamys. The final goal values for the collimation ef@aicy are listed in column v.
They should reach at least 77% even for the smdall@gm-halo size. For a halo sizes larger than
100um the theoretical collimation efficiency of 2SC rhbe higher 80%.

3.5.4 Simulations for Two Stage Collimation in Vertical Plane

3.5.4.1 Simulation of 2SC in vertical plane with 1Econfiguration

There can be several combinations for collimatealomns realizing 2SC schemes. The 2SC
collimations in horizontal and vertical planes amnulated separately. Let's follow to configurason
suggested in the original 2004 design and describethapter 2.4.2.5 (see Fig. 2.17 and Table 2.2),
where for the collimation in the vertical plane digbe following combination of collimators: 1) the
primary collimator touches the bottom side of tleardn core; 2) the first vertical secondary collinnato
"SV1" (also called as "COL2", "6B") located at thiease shiff=53" touches the beam at bottom side;
3) the second vertical secondary collimator "SHY&%o called as "COL2", "7A") located at the core
at the phase shifi=143 touches the beam at top side.

H-Prim V-Prim |Coll=L6A=SHCOLI1 |C012=L6B=SVCOL1 ColL3=L7A=SHVCOL2
coll - - . . - . . .
I;;(;;le halo_xsign | halo ysign halo xsignhale ysignhale xsignhale ysign hale xsign [ hale ysign | Reference
- at hprim at_vprim | at shcoll| at shcoll| at svcoll| at svcoll| at shvcol2| at shvcol2
0 (garage) -1 (down) |0 (garage) |O (garage)|0 (garage)| -1(down) | 0 (garage) +1(up)
4 4
2.1x

Figure 3.38: The transverse positions of collimatesed for simulations of the 2SC in vertical plane
for pure 1D-configuration.

The design scheme shown in Fig. 2.17 also invoithes secondary collimator "SH1" (also
called as "COL1", "6A"), which touches the beamniropposite side than "SV1". In this case, the
phase shift of "SH1" is not optimal at all, andptssition does not correspond to 2SC principless Th
collimator will not intercept the scattered protaatsleast at the first pass, when it will operateai
conventional single-stage collimation mode. Howewdter many turns, the phase advance for this
collimator could approach to an optimal and thiflimator may help to improve the final multi-turn
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efficiency of 2SC system. Probably, for the sanasoas the horizontal collimator laws could be also
involved into the vertical 2SC collimation.

For the first simulations, let's use the pure atadscheme without involving a horizontal jaws
and vertical jaws of the collimator "6A". These louhtor jaws will be located in garage positions fa
from the beam core. Let's call this classical gunfation as a "pure 1D-configuration”. Figure 3.38
shows the transverse positions of collimators Udsedsimulations of the 2SC in vertical plane for a
pure 1D-configuration.

In the simulation model for 2SC collimation in thertical plane, collimators V-prim, 6A and
7A are used. V-prim is placed at the lower edgehef 35-beam core. The jaws of the 6B and 7A
collimators are positioned with a 2mm offset frdme ®-beam core, while the jaw of collimator 6B is
located below the beam and the jaw of collimatorn§ fcated above the beam.

Among other things, the presented simulations wi&h2SC system are to define an optimal foil
thicknesdp,con at 400 MeV. Here, results for 2SC in the vertigaine with copper foils are presented.
The simulations have been done using the bundlADX and MARS15 codes for halo protons,
Nha=10", distributed along the front edge of the vertjmaimary collimator.

Figure 3.39 shows the simulation results with MADAcking only when all protons touching
any vacuum walls are considered to be lost,the out-scattering effects are ignored. The redolt
simulation with the out-scattering effects usinghbthe MADX and MARS codes are shown in
Fig 3.40.

Figure 3.39,a shows the total number of lost pebig: around the ring including losses on
secondary collimators. Figure 3.39,b shows thel tatanber of protons lost on the secondary
collimatorsNseccon. The 10-turn curve has a maximumt@ggo~80um, and the 100-turn curve has a
maximum atprcor-20um. Figure3.39,c shows the collimations efficiencigg and&os: . Let's compare
the shown in Fig .3.39 numerically simulated codliton efficienciesao andgost With the analytically
derived collimation efficiencieg, o and &est shown in Fig.3.32. Table 3.5 lists the values for
comparison numerical simulations with analyticahlerations.

In general, the results of numerical simulation aesults of analytical evaluations are quite
close to each other for thick 4Q@n foil, and looks to be pretty different for thi® im foil. The
difference is originated from different treatmerdé escaped protons. In analytical evaluations
assuming a linear and uncoupled beam dynamicssitegped protons could not be lost. In numerical
simulations using the lattice file with some imgetions like sextupole fields in gradient magnetd a
non-periodics-functions, the protons escaped from the collimmaigstem after the first passage could
be lost after many turns.

To minimize this effect from multi-turn tracking dhe escaped protons, let's compare the

limiting analytical values ofL®%, ., &-", and ¢ with the 10-turn values of the numerical

co—turn
ost
tracking, namelyL%3 £ and £X2"". It looks that 10-turns could be enough to coll@cist of

scattered protons on collimators and apertures, kot effects of lattice imperfections will not
appeared so much after 10 turns.

For example, the data in column ii and columntibws that the maximum losse$§? =84%

—turn

and the 10-turns lossé$? =97 % for 40Qum are close and small 13%-difference, probablyteel

0-turns

to multi-turn losses of escaped protons could dmmie much in a result difference. Therefore, the
maximal analytical efficiencies " =41 % ande&; " =49% are very close to the numerical

halo ost

10-turn :43%.

ost

efficiencies after 10 turns;o.""=45% ande,

halo
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Figure 3.39: The simulation results with MADX traoff and without out-scattering effects after
10 (blue) and 100 turns (red) for the 2SC in vaftane for pure 1D-configuration: Bjs; VS tprcol;
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Figure 3.40: The simulation results by MADX and M3Racking with the out-scattering effects after
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Table 3.5 Comparison numerical simulations withlgieaal evaluations for vertical 2SC

tercon| @nalytical numerical analytical numerical analytical numerical
pm | L8 L0, L8, s glstums gm0 ng gldun | glstum . gacn | g10-un.. gioo-un
[ ii iii iv % Vi Vii
10 6+13 % 1777 % 6.313% 15-65 % 100-100 % 87 %
50 33+53 % 6797 % 2746% 50+-70 % 80+-87 % 67+68 %
400 | 74-84% 97+-100 % 36-41% 45-47% 43+49% 43+47 %
Note, that the total lossd$™ —and L% | and collimation efficiencies”, "™ and £22."" are

—turn 0-turns? halo halo

10-turn
ost

very close to each other for all foil thicknesslele) " ande¢, are quite different for 1Am and

50 um. Thus, the collimation efficiencgaoprovides well-predictable and understandable resdsed
on usage of clear linear dynamics. Therefore, litwgied as figure of merit of the collimations syst

In contrary, as it was discussed above, the cadllonaefficiencyéges; ignores escaped protons
and may provide misleading results for our studdmvertheless, the collimation efficienags; will
be shown on next plots for illustrations.

Now let's consider the simulation results shownFig. 3.40. These simulations take into
account the out-scattering effect in absorbersaatyl absorbed protorSseccorare included intdNjos; .
The out-scattered protons are ignored in the ptedecounting of the collimation efficiency, since
their behavior is uncontrollable. Figure 3.40,avghdhe total number of protons lost around the ring
Niost Versustpcor. Figure 3.40,b shows dependenceNatccor 0N tprcor The 10-turn curve has a
maximum atprcor-90um, and the 100-turn curve has a maximurpag~30um.

Figure 3.40,c shows both collimation efficiencissaafunction of the foil thickneds,coi. The
gosrcurves at 10 and 100 are overlappied, gost does not depend on number of turns if it > §8;
have maximum valuesgys~90% attpco<10pum. However, less than a half of halo protons asé dm
absorbers after 100turns (see Fig. 3.40,b), andftloeency &,5:<50% attp;co<10 pm.

Our simulation model assumes non-variable parasetea Booster like storage ring. On the
other hand, trajectories of scattered halo padiahethe Booster can be essentially distorted due t
variations of beam energy and central orbit, arfeerofluctuating parameters. It is not known how
many turns can be considered as "frozen". Let'snassthat several tens of turns have “frozen"
conditions. The optimal thickness of Cu foil forveeal tens of turns is around féh. Therefore,
following our simulation results and to ensure itinechanical rigidity of the primary foils construanti
an equivalent Al foil with thickness of 380n has been installed in 2015 [45].

Presented results suggest [84]: a) if "frozen" dooas in the Booster exist for more than 100
turns, then the 2SC efficieney.>60%; b) if the beam halo size is smallOum, the absorption
efficiency of 1SC, is also smak,<55%; c) Under the above conditions "a"&"b" the 2S¢stem
could be more effective than the 1SC system witBo10

However, it looks to be too optimistic hope thag tfrozen” condition could be preserved over
100 turns. Moreover, the simulated turn-by-turnumealation ofe, o relies on the initially escaped
protons, which could be intercepted by secondalyntators after many turns, if their amplitudes are
increased due to some imperfections, e.g., nodlifields and distorteg-functions. This process is
uncontrollable and its parameters look to be unptable. Therefore, the reliable values of the
collimation efficiency for the Booster 2SC systeauld be simulated maximum within several tens of
turns. This means that the collimation efficienkgttthe Booster 2SC system is ab&d~45 %. This
value is lower than the absorption efficiency ofgée well-aligned secondary collimator operatin@in
conventional 1SC mode.
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3.5.4.2 Simulation of 2SC in vertical plane with fli 2D-configuration

In previous paragraph the simulation results foeplassical 25C schemes has been presented.
Here, we present the simulation results for the42@@sign scheme (see Fig. 2.17) which involve all
three secondary collimators, while use all avadaldrtical and horizontal jaws. Figure 3.41 shaues t
transverse positions of collimators used. Let'sa#ms configuration as "a full 2D-configuration”.

H-Prim V-Prim |Coll=L6A=SHCOL1 |C0]2=L6B=SVCOL1 ColL3=L7A=SHVCOL2
coll - - - - - - - -
mode halo xsign | halo ysign |halo xsignhale ysignhalo xsignlhale ysign| hale xsign | halo ysign | Reference
- at _hprim at vprim | at shcoll| at shcoll| at svcoll| at svcoll| at shvcel2| at shvcol2
0 (garage) -1 (down) | +1 (wall) | +1(up) | -1(aisle) |-1(down) | -1(aisle) +1(up)
4
2.5x

Figure 3.41: The transverse positions of collimatesed for simulations of the 2SC in vertical plane
for full 2D-configuration, corresponding to the 200esign with using all vertical and horizontal gaw
of all three secondary collimators.

Figure 3.42 shows the simulation results for th€ 25vertical plane for full 2D-configuration,
while the out-scattering effects are included ve&age the MARS code. The dependencies on the
thickness of the copper primary collimatggo are shown for both collimation efficiencigg,, and
&ost The vertical black lines illustrate the foil thireesses corresponding to the 2004 design, to the ol
foil existed till 2014, and new foil installed i®25.

The collimation efficiencyg,s: demonstrate the best values for the thinnest prd2oil.
However, these values are misleading since pratssel’ are too low, e.g. ~25% after 100 turns and
~65%. Such multi-turn accumulation of the beamdesss related to the losses of the initially esdape
protons.

The collimation efficiency o for the thinnest ~1gm foil is rather small after 10 turns and
could reach up to 65 % during uncontrollable andddtonal multi-turn interception of the initially
escaped protons. The collimation efficiergy, for the thickest ~40im foil (old foil before 2014) is
equal to &ao =60%, while it is the same for 10 and 100 turms;es scattered protons are mainly lost
under deterministic conditions of linear dynamicsinlg the first pass.

The collimation efficiencya for the new 38@um Al foil equivalent to ~5Qum Cu foil is
between maximum values for 10-tuggu-curve and 100-turmaqcurve. It could reacts =57 %
after 10 turns anda—=75% after 100 turns. However, the value &f~=57 % after 10 turns is
considered to be reliable, while the valyg=75% after 100 turns is doubtful, because it Iigimg on
a hope about a stable almost linear beam dynaniibséthe Booster aperture.

Figure 3.43 shows the loss distribution after 10hg along of 16 selected intervals. These
losses include the losses of the out-scatteredmsotwvhich were tracked with MADX after tracking
MARS tracking within every secondary collimator.erschematic layout of the collimation system
shown below explains locations of these 16 intexval

Considerable losses happens within ~25 m regioth@mtervals with numbers 7 (D magnet in
front of absorber 6A), 8 (absorber 6A), 9 (pipeswaen absorbers 6A and 6B), 10 (absorber 6B),
11 (four gradient magnets around short 6), 12 (des’A), and 13 (beam pipes on Long 7 behind
absorber 7A), while losses in intervals 8, 10, B2useful, while losses of the rest intervals anese.

15 Number of losst particles could be directly dedifieom thegq, -curves.
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Figure 3.42: The collimation efficiencies,, and &ost Vs the thickness of copper primary
collimatortpcon for the 2SC in vertical plane for full 2D-configion after 10 (blue) and 100
turns (red) with accounting for the out-scattengfiggcts.
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Figure 3.43: The loss distribution for the 2SC antical plane for full 2D-configuration after 100rhs
along of 16 selected intervals shown below in satentayout of the collimation system.

Figure 3.44 shows the phase spaceyg)(and §, y) of the lost particles at the front of COL2

(6B) for the 12um and 50Qum (b) primary collimator foils, while they(y) is shown twice after the
first pass and after 10 turns.
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Figure 3.44: Phase spaces of the lost particlesatdbe front of COL2 (6B) for simulations of tR&C
in vertical plane for full 2D-configuration.

It can be seen that lost protons are located e the boundaries of the collimator jaws for the
50 um foil than for the 12um, i.e. the impact parameter for the thicker foil is higHa the phase space
(v, y) the particles are located along the thin lings,the coordinateg andy' are strongly connected
between each other in order to hit in the sametpaiinhe absorber. After 10 turns the thin line is
smeared, while some additional target spot is appedt looks like precise and fine hitting of the
target, which could be easily simulated numerigdllyt probably could be destroyed in a real machine

Figure 3.44 shows the distributions of the losttipeas along the vertical direction. The
distribution is considerably wider for the ffn foil (a) than for the 1am foil. The dependence on an
error of the vertical position shown in Figure 3eMbr the 12um foil demonstrates a high sensitivity,
e.g. 20 % of particles will fail to hit absorberpatsition error of 60um.

320

T RARR BB RN AR ARRRARRRAR) T 320 T T T 100
\ A R R B HE AR TS \H FH I ‘\{(\ ; i Surv_% |
280 IEARRENENRY BN I NN IRNRURNEN R 260 -8 S L L R e e TR
*% Stats 10turns| y_front 7 Stats 10turns| y_front A 80
240 -2 Minimum | -0.0368 Eaka| 240 Minimum | -0.0362 .
] Maximum| -0.0202 . [ T Maximum] -0.0203 [T T \ -
200 Points| _ 2651 ks 200 Points| 1239 il & 81% at 3y=0.6mm
Mean|-0.0237 i Mean|-0.0222 60 —"E—GO:/O at 8y=1.0mm
160 RMS| 0.0239 160 RMS| 0.0223 — 43% at 3y=1.5mm
Std Deviation| 0.0029 HE Std Deviation| 0.0019 \
120 120 40
80 il 80 | \
g i 20
40 T T b T i 40 ! | \\
. Range, milj | . i i Range, mii-| ™ dy, mm
S coccgoccog Y cos o000 o S cccccccoocSccoocoooo S o

Figure 3.45: Distribution of the lost particlesthaé front of COL2 (6B) for simulations of the 2S& i
vertical plane for full 2D-configuration: a) thestlibution for 50um Cu foil; b) the distribution for
12 um Cu foil; ¢) dependence on an error of the verpeoaition of the collimator jaw.
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Figure 3.46,a shows the accumulations of the catiom efficiencyg,a, during 300 turns. It is
seen that for the thick 4Q0m cooper foil (equivalent of old foil existed befo2014) the final
efficiency &a=~60% is reached during the first pass. The newrBGopper foil (equivalent of new
380um Al foil) reaches the efficiencgh.~~40% after the first pass and thap,, is monotonically
increased reaching its final valg.y~=~75% during 100 turns. For the thinnestt@ copper foil
(equivalent of 2004 design) the first pass efficiers very lowgi=~75%. Then, the efficiency slowly
approaches to the efficiency of new & copper foil and reachegy=~75% by 250 turn. Remind
again, that this turn-by-turn efficiency accumwatiprocess is mainly related to the losses of the
initially escaped from 2SC system protons. Thessds are driven by the non-linear fields and other
imperfections, which depend on regime of the Baogperations.
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Figure 3.46: On a feasibility of ideal simulatiownclitions: a) accumulations of the collimation
efficiency during 300 turns for simulations of tB&C in vertical plane for full 2D-configuration;
b) ideal 3I~beam envelope around measured closed orbit witlowsh edge of the
collimator COL2 (6B).

Figure 3.46,b shows the ideal (damping asB8y}/3c-beam envelope on the top of measured
closed orbit and edge of the collimator COL2 (6Bpr effective turn-by-turn accumulation of
collimation efficiencygap routinely obtained via numerical simulations sitnecessary to preserve the
trajectories on the top of the beam envelope dusegeral tens of turns. Probably, for unsteady
machine like the Booster such requirement lookdaobtful and could not to serve as a background
idea for the design of 2SC system
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3.5.5 Simulations for Two Stage Collimation in Horizontal Plane

The 2004 design scheme (see Fig. 2.17) involvihthede secondary collimators and using all
available vertical and horizontal jaws has beerm alsed for the simulations of the 2SC in the
horizontal direction. Figure 3.47 shows the transgegoositions of collimators used. Let's name this
configuration as "a full 2D-configuration”. The p@ns of all secondary collimators relatively the
beam are the same as for 2SC in the vertical drechown in Fig. 3.41, and only positions of the
primary collimators are different. Now, the vertipgimary collimator is located in a garage positio
and the horizontal primary collimator touch therezore from the wall side.

H-Prim V-Prim |Coll=L6A=SHCOLI1 |C012=L6B=SVCO L1|ColL3=L7A=SHVCOL2
coll - . . . . . . .
nme hale xsign | halo ysign |hale xsignhalo ysignhalo xsignhalo ysign| halo xsign | halo ysign | Reference
- at hprim at vprim | at shcoll| at shcoll| at svcoll| at svcoll| at shvcel2| at shvcol2
+1 (wall) 0 (garage) |+1 (wall) | +1(up) | -l(aisle) | -1(down) | -1(aisle) +1(up)
4
1.5x

Figure 3.47: The transverse positions of collimatmsed for simulations of the 2SC in horizontahpla
for full 2D-configuration, corresponding to the 20@esign with using all vertical and horizontal gaw
of all three secondary collimators.

Figure 3.48 shows the simulation results for theC2f horizontal plane for the full
2D-configuration, while the out-scattering effeadse included via usage the MARS code. The
dependencies on the thickness of the copper primaiynatortp.co are shown for both collimation
efficiencieségaip and &ost.
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Figure 3.48: The collimation efficiencieg,, and &ost VS the thickness of copper primary
collimatortpcon for the 2SC in horizontal plane for full 2D-cagifiration after 10 (blue) and 100
turns (red) with accounting for the out-scattengfigcts.
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The vertical black lines illustrate the foil thidsses corresponding to the 2004 design, to the
old foil existed till 2014, and new foil installéa 2015. The collimation efficiency,s; demonstrate the
best values for the thinnest ~fith foil. However, these values are misleading sprodon losse®$ are
too low, e.g. ~25% after 100 turns and ~65%. Sucitisturn accumulation of the beam losses is
related to the losses of the initially escaped@rst

The collimation efficiencyao for the thinnest ~1Am foil is rather small after 10 turns and
could reach up to 70 % during uncontrollable andddtonal multi-turn interception of the initially
escaped protons. The collimation efficiergy, for the thickest ~40im foil (old foil before 2014) is
very low &aio =35%, while it is the same for 10 and 100 turisges scattered protons are mainly lost
under deterministic conditions of linear dynamicsinlg the first pass.

The collimation efficiencyao for the new 38@um Al foil equivalent to ~5@m Cu folil is
between maximum values for 10-tuggue-curve and 100-turmgqcurve. It could reacts =55 %
after 10 turns andga~=70% after 100 turns. However, the value &fi=55 % after 10 turn is
considered to be reliable, while the valyg~=70% after 100 turns is doubtful, because it Iigimg on
a hope about a stable almost linear beam dynamibgwhe Booster aperture.

Figure 3.49 shows the loss distribution after 10fhg along of 16 selected intervals. These
losses include the losses of the out-scatterecbmsptwvhich were tracked with MADX after tracking
MARS tracking within every secondary collimator.elschematic layout of the collimation system
shown below explains locations of these 16 interval
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Figure 3.49: The loss distribution for the 2SC ioribontal plane for full 2D-configuration after
100 turns along of 16 selected intervals shownve@&hoschematic layout of the collimation system.

Considerable losses happens within ~30 m regiorthenintervals with numbers 5 (two F
magnets at Short5) 7 (D magnet in front of 6A) alBsorber 6A), 9 (pipes between 6A and 6B),
10 (absorber 6B), 11 (four gradient magnets neart®), 12 (absorber 7A), and 13 (pipes on Long 7
behind 7A), while losses in intervals 8, 10, 12 aseful, while losses of the rest intervals aressor
We don not see an essential difference betweelisédsu2SC in the horizontal and vertical planes.

8 Number of losst particles could be directly dedifieom theg,q, -curves.
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4. Alternative Scheme with Thick Primary Collimator

From our analytical evaluations and numerical satiohs of the Booster 2SC system it is clear
that main limiting factor for the collimation effency is the aperture restrictions in gradient neagn
near the collimation region. Therefore, an alteaugascheme when the primary collimators are intfron
of the secondary collimators in long straight saté has been suggested. The results of numerical
simulation have showed promising results. The psapof an alternative scheme for the Booster 2SC
system has been presented by V. Kapin in Febr@dy; [86].

Simulation technique has been based on alreadylapmec approach and software for the
existing 2SC system. Figure 4.1 shows stimulatayoulit for the new alternative version of the 2SC
system. It has a minimal difference from the layotithe existing 2SC system shown in Fig. 2.4.
Presently, the distance between absorbers 6A and éBout 1.6 m (see Fig.3.23). Firstly, in order t
have more space for the primary collimators, theodier 6A is supposed to be shifted by 1 m close to
the absorber 6B reducing the distance between ladxs08A and 6B to 0.6 m. Secondly, both primary
collimators has been moved in Long 6 and set alotigitudinal position corresponding to the prewou
position of the absorber 6A front end.

According to the sketch in Figure 4.1, the possiaf the horizontal and vertical primary
collimators are quite different, but for numericmulations it was assumed that they are located
approximately at the same position.

o0 0

F—[]:—'-l 51D &JI“H 53 F
Start 1 'i Short 5 l

(Short 24) Inj Foil

Hprim

®
|:>ﬁr6-lD H 62F *{63F [H64D 74
Short 6 Long 7

Figure 4.1: The layout of the new 2SC system usesimulations. The new locations of 16 intervals
for the loss distribution plots are also presented.

6
® O
—‘| NABs13 )~

Start 1

Figure 4.2 shows the simulation results with MADXdaMARS codes for the new alternative
2SC scheme after only single pass. In this chafiterplots for collimation in the horizontal plavvél
be presented. The plots for collimation in the icaftplane are very similar even quantitatively and
therefore they will be omitted.

In these calculations, only losses on the secondalymators are considered to be useful
similar to assumptions used before for the exisBBE system. It is seen that for a quite this coppe
scatterer ~1cm up to 95% of particles lost durimg first turn. The collimation efficiency achievies
maximum valuega~75% at the thickness of 4mm. Thus, the new 2S@&sgy$as the same value of
the maximum collimation efficiencsha—=75% as existing 2SC system. However, this valueashed
by the new system during a single pass throughwutcollimation region, while for the existing 2SC
system the maximum values &f,=75% is theoretical limit achievable after 100 &irn
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Figure 4.2: The simulation results for the new rakl¢ive 2SC scheme after 1 turn by MADX and
MARS tracking with the out-scattering effects andpmer primary collimator: a)iest VS tprcol
b) Nseccoll VS tercoli, C) &halo @Nd&ost VS tprcol -

Thus, the new 2SC system could have the same maxwalue of the collimation efficiency as
existing system, and it does not require a stalii4#urn optics as existing system. Moreover, tiegv
system could reach even higher collimation efficienf some modification can be performed.

Let's outlook some possible improvements of the B8& system. Figure 4.3 shows losses on
primary collimator and sum of losses on primary afldsecondary collimators. In initial simulation
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model for the new 2SC system, the primary collimateave no any radiation shielding and beam
losses on the primary collimator are considerdoetandesirable. Let's assume that primary collinsato
may have some shielding. Then, the beam lossdseoprimary collimator could be treated as "useful”
in computations of the collimation efficiency.
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Figure 4.3: Losses on primary collimator (blue) auwh of losses on primary and three secondary
collimators (red) for the new alternative 2SC sche&sthe primary foil thicknestcar.

Figure 4.4 shows improved collimation efficiency fihe new 2SC system with a shielded
primary collimator. Theg,,scurve for non-shielded primary collimator is alsiwown for reference.
The gas-curve for non-shielded primary collimator is tlare as the,,-curve shown in Figure 4.2,c.
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Figure 4.4: The collimation efficiencgao Vs tecon for the case of well-shielded primary
collimator (red) and for the case of non-shieldachpry collimator (blue).

In existing 2SC collimation system all beam pipesrecting absorbers are non-shielded (see
Fig.3.23 and Fig. 3.24). However, there are cafalge beam losses on them in the new 2SC system.
Figure 4.5 shows losses on non-shielded intenFits 4.1) between collimators: a) the interval &o.
covers the vacuum enclosure of the vertical princatiimator located downstream from the horizontal
primary collimator; b) the interval no. 7 coversabe pipe between primary collimators and the
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absorber 6A; c) the interval no.9 covers the beape petween the absorbers 6A and 7A; d) the
interval no.11 covers a long region between abss®® and 7A, which contains 4 gradient magnets,
beam pipes and corrector packages. The very higimbasses exists in intervals 7 and 11.
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Figure 4.5: Losses on unshielded beam pipes andchetmgvithin the shown in Fig. 4.1 intervals
6, 7, 9, 1lvs the primary foil thicknestcoi -

Let's imagine that existing 6" beam pipes in thiiroation area are replaced by the enlarged
pipes in order to minimize beam losses on theirtapes. In our simulations, the beam pipes with
1 m-diameter are used. In reality, it will be enloug use a well-shielded ~180" pipes. Thus, the
beam losses in the shielded beam pipes could betesbuas useful. Figure 4.6 shows the
dependencies o VS tprcon for enlarged beam pipes and for existing 6" pipes.
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Figure 4.6: The collimation efficientaio VS tercon for enlarged beam pipes between collimators (blue)
and for existing 6" pipes (brown)

The maximum value ofg,, reaches 83% and the optimal thickness of the pyima
collimatortp,con is shifted from 4mm to ~8mm. Figure 4.7 shows ahfer improvement of the
collimation efficiency, if the primary collimatomelosure will be also well shielded. In this caibe
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collimation efficiency is higher 90% in a wide rangof the primary collimator
thicknesdpcon =1+10cm, while the maximum value afyo is about 93 % dbco=5 cm.
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Figure 4.7: The collimation efficiencsaio VS tercon for enlarged beam pipes between collimators (blue)
and for well-shielded primary collimators (red)

Figure 4.8 shows paricle losses on beam pipes aghets for the case of enlarged diameters
of the inter-collimator beam-pipes. In comparisoithwthe case with existing 6"-pipes shown in
Fig. 4.5 the beam loss curves on the interval¥ramd no. 9 have essentially reduced maximum values
while the beam loss curve on the interval no. Idoischanged. Let's consider the range of the pyima
collimator thicknes$picon =1+10cm with high values a0 . In this range of the thicknetgcq, the
losses on the interval no.11 are decreasing frontill@6 with an increase of the primary collimator
thicknesgpicon . Thus, the beam losses on all inter-collimatanbeipes are less 5% in the range of
the primary collimator thicknegs.coi =1+5cm, while the collimation efficiency is higher 90%
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Figure 4.8: Losses on beam pipes and magrsdtse primary foil thicknestcoi within the shown in
Fig. 4.1 intervals 6, 7, 9,and 11 for the casentdirgied diameters of the inter-collimator beam-pipe

Figure 4.9 shows the number of lost particles dred absorption efficiencsups Vs tprcon for
every absorber. In the rangetgto =1+5cm, the aborbers 6A and 6B have high valuesg$94%,
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Figure 4.9: The number of lost particles withoutl amth out-scattering effect (the left scale) ahd t
absorption efficiencyps (the right scaleys tpcon for the new alternative 2SC scheme with enlarged
beam pipes between collimators: a) collimator "6#)"'collimator "6B"; c) collimator "7A".
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and the beam losses on the collimator 7A are vaellsThe above results suggest, that in the rafge
the primary collimator thickness,coi =1+5cm, the third absorber 7A and the pipes and magnet
between 6B and 7A (interval no 11) could be exduffem the collimation system, since the beam
losses on their walls are negligible.

Figure 4.10 shows the distribution of the beamdsdsr the new 2SC system using the primary
collimator with the thicknestscoi =3cm. Remind, the collimation in the horizontaé after a single
turn is considered. The most of beam loss will leeppn the secondary collimators 6A and 6B and the
primary collimator. The losses on the third absoidied Booster elements between absorbers 6B and
7A are small.
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Figure 4.10: The beam loss distribution for the &SC in horizontal plane witkpcoi =3 cm after
single turn along of 16 selected intervals showlowen schematic layout of the new collimation
system.

Thus, the final layout of a new 2SC system consiesthick primary foile.g. the copper with
thickness ofp.coi =135cm, and only two vertical and horizontal absorl&&sand 6B all located within
a single long straight section. The total lengthtleé new 2SC system will not exceed ~4 m,
corresponding to the total length presently ocatliffie two 1.2 m absorbers with the 1.6 m long beam
pipe between the absorbers located in the longybtraection 6 (see Fig.3.23).

The mechanical layout of the new 2SC system coaldiimilar to the collimation system used
in Rutherford Appleton Laboratory on the ISIS fagil(former name SNS) [87] (see figures in
Appendix A). The collimation system of the 800 Mé@, Hz rapid cycling synchrotron is installed in a
5 m drift section and localizes losses to thisargiThe system uses 10 movable beam collectors (3
primary and 7 secondary). All construction is lechinside a common vacuum vessel.

Thus, the new collimation unit will consist of 4long well-shielded vacuum vessel containing
two movable primary collimators at its upstream and the ~1 m long movable secondary horizontal
and vertical collimation jaws at its downstream .efitte vacuum chamber between primary and
secondary collimators on the length of ~1.5m shdalde a quite large diameter to ensure a free drift
of scattered protons from the primary collimatoosthe front edges of the secondary jaws. Such
collimation unit can be located at some empty Isagtion, e.g. long 8 or long 10.
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Conclusion and outlook

Existing 2SC is difficult for implementation in Bst@r, since it requires to control and to
preserve the halo position ar8uring approximately ~100 turns. The new “thick*f@SC is optically
easier, because it could reach the same effici€ng$%) as existing 2SC in a single pass. The
collimation efficiency of a new 2SC can reach uP@284, if beam pipes between secondary collimators
and around the primary collimator will be enlarged well protected.

Assuming the collimation efficiencies of the exigti 2SC systems o™ ~65 % and

halo

0" ~75% and the beam losses to be proportional tecotiamation inefficiency/hac==1-&ao, a

new collimation unit with collimation efficiency .

halo
factor 2-4.

The new 2SC unit may be easily duplicated, if it demonstrate good operational results. The
following staged plans could be suggested. At ils Stage the new collimation system could be
installed in Long 8. Several questions should mwaned:

a) if the new collimation unit could effecively artept the halo particles at the same level as
existing absorbers operating in convential 1SC mdue without creation an excessive residual
radiation in surrounding area similar to existitgarders;

b) if the new system operating togheter with ergstabsorbers coud share (or redistribute) their
beam losses and reduce the maximum residual radliatithe collimation area;

b) if the new system operating together with emgtbsorbers could reduce the radiation levels
in remote areas like the RF-cavities.

At the second stage, if the above questions areaard positively, the new collimation units
could be duplicated and installed either in ano#mpty long section or even replace some of exjstin
absorbers.

Finally, it may be necessary to use up to four m@limation units in order to effectively
protect RF area, if we assume that the halo pastichve fast growth rates, which enable them talavo
a single collimation unit and directly hit the ajoees of RF-cavities.

~90% could reduce the beam losses by a
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5. Experimental Studies of the 2SC in Booster

5.1 Beam Instrumentation in Collimation Region

Figure 5.1 shows layout of the Booster collimati@gion and location of beam diagnostic.
Near the primary and secondary collimators beamtipnsmonitors (BPM), beam loss monitors
(BLM) and fast loss monitors created and suppottgdR.J. Tesarek (FLM) [88,89] are used to
evaluate the beam position, radiation rate and whecollimators intercept the beam tails.

BHTs51Gn  B:HSTO0SS B:BLMO061 B:HSTU6L AL6BGn
] B:VST05S B:VT53Gn B:VSTU6L ’ B:HSTO6L
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B;BLMSO6‘ B:BLMO071 ‘B BLMO72 | B:BLMLO7

Figure 5.1: Layout beam instrumentations in vigimt 2SC system in periods 5,6 and 7.

The primary collimators are movable thin scatterfogs. The absorbers are movable steel
cubes with square beam apertures. According t@@04 original 2SC design [9,11] protons withim 3
are considered to be the beam core and the noedd@&%-emittance equal tortthm- mrad.

In 2015, improvements were made to realize their@igdesign of the 2SC. These
improvements include: design and installation o® @ thick aluminum primary collimators [45,84]
and improvements in the accuracy and reliabilitythaf absorber motion. The further descriptions of
these improvements can be found in Appendices BCand

The purpose of the 2SC system is to localize prdtmses at the secondary collimators,
reducing irradiation of the rest of the machinghe acceptable levels. The collimation system shoul
interact only with halo protons which are considete be lost later in the accelerating cycle while
preserving the beam transmission efficiency.
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5.2 Collimation Tests with Booster Beam for the Vertical Plane

For collimation in the vertical plane, collimatdrsprim, 6B and 7A are used. V-prim is placed
at the lower edge of the beam core. The jaws obBand 7A collimators are positioned with a 2mm
offset from the beam core, while the jaw of colltora6B is located below the beam and the jaw of
collimator 7A is located above the beam.

The beam tests with 2SC collimation system in tbdical plane described below have been
performed on June 29, 2016 from 2pm till 6pm. Thewledge of the exact study time is useful for
any later off-line analysis and data acquisitiothwiumberjack data-logger (e.g., ACNET application
D44). Some additional details of this study caridumd in ref. [83, 90].

5.2.1 Initial Configuration of Collimators

In the studies presented here, we consider onljcaecollimation. The horizontal positions of
collimators were unchanged during the study. FiguPe shows the vertical collimator positions
relative to the beam for convential single-stagdlimation (1SC) routinely used for the beam
collimation in Booster. Note that all three abswosbare used in the 1SC mode, while the primary
collimators are out of beam, i.e. in their garagesifion. Note, the collimator positions shown in
Fig. 5.2 are the initial and final position for astudy of the 2SC system. Each collimator touches t
beam from one side.

Aup up
@ >
: . aisle
| e
V-prim COL1(6A) COL2(6B) COL3(7A)

Figure 5.2: Transverse vertical positions of coditor jaws at 1SC.

5.2.2 Pre-study for the beam opbits preparations

Preparatory to the test, the vertical beam posiiwaughout the entire accelerating cycle was
arranged in such way that all collimators touchliteam at the beginning of the cycle (approximately
300 turns). During these studies, the vertical bgasition at the collimators was observed to vary n
more than 0.5mm from cycle to cycle.

Data from BPM obtained via ACNET application B3&mwls to understand the beam orbits in
vicinity of Booster collimation region. Figure 5sBiows the "meatrms” values of the beam orbits at
three different vertical BPMs vs the turn numbeneTmean and rms values has been obtained from
post-processing of 5 pairs measurements, which uweken at 5 particular states of collimator
configurations during full ~ 2.5 hr collimation syt Since rms-values are shown at every turn, the
resulting "meatirms" looks as a thick brush-painted curve withttiekness of double rms-value.

Figure 5.4 shows the dependencies on turn numbeughout full Booster cycle for the mean
beam orbity. (red curve), the vertical beawrsize ¢, (green curve), the boundaries of the beam
envelopes given by two curvgst3g; andy.-3gy,. The beam orbit has been restored using data from
neighbor BPMs. It is assumed that the begize is dumped with increase of beam energy agugprd
to ideal low ~18)y; wheref and yare relative beam velocity and Lorenz factor, eetipely.
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Figure 5.3: Beam Orbites the Booster turn number for 3 different vertic&Nas: a) BPM located at

Short-5 (its ACNET name is B:VSTO05S); b) BPM lochtdownstream of Long-6 (B:VSTO6L);
c) BPM located downstream of Long-7 (B:VSTO7L).
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Figure 5.4: Normalized BLMs values summed over @4MB around the ring at the different time
points.
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Figure 5.4 also shows two possible vertical posgiof V-prim edges touching beam are shown
(black and grey), since the beam can be touched-pym at the top or bottom. These two positions
are defined by maximal and minimal values of beamvempes over the full Booster
cycle (20,000turns) excluding the first 300 turneeve BPM-readings are not reliable for not yet
bunched beam. During presented vertical collimastudy the V-prim touched the beam from the
bottom denoted as "lower position” (grey).

5.2.3 Collimation Test Steps and 2SC Configurations Realized

Beam losses measured via BLMs (ACNET aplication@8ere recorded around the booster
both before, during and after the 2SC tests for gameon, while both BLMs and FLMs data are
available off-line via ACNET application D44.

Below is an outline of the collimation optimizatipnocedure.

1) Move COL1(6A) vertically up (out of the beam)garage position;

2) Move COL3(7A) vertically up (out of the beam)garage position;

3) Move V-prim vertically up (to touch the beam e§ignd optimize its position (up & down);

4) Move COL2(6B) vertically down (out of beam), themove it vertically up (into beam), and
finally move it down (out of beam) by ~2mm. As rigSu6B intercept (touch) scattered beam from the
bottom side of beam;

5) Move COL3(7A) vertically down from garage poaitito the beam until it touches the beam,
then move it up (away from the beam) by ~2mm (UR)results, 6B intercept (touch) scattered beam
from the top side of beam;

6-7) Move COL3(7A) applying small position adjusime trying to ensure possible re-
optimizations while monitoring booster efficiency;

8) Move V-prim vertically up and down trying to optimize its position;

9) Move all collimators one-by-one to initial 1S@gttions.

Let's note: a) after step “2” the configuration adfilimators corresponds to 1SC mode with
single absorber, namely with COL2(6B); b) steps “b”, and “7” result in three versions with sligjt
different collimator positions, each of which capends to 2SC mode involving V-prim and two
absorbers COL2(6B) and COL3(7A).

Figure 5.5 shows snap-shot of the ACNET window widhr FLM-signals (gate No.1) and
vertical positions of four collimators. The FLM-s@ and position for V-prim are ACNET-variables
named as B:VT53G1l and B:S5PCV, respectively. TheM{ignal and position for absorber
6A (COL1) are named as B:AL6AG1 and B:BCOL1V, regpely. The FLM-signal and position for
absorber 6B (COL2) are named as B:AL6BG1 and B:B2WQLrespectively. The FLM-signal and
position for absorber 7A (COL3) are named as B:AGAAand B:BCOL3V, respectively. An increase
in FLM rate (gated for 10Qs around injection, i.e. gate No.1) indicates wheltimator is touching
the beam core. More details about FLMs can be fanidgppendix E.

Figure 5.6 shows the configuration of the 2SC sysde optimization. Absorbers only touch the
beam core, while V-prim intercepts the beam.

Figure 5.7 shows the collimator positions and b&odteam transmission efficiency as a
function of time during the study. The letters tate points when the losses from the BLMs were
recorded around the booster. Points A, B and Lcatdi routine 1SC with all 3 absorbers used. P@nts
and D indicate 1SC with a single absorber (6B)n#ai-K represents the optimized 2SC.
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Figure 5.5: ACNET window with FLM-signals and vesl positions of collimators during study.
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Figure 5.6: Transverse vertical positions of caditor jaws at 2SC.
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Figure 5.7: Vertical collimator positions (left $gpand the Booster beam transfer efficiency (right
scale) vs time.

5.2.4 Post-processing Beam Loss Data

Data from BLM around the Booster have been coltecteing ACNET applications B136 and
B88. Since data exporting from B88 did not workhet study time, the special code developed by V.K.
has been used as a substitute of B88. Techniaallg, the LINUX executable "B88.exe" directly
reading the ACNET variables assigned to BLMs.

Usage of two BLM applications allow us to post-msg the BLM signals accumulated at
different time-scales: 1) relatively short ~66msawgraging of BLM signals from B136 during the one
Booster cycle (~66ms); b) relatively long+2min by B88 during many hundreds of Booster cycles.

In order to have a single figure of merit for bedwsses for every particular collimation
conditions, sums of BLM signals over several Boo&EMs has been introduced. Such sums can
included several different sets of BLMsg. sums of all 64 BLMs available for B88 at study ¢im
sums of 48 BLMs regularly located in Short and Laegtions of 24 Booster periods.

Figure 5.8 shows the BLM readings as sums of aBEMIs around the Booster normalized to
give fractions of the radiation trip points (alakalues). Figure 5.9 shows the absolute values ef th
BLM readings (without normalization) as the sumslbt4 BLMs around the Booster.

The heights of vertical bars shown in Fig. 5.8 &igl 5.9 allow us to compare the effectiveness
of 2SC and 1SC modes. For example, the normalizéddsBsum (Fig. 5.8) for the 1SC with single
absorber (point D) is 5.6, while for the optimiz28C (point J) is 4.8. It can be concluded that the
optimized 2SC reduces the BLMs sum by 14% in comparto the 1SC with single absorber. Details
of such improvement are illustrated in Fig.5.10jclkshows normalized BLMs values around the ring.
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Figure 5.10: Normalized BLMs values around the fmgtime points "D" and "J".

One can see the radiation is reduced at BLMs irsBwsections S03, L04, S04, S11, S15, L17,
S17, L19, S2, and L22. However, the radiation @eéased in sections S07 and L15. Note, that L15
contains an RF cavity which represents an aperéstection.

On the other hand, the BLMs sum for routine 1SQwhtree absorbers (point B) is equal to 2.3,
which is about twice lower than one for the optied2SC (points J or K). Figures 5.11 and 5.12 show
the screen snapshots of data available in the Fdyiiain Control Room for the time points B and K.

The above plots clearly demonstrate that the opgth2SC has increased radiation levels for
most BLMs around the Booster and is less effecthan the routine 1SC using all 3 absorbers.
Additional details of these studies may be founcein[83].
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Figure 5.11: The fraction of trip points for timeipt "B" (1SC with 3 absorbers).
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5.2.5 Conclusions for Vertical Collimation Study
The results of the tests for the Booster collimatsystem in the vertical plane presented here

suggest the following conclusions:

1) the beam orbit patterns within accelerating eywkre stable within 0.5 mm during all test

time (~2.5hr);

2) the vertical 2SC is operational and showed gravement by 14% compared to 1SC using

a single absorber;

3) compared with vertical routine 1SC, the 2SC miedess effective by a factor of ~2.
Thus, the beam test with 2SC system operating e wrtical plane did not show any
advantages of 2SC mode of operation in a compafgtnthe converntional single stage operation

involving three absorbers.
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Table 5.1 Transverse positions and study step2-Mar-2017 beam study of the horizontal 2SC.

5.3 Collimation Tests with Booster Beam in Horizontal Plane

The beam tests with 2SC system in the horizon&epdescribed below have been performed
on March 2, 2017 from 12:30pm till 16:30pm. Tablg bsts and illustrate every of 14 steps for this
study reported in ref [91]. The names in the seamidmn denote time points used in the below plots.

No

tI-

Col1=L6A

Col2=L6B

Col3=L7A

mel Step No&name H-Prim (SHCOL1) (SVCOL1) | (SHVCOL?) Comments
1A TopA U
Record BLM/BPM/ColPos op P
(110325.xIs/*_kap03_01n.t Wall <
at usual col-positions Inside %~
(1-stage used in 2016 Down/| Bottom
2 |Al| moveCol2 to garage (->W
3 moveCol3 to garage (->A) move all SecCols to
/ garageSTOP BEAM
418 rec.BLM I/BPM for Hprim motion);
(111822/041) 4=1SC with 1 sec.col
4aB1| moveHprim to Wall-garagg 4b=all SC - garage!
4b| C | moveColl to garage (->A)
4c|Cljcontinue moveColl (->Ais|e_ setup the major sec.
to touch beam from Wall-si collimator (=COL1) to
5 |C2 moveHprim (->Aisle) to touch b_eam anql ther
touch beam from Wall-sidg optimize H-prim
6:|C3 re-optimizeColl: "6h=7"=
6al |adjustColl to beam (->Aisle 2SC with single major
6b| [retractColl from beam(->W| Sec.coll (Col1)
7|D RecordBLM/BPM (7: 116313/07n)
8a/D1| moveCol3 to beam (->Wall .
8bjD2|  RecordBLM/BPM (8b:117504/08n)
— retract to ->A
9: OptimizeCol3 at beam cor¢ X =+1mm=-40mil
9al | Col3 further in beam (->W 9 —_2S£:nm'_k-1v2 ;n(l:;s
9b| |retractCol3 from beam(->A (;;1183\2/5'; xIs/OQﬁ)
9c| E RecordBLM/BPM ’ '
10 re-optimize (playHprim
10 re-optimize (play witholl 10a=re-optimized 2S(
alF RecordBLM/BPM with 2 sec.col.!
(111590.xIs/*_10An.txt)
11|F1| "Surround" beam bZol2;
move to touch beam (->A aﬂgéaa‘r?]prgfggti()blz tp
then retract from beam (->\, O = _ 'Iy'
12/G|  RecordBLM/BPM 12_2521"‘.:2‘340”“ S, |
(_120882.xIs/*_12n.txt) ==L With 5 Sec.col:
. . 2004 A.D.'s design fo
o final positions for 2
- . N 2-stage hor. collimatio
= horizontal 2-stageollimation 2. o
- . . ) yom modified as following:
o) (while keeping 1SC in o
s . Col2 from opposite side
vertical plane) .
- enhancing Col1
13|G1|Returnall collims to ini. 1SC:
move to | move to Wall| small move 14:
12 2)Hyrim 0)Col1 €)Col2 d)Col 3Aisle garage touch beam| into beam tosmgllﬂ?s\ﬁ) * 122709.xls/
H Record BLM/BPM BEAM STOR from outside| (->Wall) _l4n.txt
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5.3.1 Initial Configuration of Collimators

In the studies presented here, we consider onlgdrtal collimation. The vertical positions of
collimators were unchanged during the study. Thiincator positions relative to the beam for
convential single-stage collimation (1SC) routinebed for the beam collimation in Booster are shown
in Table 5.1 at the step no. 1 (the time point "Apte that all three absorbers are used in the 1SC
mode in both planes, while the primary collimatars out of beam, i.e. in their garage position. For
our study the collimator positions shown at thg@ ste. 1 are the initial and the final positions.ring
study all collimators are moved only in the horiabplane, while the preserve their vertical posisio
and continue to collimate in 1SC mode fro vertahe.

5.3.2 Details of the Collimator motion in the Horizontal Plane

Figure 5.13 shows the horizontal positions of tbkntators during the full study with labeling
of the study steps and study points.The time poistked by only capital letters (A, B, D-H) are tene
when a full set of measurement with BLMs (ACNET laadions B136, B88) and BPMs (B88) has
been performed. The time points marked by additionmber are additional time points with only B88
data measured.

——B:BCOL1H B-S5PCH
1000 | B:BCOL2H :SOPCH | 4000
——B:BCOL3H | COL1 \ |
; 10a \ —COL2-{ 3000
COL2 16 H ;
500 Hprim — 1 2000
- ]
J 4 - N = 1 1000
Nt cors M SJ 211 ]
0 1 0
> |__| Ll 9% | 11 14
£ fal Booh | LE -1000
8a I.l. 13 1
-500 12|15 8b L 1 2000
oL ‘.f’ Hprim |
rCOL3 () J 5 (;O;Li’a = -3000
0 4n a3 E® @O © T f
@ 3 . (IP m | ® 9 a/Q TlmeGID'
-1000 < L . B . 4000
12:30 13:00[A] 13:30 [Eiz] 14:00[c2] 14:30 [ 15:00 15:30 16:00 [C1 16:30

Figure 5.13: Horizontal positioons of the secondeollimators (left scale) and primary collimators
with labels for study steps and time points.

During study there were some fluctuations in theod2er beam intensty. Figure shows the
variations of the beam transmission efficiency "BEF-17", the beam charge at the beginning and the
end of accelerating cycle "B:CHG1" and B:CHGZspectively. The additional time points "D2",
"F1", and "G1" located near the times with unstdi@am currents has been exluded from a further
analysis.
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5.3.3 Realized Configurations for 2SC Horizontal Collimation

For easy undestanding of the configurations redldging the study, the time points with their
short description are listed in the Table 5.2. $edlvdifferent configurations for 2SC collimatioash
been realized and even repeated during study:elP8C using single secondary collimator; 2) 2SC
using two secondary collimators; 3) the 2SC udmge secondary collimators.

Table 5.2 Time points and their description
A |usual 1SC (routinely ~2016] (Q8OL1 is re-optimized =>2SC with single sec. col."

Al|COL2 in GRG (garage) D (=C3) “2SC with single sec. col."
B |COL3in GRG D1COL3 at beam aisle-side =2SC with two sec.col.”
B1|Hprim in Wall-GRG E | COL3 is re-optimized =22SC with 2 sec.col. re-opt"

C | COL1in GRG (all hor. GRGF | Hpr & COL1 re-opt. =22SC with 2 sec.col., all re-opt"
C1[COL1 at beam Wall-side G COL2 at beam W-sidé'’2SC with 3 sec. cols"
C2|Hprim at beam Wall-side H back toinitial 1SC (=A)

Figure 5.15 shows the typical screens durinng tyrive collimations system. The fast loss
monitors are used to see changes in the beam laf®®schange of the collimator position. The
locations of FLMs have been shown Fig. 5.1 Sineecblimation near the injection energy is studied,
the Gate no.1 of FLMs is used.

5.3.4. Post-Processing Beam Loss Data Study Results

The comprehesive details of this study with crdsseking of available data can be found in
ref [91]. In order to have a single figure of meior beam losses for every particular collimation
conditions, several sums of BLM signals over sevBwster BLMs has been introduced. Such sums
can included several different sets of BLMg. sum of all 64 BLMs available for B88 at study time
sum of 48 BLMs regularly located in Short and L@agtions of 24 Booster periods, sum of 11 BLMs
located in the collimation region, sum of 24 BLM=ularly located in the short and long sections of
the 11 periods with RF-cavities.

BLM loss patterns around the Booster for 2SC haaenbcompared to 1SC at 3 time scales:
1) via averaging over many Booster cycles (B88)yid)averaging over one cycle (B136 data); 3) at
time after injection before notching (B136 datapnClusions were consistent between 3 scales [91].
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Figure 5.15: Typical screens during studies: ajngirof the 2SC system with
parameters to be controlled.

help FLMs; b) basic

Figure 5.16 shows several sums of absolute BLMesliThese sums have been corrected for a
compensation of the intensity drops during studye Torrections have improved the results for 2SC.
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Figure 5.16: Absolute BLM values summed over sdv@aMs: a) 64 BLMs around the ring;
b) 11 BLMs located in the collimation area; c) 22NBs located in the periods with RF-cavities.
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The height of every vertical bar shown in Fig. 5c8responds to radiation levels due to the
beam losses for a particular collimation mode reali during study. It allows us to compare the
effectiveness of 2SC and 1SC modes. The heighteobars "A" and "H" characterize the radiation
levels for 1SC mode. The 2SC scheme with singlerssary collimator was realized at the time points
"C3" and "D". The 2SC schemes with two secondalyncators were been realized in three variants at
times "D1", "E", and "F". The 2SC scheme with thseeondary collimators has been exploited at the
time point "G".

Let's analyse Fig. 5.16,a with the 64-BLM sums. Seheums taken over all existing BLMs
demonstrate equal radiation levels for 1ISC modakeabeginning of study ("A") and at end of study
("H™). There is no any time point with sum radiatimwer than for these 1SC modes. This means that
there is no any 2SC mode with the total 64-BLM aldwetter than for 1SC modes. It can be concluded
that 2SC collimation in the horizontal directioriess effective than the conventional 1SC mode.

Let's consider Fig. 5.16,b with the 11-BLM sumghe collimation area. The radiation levels
for all 2SC versions are higher than for 1SC at &\t "H". Fig. 5.16,c with the 22-BLMs sums in
region with RF-cavities shows small less than 1086relase in radiation level for 2SC modes in
comparison to 1SC mode.

It looks that this decrease depends on numbereo§éicondary collimators involved in to 2SC
scheme. One can suspect that an equavalent pmagk & the collimation system is increased with
number of the used collimators including the priyneollimators. The collimation system covering a
longer phase range may more effectively protectrdmeote area with RF-cavities in exchange of
higher radiation levels at the collimation area.

5.3.5 Conclusions for Horizontal Collimation Study

Several two-stage collimation (2SC) schemes inzZootal plane using one, two and three
secondary collimators has been implemented duhegcbllimation study on 2-Mar-2017. BLM loss
patterns around the Booster for 2SC have been acexipga 1SC at 3 time scales (conclusions are
consistent between them)

Analysis at three different time scales has demmatest worse collimation efficiency for 2SC vs
1SC. Some tiny (<10%) reduction of losses has lmegacted over whole RF-area (periods 14-24)
using some heuristical correction.
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6. Conclusion

One of 22 PIP tasks is a possible upgrade of thest®o collimation system installed in 2004
and is operating in the conventional single staghintation mode, which was still ensuring a
significant reduction in Booster activation. Theogth of the Booster proton flux during the last
decade leads to an increase of the residual radiatithe collimation area.

The Booster collimation system has been designea @#-stage collimation (2SC) system,
which should be able to reduce residual activatiahe collimation area due to suppressing theiqort
of protons out-scattered from the secondary cotlimsa New efforts for an implementation of 2SC
system in the Booster operation have been starteauiumn of 2014. This report finalizes both
theoretical and experimental studies performedHerBooster 2SC system.

The presented review of the original 2001-2004 gtesif 2SC has revealed that the design
purpose for 2SC was formulated very softly, assgn®8%-beam loss over up to-Z® m region in
periods 6, 7 and immediately downstream. HoweVer eixisting collimation system operating in 1SC
mode also localize the high activation area wi2bm long collimation region. Therefore, the aim of
2SC system has been reformulated. This 2SC systest hocalize beam losses inside of three
1.2 m-long secondary collimators and reduce thedweb activation in the collimation area in
comparison to the 1SC mode used in Booster opegatio

New software using the MADX and MARS code has bpepared. The results of numerical
simulations for 2SC in both horizontal and vertipnes did not showed advantages of the 2SC mode
in comparison to conventional 1SC mode, for whibke @bsorption efficiency of the secondary
collimators has been calculated with MARS codeoriter to achieve high collimation efficiency, the
numerical simulations require preserving the halsitpon under unchangeable conditions during up to
100 turns and more. It looks that such conditiomamot be supported in Booster.

The presented analytical evaluations for 2SC invédréical plane have defined peculiarities of
the Booster collimation system and have explainedsons for its potentially low collimation
efficiency. These evaluations also provided insigim possible tricks increasing the resulting
collimation efficiency during multi-turn simulatisrin the lattice with imperfections.

Two major experimental beam studies for the coltiorain horizontal and vertical planes have
been performed. Several configuration of 2SC hasn lrealized. The sum of many BLMs reading
located around the Booster was used as figure ot toecompare 1SC with 2SC. The experimental
results did not show any advantages of 2SC operatioade in comparison to 1SC mode. Such results
are in agreement with our theoretical predictioowdow collimation efficiency due to the Booster
peculiarities.

Since the simulation results and experimental etidlid not show advantages of 2SC in
comparison with 1SC for existing configuration, kagve numerically simulated a new configuration of
2SC system using a rather thick foil relocated thlong straight section before of the first setzry
collimator. The results of numerical simulations fiew proposed 2SC system showed that it is the
single pass collimation system and it does not mleépeEn multi-turn behavior of Booster optics. A
possible configuration of new 2SC system is disedsand a two-stage plan for updating the Booster
collimation system is proposed.
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Appendix A. RAL Collimation Scheme
Figure A.1 shows the collimation system of ISIS-Sdfid cycling synchrotron [87]

Dosimeter Grid
Position on Primary sl
Collector Vessel

Extraction Septurm Vessel

d—g_j - !_—_'1_1
FEF AF AT

Lattice Quadrupale:

Primary WVertical Collector Primary Horlzontal Collector Secondary Collectors
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BEAR
-II'“*
VCP1  HCP1 VCs0 VC51. HCS1 VC52 HC53

Figure A.1: ISIS-SNS collimation system ([87], IPAD14): a) photo of the ISIS collimators;
b) elevation view of the primary and secondaryis@tors and schematic plan of the Fluka model for
the collimators system.
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Appendix B Installation of new optimal primary foils

2004 design [9,11]: at 400 MeV 0.15mm graphite @@mm copper);

Instead, till 2015: 0.381 mm copper installed;

Our simulations [84]: Cu foil for several tens ofris ~ 50 mm

For the mechanical rigidity of  the primary  foils rmsdruction -
equivalent Al foil with thickness of 380m has been installed [45].

The first 2014 rejected version of the 3§im Al primary collimators [81]

A pair of new aluminium Prim-Colls are already fiahted and is ready for installation:
+ All sizes are the same as for existing Cu heat @oknplicated shape) to keep similar
manufacturing technology; (heat transfer calcureifor Al might be necessary "?")
+« Al foil part has the thickness ~ 381mkm which isieglent to ~60mkm of Cu foil (left
figure)

+ A thinner foils ~300mkm is difficult to fabricaterfe was broken during manufacturing
— see right figure)
+«+ Another possible materials are carbon and berillftequire special investigations)

Al

"cut away"

Figure X.03:20150924 Primary_Collimator_Plans.doc

Figure B.01: Pair of Aluminium primary collimatongth heat sink [81].
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Figure B.01: Primary collimator assembly with inistd plane 38Qm Al foil [45].
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Appendix C. Collimator Motion Applications and Studies

The measurements of the secondary collimator meti@ve been performed on 17-June- 2015
and on 23-July-2015. The measured data analysibdesdone by R.J. Tesarek [92, 93]. Overview of
possible measures to improve mechanics of collimal@as been presented by M. Slabaugh [94].
Examples of the raw data saved during measurenarsobtained off-line later with help of the
ACNET application D44 application can be foundhe prepot by V.Kapin [95].

The results of the collimator motion tests have hasn summarized at the 12-Aug-2015
PIP [81]:

* Primary collimators moves reliably (tested by Saa¥i.Kapin)

» Secondary collimators tests on 23-Jul & 11-Aug hsivewed some problems for all 3
collimators: vertical motion for all 3 collimatorand horizontal motion for 2nd
collimator.

» Several meetings and discussions (see Beam-Doc 92B9B, 94]); team including
M. Coburn (controls), M. Slabaugh (mechanics) andl. Resarek; support from
S. Chaurize and T. Sullivand at all studies.
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Appendix D Beam Instrumentation and ACNET Applications
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Appendix E The Fast Loss Monitors (FLM)
The fast loss monitors (FLM) has been created apdated by R.J. Tesarek [88, 89].

Booster losses: FLM for full booster cycle

Rick’s FLMs
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for high resolution
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Appendix F Software Developed for Post-Processing of
Study Results
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