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Overview

* Introduction

* Alternative RF schemes in PSB and PS
* Achieved performance
- Limitations in PSB and PS
* Further alternatives
* Potential performance reach from injectors
* Before LS1
* Between LS1 and LS2

 Conclusions
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Introduction

U

Present production of 50 ns beams for LHC:

hccelerator | Bfec

1. PSB * Quasi at constant brightness: — Transverse
N,/(g,+€,) ~ const. emittances

2. PS * Longitudinal density during — Intensity per bunch
acceleration: max. N, /g, ~ const. to LHC

3. SPS * Longitudinal stability during — Intensity per bunch
acceleration to LHC

* Major upgrades of the injector chain within LIU only during LS2

— Before LS2: higher brightness beams from the injectors

a) Fill PS with moderate intensity bunches from PSB
b) Compress the batch in the PS + RF manipulations

— High intensity but low transverse emittance bunches
from injectors at cost of shorter PS batches
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l Operational beams: triple split h =7 — 21

120

+ Established LHC beam generation scheme
since 2000

1. Triple splitting

on flat-bottom v
40 —~
2. Accelerationon  _ >
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h=21 F 0 ! °

3. Double (50 IlS) or 000 002 004 006 008 010 012

Tu s
quadruple (25 ns) e

splitting on flat-top
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Key harmonic for acceleration h = 21, as bunch rotation cavities at h = 84/168
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l JJ PSB/PS: Brightness vs. intensity
* Ideas for schemes with increased brightness in 2003 (Garobyetal.)
* Chamonix 2011: alternative RF manipulations (carli, Garoby)

&materialld=slides&confld=10

access?contribld=26&sessionld=8&resld=

http://indico.cern.ch/getFile.

Chamonix 2012: first measurements and expected performance

https://indico.cern.ch/getFile.py/access?contribld=41&sessionld=6&resId=1&materialld=slides&confld=16408

140" LMC: First higher brightness 50 ns variant ready for LHC
https://espace.cern.ch/lhc-machine-committee/Presentations/1/lmc 140/lmc 140g.pdf

Bunch intensity to SPS/LHC (no losses in PS/SPS) per bunch from PSB:

PS RF manipulation scheme 25 ns bunch | 50 ns bunch
spacing spacing

1. Triple splitting Npgg/12in72b  Npgp/6in36 b
2. Batch compression + double split  Npgg/8in64b  Npgg/4in32b
3. Batch comp. + merge + triple split Npgg/6in 48 b  Npgg/3in24b

Higher brightness
Longer PS batches

4. Pure batch compression Npsg/4in32b  Npgg/2ini16 b
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http://indico.cern.ch/getFile.py/access?contribId=26&sessionId=8&resId=3&materialId=slides&confId=103957
http://indico.cern.ch/getFile.py/access?contribId=26&sessionId=8&resId=3&materialId=slides&confId=103957
http://indico.cern.ch/getFile.py/access?contribId=26&sessionId=8&resId=3&materialId=slides&confId=103957
https://indico.cern.ch/getFile.py/access?contribId=41&sessionId=6&resId=1&materialId=slides&confId=164089
https://indico.cern.ch/getFile.py/access?contribId=41&sessionId=6&resId=1&materialId=slides&confId=164089
https://espace.cern.ch/lhc-machine-committee/Presentations/1/lmc_140/lmc_140g.pdf
https://espace.cern.ch/lhc-machine-committee/Presentations/1/lmc_140/lmc_140g.pdf
https://espace.cern.ch/lhc-machine-committee/Presentations/1/lmc_140/lmc_140g.pdf
https://espace.cern.ch/lhc-machine-committee/Presentations/1/lmc_140/lmc_140g.pdf
https://espace.cern.ch/lhc-machine-committee/Presentations/1/lmc_140/lmc_140g.pdf

Batch comp. + split: h =9 - 10 - 20 - 21

U

*  Suggested in Chamonix 2011 as option to produce higher intensity or
higher brightness per bunch for LHC, first beam tests in PS in 2011

16 bunches at start of acc.
_> 32 bunches, 50 ns @ extraction NN EL IR

Pure h =21 Splitting ratio PS 8 4

’ , ’ ' ' ' ‘ \ | ejection/injection
100} & 1

80

ment
eV

Batch length from PS 6 4 32

v New hardware commissioned
v Double-batch injection

40 : v High energy RF manipulations
v Delivered to SPS and LHC

v' Positive operational experience
from 100 ns CNGS run

_ kin_=1‘
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Present limits of h=9 > 10 > 20 > 21

U

* Bucket area limitation (0.91 eVs) during h = 20 — 21 puts strin-
gent longitudinal requirements to bunches from PSB at 1.4 GeV

 Inner bucket — '
2.0f ]
; A Inner bucket
- 1.5} —
% : ‘ E
= 1.0f Outer bucket -
e [ <
L ol
0.5}
0.0f E,;, =14 GeV
0 20 4()

Time [ms]

- Intensity presently limited to what
PSB can deliver within '
&, €, ~1.0/0.9 um, g ~ 0.7 - 0.8 €Vs 11111 -

____________

________

— Will profit from intermediate flat- __________
top above 1.4 GeV (before LS1?) and [l
optimized tuning groups (after LS1)
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l Emittances at SPS flat-top (32 bunches)
J

L] L]
Horizontal Vertical
-SPS.BWSAIG??.H_ROT H#1/IM .o u 145848 [21/06/12 14:58:49] 000 Y B SPS.BWS.‘IIE??.\!‘_ROT #1{IN .. u 14:58:05 [21/06/12 14:59:25] =00 B B
Profile Data for SPS.BWS. A1 677.H Profile Data for SPS.BWS. A1 67 7.V
— SPS.BWSA1 677 H_ROT #1/IN —u 145848 — SPS.BWSA1677V_ROT #1/IN —u 14:58:05
— Fit of profile — Fit of profile (!
Center=5.943 2 Center=-1.639 10}
Sigma=0.284 Sigma=0.369
3 Beta Camma=<430.872 Beta Gamma=-480.872
Chisq=0.3 Chisq=0.071
Kin Energy=-450.252 Kin Energy=4450.252
Emit iphys, 10)=0.002 Emit (phys, 1o)=0.002
Emit{norm, 1oj=1.011 Emit{nor m, 1o0p=1.041
- [ ]
Emit{norm, 10)=1.011 H‘ I|l 151 Emit (nor m, 10y=1.041 I[

1.5

0.5

— 32 bunch beam ~ 1.1 - 10" ppb; g, €, ~ 1.1 pm at SPS extraction
— 30% smaller g, than normal 36 bunch at comparable intensity
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l Batch compression and bunch merging
J

*  More evolved RF manipulations schemes from h = g to 21 (Chamonix 2012)

— Most ‘simple’
h=9g—o>10-5>1>129>13>14>7>21

scheme:
Pure h =21
| asns sons WE 3
= S
Splitting ratio PS 6 3 | B "
ejection/injection § i
S iz
Y =
Batch length from PS 48 24 _ |3 %
é 100
50
* 30 % higher intensity from PS compared
toh=9—>10—> 20— 21
. Sh?rter batch at PS extraction: e - o =
24 instead of 32 bunches ¢ [ns]
Pureh=9
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l Batch compression: reach in 2012
J

Proof-of-principle at 1.4 GeV:

v Double batch injection

v RF manipulations on flat-bottom
v RF manipulations on flat-top

— 24 bunches, 1.6 - 10" ppb
extracted from PS

— Bucket area limitation: 1.0 eVs
— Emittance limit during triple&plit{ing

% , % At limit of
< 3 today’s RF
T control
E,;, =14 GeV _/ (restart timings)
0 50 100 150
Time [ms]
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Alternative schemes

l\)J Batch compression, merging +

triple split starting from h =7 Pure batch compression
h=7-5>8->.. >14>7>21 h=9—)10—),,,—)2.o—)21
iE : E
250 .L.E Ty 200 ,L.:" 1N
N (a\|
= I g I
200} 73 = 150} £
_ =) _ =)
E150 g
= 100
100
50
50
0 0
—1000 =500 0 500 1000 —1000 —500 0 500 1000
t [ns] t [ns]
» Favorable for space charge at inj. * Very high brightness in few
« Uses brightness from 4+2 PSB bunches (32 bunches, 25 ns)
rings only (36 bunches, 25 ns) » Explore limit of SPS

— Both schemes should become technically feasible after LS1 CE{W
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Injector performance before LS1

50 NS 50 NS 25 NS
32 bunches | 24 bunches 48 bunches
PS injection Bunch intensity 0.5-10"2 ppb 0.510" ppb 0.5-10" ppb %J
Emittance, fye ~1.0 um ~ 1.0 um ~ 1.0 um lg
Vert. tune spread, AQ, -0.26 -0.26 -0.26 cll_
PS ejection Bunch intensity 1.2-10" ppb 1.6:10" ppb 0.810" ppb
Emittance, fye ~1.0 pum ~1.0 um ~1.0 yum
Bunches per batch 32 24 48
SPS ejection Bunch intensity 1.1-10" ppb 1.5-10" ppb 0.75-10" ppb
Emittance, fye 1.1 pm 1.1 um 1.1 um
Relative intensity/luminosity in LHC 0.62/0.76 0.81/1.4 0.81/0.68

Lowg,,  Luminosity

. . o
(measured/expected performance; exploration production?

operational 50 ns LHC beam has relative intensity/luminosity of about 1.0/1.0

— 50 ns, 32 bunches to be tested in the LHC soon
— Can LHC profit from high brightness of these low emittance beams?
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l Potential improvements after LS1
J

- RF manipulations on intermediate flat-top
— Reduces space charge

MDs before I g
— Bucket areas twice largerat E, , = 2.5 GeV -

* New tuning group structure 10 MHz cavities

— 22 % larger bucket area during RF manipulations

» Upgraded RF controls

— More complicated programming of voltage programs, etc.

» Upgraded/new longitudinal feedbacks

— New 1-turn delay feedback on main cavities
— Coupled-bunch feedback 2014/2015

H. Damerau, A. Findlay, S. Hancock, CMAC 16/08/2012
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Estimated performance after LS1

25 ns
48 bunches

PS injection Bunch intensity 0.8-102 ppb 0.6-10 ppb
Emittance, fye ~ 1.3 um ~1.0 um
Vert. tune spread, AQ, -0.26 -0.21

PS ejection Bunch intensity 1.9-10" ppb 1.9-10" ppb
Emittance, fye ~1.3 um ~ 1.1 um
Bunches per batch 32 24

Brightness limit PSB X

Space charge limit PS X

Coupled-bunch limit PS X X

SPS ejection Bunch intensity 1.71-10" ppb 1.71-10" ppb
Emittance, fye 1.5 pm 1.2 um

Relative intensity/luminosity in LHC 0.96/1.3 0.92/1.6

(expected performance, conservative PS space charge limit)

— High intensity 50 ns or moderate intensity high brightness 25 ns beam

H. Damerau, A. Findlay, S. Hancock, CMAC 16/08/2012

L Full implementation after LS1 50 NS 50 NS
32 bunches | 24 bunches

0.8-102 ppb
~ 1.1 pum
-0.26
1.27-10" ppb
~ 1.3 um
48

X

1.15-10" ppb
1.4 um

1.2/1.2

@
\

(\%2 Chamonix 2012, including reduced bunch number in LHC
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l JJ Conclusions

« Higher brightness beams from the LHC injector
complex are feasible

— Low longitudinal and transverse emittance beam from PSB
— RF manipulations demonstrated in the PS

— Small transverse emittances can be conserved to SPS extraction

- Expected improvements and upgrades after LS1
— More flexibility in the PS for complex RF schemes
— Upgrade of feedback systems
— Possibility to exceed nominal luminosity with 25 ns
bunch spacing after LS1

— Can LHC profit from small emittance beams?
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I‘ Performance with triple split h =7 — 21

|

=

Operational production scheme 50 NS 25 NS 50 NS
early 2om1 ~nominal CBI-limit

PS injection Bunch intensity 0.8-10” ppb 1.6:102 ppb 1.2-10" ppb
Emittance, fye 1.2 um 2.4 um 1.8 um
Vert. tune spread, AQ, -0.24 -0.26 -0.25

PS ejection Bunch intensity 1.27-10" ppb 1.27-10" ppb 1.90-10" ppb
Emittance, fye 1.3 um 2.5 um 1.9 um
Bunches per batch 36 72 36

Brightness limit PSB X X X

Space charge limit PS X X X

Coupled-bunch limit PS X

SPS ejection Bunch intensity 1.15-10" ppb 1.15-10" ppb 1.71-10" ppb
Emittance, fye 1.4 um 2.8 um 2.1 um

Relative intensity/luminosity in LHC 0.67/0.67 1.33/0.67 1.0/1.0

— Achieved performance = expected performance from assumptions
— Insignificant gain expected from Linac4/PSB without 2 GeV upgrade

H. Damerau, A. Findlay, S. Hancock, CMAC 16/08/2012
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(Preliminary) LHC filling patterns

U

* More injections into SPS to recover from shorter PS batches

PS RF manipulation Transfers PS-SPS # bunches in LHC | Min. fill time

Triple splitting 2/3/4 - 72 bunches 2808 8 min38s
h=9—>10—>20—>21 up to 4 - 64 bunches 2688 0.96 ~9min20s
h=7.14—>7->21 up to 7 - 36 bunches 2520 0.90 ~13 min
h=9..14 >7—>21 2/4/5(/6) - 48 bunches 25092 0.92 10 min 5 s
h = 9...21 (pure batch comp.) up to 8 - 32 bunches ~2450 ~0.87 ~14 min 20 s
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