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Summary

Since its startup in 2009, the Large Hadron Collider at CERN has spent about 3
months of its operating time providing nucleus-nucleus (Pb-Pb) collisions.

Peak Pb-Pb luminosity is now over 3 times design and integrated luminosity is
expected to attain the initial design goal of 1 nb-1 in the 4th Pb-Pb run in late
2018.

Following the demonstration of their feasibility in 2012, two one-month runs
have been devoted to proton-nucleus (p-Pb) collisions in multiple conditions,
with luminosity far beyond expectations.

Recently, Xe-Xe collisions have also been demonstrated in a short run.
All the LHC experiments now participate fully in the heavy-ion programme.

With this experience in hand, strategies to overcome physical performance
limits established, and upgrades to the LHC and its injector chain in the pipeline,
it is timely to take stock of the prospects and challenges for future performance
of the LHC with nuclear beams.



References in these slides

References to International Particle Accelerator Conferences (IPAC) up to
2017 can be found at

— http://jacow.org/index.php?n=Main.Proceedings

References to IPAC2018 (two weeks ago) can be found in the pre-press
proceedings
— http://ipac2018.vrws.de/index.html

except for the paper on the Xe-Xe run, temporarily available from
— https://cernbox.cern.ch/index.php/s/3ty2G1M74MyPI9j

Fairly comprehensive list of references on LHC heavy ion programme to
date in IPAC2018 survey talk TUXGBD2



http://jacow.org/index.php?n=Main.Proceedings
http://ipac2018.vrws.de/index.html
https://cernbox.cern.ch/index.php/s/3ty2G1M74MyPI9j

LHC Heavy lon Injector Chain

e ECRion source (2005)

— Provide highest possible intensity of
Pb29+

e RFQ+Linac3
— Adapt to LEIR injection energy
— strip to Pb>** -

e LEIR (2005) X
— Accumulate and cool Linac3 beam

— Prepare bunch structure for PS
e PS(2006)

— Define LHC bunch structure

— Strip to Pb8?*
e SPS(2007)

— Define filling scheme of LHC

ollL

LINAC 3

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.



Major injector improvements since 2015

e 2015 — 2016
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LEIR LEIR  PS PS SPS  SPS Figure 2: Typical intensity evolution along the operational

accum.  ext. inj. ext. inj. ext. (avg) Pb-ion cycles in 2016 in comparison to 2015.

Figure 1: Comparison of operationally achieved intensities

through the LHC injector chain in 2015 and 2016. Improvements in upstream injectors allowed
re-introduction of bunch-splitting in PS to
stay below single-bunch limit in SPS (which

H. Bartosik ef al., “The LHC Injectors Upgrade (LIU) Project remains the main intensity bottleneck).

at CERN: Ion Injector Chain,” Proc. 8th Int. Purticle Ac-

celerator Conf. (IPAC’17), Copenhagen, Denmark, paper NB we will take advantage of these gains in
TUPVAO20, pp. 2089-2092. Pb-Pb for the first time in 2018.

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.



Pb-Pb peak luminosity at 3xdesign in 2015

4000 | | T T T T T T T | | T T T T T T
: ALICE levelled at saturation value L =1x10* cm™s™ (design)
3000} ﬂ* =0.8 m k,=474 l |
I Start of
—— - Vand
e 100 / 225Ns HL-LHC HI I\/;Ia:erians k,=518 [
E 2000 k,=426 Sourg¢e ALICE '
= refill polarity
~I : k,=250 reversal
1000+F Désign lurhinosity -[- - 4- F-b- bR __(_Zry_st?1ID T T A TP\ E P ) Y — cha k- . —p
I . L \ \ Il. M
 k,910-50 \ j§ﬂﬁrnaﬁon
0' | I | | | | | quench test
25/11 30/11 07/12 BFPP quench
test&recovery LHCb should have
about 2% of ATLAS
< 18 days of Pb-Pb since 2011 >

Heavy-ion runs of LHC are very short but very complex.
Experiments have many requests for changes of conditions.

This run was preceded by a week of equivalent energy p-p collisions to provide
reference data.

Completely different from classical operation of Tevatron or LHC p-p.

25/11

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.



Pb bunch intensity in LHC during 2016 p-Pb run
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R. Alemany, M. Schaumann
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UPC processes at the collision point

BEPP: 208pp82+ | 208 pp82+ ;208 Pp82+ 4208 ppBls | ot
c=281b, 6=0.01235

EMD1: 208pp82+ 208 ppyB2+ 5208 P82+ 1207 pp82+ L n
c=96b, 6 =-0.00485

EMDZ' 208Pb82+ _|_208 Pb82+ ;208 Pb82+ +206 Pb82+ 4 Zn
oc=29b, 6=-0.00970

Strong luminosity burn-off of
beam intensity.
Each of these makes a
secondary beam emerging 5 _ 1+Am /My, _ 1 Discussed for LHC since Chamonix
from the IP with rigidity 1+AQ/Q 2003 ... see several references.
change that may quench
bending magnets.

Hadronic cross section is 7.7 b (so luminosity debris contains much less power).

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.



Orbit bumps mitigate BFPP for CMS (or ATLAS)
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Primary loss location close to the connection cryostat - details slightly optics-

dependent (If necessary, bumps should avoid quenches at the start of physics
Extra BLMs were specifically added for heavy-ion operation in loss region
Variations of bump possible, uses moderate fraction of available corrector strengths

We applied bumps like these with ~ 3 mm amplitude around CMS and ATLAS from the
beginning of the 2015 run

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.



Orbit bumps alone are not effective for ALICE

0.04—

BFPP beam, without
and with bump

— | TCLD collimator

0.004

= mom s = p @ tLSZ
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~0.04

0 100 200 300 400 500
* |R2 has different quadrupole polarity and dispersion from IR1/IR5
* Primary BFPP loss location is further upstream from connection cryostat

e Solution is to modify connection cryostat to include a collimator to absorb the BFPP
beam — to be ready for LS2 installation

* With levelled luminosity in ALICE, quenches were not seen in 2015

—0.02¢

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.
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Nucleus-nucleus programme status

Expect to achieve LHC “first 10-year” baseline Pb-Pb
luminosity goal of

1 AAnb'=43 NN pb!

in Run 2 (=2015+2018)

Goal of the first p-Pb run was to match the integrated
nucleon-nucleon luminosity for the preceding Pb-Pb
runs but it already provided reference data at 2015
energy.

Equivalent energy runs

JSwy =5.02 TeV (Js=1.045 PeV)

6.37Z TeV in Pb-Pb
= E, =9 4ZTeV inp-Pb
2.51 TeV in p-p

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.

Integrated nueleon—pair luminosity |ph

2015 Pb—Pb ATLAS

2015 Pb—Pb ALICE

2011 Pb—Pb ATLAS/CMS

2011 Pb—Pt ALICE

= 3y { _ _‘ ‘ n‘.“cl[l—
2013 p-p EBEDps 1 1ce BB ATASOMS

Time [wesks in physics]

2012 pilot p-Pb run not shown

11



Record Pb-p luminosity in ATLAS/CMS at 8.16 TeV

LHC Pagel Fill: 5559 E: 6499 Z GeV t(SB): 02:25:27 30-11-16 15:10:56

6499 7 GeV I(B1): b./1e+12 1(B2): 1.89e+13

Inst. Lumi [{(b.s)A-11] IP1: 576790.15 IP2: 78805.29 IP5: 556116.04 IP8: 58232.44
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; ; r T T r T
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BIS status and SMP flags B2
Comments (30-Nov-2016 15:04:18) Link Status of Beam Permits

ue
CMS Y scan #2 Global Beam Permit
next: CMS X scan #2

ue

Setup B
after: ATLAS program part 2 etup Beam

Beam Presence

Fill for VdM scans Moveable Devices Allowed In
P

Peak luminosity a factor ~6 P stats £2

beyond original “design” value
(J. Phys. G 39 (2012) 015010)

Could have gone higher still by further increase of p
intensity but limited at present by Pb beam
luminosity debris in magnets of Sector 12.

Common BPMs and moving
encounters had constrained charge
of p and Pb bunches to be similar.

Increase in p intensity to
~3x1019/bunch

enabled by new synchronous orbit
mode of beam position monitors
(R. Alemany, J. Wenninger, beam
instrumentation group ...)

Pb intensity to ~2.1x108/bunch

25% increase in ATLAS/CMS from
filling scheme

IPAC2017 TUPVAO14


http://dx.doi.org/10.1088/0954-3899/39/1/015010

Goals of 2016 p-Pb run surpassed

Experiments Primary goal Achieved Additional
achieved
5 TeV p-Pb ALICE (priority) 700 M min bias events 780 M
(Beam energy
4 7 TeV) ATLAS, CMS >0.4 /nb min bias
LHCb SMOG p-He etc
8 TeV p-Pb or Pb-p ATLAS, CMS 100 /nb 194,183 /nb
(Beam energy
6.5 7 TeV)
8 TeV p-Pb ALICE, LHCb 10 /nb 14,13 /nb
LHCf 9-12 h 9.5h Min bias ATLAS,
28 -2¢-1
@ 10%°cm™s @ 1028 Cm_zs_l CMS, ALICE
8 TeV Pb-p ALICE, LHCb 10 /nb 25,19 /nb

Note: ALICE and LHCb are asymmetric experiments, with different coverage according to beam direction.

Reminder: first 1 month p-Pb/Pb-p run at 5 TeV in 2013 gave 31/nb to ALICE, ATLAS, CMS and 2/nb to LHCb.

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.



Proton-nucleus programme status

Feasibility and first p-Pb run at 4 Z TeV in 200 - - -
2012/13. CMS 2016
ATLAS 2016
Complex 2016 run plan determined after ‘Z
Chamonix 2016: =
2 150¢
Minimum bias run at 4 Z TeV mainly for ALICE §
£
High luminosity run for all experiments (+LHCf) i
at 6.5 Z TeV, with beam reversal p-Pb and Pb-p. 3 00 Original design goal
G 100l --=2- e e .
; i c Minimum
le, ZI-Pew_optlc.:s ind 3 sc:\tups with full I el Beam rever
qualitications in 1 month. % ‘in 2016 ) and LHCfr
E_ < >
Asymmetric beams, unequal frequency ramp, >
cogging for collisions off-momentum, etc. © S0 ALICE 2016
)
(]
Many filling schemes used for luminosity =
sharing.
0 1

Time [weeks from start physics]

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.



FUTURE PERFORMANCE (HL-LHC)

For more details on the HL-LHC projections see HL-HE-LHC workshop 30/10/2017
https://indico.cern.ch/event/647676/contributions/2721132/

and other recent talks.



https://indico.cern.ch/event/647676/contributions/2721132/

LHC heavy-ion runs, past & baseline future

+ species choices according to ALICE 2012 Lol (under review in HL-LHC workshop) °

LHC will have done 12 ~one month
heavy ion runs between 2010 and
2030 (LS4). 5/12 done already.

J|F[M

Run 1

p-p &
Pb-Pb p-Pb
| |
2015 2016 2017
J[F[M[AIM]3TaTATS[OTWID] 3 TFIMIAIM] T 3TATSIO[WIDT JTFIMIAIM] 3 TITA A[M|I[J|A[S|O|NWID] J|F|M]A[M]|I|I|A|S|O|N J|F|M]A[M]I|I|A|S|O|N

EYETS

Shutdown/Technical stop
Protons physics
Commissioning

Ions

2030 2031 2032

J|F|M|A[M[]]|J|A|S[ON|D]J|F[M|AM] ]| |A|S|O|N|DJI|F|M|A[M[]]|]|A|S|O[N|D]

LS4

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.



LIU baseline (Jan 2017) parameters at start of collisions
* Simplified scenario -
— See injectors upgrade paper H. Bartosik et al, IPAC2017
— All bunches are equal (consider single bunch pair simulation)
— Initial bunch intensity (start of stable beams)
(N,)=1.8x10° =95% x 1.9x10° injected (c.f. design 0.7 x10°)

— Initial emittance (start of stable beams)
e, =1.65x10°m (> design, some blow up from injected 1.5x10°m )
— Crossing angles 170, 100, 170 purad, operation at 7Z TeV
— Other bunch parameters as Design Report nominal
— Three luminosity-sharing scenarios, to illustrate possibilities (equal B* scenario is nominall):

(0,0.5,0)  m (only ALICE colliding)
B =1:(1.0,0.5,1.0) m (ATLAS/CMS at half ALICE)

— Some collisions in LHCb (not shown in detail)

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.
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Filling scheme with some collisions in LHCb

56 bunch SPS train Slip-stacking in SPS

after slip-stacking is somewhat
uncertain, hope to
implement in 2021

. . o but 75 ns scheme
Displace two trains in Beam 2 to has been proposed
1 '1-' __ . . . 1 . . N . ol . . . . - M . . . .. . -_.-:;.K 1 1 1
make coII.|5|ons |.n LHC.b' as a fallback
_ (assumption while waiting for (although we may
500 1000 1500 2000 2500 3000 3500 et 2018)
117 TR Seen by Beam1™
1782 DRNNNND NN AERNNDN [NNANDN DNNNNAN DONNERN NORNDNN DDDDDN DANND DNNNDN NNANOAN DNNDRN DNNDDNN DNNDOND DONAN DNN NOANDNN DONNNRNN OANNAN EEEERR
— NRNANDD DNNNN QNDNNAN DEDBNOE ONNDD DNDNONEN ANONNNN DONNERN NUANDEN DDDRDN DNNND ONONEON DNONONN DONEERN DNNDDN  OEEER [0 T T
NRNNNND NN AERNNDN [NUANDN DNUNNNAN DONERN NNRNDNN DODNOON DANDD DNONON DNUANOAN DNNODRN DONDNNN DNNDRND DONAN ONNN NUANDNN RN OANNRN EERRR
1000 1500 2000 25010 I I I I : I I I I
1117 TR Seen by Beam2™
1782 ININITE ANERONR YN [NNDNND DDDNRN NNONNNN NN NUNNDNN NONDN DNOONNN DOODOEN DNDRUDN DONDNDN NUANOND NOOND DNDDNNN DOOREEN ADONEDD NEEN QNom
== i 1NN e [000000 MDDRRd NNUNDDDN (MEE NUONDAN DNUADD DONONDY DDODEN ONDDDDD DOEMOE AUANDNN NOONN DNOONND DDORGED DNDDNED DmBBE EEEENR

1000 1500 A0 ~EAN
i S Uy Loy

23 injections of 56-bunch trains give total of 1232 in each beam.
1136 bunch pairs collide in ATLAS CMS, 1120 in ALICE, 81 in LHCb (longer lifetime).

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.
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' CTE Simulation of (most typica

1.5+
2.0t —B7=(c0,0.5,00)m
— B*=(0.5.0.5.0.5)m
. —f*=(1.0,0.5.1.0)m
) e
g IBS dominates initially, radiation &
v 1.0 damping takes over as intensity
decays and emittance grows. 0.5
0.5} Smaller injected emittance does
not help much.
0.0 | 0.0%
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_B=(05.0505)m . | 1.5x10°%
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b gl -
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) colliding bunch pair

Radiation
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—gizg?gggggﬁ dominates (low
R betatron

coupling)

0 2 A 6 g 10
t/hour

_ B*=(c0,0.5.00)m
_ B*=(0.5.0.5,0.5)m
“=(1.0,0.5,1.0)m

H.-\"'-\-\.
Intensity decay domina
tuminosity burn-off (huge~—__
electromagnetic cross sections)

o—

0 2 4 6 g 10
t/hour T. Mertens

Interplay of radiation damping, IBS, luminosity burn-off couples all 4 quantities.

Different evolution according to luminosity-sharing scenario.

(Does not include additional emittance growth usually seen in operation.)

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.
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Experiments’ luminosities in an ideal (prolonged) fill
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J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.
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t/hour

[

10

ALICE, levelling at maximum
acceptable (rates around 50 kHz),
assuming 1100 bunches colliding

ATLAS or CMS, assumed levelling at
slightly higher levels than ALICE
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Integrated luminosity in prolonged fills
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J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.

Ultimate luminosity to share
L _ chb

int,max

O

Fraction obtained is the
luminous efficiency.



Pb-p runs are generally for Pb. The series of runs with /s,y = 5.02 TeV also included p—p reference runs, not shown here.

Pb-Pb parameters from 2010 to HL-LHC upgrade

Table 1: Representative simplified beam parameters at the start of the highest luminosity physics fills, in conditions that
lasted for > 5 days, in each annual Pb-Pb and p—Pb run [12-16]. The original design values for Pb—Pb [4] and p-Pb [17]
and future upgrade Pb—Pb goals are also shown (in these columns the integrated luminosity goal is to be attained over the
4 P-Pb runs in the 10-year periods before and after 2020). Peak and integrated luminosities are averages for ATLAS and
CMS (ALICE being levelled). The smaller luminosities delivered to LHCb from 2013-2016 and in the minimum-bias
part of the run in 2016 are not shown. Emittance and bunch length are RMS values. Single bunch parameters for p-Pb or

Design and record achieved nucleon-pair luminosities are for easy comparison. The upgrade value is reduced by a
factor ~ 3 from its potential value by levelling.

Quantity | “design” achieved || upgrade
Year (2004) (2011) | 2010 2011  2012-13 2015 2016 >2021
Weeks in physics - - 4 3.5 3 2.5 1,2 -

Fill no. 1541 2351 3544 4720 5562 -
Species Pb-Pb p-Pb | Pb—Pb Pb-Pb p-Pb Pb-Pb p-Pb Pb—Pb
Beam energy E[Z TeV | 7 3.5 2 6.37 4,6.5 7

Pb beam energy E [ATeV] 2.76 1.38 1.58 2.51  1.58,2.56 2.76
Collision energy /sy [TeV] 5.52 2.51 5.02 5.02 5.028.16 5.52
Bunch intensity Nj, [10%] 0.7 1.22 1.07 1.2 2.0 2.1 1.8
No, of bunches k;, 592 137 338 358 518 540 1232
Pb norm. emittance ey [pm] 1.5 2. 2.0 2. 2.1 1.6 1.65
Pb bunch length o, m 0.08 0.07-0.1 0.08
¥ [m] 0.5 3.5 1.0 0.8 0.8 10, 0.6 0.5
Pb stored energy MJ/beam 3.8 2.3 0.65 1.9 2.77 8.6 9.7 21
Peak lumi. Laa [10?7cm™2s7!] 1 150 0.03 0.5 116 3.6 850 6
NN lumi. Lyy [103¥%cm257!] 1.3 22. 24
Integrated lumi./expt. [ ub™!] 1000 10° 9 160 32000 650  1.9x10° 10*
Int. NN lumi./expt. [nb™!] 43000 21000 380 6700 6650 28000 40000 | 4.3x 10°

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.

Paper at IPAC2018
https://ipacl8.org
http://ipac2018.vrws.de/

TUXGBD2
+ its bibliography

Levelled,
could be ~15.
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Xe-Xe collisions in LHC, 13 October 2017

Papers at IPAC2018
https://ipacl8.or
http://ipac2018.vrws.de

MOPMFO039 First Xenon-
Xenon Collisions in the LHC

MOPMF038 Cleaning
Performance of the
Collimation System with Xe

Beams at the Large Hadron
Collider

TUPAF020 Performance of the
CERN Low Energy lon Ring
(LEIR) with Xenon

TUPAF024 Impedance and
Instability Studies in LEIR
With Xenon

Colliding =
Energ

Future interest in lighter species?
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Duration of Xe run
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Figure 1: Evolution of the beam intensity and energy throughout the Xe—Xe run.

Table 1: Beam parameters at start of Stable Beams, fill 6295.

Bea m intenSity rough |y as expeCtEd . Sets of three values correspond to the interaction points
of ATLAS/CMS, ALICE, LHCb. Luminosity values are

calculated from beam parameters.

See discussion of cross-sections later. Parameler ki
Beam energy [Z TeV] 6.5
No. of bunches colliding (8,16, 8)
£ [m] (0.3, 10, 3)
Bunch intensity [10® ions] 2.87 £0.14
Normalized emittance (H, V) [um] (~1.5/~1.0)
Bunch length [cm] 9.1 +0.2
Luminosity [10%7 em™2s71] (0.28, 0.03, 0.04)
Rad. damping time (73, 7x ) [h] (9.5,18.9)
IBS growth time (7, 7y) [h] (6.7,13.1)

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.



Table 2: Beam-beam equivalence classes with their respec-

tive colour code used throughout the paper. In addition, the
sum of inverse-B~ and the intensity lifetimes during Stable
Beams of fill 6295 are displayed. The intensity lifetime of
the non-colliding class (class 0) is obtained via linear fit of
the loss rates (see Fig. 4).

Class IPs 3, 5 [m'] 7 [h]
0 - 0 87.8+5.9
le 2 0.10 79.2+4.6
2 2/8 0.43 72.1+3.8
e 1/2/5 6.77 17.5+0.8
4 1/2/5/8 7.10 163 +1.1
_ %10’
f feoaeeae—
= 0.28fF ™
2 026F =
Z 024F N’
<+ E
E 0.22 3 \\
= 02F
0‘18 :_ L L L 1 L L L
0 1 2 3 4 5 6
t [h]

Figure 3: Bunch-intensity evolution of Beam 1 during fill
6295 after declaration of Stable Beams. The colour of each
class is listed in Table 2.

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.

Xe lifetime analysis

=) |
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— -
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Figure 4: Relative loss rates versus 2ip 1/, during Stable
Beams of fill 6295. Triangles indicate Beam 1 and circles

Beam 2. The dashed lines are linear fits to obtain the non-

colliding intensity lifetime.

Shows that beam intensity decay was dominated by luminosity

burn-off (other effects on 100 h time scale).

Luminosity lifetime ~agrees with p=0.75 value (later in this talk).

Analysis by Marc Jebramcik, Michaela Schaumann. See IPAC2018

papetr.



Bunch intensity at SPS extraction for various species

* Experience with other species in
LHC injectors for fixed target

— Less stringent requirements on
beam quality (emittance)

Postulate simple form for bunch intensity dependence
on species charge only

82

1.9 fixed target experience
0.75 Xe run vs best Pb

N,(Z,A) = Nb(82,208)(£jp

where p={

Use this highly simplified scaling to project future
luminosity performance as a function of p.

Assume that other quantities (like geometric beam
size), filling scheme, other loss rates, etc, are equal.

Treat results only as tentative and indicative only!

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.
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CERN'S FIXED TARGET PRIMARY ION PROGRAMME

D. Manglunki, M.E. Angoletta, J. Axensalva, G. Bellodi, A. Blas, M. Bodendorfer,
T Rahl € (Mattnnir-lMava K (Marnslic H Mamaran T Ffthuminanan lane A Fahirch

Table 1: Charge States and Typical Intensites

Species Ar Xe Pb
Charge state in Linac3 Arll+  Xe Pb>%*
Linac3 beam current after 50 27 25
stripping [epA]

Charge state Q in LEIR/PS  Ar''*  Xe™* Pb***
lons/bunch in LEIR 3x10°  4.3x10%  2x108
lons/bunch in PS 2x10°  2.6x10%  1.2x10°%
Charge state Z in SPS Arlf Xe+ Pb&

[ons at injection in SPS Tx10°  8.1x10%  4x10®

lons at extraction in SPS S%107  6x108 Ix 108
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UPC cross sections determining intensity burn-off

dn N N°f,

dt = _(O-had + Ogvp + Ogppp )L — ’
other

A-2)\2Z3
( A2/3) Iog(272—1),

Oemp * 1.95 oy, (total for all EMD channels)

Oewpy ~ (3.42 pb)

Coer ~ Z'(Alog(2y% —1) + B)

B 47rﬂ*gxnkc

Nobles gases are particularly favourable.

List of species are examples that are of interest.

Some species (e.g., Cu) are difficult to produce in
the ECR heavy ion source.

Cross section scalings from papers by G. Baur et al, S. Klein, I.
Pshenichnoy, ....

J Tpmp /b Tgrpp/ b Thad / b Ttot /b
ArlE- 3385.68  1.23986  0.00687652  2.59872  3.84546
Pb is worse in this respect “ca? | 3761.95  1.56538  ©.0143771  2.59872  4.17848
because of high BFPP and EMD 72y 35 3472.8 12.1684  ©.880194 4.05616  17.1048
cross-sections. g 38 3224.79  13.121 0.880194 4.26159  18.2628
Makes short fills, more time 129y o 54 3148.78  51.8349  15.0389 5.67256  72.5464
spend refilling, ramping, etc. PhE2- 2963.54  228.156  280. 7.8 587.956




Scaling formulas, initial nucleon-nucleon luminosity gain wrt Pb-Pb

Species 2 vs species 1: A0 - 0 T 2F. 190 ; -
Arlg-l-’ UCE_._. ’?BKr_,D ’Bqu_,D ’ _2_.}{554#—’ an’_“n.:'_-l'

: 0; \/Az\/Z
Beam size at IP: = =
Oy \/A71VZZ
L2 A7 -1+2p e 10 N ]
Initial luminosity =% =—1—- a) : '
L AZ P Dl- . _
~142p 0 B 7
Initial NN luminosity L_ AZZ# Q. '
AZ P —
172
=
|
=,
<L
This assumes no luminosity < _,_,
levelling. < 1f = ]
e |
Formulas for integrated luminosity 0.5 ! |
gains are much messier. ' |

0.8 1.0 1.2 1.4 1.6 1.8 2.0
Intensity scaling parameter p
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Gains in ULTIMATE integrated nucleon-nucleon luminosity PER FILL wrt Pb-Pb

N

This would be on the assumption

A0~ 20+ 16+ 26+ 129 / 2
E Arlg-l-l' _,Ca_d l' ?EKrdD l' B"ﬂrKrdD l' _1_.}{5544-’ an’_“-;'_-l-
that a fill would be kept forever o — T T T 77—
until one beam was exhausted (and _,5 100 ]
other loss mechanisms are = [
neglected). Real gain/fill will be ’E >0 i
less. oY
S
)
<
':'
In reality, one also gains from -__:___:.“ 10k
longer luminosity lifetime and = f
less time spent refilling the < i ]
machine. % 2 S
s
We will try to quantify this better 5—;
in future. <
8 1t ’
— 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Intensity scaling parameter p
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“HL-LHC” initial parameters for various species

p=1, no gain in L, scenario

Lifetime gains could give another factor
2-4 in integrated luminosity.

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.

Ceae /b v . Shm/Tev Lpsa /€M 2571 Lpga / €M 2571 Tz h Peeoz /W Zzron Pepoy W Zepma
ApiE 3.84546 3385.68 6.3 3.18723 x 18°° 4,97156 % 18°2 41.3172 9.8431343 A.@588235 3.98835 -9.8252118
®ra® 4.17848 3761.95 7. 2.51691 x 18°° 4.82706 % 18°° 42.2432 8.08811666 8.8526316 4,53283 -9.8252124
B3t 17.1848 3472.8 6.46154 7.76874 x 1@8°° 4.7265 x 18°° 15.5761 2.76@83 3.8235714 19.5732 -3.28129383
3t 18.2628 3224.79 6. 7.76886 = 19%¢ 5.48171 = 18%° 17.3979 2.76087 §.8285714 21.1857 - 9.0120068
1239y e- 72.5464 3148.78 5.836047 3.45172 x 18°° 5.744 x 182 6.57173 31.438 P.9188679 55.568 -9.8878159
ph32- 587.956 2963.54 5.51923 1.49595 x 18°° 6.472088 x 1872 1.42616 385.21 8.08123457 155.323 -8.80454426

p=1.5, fairly optimistic scenario

Ceor /D v ﬁ,.-"s_-,-, TeVf Loing cm e s L i em e s Te h Pgeoz "W Zgron Pepoy W Z e
Bl 3.84546 3385.68 6.3 1.41551 x 182 2.26482 x 1877 19.358 A.1965a1 A.@588235 18.1691 -@8.8252118
®ra® 4.17848 3761.95 7 1.83193 x 18°% 1.65189 x 18°° 20. 58649 @.332733 8.8526316 18.5813 -8.8252124
e 17.1848 3472.8 6.46154 1.76955 x 18°* 1.87659 x 1873 12.3883 6.28857 9.8235714 44,5833 -9.81293083
il (i 15,2628 3224.79 5. 1.76957 = 1@** 1.24861 x« 18°° 11.5277 G6.28366 3.8235714 48.8741 -9.8120063
123y 72.5464 3148.78 5.B86047 5. 2415 « 18°% 8.72237 = 18°? 5.33298 47.7392 8.018867 84.381 - ©.8078159
phE2- 587.956 2963.54 5.51923 1.49595 x 18°* 6.472088 x 1872 1.42616 385.21 3457 155.323 -9.004584426

Going beyond this would give EMD1 secondary beams
impinging closer to the IP. Levelling or new TCLDs?
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Caveats about lighter species

e Collimation is more complicated, needs careful study
— See first measurements with Xe vs. Pbin MOPMFO038 paper in IPAC2018
— May need new hardware in LHC
— Crystal collimation (also tested with Xe) may be a solution for the future (Pb also)

— |t takes time to change species in the injector chain, therefore it is hard to gain
experience.

— The dramatic improvements in transmitted intensity in 2015-16 were the result of
many detailed studies and improvements.



Conclusions

It has been possible to rapidly recommission the LHC in multiple new
configurations very efficiently.

The baseline performance goals for Pb-Pb integrated luminosity from the
ALICE Lol of 2012 appear to be within reach

— Most of them already available for 2018 Pb-Pb run

— Greatest remaining uncertainties: collimation in LHC, slip-stacking in SPS.

We can go further with p-Pb luminosity than we did in 2016.

The feasibility of runs with lighter species has been demonstrated with Xe-
Xe in 2017.

— There is very good hope for substantially higher integrated nucleon-nucleon
luminosity than with Pb-Pb but further studies (and resources) are certainly
required.

Not discussed: it is easy to switch from Pb to O so short p-O runs (for cosmic ray
physics, etc) should be feasible (using the model of p-Pb in 2012, Xe-Xe in 2017).
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LEIR (Low-Energy lon Ring)

Prepares beams for LHC using
electron cooling

circumference 25p m (1/8 PS)

70 turn injection into
horizontal+vertical+longitudinal
phase planes

Fast Electron Cooling : Electron
current from 0.5 to 0.6 A with
variable density

RF capture

Dynamic vacuum (NEG, Au-
coated collimators, scrubbing)

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.
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Intensity transmission: injection to collision, Pb in 2016

pPb @4 TeV
Pb @4 TeV pPb @6.5 TeV Pbp @6.5 TeV
81100_—p ﬂ—p p © = e g — 10
- C a C
=1000 . s ; . i f;?;if 20 > 105:_ pPb @4 TeV
2> - - AP TR IARY . injections & -
B 900— | ‘ ety ils] ‘5 [ PPb@4TeV PPb @6.5 TeV. Pbp @6.5 TeV
§ - A i H % 100:_ I T ‘.. R T ,-:_
£ 800 s I t ++ b FE g *
s L O W TS S
S 700 @ 95 ! ] b
m - Pb beam = - f
- : @ LHC injection ] B
500 * Sysltematm [ LHC fiat tolp c 90— Pb beam
- uncertainty due to @ LHC squeeze Ig i @ LHC injtofiattop
500 :_ FBCT Ca“ bration LHC collisions 85 :_ @ LHC flat top to squeeze
400:_ issues = 13% o ] ) - LHC squeeze to collisions
- t «+—8injections fill : ® L injection to collisions
e T TNV AT O T O A T S T O HN O N MU OO =
80IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
(ppb5(%1gTe5V5ﬁg Sgi?égzj)f"“‘ 5550 5560 35702280 5510 5520 5530 5540 5550 5560 5570 5580

Data from 2016 p-Pb run, for Pb beam only.
Expect Pb-Pb to be generally better.
R. Alemany, M. Schaumann
Previous estimates of future Pb-Pb performance
assumed 90% transmission from injection to collision.

Data justify using 95% now (previously 90%). >100% due to FBCT re-
calibration

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.



BFPP Quench MD — first luminosity quench in LHC

* BLM thresholds in BFPP loss region raised by factor 10 for one fill 8/12/2015 evening.

* Prepared as for physics fill, separated beams to achieve moderate luminosity in IP5
only.

* Changed amplitude of BFPP mitigation bump from -3 mm to +0.5 mm to bring loss
point well within body of dipole magnet (it started just outside).

e Put IP5 back into collision in 5 um steps.

 Unexpectedly quenched at luminosity value (CMS):
L ~2.3x10% cm™@s™
— 0.64 MHz event rate, about 45 W of power in Pb®"* beam into magnet

5 Module QPS 45 DL5JK:A45.RB.A45.DL5K: (NoName) & & IEI Lumino: tyS( Application (LHCb XY)
D REA: Ihoop

*a @]
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U_QSO profile A45, left IP5 (DL5K) p.,. lllllllllllll ol QED to quenCh
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U_RES profile A45, left IP5 (DL5K)
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BLM signal [Gy/s]

Luminosity and BLM signals during measurement
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Time from INJPHYS [h]

— BLMEI11L5.B2E22_LEFL,
— BLMEL11L5.B2E21_LEFL,

s=—424 64m
s=—422 54m
s=—420.44m
s=—417 94m
s=—416.24m
s=—414 14m
5=—412 04m

Resolved decades of uncertainty about steady-state

quench level of LHC dipole magnets.

Later a second collimation quench test with Pb was

also successful.



IP7, for both proton and heavy-ion collimation losses

— Design, fabricate, test, and install during LS2, around IP7, two 11 T Dipole
Full Assemblies (replace the MBs MBA-B8L7 and MBB-B8R7)

— Fabricate and test one spare 11 T Dipole Full Assembly
— Plan includes 14 magnet models, and 21 full-length prototype

IP2, for heavy-ion secondary beams

— Design, fabricate, and install during LS2, around IP2, two Connection
Cryostat Full Assemblies, i.e. no 11 T Dipole magnet needed for this

— Fabricate one spare Connection Cryostat Full Assembly
— A Connection Cryostat Full Assembly contains two new connection

cryostats, LEP, and one
\ by-pass cryostat, LEN ,Q /
U

F. Savary

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.



Steady-state losses during Pb-Pb Collisions in 2011

Bound-free pair production secondary beams from IPs

IBS & Electromagnetic dissociation at IPs, taken up by momentum collimators

Losses from collimation inefficiency, nuclear processes in primary collimators

Tdtal Losses: 3§5 10E403 [Gray / 5] & 15.11.2011 18:2656

Sector 1-2 . = Sector 2-3 Sector 3-4 Sector4-5 | = - Sector 5-6 Sector 6-7 Sector 7-8 - = Sector 8-1 =

\ -V v v

1E-4

Y'Y

Beam loss monitars in the full LHC Ringl 1

1E-5-
] v

A 4

Losses [Gray [ 5]

1E-6

Monitors

No time to fully discuss major topic of heavy-ion collimation in this talk.

J.M. Jowett, Quark Matter 2018, Venice, 15/5/2018.
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Spectrometer ON_ALICE=-7/6.37 (start of 2015 Pb-Pb run)

100,100, 50, lope for €,=4.57408% 107" =4.57408%107""m, &,=0.0001137 .
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Part 1: 1 week at 5 TeV, leve

7 TeV+
6 TeV
5TeV
4 TeV
3TeV
2 TeV
1TeV+

0 TeV ISECTDEP

N ——

led luminosity for ALICE

—

r16e+13
F1de+13
F1.1e+13
F92e+12
I6.9e+12

+4.6e+12
-23e+12
F 1.0e+9

AMODE
STABLE BEAM -

5506 #

Accelerator Controls 4
Access Management -
Access System 4

Beam Exciters 4

Beam Injection

Beam Instrumentation
Beam Losses
Beam-induced Quench{
Collimation
Cryogenics+
Experiments

IT Services -

Injection Systems
Injector Complex -
LBDS

Machine Interiock Systems
Magnet circuits 4
Operation{

Orbit4

20 bunch setup fill

=
o

Other

Power Converters 4
QPS4

Radio Frequency-
SIS

Technical Services
Transverse Damper-
Vacuum-

Ventilation Door

Longest ever LHC fill,
37.75 hin Stable

Beams at constant

luminosity in ALICE
(half intensity!)

Protons in Beam 1,
Pb in Beam 2

5507 8

Full intensity,
ATLAS, CMS, LHCb
join in for physics,
ended by trip

5508 #
5509 8

5510 %

5511 %
5512 %
5513 %
5514 %

Scheduled
interruptions
(ion source,
VIP visit, RP)

_ Startsetup for 8 Tev ™" | [

Time Distribution

~  Operation (other): 26.5 h (15.8 %)
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Precycles (3): 2.3 h (1.4 %)

In fault (combining overlapping): 11.9 h (7.1 %)
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Fills could have been much longer still.
Lifetime good enough to give bonus
minimum-bias programmes to ATLAS,
CMS as well as ALICE.

LHCb colliding p-He (gas).

Special conditions admittedly, but
astonishing availability!



