Lead Ions in the LHC
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Ions for LHC (I-LHC) Project

0 New I-LHC Project Web pages:
— http://carli.home.cern.ch/carli/ILHC website/

0 Members of the I-LHC Steering Group:

— Karlheinz Schindl :

— Hans Braun :

— Christian Carli :

— Michel Chanel :

— Steven Hancock :

— Charles Hill :

— John Jowett :

— Django Manglunki :
Michel Martini :

— Stephan Maury :

— Flemming Pedersen :

— Elena Shaposhnikova:
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Chairman

Ion collimation in LHC
Scientific Secretary

Deputy Chairman, LEIR

RF aspects in LEIR and PS
Linac 3, ECR ion source
LHC, linkman to experiments

SPS, operational aspects
PS, line to SPS

Linkman to AC
Low level RF all machines
RF aspects SPS and LHC
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Plan of talk
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The I-LHC Project

Review new ion parameters
Small-angle separation scheme
Quench limit and ECPP
Collimation

Vacuum Aspects

Luminosity and beam lifetime
Conclusions, implications

J.M. Jowett, LHC Experiment Accelerator Data Exchange Working Group, 9/2/2004



@g@)
0 Revision/verification of all parameters

— Started at Chamonix Workshop 2003

— Summarised in LHC Design Report Vol I, Chapter 21
0 Recent changes:

— Introduction of “Early Ion Scheme”

— Optics update, small-angle crossing scheme for ALICE

— Revised lifetimes, IBS, etc.

— No 200 MHz RF system for capture at injection now

Parameters for Lead Ions in LHC

J.M. Jowett, LHC Experiment Accelerator Data Exchange Working Group, 9/2/2004



Nominal scheme parameters

Injection Collision
Beam parameters

Lead 1on energy [GeV] 36900 574000
Lead 10n energy/nucleon [GeV] 177.4 2759,
Relativistic “gamma’™ factor 190.5 2963.5
Number of ions per bunch 7. x 107
Number of bunches 592
Transverse normalized emittance o] 1.4¢ 1.5
Peak RF voltage (400 MHz system) [MV] 8 16
Synchrotron frequency [Hz] 63.7 23.0
RF bucket halt-height 1.04 x 10— 3.56 x 10~
Longitudinal emittance (4) eV s/charge| 0.7 2.50
RF bucket filling factor 0.472 0.316
RMS bunch length® [cm] 9.97 7.94
Circulating beam current [mA] 6.12
Stored energy per beam [MJ] 0.245 3.81
Twiss function 4, = 4, = 3" atIP2 [m] 10.0 0.5
RMS beam size at IP2 fem 280.6 15.9
Geometric luminosity reduction factor F¥ - I
Peak luminosity at IP2 [cm“sec '] - 1. x 10%
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Nominal scheme, lifetime parameters

Injection Collision
Interaction data
Total cross section [mb] - 514000
Beam current lifetime (due to beam-beam ) [h] - 11.2
Intra Beam Scattering
RMS beam size in arc [mm] 1.19 0.3
RMS energy spread §E/ Eq [1079] 3.9 1.10
RMS bunch length [cm] 9.97 7.94
Longitudinal emittance growth time [hour] 3 7.7
Horizontal emittance growth time” [hour] 6.5 13
Synchrotron Radiation
Power loss per ion [W] 3.5 x 1071 2.0 x 1077
Power loss per metre in main bends [Wm—'] 8 x 10=° 0.005
Synchrotron radiation power per ring [W] 1.4 x 10—° 83.9
Energy loss per ion per turn [eV] 19.2 1.12 x 10°
Critical photon energy [eV] 7.3 x 10~° 2.77
Longitudinal emittance damping time [hour] 23749 6.3
Transverse emittance damping time [hour] 47498 12.6
Variation of longitudinal damping partition number© 230 230
Initial beam and luminosity litetimes

Beam current lifetime (due to residual gas scattering)? [hour] ? ?
Beam current lifetime (beam-beam. residual gas) [hour] - - 11.2
Luminosity lifetime® [hour] - - 5.6
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Early scheme Parameters

Injection Collision
Beam parameters
Number of bunches 62
Circulating beam current [mA] 0.641
Stored energy per beam [MIJ] 0.0248 0.386
Twiss function 7, = 4, = " at IP2 [m] 10.0 1.0
RMS beam size at [P2 © [1em] 280.6 22.5
Peak luminosity at IP2 [ecm—2sec 1] - 5.4 x 102
Interaction data
Beam current lifetime (due to beam-beam ) [h] - 21.8
Synchrotron Radiation
Power loss per metre in main bends [Wm '] 85 x 1077 5.0 x 107
Synchrotron radiation power per ring [W] 1.5 x 10— 8.8
Initial beam and luminosity lifetimes
Beam current lifetime (beam-beam, residual gas) [hour] - - 21.8
Luminosity lifetime (as in Table 21.3) [hour] - - 11.2
Only show parameters that are different from nominal scheme
J.M. Jowett, LHC Experiment Accelerator Data Exchange Working Group, 9/2/2004 7
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LHC
0 Beam current and stored energy 100 times lower

— Many limits to performance of proton beams are not a
problem for lead ion beams
o impedance-driven collective effects
n beam-beam
o electron cloud (?)
o activation and maintenance of collimators

0 Same geometrical transverse beam size and emittance
= some aspects are similar

— Optics, dynamic aperture, mechanical acceptance,
etc. more or less carry over from protons.
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Optics
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0 Ion optics at injection/ramp
— assumed to be essentially same as protons
0 Lead ion optics in collision
— Update for move of Q3 magnets (part of V6.5)

— Focus on IR2 (ALICE, specialised ion experiment)

o Maintain p*=0.5 m (unlike protons which have p*=0.55 m
for reasons of aperture)

— Ion collisions for ATLAS/CMS may use proton optics
o Or also squeeze further

— Main issue is separation
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e Separation in IR2: three illustrative cases
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Parasitic heam-beam encounters
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Aperture (APL program)
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Electromagnetic Interactions of Lead ions

QED effects in the peripheral collisions of heavy ions
g::az:fz;f 208 py 82+ | 208 pp82+ v 208 Pb%2* 4208 ppS2+ Copious but harmless
Free pair 208 824 208 or 82 208 e o ewss s | Copious but harmless
production: Pb*™ +" Pb™" —>  Pb™ "+ Pb™ " +e" +¢
Electron 208 pRy82+ 4 208 ppy82+ __y 2% ppgae | 208 ppsie 4 o Secondary beam out of IP,
cap;ure by pair | glectron can be captured to a number of | €ffectively off-momentum”

roduction

I()ECPP) bound states, not only 1s. 5, = Zl - 0.012 for Pb
Electromagnetic |uspps+ 208 ppys2 v (208 ppsae 4+ (2 ppiy Secondary beam out of IP,
Dissociation effectively off-momentum:
(EMD) v 1

207 pp82+ 4 81) =———=-48x10" for Pb
(Numerous other changes of ion 1+ AA/A
charge and mass state happenat  §(AQ, AA) ~ S

- ; - AN ra
smaller rates.) 1+ AQ/Q

J.M. Jowett, LHC Experiment Accelerator Data Exchange Working Group, 9/2/2004 14



Nuclear cross sections

Processes

200 o/bamn

Owt = On T Opvp T Okcpp

OH O EMD O ECPP

Hydrogen 0.105 0 4.25%x 1011

Helum 0.35 0.002 1.x10-8
ECPP values from Meier et al, Oxygen 1.5 0.13 0.00016
Phys. Rev. A, 63, 032713 Argon 3.1 1.7 0.04
(2001), calculation for Pb-Pb Krypton 4.5 15.5 3.
at LHC energy Indium 5.5 44.5 18.5

Lead 8 225. 280.756
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0 Cross-section for Pb totally
dominated by electromagnetic

0 Values for non-Pb ions may
400 need upward revision ?

Total cross - section for ion removal from beam

O tot

0.105
0.352
1.63016
4.84

23.

68.5
513.756
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TABLE 1. Cross section for the bound-free pair production of one ion only for different bound states are

Cross_section given for RHIC and LHC conditions for different jon-ion collisions. Also given are the parameters 4 and B

to be used in Eq. (28) for the dependence on the Lorentz factor v, .

for ECPP Bound state o RHIC) (b) o LHC) (b FRL B (b

IH-'H ¥, =250 ¥.= 7500
| 5 2.62x 101 425101 53610 —340x10 M
. 25 3.28x 107 Y salx1p M 6,703 10 1 —423x10° 9
Involved tOpIC, NnuMerous 2p(1/2) 375%10°1 6.10x10° 7 773x 10~ 1 —520% 10 1®
references ... s 010 ® LS lsao® Lol
|-_~c e |.E‘|:||§:53 1:-;;3-'-50: 3,843 107 — 2481073
25 200510 a2 10t ATan1n —aaTwind
2p(1/2) 1383 1077 2.52%1
Extrapolation from SPS sware o El@Ctron can be
35 5905104 1073 1
meas“reme”t? at lower | = captured to a number
ener in Grafstrom et a 25 43310 709831
gy ! 2p(1/2) 281107 5211 Of bOund StateS, nOt
PAC99 2p(32) 3RO 107 71631 |
3s .26 10" 234
T anAn bf 100 =><3-E On y 1S'
15 94.9 176 "
2% 12.1 224 3.04 —1.87
2p(1/2) 3.62 6.77 92710 ' —6.56:x10 '
Meier et al, Phys. il e i T
B pp.tipg p.=99 .= 2957
Rev. A, 63, 032713 || & o ;:?;: oy
0 2p(142) 5.21 9,76 1.34 —946x10!
(2001), Ca|CU|at|0n 3;:.;3.-2;. 2,78 10! 5.33><|bn : 7.5010°° —t'u.t'-?il[l .
3s 4,42 8.20 111 —6.79:10!
for Pb'Pb at LHC A ¥.=97 ¥ = 2900 m
| 5 263 488 65,0 —39.0
25 34, 3.7 53 -3,
energy s S
2p(32) 6.773 10! 1.30 18310} —163x107!

3s 9.67 17.9 243 —1.44
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Cross-section for ECPP
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Use Meier et al’s result for
Pb-Pb at LHC energy:

Electronic configuration of lead

# Eflark Yinter 1999 [webalerments@sheffield. acuk]

Sl 121212100

3p

T Httttat a4 s

Hi4

Rl 21515150
HH4
This plot shows the ground state

configuration of neutral, gaseous atoms

-

Ogcpp = [GECPP (L) + Opepp (25) + Opepp (35)

+ O pepp(2D),,) + Opepp (2P5,,) + -

~[225.+28.8+8.2+--]

+9.76 +0.533 +--- barn

~ [€(3)pepp (15)]+9.76 +0.533 + -+ barn
C.f. 204 barn used in

~ 281 barn

J.M. Jowett, LHC Experiment Accelerator Data Exchange Working Group,

‘previous discussions

] Ls
Cpcpp (115) = EC;P3( )
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Main and ECPP secondary beams

5c beam envelopes, emerging to right of IP2

400

ollimation of
secondary beam
seems difficult.

Uncorrected strong chromatic effects of low-b insertion
— cannot use linear beam sizes for Pb71* beam

J.M. Jowett, LHC Experiment Accelerator Data Exchange Working Group, 9/2/2004 18



Secondary beam spot

Quench limit (conservative)is 8 x10* Pb/m/s

Dilution over/, = 1m,

. Beam screen in a
In quadrature with shower lengthIm =~ 1.4 m dispersion suppressor

dipole

y/m
Energy deposition by ion flux from
ECPP exceeds nominal quench limit of
Plan to improve heat superconducting magnets by factor 2
deposition estimate with at nominal luminosity.
FLUKA calculations. DIRECT LIMIT ON LUMINOSITY.

J.M. Jowett, LHC Experiment Accelerator Data Exchange Working Group, 9/2/2004 19



Collimation for Pb ions

0 208pp82+ jon-graphite interactions compared with p-
graphite interactions.

Physics process p p <USPppHT 205phH+
injection collision injection collision
lonization energy loss T‘-%? 0.12 %/m 0.0088 %%/m 9.57 %/m 0.73 %/m
Multiple scattering 73.5 prad /m /21 4.72 ,r..rl'ml_..--"'lnl-"'2 73.5 ,r..rl'eul_,.--"'lu]-"”‘E 4.72 prad/m 1/2
projected RMS angle
Electron capture length - - 20 cm 312 cm
Electron stripping length - - (.028 cm (L018 cm
ECPP interaction length - - 24.5cm 0.63 cm
Nuclear interaction length 38.1 cm 38.1 cm 2.5 cm 2.2 cm
(incl. fragmentation)
Electromagnetic dissociation - - 33.0 19.0 cm
length

From Hans Braun

J.M. Jowett, LHC Experiment Accelerator Data Exchange Working Group, 9/2/2004



Robustness of collimator against mishaps

—The higher

Ionisation loss
FLUKA calculations from Vasilis Vlachoudis makes the energy
for dump kicker single quule p(efire deposition at the

Graphi i fe/2 1012 : :
. | Grapne Prons [ TeVERT0® impact side almost
. . . e : : equal to

_ | |Graphite%_.Erotons--453--eewcf 321" prOton case,
[ Vo i | i I A despite 100 times
3 [l less beam power.
71" ..
é‘i 3 5 5 5 5 5 5 5 —Similar damage
> |\ potential.
2 [N
2 Y
LIJ. l I ! !
é \ Graphite Pb* 2.76TeViciamuf1.4 10° Pb’

10" M : __: M | i ] ; vorbss

DIIIZDII 40IIIEDIIIBO I1DDIII120III140III160
Length z [em]

From Hans Braun
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Cleaning efficiency
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penetration depth (cm)

The probability to convert a 2%8Pb nucleus into a neighboring nucleus.

Impact on graphite at LHC collision energy.

J.M. Jowett, LHC Experiment Accelerator Data Exchange Working Group, 9/2/2004

From Hans Braun
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) Simulation of collimation (Hans Braun)
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1 Model of ion fragmentation, linear optics, collimators and
beam aperture

0 Suppose beam lifetime is down to 12 min

— due to non-luminosity processes, e.g., IBS, beam-gas,
resonances, ...

1 Collimators tend to put ion fragments on trajectories
with large momentum errors and small betatron
amplitude —

— but the secondary collimators are designed to cut
petatron amplitudes

0 Acts like one-stage system

0 Worrying results at collision energy (following slides)
— Various hot-spots around ring

1 Seems OK at injection energy

J.M. Jowett, LHC Experiment Accelerator Data Exchange Working Group, 9/2/2004 23



Fractional heat load in dispersion suppressor, t=12min
I I

I I [
Nominal ILHC beam at collision B Fo2
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Collimator load distribution
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Interaction of Pb ions with residual gas

Sz
{

=
T
=

|
ﬂ.j

LHC
0 Losses due to nuclear scattering on residual gases

— Atoms in residual gases (6 usual suspects in Design
Report for protons) have Z<8.

— For simplicity, discuss only the dominant inelastic
nuclear scattering (leave out elastic and
electromagnetic contributions, EMD, ECPP which are
smaller). Somewhat optimistic!

— Dominant beam-gas lifetime: L e Yean
is independent of intensity Tog  tegmes

— Multiple Coulomb scattering on residual gas also
causes emittance growth (similar to protons, not
treated here). p _hlLE

— Lost ions are a heat load: "

Zect,,

J.M. Jowett, LHC Experiment Accelerator Data Exchange Working Group, 9/2/2004
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Inelastic nuclear cross sections

0 Cross-sections of proton-nucleus and nucleus-nucleus inelastic interactions
at ~10 GeV/n, assumed similar at 2.75 TeV/n (as is the case for protons)

— Simple formula, V.S. Barashenkov, 1993

A1/3 ZZ 2
- _ /
pA: c,.(Z,4)= G{Al T 185~ i+ 2.5(1 —7j —1}

1/3 ?
A1A22 Gm(Zl,ApZz»Az):G{Aﬂ” +A21/3 +1‘85A(11/4;1A2?4 73 +2.5(1—é_é]—2}
1 T

where 6, = 0.038 barn.

o /barn

Pb, Barashenkov
Comparison with earlier : fﬂ Pb, Hard-sphere
- ’cf
Hard-sphere overlap i " "
model (Bradt & Peters o
1950) 40 g
gfr pA, Hard-sphere
218 W pA, Barashenkov
M”I“

L L Z
J.M. Jowett, LHC Experiment Accelerator Data Exchange Wor....., —.—wr, - o -~ . 20 40 60 80
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Required gas pressures
Protons with lifetime 100h

Gas Oin n/m-3 P(300K) /nTorr P(5K) /Pa Phg/ (W/m)
H2 0.09 1.03x10% 32. 7.11x10°8 0.0377
He 0.113 8.2x10%4 25.5 5.66x10°8 0.0377
CH4 0.433 2.14x10%4 6.65 1.48x10°8 0.0377
H20 0.397 2.33x1014 7.24 1.61x10°8 0.0377
CO 0.56 1.65x10%4 5.14 1.14x10°8 0.0377
CO2 0 1.07x10% 3.32 7.37x1072 0.0377
Lead ions with pressure that gave proton lifetime 100h
Gas Oin n/m-3 CRevA Phg/ (W/m)
H2 3.75 1.03x10%° 2.4 0.0165
He 2.48 8.2x 104 4.55 0.00872
CH4 10.9 2.14x 1014 3.96 0.01
H20 7.52 2.33x10%4 5.28 0.00752
CO 7.22 1.65x 104 7.76 0.00512
CO2 11. 1.07x10%4 7.89 0.00503
Lead ions with lifetime 100
Gas Oin n/m-3 P(300K) /nTorX P(5K) /Pa Ppg/ (W/m)
H2 3.75 2.47%x1013 0.768 1.71x107? 0.000397
He 2.48 3.73x 1013 1.16 2.58x1079 0.000397
CH4 10.9 8.47x1012 0.263 5.85x 10710 0.000397
H20 7.52 1.23x1013 0.383 8.5x10-10 0.000397
CO 7.22 1.28x10%3 0.399 8.86x10710 0.000397
CO2 11. 8.43x 1012 Q.262 5.82x 10710 0.000397

J.M. Jowett, LHC Experiment Accelerator Data Exchange Working Group, 9/2/2004 28



Heavy-ion induced desorption data:
New Overview

108§ T T TTTT T T TTTT T T TTTT T T TTTT T T TTTT T T TTTT
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é - A B BNL(AGS)
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Electron Cloud effect with ions ?

0 Key parameters are charge/bunch and bunch spacing
— We do not expect electron cloud effects with Pb ions.

NbQion
7 LHC p nominal e
1x 10!
8x 1010
6x 100 -
? RHIC with ecloud
10 |
4x10 | ¢ LHC p no electron
ol cloud (FZ simulation)
2x 10 I ¢
o o early  ph nominal
e 1Sy
0.01 0.02 0.03 0.04

J.M. Jowett, LHC Experiment Accelerator Data Exchange Working Group, 9/2/2004
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Longitudinal parameters

Injection Collision
Beam parameters

Lead ion energy [GeV] 36900 574000
Lead 1on energy/nucleon [GeV] 177.4 2759,
Relativistic “gamma™ factor 190.5 2963.5
Number of 1ons per bunch 7. x 107
Number of bunches 592
Transverse normalized emittance jeam] 14 | 5
Peak RF voltage (400 MHz system) [MV] /8 N
Synchrotron frequency [Hz] / 63.7 23.[}\
RF bucket halt-height 104 x 10— 3.56 % 1t}—=
Longitudinal emittance (4¢) eV s/charge| \D.7 2.5)
RF bucket filling factor 0.47 316
RMS bunch length® [cm] 9.97 7.94

Circulating beam current

Stored energy per beam

3

Twiss function 5, = 4, = 3" at IP2

)
RMS beam size at P2

Geometric luminosity reduction factor F¥

Peak luminosity at IP2

J.M. Jowett, LHC Experiment Accelerator Data Exchange Working Group, 9/2/2004

Longitudinal emittance at B
injection from SPS has been
reduced since we no longer  _|
have 200 MHz RF system for —

capture.
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Intra-beam scattering

we Collision

eV

gleVs

0.25 ns n7s 1.23 1.3

Figure 21.6: Emittance growth times from intra-beam scattering as a function of longitudinal emittance for
208ppS2+ at injection (left plot) and collision (right plot) energies. The transverse emittances and beam intensi-
ties are taken to have their nominal values and the total circumferential voltage from the 400 MHz RF system
are Vpp = 8SMV and Vi = 16 MV respectively. Solid and dashed lines correspond to the growth times for

horizontal and longitudinal emittances.
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0 Scaling with respect to protons
In same ring, same maagnetic

Synchrotron Radiation

field

— Radiation damping for Pb is
twice as fast as for protons

o Many very soft photons

o Critical energy in visible
spectrum

J.M. Jowett, LHC Experiment Accelerator Data Exchange Working Group, 9/2/2004

T
Tion
2 L
oovcge b
1.5¢ ° "‘i:“::' ®
1 Radiation damping
s’s.‘; enhangement for all
051, ’? stable isotopes
\. : : : : : : : : : : : : : : : : * Z
20 40 60 80

Lead is (almost) best, deuteron is worst.
33



Damping partition number variation

Variationof longitudiml dampingpartitionnumber wih momentundeviationof closedorbit:
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0 Allows us to switch some radiation damping from
longitudinal into horizontal motion

— Heavily used at LEP, PETRA, TRISTAN, ...

— QOvercome IBS, shrinking horizontal emittance to
maximise integrated luminosity

— Price of a few mm negative closed orbit in arc QFs —
needs further study
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Luminosity and beam lifetime

0 Initial beam (intensity) lifetime due to beam-beam
interactions (non-exponential decay)

k,N,  22.4hour
Ny,L O

for nominal L =10?" cm™%s”'with Pb - Pb

Ty

tot nexp

— where n,, is the number of experiments illuminated
0 But luminosity may be limited by experiment or quench
limit
L — kbszﬁ) _ kbszf()
 4no¥ _4TEB*8n

= can have same luminosity by varying 3* o«c N b2

1 B*-tuning during collision to maximise integrated
luminosity — especially if V, can be increased.
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Nominal scheme, lifetime parameters (again)

Injection Collision
Interaction data
Total cross section [mb] - 514000
Beam current lifetime (due to beam-beam ) [h] - 11.2
Intra Beam Scattering
RMS beam size in arc [mm] 1.19 0.3
RMS energy spread §E/ Eq [1079] 39— 110
RMS bunch length [cm] L)/G" "bzl\
Longitudinal emittance growth time [hour] ( 3 7.7 \
Horizontal emittance growth time” [hour] \@ 13/
Synchrotron Radiation N~
Power loss per ion [W] 3.5 x 1071 2.0 x 1077
Power loss per metre in main bends [Wm—'] 8 x 10=° 0.005
Synchrotron radiation power per ring [W] 1.4 x 10—° 83.9
Energy loss per ion per turn [eV] 19.2 1.12 x 10°
Critical photon energy [eV] 7.3 x 10~° By
Longitudinal emittance damping time [hour] 23749
Transverse emittance damping time [hour] 47498
Variation of longitudinal damping partition number© 230

Initial beam and luminosity litetimes

Beam current lifetime (due to residual gas scattering)? [hour] ! /
Beam current lifetime (beam-beam. residual gas) [hour] - \
Luminosity lifetime® [hour] - \
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Operational parameter space
with lead ions

vECPP Quench limit
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Thresholds for visibility on BPMs and BCTSs.
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Conclusions

Operation of LHC with lead ions limited by diverse effects, often
qualitatively different from protons

ECPP leading to magnet quench limits luminosity

Poor collimation efficiency, large particle losses in dispersion
compressor, limit on total current

— Either keep > 40 min lifetime for nominal Ion parameters in
collision (!) or reduce beam current

“Early scheme” will allow relatively safe commissioning, access good
initial physics

— Reduced risk of magnet quenches from ECPP

— Reduced heat deposition related to collimation

But Pb ions require much lower vacuum pressure than protons

— Independent of beam intensity!

Restricted to a small range of operational parameters below the
nominal luminosity

— Do everything possible to expand it!
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el Implications
0 Some effects (collimation,...) limit tota/ beam current but
there are no hard limits on single bunch current

— More luminosity by distributing current in fewer
bunches

— Optimum filling scheme may be somewhere between
Early (kb=62) and Nominal (kb=592)

— Possibility of running with, e.g, 100-300 bunches
should be kept in mind by injectors, all LHC systems
and the experiments.

0 Do everything possible to increase single-bunch current
— Push all limits in injector chain
0 Many uncertainties to be resolved with further work

— ECPP heating, EMD losses, vacuum, collimation, RF
noise, ...
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