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parameters

* [3* - IP beta function

* B,*/B,* - ratio of IP beta functions

* O.— (full) crossing angle

* g, —normalized transverse emittance

* N,—bunch intensity

* n,—number of bunches (—s, - bunch spacing)
* |longitudinal bunch profile (“flat” vs “Gaussian”)
 number of collision points (IP’s)

e T,,—turn-around time



#IP’s : the original plan — “phase 0”

J.Gareyte, F. Ruggiero et al, e.g. LHC’99 workshop, LHC Project Report 626

B*~0.55m | | )  B*~0.5m
A nominal A ultimate
~0.01 ~0.01
4 ~0.01 v
4 > 0.31 . . 0% 207 4 0302 0307 > 0.312
nominal tune footprint tune footprint up to 6 tune footprint up to 6o
up to 6o with 4 IPs & nom.  with nominal intensity ~ With 2 IPs at ultlmat1e1
intensity N,=1.15x10" and 2 IPs intensity N,=1.7x10
[=10%4 cm2s- [=2.3x10%* cm?2s!

“going from 4 to 2 IPs ATLAS & CMS luminosity can be increased
by factor 2.3 - further, increasing crossing angle to 340 urad,
bunch length (x2), & bunch charge to N,=2.6x10'" would yield
[=3.6x10%* cm=2s'[B*=0.5 m]”



what about LHCb? — bunch patterns

- nominal

25 ns ultimate & 25-ns

upgrades: LHCb

@ @ ® ® “late collisions”

'25 n's with p*~3 m?
\ 4
50-ns upgrade (LPA),
.4 ? no collisions in LHCb
50 ns 50-ns upgrade
\ 4 apr - &€& - with 25-ns
< . > < > collisions )
95 ns in LHCDb at 1-2%

50 ns: much reduced e- cloud! LHCb transparent

the luminosity



constraints

e total beam-beam tune shift <0.01

—SPS p-pbar experience
* long-range beam-beam - crossing angle 29c

 arc cooling capacity
— global & local limitations, cooling shares with IR
— heat load from SR, image currents, & e-cloud

* IR layout & optics - B*
* event pile up in the detectors (<300, <1507?)
* luminosity lifetime (= 2h?)




constraint - crossing angle

%0, “Piwinski angle”

*

Ry luminosity reduction factor /2
1 without crab cavity

0.8 nominal effective beam
] ultimate

size G—>G/R¢
0.6

?
0.4] upgrade: range - fltriplet, 3*):
285 prad (nominal)
£l 315 urad (ultimate)

. . , | till~410 urad “phase I”
2 4 6 3 (I) 10 =500 urad “phase II”?




b-b tune shift, @ & luminosity

AQ,, = N " 1 1 total b-b tune shift
v vE AT \/1 + ¢ pm . for two IP’s with
i p’W1 altirnating crossing

A7 pre) " 1+4,

at the b-b limit, larger Piwins (< le &/or /arger m/ttance /ncrease luminosity!

Abe profile \/1 + ¢plw

rev
%

optimization strategies:

1) 1increase N, with € (e.g. controlled € blow up at top energy)

2) increase N, with 1/R , & “flat” bunch F,, ¢ ~1.4 (“LPA”)
3) vary € as 1/R; (“small emittance”)

4) set 1/R =1 at IP and minimize B” (e.g. crab crossing)




beam-beam limit — 0_ dependence?

in lepton colliders crossing angle has reduced
the beam-beam limit (DORIS-I, KEKB,...)

for hadrons, one historical experiment at the SPS
K. Cornelis, W. Herr, M. Meddahi, PAC91 San Francisco
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(almost) no additional beam-beam effect, but ¢ was much smaller than considered for SLHC



crab crossing

NN />
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* RF crab cavity deflects head and tail in opposite direction so that
collision is effectively “head on” for luminosity and tune shift

* bunch centroids still cross at an angle (easy separation)

e 15t proposed in 1988, in operation at KEKB since 2007

advantages: higher geometric luminosity, easy leveling,

potentially higher beam-beam tune shift




large Piwinski angle — “LPA”

X

1) large Piwinski angle 6.6,>>2 ¢ *

2) longitudinally flat profile

- reduced tune shift, higher bunch charge
(& 50 ns spacing for e-cloud)



constraints - N, range

* beam-beam tune shift of “head-on” collision
v is the limit for crab crossing;
v’ going beyond ultimate N, requires large
Piwinski angle or large emittance;
v’ even larger crossing angle than for LR-BB
may be needed

e arc cooling capacity

* injectors, collimation, machine protection,...



cooling & e- heat for 25 ns spacing

L. Tavian,
2005
H. Maury
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going above N,=1.7x10"" & ultimate luminosity requires
dedicated IR cryo plants; limit then becomes N, ~2.3x10"



cooling & e- heat for 50 ns spacing

L Tavian Average heat load - 2nd batch - 50ns - LPA scheme
2005 —u—yijeld = 1.1
H. Maury Cuna, —eo—yield=1.3
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going above N,=2.3x10"" & ultimate luminosity requires

0 1x10" 2x10" 3x10" 4x10" 5x10" 6x10"

dedicated IR cryo plants; limit then becomes N,~5.0x10"



e- heat with LHCb satellite

H. Maury Cuna, 2009

0.40
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satellite intensity is varied as the inverse of main-bunch
intensity to yield target luminosity of 2x1033 cm=2s-1in (S)LHCb

“LHCDb satellite” has small effect on 50-ns heat load



constraint — 3* range

0.55 m nominal
0.50 m ultimate

0.40m R e

0.30m & Phasel o
larger aperture NbTi quad’s +...

0.25 m_

0.22m

IR “phase II”
Nb,Sn quad’s + ...

=~ hard limit from linear chromatic correction

0.14dm J<




constraint — pile up

bunch collision rate
= #bunches/beam x revolution frequency

#events per bunch crossing
= cross section x luminosity / bunch collision rate

nominal #events/crossing in the detector
= 6x1072%° cm? 103* cm=2st /(32 x10° s1)
=19 inelastic cross section

e.g. 10 times higher luminosity at same #bunches
— ~200 events per crossing (detector upgrade!)



luminosity decay & lifetime

fast decay of beam intensity and luminosity (few hours)
dominated by proton burn off

A

L :
L(I)— (1_|_t/z'eff )2 with

algebraic (#exponential) decay

total beam intensity

T Lumi oC
Uumnl . .
luminosity

for given luminosity, the luminosity lifetime
depends only on total beam current [w/o leveling]



Ccross sections

C. Amsler et al., Physics Letters B667, 1 (2008)
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today’s example scenarios

(1) nominal, N,=1.15x10!,*=0.55 m, 6.=285 urad

(2) ultimate , N,=1.7x10** ,3*=0.50 m, 6.=315 prad

(3) “phase I+”, N,=2.3x10%,3*=0.30 m, 6,.=348 urad

(4) “phase | w crab”, N,=1.6x10!,3*=0.30 m (6.=348 urad)

(5) “phase II+”, N,=2.3x10%,3*=0.14 m, 6.=509 prad

(6) “phase Il w crab”, N,=1.6x10%!,3*=0.14 m
(0.=509 prad) [also same case w/o crab]

(7) “LPA”, 50 ns, flat long bunches, N,=4.2x10, 3*=0.25 m,
0.=381 urad



parameter Symbol nominal ultimate p*=30,11 p*=14,H1 p*=14,CC

transverse emittance € [um] 3.75 RWA

protons per bunch N, [10'1] 1.15 1.7 23 |
bunch spacing At [ns] 25 25

beam current I1[A] 0.58 0

longitudinal profile Gau
rms bunch length o, [cm]
beta* at IP1&5 B* [m]
full crossing angle

Piwinski param

effective

(Ttumaround_

e-c heat SEY .6 1.3 1.3 0.7
SR heat load 4. 0.25 0.34 0.34 0.24
image current hea 0.33 0.60 0.60 0.29

gas-s. 100 h | 0.04 0.06
extent luminous region  ©, [cm] 4.5 4.3

comment nominal ultimate

0.25

0.8)
0.31
0.51



parameter

ppb
beta* at [IP1&5

Piwinski angle

tune shift

peak
luminosity

peak evt’s /
#ing

lumi lifetime

average

(T =5 h)

turnaround ™

annual lum.
(200 days, 60%
availability)

parameter highlights

symbol

N, [1011]
B* [m]

AQtOl‘

L1034
cm2s!]

7y, [h]

(103
crgzs 1]

Trun,opt [h]

[fb]

mt

nom

1.15

0.55
0.65

0.009

19
23

0.55

15.2

57

05 -----

s m-
“ -----

B ) B

116



luminosity evolution - examples

B*=14 cm, N,=2.3x10"!

luminosity [103%4 cm2s]

N,=4.2x1015)
| LPA
nominal

time [h]



luminosity evolution — selected cases

luminosity [1034 cm2s]
8

¢ B*=25 cm,
W, =4.2x1011 ‘
LPA

| 5 l‘O L5 2lD 25 30 3-5 - lme [h]

B*=14 cm & N,=2.3x10'! has very similar performance to f*=14 cm,&
N,~1.6x10'!and crab, and to *=25 cm & N,=4.2x10"! & 50 ns spacing



events/crossing evolution

#fevents/crossing

3003%=25 cm, *=14 cm, N,=2.3x101!
V,=4.2x101%,
>0 LPA

200

1504

\

100N

50

nompal—-k-;—- T I—_-- - — _..I._l

10 15 20 25 s~ time [h]

all scenarios give peak #events/#ing "‘100-150,
except for LPA ~300



luminosity leveling

changing O, 3* or , during the store in order to
— reduce event pile up & IR peak power deposition
— maximize integrated luminosity

leveling with crossing angle has two advantages:
increased average luminosity, operational simplicity

natural option for early separation or crab cavities,
leveling may first be tested in LHC heavy-ion collisions

two leveling strategies:
(1) constant luminosity
(2) constant beam-beam tune shift



L J
.. -t. .

w/o leveling [=const AQy,=const
luminosity B L L =L, ~const _ 7
evolution Lir)= (l+t/z'eﬁ f ’ L{1)= LeXP(— it eff)
beam N N(t)=

N 0
(e:tjlgli?iton (t) (1 +t/ Teff) : N(O)exp (_ t/Teff)

optimum L =Ty
) AN T s
run time L, = \ Z-efme Lo = N min []n (\/1 + ¢piw(0)2 ),
0

In ((Tza +1,, T Ty )/ [ )]

average |, _; iy Ly = L, =t (1w
. . ave 172 1/2 09 or'lip ave
luminosity (el +7.°) Lo 2T, 1,+T,,

leveling 2 - exponential L decay, w decay time t_ (not t_./2)
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leveling — example evolution

B*=14 cm, N,=2.3x10%, T, =5 h

luminosity [1034cm2s1] |AQ]
‘\\_ 0.008}
] 0.006re
0.004--\
0.002¢
0 5 10 15 20 25 30 35 0O
time [h]

no leveling
AQ=const

T

o 15 20 25 30 35

5 1

no leveling
AQ=const

time [h]



B*=14 cm, 25 ns spacing, T,,=5 h

no leveling | L=const| AQ,,=const
N,(0) [10"] 2.3 2.3 2.3 2.3
L(0)[10%%cm=s"] 7.5 7.1 12.3 | 7.1
AQy,(0)] 0.0059 | 0.0056 | 0.01 |0.0056
AQpy( 7o) 0.0036 . 0.0056
0,0) [rad] 5/_:;?:@\ —92.;\9

run time T1,,, [n]

<[>[103%4cm=s]
events/#ing (0)

7.74

2.8
’

2./2
3.6

234

11.9

3.2
5




B*=25 cm, 50 ns spac., “LPA” T;=5 h

no leveling | L=const | AQ,,=const

N,(0) [10™7] 4.2 4.2 4.2
L(0)[10%*cm=s] 7.4 4.5 4.5
AQy,(0)] 0.010 0.0056 0.0056
AQpp( Trun)| 0.006 . 0.0056
0,0) [urad] 1 672

run time T, [h] 7.4 . 23.2
<L>[103%%cm=sT] 6 2.5

events/#ing (0) 280 172 172




<L>[10%*%c

<[> vs. turnaround time

m'ZS'].]

[ leveling

[ B*=14 cm, N,=2.3x1011

 B*=25 cm, N,=4.2x10", 50 ns

2
\
k1
Y 1 .
A\ ¢ leveling
'&;-‘-_
‘E"\?f,__x s
.
- :. e
.

5

reducing T,, from 10 to 2 h increases <L> about 2x,
similar average luminosity for all 3 scenarios

1T, [h]



<L>vs. B* - the KEY PLOT

<L>[103*cm2s1]

3 | I i ' ! T
| '\ T _5 h :
- ° ta_ i
> 5l \ 8c crossing angle ]
 N,=2.3x104
2 g °
Z 100 crossing angle
1.5}
1f

0.5{ N,=1.15x10"! _f

9.50 crossing angle

0 10 50 B 37 o
S* [em]

beam intensity is much more important than 5*



conclusions

* upgrade scenarios with 25 & 50 ns spacing

* maximum N, ~2.3x10%! at 25 ns, ~5.0x10%! at 50 ns

* T,,- 102 h: 2x higher <L>

* 3* : factor 2 reduction - 10-20% higher <L>

* N,: factor 2 increase - 3 times higher <L>!

e crab crossing: 20-100% higher <L>

* [luminosity optimization assumes two IPs;
needs/policy for ALICE & LHCb?

* O_leveling can increase run time by factor 1.5-3,
& reduce pile up, at ~ constant <[>

* annual luminosities of 150-300 fb?

* put emphasis on N, (!!), T, (!) and crab crossing



thank you for your attention!
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5x1 034 c m-2 s-1 generated tracks_ per crossing,

p;> 1 GeV/c cut, i.e. all soft tracks removed!



