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Motivation - Beam Lifetime HERA,

ok o 05 O‘,Z Tp
(pm) | (um) | (pm) | (pm) | (hrs)
410 130 20 33 0.5
410 290 120 70 10
330 290 100 70 50
210 290 50 53 100
190 200 50 53 300
— o1
r=7(2)
o1 ?75 1 poor life time due

to beam-beam
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Luminosity Optimizing for LHC lons

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

kyNy  22.4hour for nominal L = 10" cm—2 s~ !

NewpLotot Newp with Pb-Pb

Nesp - - - NUMber of experiments illuminated

* But luminosity may be limited by experiment or quench limit

ko Ny fo _ koY fo
Amo*’ 41 B* ey

— can have same luminosity by varying 3* « N;

L =

B*-tuning during collision to maximise integrated luminosity - especially
If N, can be increased.

Presented by J.M.Jowett, LHC Performance Workshop, Chamonix,
19/1/2004
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Luminosity in LEP Experiments

Each experiment requested at least the same luminosity as all the others.
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Luminosity correction in LEP

In LEP closest low 5 quadrupoles (QSOL
and QSOR) were used for correction

- Both Beams Were Equal
» Main Error Source: QSOL QSOR

- Symmetric Lattice

‘ Luminosity correction was easy In LEPI




Comparison LEP and LHC-RHIC

LEP LHC - RHIC
beam profile flat round
= lattice symmetric asymmetric
= correction 1 plane 2 planes
particles ete- PP

= pbeam pipe common mostly separated

= = errors equal unequal
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£ Function LEP LHC

LHC

i1l o i : | ] 1 S | S
e W W )
LEP IR 5000, LHC THIN col MAD-X 1.10 16/04/03 17.30.58
’E\ . T T T T T ) T T T T T
- 400. -Unixyersiop 8 51/15_ . . 11/02/04 17 53 16 <.,_-,\_; 4500. - -
S E ) x ) | ~
= 350. B By b & 4000 - ]
4 I'. :I @:
300. 1 ' no 3500. - |
250. | X '; 3000. - -
200. 1 D 2500. :
150. - ¥ 2000. - ]
100. ¥ 1500, - ]
50, - 1000. - .
0.0 - . . Y . . . . 500. - .
79.90 9.96 10.02 10.08 0.0 - . o -
s (m) "19.70 19.90 20.10 20.30
3+ poc = 0. s (m) [*10*%( 3)]

Table name = TWISS
[*10%%( 3)]
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Motivation - Luminosity correction In
LHC-RHIC

Issues of optimizing Luminosity in LHC-RHIC:

* triplet magnets cannot be used

* set of quads after separation have to be used

* beating from correction more difficult to avoid

* both planes have to be corrected orthogonally
° error source ???

‘If at all possible, 3* correction is extremely sophisticated! I
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Concept of Adjusting Luminosity and
Beam Size

o N1 Nof Np
47Tﬁ§ﬁ§€2
o = *e€

L ... Luminosity
Ni 2 ...number of particles per bunch
Np ...number of bunches per beam
f ... revolution frequency
Bx.y - - - Courant Snyder parameter
€...emittance

o...rms beam size
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Principle of Adjusting 5*

6* n
~ 2sin (27Q)) Zﬁ (s)AL (s)lcos (2|Apul —27Q)

s=1

AG*

AB* ...change of g function at IP
G* ... 3 function at IP
Q@ ...tune

3 (s) ... function at a quadrupole
Ak (s)l...change of integrated magnet strength

Aypu . ..phase advance between quadrupole and IP
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Changes - Constraints

*
x

*

*
x

*

const

Bz + AP, }atIP

or

const
S vatlp
By + AB

o } —constat 1,2
D

@ } — const at IP
D
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£* Tuning Knobs for LHC

ATLAS

Q9 Q8 Q7 Q6 Q5 Q4D2 D1Q3Q2Q1 |P1

MQM/CMBA MBBMQMLMBA MBB MQM MQML MQML MQYMBRC TAN MBXW MQXAMQXBMQXA TAS

MAOA0 A 5
o oo g

L |
(a0
A K5
m- | AK3 | — AB,,

Ak,

m =1 S AByy =1m
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after betachange IR1
Optics for the LHC 6.2 lattice

Concept of non Local Correction
using Tuning Knobs

optics with error

Unix vervzon851/14 030602 154357
p i iy ey
4000. { = -2.0 =
3500. - 1.8 S
3000. - j;
2500. - oy
2000. 1 08
1500. 0.5
1000. - L 0.2
500. - 0.0
| L 0.2

goal: restore perfect asymmetry

s (m)

[*10%%( 3)]
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Goal of 5* Tuning Knobs

« Change g function at the IP.
» Confine changes to selected area (IR).

« Minimize perturbation to other optics
functions.

o Constraints

* Observables



Methods of Calculating 5* Tuning
Knobs

« MAD Matching (empirical)
- direct
* linear fit AK = f (0)

* Response Matrix (analytical)



MAD MATCHING

Magnets, Constraints

by
MAD

f

Preliminary Knobs

!

Characteristics

'

Functionality

'

Tuning Knob
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Magnets - Constraints for MAD
MATCH

Magnets Constraints
Lhe ] KQ4-KQI3 a,B,D,D', X, (pX),Y, (pY) atIP1andIP5
R+L ( «,8,D,D’, X, (pX),Y, (pY) atIP1
)
available Kz(;-2)8A|80 or ¢ B, D, i(,_Y,E(itJrl,l)“
RHIC (4-6)A8(1,0) with (1) ——= (n
K(4,56)M8, K7A8 \ k—=0,1...
| K(D,F)AA8, KFBAS and Q, Q'
finally KQ4 - KQ9
used (KQ13) o, 3, D atlIP1landIP5
LHC R+L
finally KQ4-KQ6, L+R
D) atlIP8 and IP6
used K7A8, KFBAS @ B, (D) o
RHIC KDAA8, KFAA8

MAD matching: no. magnets = no. constraints (12,10)'
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Allowed Variation of Constraints &
Observables.

operative range of knobs — 10 % of nominal value (5*=0.5m).

constraint allowed
observable variation
la*] | <0.1

BY | < 1% of Ap*
|ID*| | <3-107*m
X*Y* | <16.0-107m
pX* pY™* | <10%
Q | <0.025(0.1)
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Global Constraints behavior g,

Absolute Change of 3, - Function in LHC by 3, knob (A (3,=+20%)

25 I I I | |
+
+
20 + -
+
A
15 — $ —
+
10 -
5 L -
0
0 5000 10000 15000 20000 25000 30000

s (m)
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IR1 Constraints behavior 3,

Absolute Change of By - Function in IR1 by 3, knob (A 3,=+20%)

25 | | | | |
T+
¥
20 - + -
+
M-
15 4 .
+ ¥ i+
10 " N ' =
£
+
* 1
S I ++ji n . + N
+i+ Ty * *
iy P
0 Lt R it g
19400 19600 19800 20000 20200 20400 20600

s (m)
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Result with Direct Method

#* as a function of Am

0.56 T T T

0.55 1
0.54
0.53
0.52
0.51

B (m)

0.5
0.49
0.48
0.47
0.46

0.45
-0.1
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Result with Direct Method

o* as a function of Am
001 T I |

0.005

-0.005
-0.01

-0.015

a (1)

-0.02
-0.025

-0.03

-0.035

-0.04 ' ' '
-0.1 -0.05 0 0.05 0.1

Am (1)
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Matching Results with MAD -

AK = f (P

Results for AK =1(f3,) in IP1

0.0015 . . . . . ! ! .
final set of quads used
0.001 -
0.0005
0 | S it il it "‘"""""""""""’""‘
-0.0005
_0001 | | | | | | |
02 03 04 05 06 07 08 0.9 1
linear matching over +20% By (M)
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Characteristic: 3, = f(mg,, mﬁy)

oo
AEARDRRO o ®@
N D OY 00 O =000

CO00

l C-AD Accelerator Phvsics Seminar 04/03/04 — p. 25/59



Characteristic: @, = f(mg,, mﬁy)
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(m)
4.00e-01
6.05e-01
5.00e-01
4.05e-01
5.97e-01

Dpy
1)
2.14e-02
2.15e-02
1.92e-02
1.72e-02
1.79e-02

Bmagy
(1)
1.000101
1.000064
1
1.000049
1.000127

By Oy Qly D,
(m) 1) 1) (m)
4.06e-01 3.16e-02 -3.45e-02 6.14e-03
4.10e-01 2.15e-02 -1.76e-02 1.50e-02
5.00e-01 2.71e-09 -4.20e-09 1.03e-02
6.14e-01 2.20e-02 -2.35e-02 6.19e-03
6.05e-01 2.42e-02 -3.61e-02 1.46e-02
X Y pX pY
(m) (m) 1) 1)
5.25e-13 3.56e-08 -5.80e-13 1.50e-04
8.55e-13 1.56e-07 -3.59e-13 1.50e-04
5.38e-13 -1.53e-10 -7.02e-13 1.50e-04
4.92e-13 -1.55e-07 -1.90e-13 1.49e-04
5.29e-13 -3.74e-08 -8.30e-13 1.50e-04

Bybeatmax Bmagy Bybeatmax
(%) 1) (%)
0.014218 1.000035 0.008416
0.011279 1.000005 0.003278
0 1 0
0.009932 1.000004 0.002981
0.015964 1.000073 0.012092
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D Yy
(m)
6.72e-03
6.53e-03
6.73e-03
7.29e-03
7.30e-03

Qo
(1/27)
64.3187
64.3012
64.3100
64.3215
64.3027

Summary Characteristic

Dpg
1)
3.20e-02
3.23e-02
3.11e-02
2.86e-02
2.91e-02

Qy
(1/27)
59.3240
59.3252
59.3200
59.3158
59.3140



Functionality: Error Test

Main Area of Application

error source field error type
main arc .
M radient error
guadrupoles Q19
triplet

MQX b2, a2

guadrupoles

tested were: bl - b12, a2 - a12I
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Evaluate Results MQ

1.3

< X
*
]

1.2
1.1 .

1 -
09 -
0.8 -

0.7 pﬂ’FFi_ -
0.6 & .

0.5 w* -

04 P —

actual correction

Ba (M)
£

03 & n

0.2 | | | | | | | | | |
02 03 04 05 06 07 08 09 1 11 1.2 1.3

By (m) desired correction

\ all error seeds corrected I

l C-AD Accelerator Phvsics Seminar 04/03/04 — p. 29/59




Evaluate Results MQX

1.1

| | | |
L T

X
1+ y =
0.9 | i
0.8 | i
0.7 + <& X i
0.6 X{_XKXXX |

04 - n

actual correction
+

Ba (M)

0.3 < -

0.2 | | | | | | | |
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

By (m) desired correction

‘error seeds with Ag < +20%corrected I
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Offset at IP (m)

3.0e-05

2.0e-05

1.0e-05

0.0e+00

-1.0e-05

-2.0e-05

-3.0e-05

Evaluate Results Steering Effect of

Knobs
| | | | |
X-co +
N Y-co X
| X X-tk X .
Y-tk O
&
J
¥ X ¥
+ X ¥
B . _
] ] ] ] ]
0 10 20 30 40 50 60

error seeds

‘AII steering errors caused by knobs < 16um. I
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Monitoring Critical Points

Monitoring changes of constraints created by
applying knobs for correction in IP1:

« Experiments IP2, IP5, IP8
» acceleration cavities Iin IR4

 cleaning insertions IP3, IP7

A az] < 2(%)
IAD, 0] < 0.7(m)




Summary MAD Match

» Characteristics: Knobs achieve desired
changes in a range of +20% of nominal
value. The perturbations of other optics
function lie within the specification.

« Correction Efficiency: All errors coming from
the arc can be corrected. Errors from triplet
magnets can be corrected within a range of

2220%.




item

Comparison RHIC - LHC

accelerators

RHIC LHC
lattice asymmetric
beam pipe mostly separated
beam pipe
| separate | common
triplet
Xing no yes
power
nested | separate

supply
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RHIC - Nested Power Supply System

QT4 QT5 QT6

N\ AN A NG A\
150 150 150
-150 -150 -150

AAA

0
600
0
PENETRATION SYMBOLS
O O A

6600 2000 150
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RHIC - MAD Matching Results

Results for AK =f(f3,) in IR8

Linearity

Continuity

Original Solution

-0.01
08 085 09 095 1 1.05 1.1 1.15 1.2

By (M)
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AKogu.q Response

Results for Parameters (a,3,D,Dp,X,Y,pX,pY) = f(AK1AS8) in IR1

10 I i | I I =
- S
Q.
X
Q
> 0)
X—
(@R
0
a) -5
¥
3 ..
< 10717 |Response Strongly Nonlinear| %7
15 | | | | |
-0.003 -0.002 -0.001 0) 0.001 0.002 0.003

A K1A8 (1)
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Response Matrix Analysis - Magnet
Category 1

Results for A 3, = f(AK1A8) in IR8. Plot results for linear fit: f(x) = k*x + b
k=9.74396. b = 2.85552

10 | | | | I
9 | A BX T+
N fit +
+ +
8 [+ + -
- +
7 - ° +
T -
* +
~ 6 | +_|_ + —
E + +
~— + +
<« B} + Iy —
(an ++ +
q 4 — +_|_+ +++ m
+ +
3 [ ++ ++ -]
T iy
H o
2 I H ++ -
" o
e A
1+ it 2l 7
Ty T
0 | | +++++43;+H |ttt | |

-0.003 -0.002 -0.001 0 0.001 0.002 0.003
A K1A8 (1)
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Response Matrix Analysis - Magnet
Category 2

Results for A B, = f(AKFAAS) in IR8. Plot results for linear fit: f(x) = k*x + b
k =-26.3685. b = 0.182956

2 | | | |

|
A3 +
fit

1.5

+
+
+
+
+
+
+
%
+
+
+

-0.5 | |
-0.03 -0.02 -0.01 0 0.01 0.02 0.03

A KFAAS (1)
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Response Matrix Analysis - Magnet
Category 3

Results for A B, = f(AK6A8O) in IR8. Plot results for linear fit: f(x) = k*x + b
k =15.391. b = 0.00538547
|

0.25 . . . . .
0.2 | ARy -
0.15 |
0.1
0.05 |
O =
10.05 |-
01 F
015 |-
02}

-0.25 - | | | | |
-0.02 -0.015 -0.01 -0.005 0) 0.005 0.01 0.015

A K6ASO (1)
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Result from Response Analysis

name | cat | Usable
range
1 K5AB80 | 3 | £50%
1 KB6ASI 3 | £50%
1 K6A80 | 3 | £50%
3 K7A8 2 +5%
K4A80 | 3 +50% || KDAAS | 2 +5%
K4M8 1 - KFAA8 | 2 +5%
K56M8 | 1 - KFBA8 | 2 +5%
K5ASI 3 +50%

C-AD Accelerator
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Result AK .. Response Combined
with MAD MATCHING

Results for AK =f(f3,) in IR8
0.006 | | | | | |
0.004 7%

AN
<
&
& g
¥
AL [T i
NS 9 1
. =SS STz S0 e+ Y ]
S VS S iy am v A . 7 [ 1
XX < 4
-
: ~ S T
D ¥ o s DA
— ' TS 5= —3
ﬁ/&\_/&_é_&\_&_égﬂ_&_ - & 2 - A_A_A;A_ e e A A EE A e e e
| e e W e W e w e =) LS e NN W L A A Ae A N i )
N \Va
Y

-0.002 [W >

-0.004 - .
-0.006 .
-0.008

-0.01 - Range for linear fit
-0.012 - 1

-0.014 | | | | | |
0.8 085 09 0.9 1 1.05 11 1.15 1.2

By (M)
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Benefit of Response Matrix Analysis

- |learn about the behavior of parameters —
choice of constraints.

* try inversion to solve the problem but
remember non linear problem
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Response Matrix

aK@aw \
5£yAA8
0K gé)mAAS

OKKkpAAs

0dQ)2 0dQ2 0dQ2 .. ... ... 0dQ2 )
OKri1as OKgoas O0Kksas OKKkpaas

AK =R AP
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Methods of Matrix Inversion

 Direct Inversion (numerical)
 condition of matrix

« dimensions of matrix

» Singular Value Decomposition
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SVD Singular Value Decomposition

A =TUSV’




0.01

S)
S 0.0001
®©
>
S
= 1le-06
(@))
f=
7))

1e-08

le-10

Singular Value Distribution

Singular Value Distribution in LHC and RHIC

KT I I

I
* % L +
X X x % RHICall
. AR LHCuse x
X
+ ,  JRHICuse O
X + 7
X
% +++ —
XX
X« 4
X
>< —
X
X
+
RHIC good RM . L

LHC improvement small

LII—IC ali

2 4 6 g8 10 12 14 16 18 20

No
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Approach to Solve Problem of Non
Linearity

Problem: Linear methods are used to solve a
non linear problem.

Possible Solution: By minimizing the AK

vector the error introduced by non linearity is
minimized.

Drawback: This has to be achieved at the cost
of the constraints.

Advantage: The overall performance can
Improve significantly.



Summary LHC

operative range of knobs: £0.1m at 5* = 0.5m

k.| = 3.1-1073

Apy = 0.34% of Ag*
DX | = 1.5-10°m
Xx = 85-107m
Y* = 16-107"'m

ApY> = 0.2%
AQpaw = 0.01

Bz = 1.6%
Dbeat = 0.7m
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Summary RHIC

operative range of knobs: +£0.2m at 5* = 1m

x| = 1.6-1072
Apy = 0.17% of Ag*
DX | = 1.9-10°m

AQmae = 0.003
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RHIC Beam Experiment

Response Matrix approach based on
Online Model Johannes

Goal : Squeeze * as much as possible
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Beam Experiment Results RHIC -

Rates

1000 1
of
2233900 22341300 22343300 22345300 22547300 22149300 22:51:00 22:53:00 2235500
Time
— [BRAHMS, , ZDC, 4E68: 34 SThR, , ZDC, 4668335 — PHEMIK, ,ZDC, 466838
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Beam Experiment Results RHIC -
Rates and Tunes

——  qLoopTune.yh:tuneBufFHl , 1466832 = gloopTune,yw:tuneBuf FH , ]14668:33

0,245

0,240

0,235 2 2

0,230

0,225

———  glocpTure.bhituneBufFi(, 14668130 === gloopTune.bustuneBuf el , 14668231

— B0O0 : : -
& TR : :
< 4000 L - 5 :
] ol - o ‘ -
§ - g L - |
2 2000 : : 3 :

22340 22:45 22:%0 22:55 ZR:00 2306 2E110 23:5 2Mm0 ZE:20 Z2R30 ZA:E0 2Ni40 2E:45 2§50 %GO 00100 00708
Time

= [BRAHMS, . ZC. 466827 e STFR..ZDC.4E6E:28 = PHENIX..ZDC,4E68:29

|
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Beam Experiment Results RHIC -
Rates, Background and Tunes

Percentage Beam Lost per Hour

—&— BluelecaydbE8:25 ‘fellowlecaydEEB: 26

6, 0E+4

B.0E+4

4,0E+4

3,0E+4

2,0E+4

1,0E+4

m— BRAHMS4EER:21 — GTAR4EER:22 m— PHEMIX4EER: 2T

g &

countsds [Hz]
S
2

2000
0
22:40 22045 22:50 22:55 200 23:06 2310 23:15 2320 2326 2330 233 2340 2345 ZE:B0 23:55 0000 00208
Time
= BRAHNS, , ZDC. 46681 18 e STFR..ZDC.4568:19 = PHENIX..ZDC,4E68:20

|
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Beam Experiment Results RHIC -
Dispersion Measured and Model

i i L
1 || P [ [
: I |.l | I l{. i ﬂ I\
| I} LA NI S N1
1 ] | i 1 '
e STITT LT NI
LY atal
. ( | ',I 1 il '{f
Ly® !
(
| .
T T T
1000 2000 3000
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AG*
|AD7,
LPhemjx

LSta'r
AQmax

CL$|

Q

Q

Preliminary Summary RHIC Beam

Experiment

—10% ?
?

+10% ?
—2% ?
0.003

C-AD Accelerator Ph

operative range of knobs: m > —0.12 at * =~ 1m
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Further covered Topics

» 3* Measurement Utilizing Tuning Knobs

» Influence of the Knobs on
» Closed Orhit
» Crossing Angle
- Beam-Beam (MAD)

- Parasitic Beam-Beam (Train)



Increase LHC Luminosity with Tuning
Knobs

1.15e+34

1.1e+34 - + .

1.05e+34 | . |

1e+34 B + n

9.5e+33 | + -

L (cm'ls'l)
+

9e+33 - + .

8.5e+33 - + -

86+33 | | | | | | | |
16 1.7 18 19 2 21 22 23 24 25

g (m™

Long range and head on beam-beam effects do not prevent luminosity

gains when using tuning knobs to sqeeze the ( functions at the IP.
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