Tracking Calculations and Operational Aspects for the LHC Upgrade
- I'T errors in Collision Optics -

Bernhard Holzer, CERN BE-ABP
and many colleagues !!!

LHC Standard Collision Optics ... and the Upgrade
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critical issues for the DA ??7? error tables ... at the triplett ?

. atthe new D1 ?
. at the matching section ?

and which multipoles?



The ATLAS and CMS interaction regions

a1 Q10 [as o8 To7 Eéj DI E& Q2 O
QUL B . - a0 |l_|l. Iﬂ_ﬁ:ﬂ_ﬁ_ _': : ;I-_ _ﬂl_ Igii:ﬂ
]ﬂ ; i (NI I - I
N\ AN J\ )
Y
Dispersion suppressor Matching section Separation dipoles Final
focus
LHC low-p triplet
« Position L*=23 m Nom!nal_
« Quad gradient 205 T/m Luminosity
« Coil aperture 70 mm 1-10% cm?s™
e XL 55 cm, 103*cm2s-!
« Dissipated power 180W@ 1.9K
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Interaction Region Layout: Triplet Focusing, D1 Separation Dipole
Matching Quadrupoles & Dispersion Suppressor
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SIXTRACK

Tracking Parameters:

10° turns

30 particle pairs per aperture step

amplitude values 6 ... 22 sigma of the beam size
17 angles -> 59 per step

60 seeds of the error distribution

momentum error Ap/p = 2*103

Criteria:
particle survival time, onset of chaotic behavior
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Reminder: The D1 Magnet “a problem of its own ...«

in addition to the effect of the IT we get a strong effect on the Dynamic Aperture

in case of ...

D1 errors on
D1 errors off
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DA in nsig

"'DAres.jobrefsihc_col1.63.31_60.32.5.plot’ using (5"$2):3
'DAres.jobrefslhc_col2.63.31_60.32.5.plot" using (5*%2):3
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... the D1 errors needed special investigation
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Operational Aspects of the low order DI multipole errors

S (?rossing ahgle - verlilcal plane ‘
to make it even more interesting jo
large beam offset due to crossing angle
@/2 = 205 prad
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tune shift
beta beat directviab2 / feed downvia b3, a3

coupling directviaa2 / feed downvia b3, a3
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1.) direct effect from b2
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Ak=@i= 1 4T*2340% 061
or Bp o Bp 2.3*10°Tm*40*10°m m

1*10° /m? *7.4m*10000m
A
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will cause an optics distortion of AQ~ %ﬂAkl =
T

AB 1*107°/m?**7.4m*10000 m
p 2*sin(22Q)

=4 %

2.) in-direct effect via feed down from b3

2
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quadrupole error due to feed down: kL= @ = > 7
ry Bo (40mm) 2.3*10"Tm
: 3 Ap
and as effect on the optics we get AQ ~5.9*10 5= 39 %

per D1 magnet !!
Remember: phase advance over a mini beta section =
\ for Stephane -> the effects left & right of the IP add up



DY field specifications

APB< 1%
40 < 0.001

c. for the coupling we assume
the contribution should not
exceed the tolerance for the roll
angle error in one triplet
quadrupole, ...4¢p = 0.1 mrad

~V2 values target_10 values |targetvalues D1
D1 D1 tracking operation
reference radius | 40 mm 40 mm 40 mm
b2 0.5+3*0.6 = 2.3 | 0.5+3*0.6 = 2.3 1.2
az2 3.0+3*3.5=13.5| 1.5+3*1.7=6.6 2.5
b3 3.0+3*1.1=6.3 |[1.5+3*0.5=3.0 1.2
a3 2.0+3*0.3=2.9 | 1.0+3*0.3=1.9 1.2

Strategy for Improving the Field Quality of APUL D1 Dipoles
Famesh Gupta and Peter Wanderer
March 10, 2010

Summary.

Eecent accelerator physics studies by Holzer and Fartoukh [1] have established mulfipole
specifications for the D1 dipoles (each consisting of two LD cold masses [4]) based on
dynanuc aperture studies and on the effect of low-order terms on the operation of the
LHC (tune shift, couphing, beta beat). The specifications were developed for 7 TeV. The
speuﬁtahc-nsha:.edunﬂm dynamic aperture studies are stated as linufs on the
uncertainty m the mean and on the ms vanation. The studies based on operational
parameters result in tolerances (hard hmits) on the maxamom absolute values of the

These specifications (Incleding the Tolerances in Table 3 of [1]) can be mets
the fuﬂnnmg sl::ateglea

thun the-tofeTances for each LT3
#* Bafore assembl:.' of the four D1 mmb]md -:uld masses:

Cold test all eight mdnnidual cold masses

Sort and rotate mmdridual cold masses to munirize D] mmlapoles

Test prototype D1 magnet at CEREM

Insert ron rods into axial holes in yoke to adjust omltpoles at 7 TeV.

[ T R

The expected values for the low-order D] multipoles are grven at 40 mm reference radims
in Table 1, and scaled to 80 mm m Table 2. Forall Dls, the quadmpole and sextupale
hamonics will fall withim the tolerances with 100%: confidence level For these terms,




. The Topic of the Day: MQXC Quadrupole
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MQXC Quadrupole

MQOXC MQXA/B
Coil aperture 120 mm 70 mm
Gradient 123 T/m 205 T/m
Operating temperature 1.9K 1.9K o
large aperture mini beta
Nominal current 13.8 kA 7/12 kA quadrupole "MQXC”
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MQXC Quadrupole Errors:
Re-Introducing the Multipole Compensation Coils

... to save time, money & space multipole correctors were originally not foreseen

(1?)
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Where does the problem come from ?

MQXC, matching quadrupoles, dispersion suppressor, D2 ?
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errors of the ... 0
matching quadrupoles switched off o 8

D2 errors switched off 3 6
n=12...15 switched off 4
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The DA is limited by a combination of “low order” field harmonics in the IT quadrupoles

(...ignoring the D1 1)
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Scaling Multipole Coefficients

simple question: “ ... how to proceed with 36 field harmonics ? ”

simple answer: take a good quadrupole, scale with respect to

14

reference radius
beta function -> beam sensitivity

choose good (not excellent) quadrupole
MQXB = “Q2” N N
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Probing Single Multipole Coefficients

error table ~ v2

skew | uncertainty rms normal | uncertainty rms
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... In the end and after all:

DA in nsig
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... and a clear field specification for the I'T quadrupoles !!!



Injection Optics:

E
A
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moderate beta values
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deltbeta/beta

Operational Aspects:

Back to Reality ... nothing is perfect

determine feed down effects from crossing angle

and non-ideal multipole correctors
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calculate optics,

optimise the compensation coil settings,
set a3,b3 correctors = 70 %

correct orbit, Q, Q’, coupling

reduce x-angle by 20 %

re-optimise Q, Q’, coupling
determine coupling and Ap/p

for the latest and most beautiful error table,
for 60 seeds

|

AB/ L <1.4%
k=0.88*%10""

... for the complete machine



Operational Aspects:
corrector tolerances ... nothing Is perfect

calculate optics,

optimise the compensation coil settings,

set all correctors = 80 % within a 1 ¢ gaussian distribution,
correct orbit, Q, Q’, coupling

determine DA
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... ahd back to the start: detuning for new error table
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Error-Tables: Hunting the Mutlipoles collision, ""'uncertainty"'
~ V2 ~target_61 triplet quadrupoles
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Error-Tables: Hunting the Mutlipoles collision, ""'uncertainty"'
~ V2 ~target_61 triplet quadrupoles
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Tracking Calculations and Operational Aspects for the LHC Upgrade
- I'T errors in Collision Optics -

after 96 studies, 61 target error tables, 157 liter coffee
... the job is done.
more details - including the full multipole specification — can be found in two SLHC reports:

“Linear imperfections and Operational Aspects Induced by the
D1 Multipole Errors for the LHC Upgrade Phase-1”

“Dynamic Aperture Studies and Field Quality Specifications for the
Triplet Quadrupoles of the LHC Phase-1 Upgrade”

and | can concentrate on additional tasks ...






