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O 1deal particle motion in a synchrotron:

mmm revolution around the storage ring: r = :

injection / V=C
magnet .
74 Rkl N
/ T~ \

RF cavity

vacuum chamber

C constant radius for constar\é*

'dispersion orbit’ for energy eor

W = 9 . B & extraction / target r= ro + [2 (S)@
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Particle Motion In a Storage Ring

O ideal particle motion:
mmm transverse focusing via quadrupole magnetsample gravitation:

g=10" m ¥ As:;l-gA% A s =18 mm
A\ t = 60 msec y
B B, () | ideal orbit
= 660 Turns! 5 X<
- v/ l - - - / particle trajectory
requires focusing! - { "y .
7 > )*»B
- \Y
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Alternate Gradient Focusing
A

IR
N\ ad

B Quadrupole Magnet By, = —g-y / \
_ =
VR

By = —g

F\/
= geVegex R ~

FX A
N S
e L

Il Alternate Gradient Focusing

g f e | N A T
I e

ldea:cut the arc sections liendingfocusinganddefocusingelements
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Optic Functions

Il individual particle oscillations: X:VA‘B(S) +SiN(Q(s) + @)

—> [3, @ are determined by the quadrupole arrangement and powe

B envelope function:N ﬁ (ﬁ (ﬁ
g N7

g

\
AN I;
~ // SO -7 \\_/
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Optic Functions

particle tune:
Qy = number of transverse oscillation in one revolution

Independent motion in the horizontal and vertical plane!

B envelope function:

beam size depends on lofal —function and injected particle densi

o=|¢&f[S); z=xYy

I chromaticity: quadrupole focusing depends on the particle energy

Q=Q +Q- %F; +Q-<6p'z>2+
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Resonances and Non-Linear Field Errors

nNn+m<12
: : _ 0.8 i TQY
I resonances in the tune diagram: 07 :
n-Qx+m Q =T 0o =
0.5
magnetic field imperfections drive resonarftést
, 0.3 A
— particle loss 0.2 Ll
. . 0.2 0.3 0.4 0.50.6 0.7 0.8
— DA = maximum stable amplitude
Qx—>

I resonances limit the long term stability of the protons:

nN+m
hn - < A —>= avoid 'low order’ resonances

_ . th
I experience from SppS, Tevatron and HER¥QId resonances < 11 orde
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Resonances

I detuning with amplitude:
non-linear fields change Q as function of the oscillation amplitude

I [ HC working point:

Lot 5t T 0
Q, =64.28; Q =59.31 93] % | y
0.33 | nN+m<12
— °
0.31
requires small coupling 4 g ) iﬁ
between horizontal and AN

027 L N N 1
vertical motion 0.27 0.29 0.31 0.33 0.35

Qx—>

— total tune spread must be sufficiently small!
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Multipole Error Feed—Down

O multipole error coefficients:

6, +1-8 =85 (p +ia) 6N
ref

N

17mm for the LHC

O multipole error feed down:

(k=) | AX Y
A bn+ . L (n—l)!(k—n)! ) (bk+ ! 6}< ).(Rref>
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Feed—-Down Errors

I guadrupole alignment errors:

additional dipole deflections= particle motion does not follow the ide
reference orbit

—= the magnets are installed with respect to the unperturbed refereric

——= feed—down errors in other field perturbations

I sextupole alignment errors:
additional quadrupole focusing= tune depends on orbit

dispersion orbit in sextupole fields—= (Q = Q, +Q| 5I0 Q< p>
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Effect of the Magnet Errors on the Beam

,a,  orbit perturbation

B—beat

linear coupling: (c_=0.3)
mmm b : chromaticity (Q =500 units)
mm a, chromatic coupling: a, =a;+0; Q
mmm b detuning with amplitude; Q ; (2, -2) resonance
mm A, (1, —1) resonance ,
s b Q”'; chromatic detuning with amplitude: eGJ%B
mm b -+ a.  long term stability of particle motion DA
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the orbit excursion plus 10 times the rms bea

size must fit into the mechanical aperture

magnet quench - hard limits!

B beam offset depends on closed orbit, dispersion and energy err
—> Imposes limits on CO, D, ad pp

B the beam size dependsPn  —function, dispersion and energy !

—= imposes limits oig —beat, D, abd p/p
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Specification Criteria

O mechanical aperture:
mm e, =375 10 m anfl__=180m > o, =1.2mm at injection
B collimator jaws at@ and 8.2
= @[ -beat<21% (25%)

® closed orbit (horizontal and vertical) < 4mm (3mm at 7Te'

® parasitic dispersiors D < Py D, g 0.3(0.28)
Y | Bror  *

® momentum spread.: ; <+/-1.00 10 (0.36 10 )
0

.. _ A p -3 _6
® momentum deviation: ; <+/-2.00 10 (0.5 10 )
0
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Specification Criteria

O resonances and beam stability:

B AQ<+/-5.0 1_(3)’ and 0<A C'Q < 2:

@ Q' =+-10 (+/-2:0 10 )

@ Q''=-05 10 <->+30 *10 (-4.0° 10 <->+4D 10 )

o gg =+-70 10 M (+/-80 *0'm )(AQ =210 at6)
93°Q _ i 6y 1 o3
® op- 70 1D M (+/-15:0 °10*m YAQ =210 at 6)

(5p = éhax—bucket )
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Specification Criteria

\ - /./‘

(O 100000 turn dynamic aperture without linear imperfections:

Bl DA >11.50 for minimum DA (resolution of +/— 0.5)
(100000 turns

2
mmm the specification of MB field errors via the DA is based on:

experience shows that DA .~ (20 min)D'e‘non-Iin

— > @ keep the error table 9901 as a reference

® select the field component to be studied and increase its
reference value until the effect on the DA Is more thea 0.5

@ concerning the field errors for which a dedicated correction
circult exists scale the corrector circuit but allow for +/— 10¢

+/— 20% correction error
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Specification Criteria

(O corrector strength:

B assure sufficient corrector strength for all LHC operation modes

H

® injection optics at 7TeV

® collision optics at 7TeV
assuming different combinations and phase advances betwe
different sets of high luminosity insertions

@ ultimate performance with 2 insertions \/\4]1’}1 = 0.25 meter
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Correction Circuits

Schematic layeut of ene LHC cell (23 perieds per arc)

106.90 m

B - -[FEEEEEIEI g5 PR e
.l______M'?_B____|_|____MBA___I_____MP_B____f
o 8 6 8 8
(04 0 = 0 s
> = =
5
=
5
=
MQT: trim quadrupole MCS: spool piece sextupole
MQS: skew trim quadrupole MCDO: spool piece octupole + decapole

MO: lattice octupole

MSCB: sextupole (skew sextupole) + orbit corrector
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Alignment Errors

O feed down of multipole errors I:

B SSS

feed down errors must be smaller then main dipole field errors

(B—beat due to orbit errors in the SSS sextupoles is equal to
the B—beat due random b errors of the main dipole magnets)

— > @ rms closed orbit = 0.4mm [0.5mm/0.25mm (QF/QD)]

® 0.5mrad rms roll error of main quadrupole magnets

® 0.43mm rms alignment error of lattice sextupole magne
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Alignment Errors

<
O feed down of multipole errors IlI:

B spool piece alignment:

feed down errors must be smaller then main dipole field errors

B—beat due to sextupole spool piece alignment errors is equal

the 3 —beat due random b errors of the main dipole magnets)

watch out for feed down errors without corrector elements!

—> @ 0.5mm rms tolerance for random alignment errors

® 0.1mm tolerance for systematic alignment errors
[resolution of alignment measurements]
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MB Alignment

b4
b5 - MB bs 0.3 mm peak

Mo.l mm rms)

| s

beam axis

~
~
~
~
~
~
~
~
~
~
~
~
~
~

> Spool piece alignment error has contributions from MB pitcl

> alignment strategy for magnets in LHC tunnel?

= field quality specifications depend on the alignment tolerdr
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Summary

B hard limits on the dipole field quality:

® b,3: limited by available corrector strength

— palance between MB and MQ contributions

® b limited by[3 — beat
—— = MB specification depends on other sources
for B —beat
® a: limited by available corrector strength

® Db , 3 : limited by available corrector strength at top energy
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Summary

- i

B ’soft’ limits on the dipole field quality:

® b,3: limited by acceptable tune spread and Dynamic Apertt

—> no correction circuit for,a field errors!

® b : limited by non-linear chromaticity and Dynamic ApeéL

® b : limited by Dynamic Aperture

® b ,3 : limted by Dynamic Aperture
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Multipole Error for 9901: Definitions

Qxapes of errors:

B ’'systematic’:

EEE ’'uncertainty’:

mm ‘random’:
() error sources:

B ‘geometry’:

B ’'persistent’:

B ramp’

average error over all magnet
average error over one ar

random component (truncated Gaussiam / 3

magnet geometry + saturation + screel

persistent currents in the magnet cabl

ramp induced errors
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Total Multipole Error

T—TL

Bl total multipole error in the magnets:

a2 =a2gM + az2pM + aZtM% -vazgﬁ + aZpEJ + a2il

tot

+

S mixing of magnets from different manufacturers per octant

- the concept of uncertainty is no longer fully applie

specifications must define limits for both random and systematic erro

persistent current field error decay:

dynamic effects of the field errors impose additional constraints on th
machine operation!
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Summary

B detailed field error specification depends on sharing between diffe
error sources
B slightly different specification criteria for injection and collision optic

B slightly different specification criteria for systematic and random er

B specification of the allowed range for systematic and uncertainty

— detailed specification in LHC Project Report 501

——> presentation by Stephane Fartoukh
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Harmonics InJecjclon IIlJeCjCIOIl COHI.SIOD Systematic |Uncertainty| Random Criteria
ap & b optics optics optics (max. value)|(max. value) (r.m.s) used
" 1450 GeV)|(end of ramp)| (7 TeV) ' ' o
by X X X None ‘ 6.5 8.0 Closed orbit and
ay (including 6.5 (averaged MCB strength
dipole roll) . 8 s per arc cell) 8.0 at 7 TeV
X 0.7 [-beating
b2 X 14 08 0.8 and IP phasing
X 1.9 Vertical dispersion,
as X 0.9 2.3 linear coupling and
X 1.6 MQS strength at 7 TeV
o 10.7 (including the 14 by feed-down at injection,
b3 » bias due to 1.8 off-momentum [3-beating,
uncertainty) ' MCS strength at 7 TeV
Chromatic coupling
as X X 1.5 0.7 inducing Q" and
MSS strength at 7 TeV
+0.2 (from DA and Q" at injection,
ba X " || Table 9901) 04 05 MCO strength at 7 TeV
ay X 0.2 ngléf;ggi) DA at injection
b X 1.1 (lﬁf;;lcggeg ttile 0.5 DA and Q" at injection,
5 X 0.8 ; 0.4 MCD strength at 7 TeV
uncertainty)
as » 04 0.4 (from Off-momentum DA
' Table 9901) at injection
b X ~0.3 < (b7) < 0.1 02 (from DA at injection
7 7 Table 9901) /
ag, bg, a7 and
higher order X OK with the Error Table 9901 DA at injection

multipoles

Table 15: Specifications for the dipole field quality at injection, end of ramp and in collision

(an and b, given in units of 10~* relative field error at a reference radius R,y = 17 mm).
60



