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Outline

* Ground motion and alignment tolerances for
the IT/D1 area:

 short term (<10 s) effects on ground motion
« BPM tolerances for orbit correction
* review of corrector strength for (long term)

misalighment correction

* Tolerances on powering of the IT

——

31 Joint I:IiLumi LHC-LARP Meeting, Daresbury Laboratory, 13.11.2013 2




Ground motion and alighment
tolerances

—
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Short term effect of ground motion (1)

Ground motion model used for simulations:

Real spectrum for short time scales (<1min) [1]: 4..10

1e-12

CMS: measurement [1] 1e-14 '
Annecy: measurement [2] T 1ede

model A/E/C: ground motion =
models [3] £ le-18
model B10 (black): model B with g 1e20
10x more noise for the 1e-22
range >2 Hz (D. Schulte) 1e-24
1e-26
0.1 1 10
ATL law for long time scales (>1min) [4]: f [Hz]

(dY?) = ATL, A =107 ym?/(sm)
with T=time interval between measurements, L=distance between measurement points

[1] A. Kuzmin, Technical Report EDMS Nr. 1027459, CERN, 2009
[2] B. Bolzon, PhD Thesis, Université de Savoie, 2007

te [4] V. Shiltsev, PRSTAB 13, 094801 (2010) y
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Short term effect of ground motion (2)

Simulation results: == nom. LHC, 4 TeV, B*=60 cm = = HLLHCV1.0, 7 TeV, B*=15 cm

1

10

BT et T .| offset at IP
L L e e —1P2y ~ (k1)
—1IP5y ’ . —IP5y v
—IPSy oL —IP8y 1 and

6 [pm]

P et
45

Ephunc=1.6 UM

€, pc=2.5 um

6*
nom.

(k ’ l)nom. Z (k ’ Z)HLLHC
=) similar effects for

nominal LHC than

i | HL-LHC
107 107 10° 10' 10°
time [s]
luminosity loss 5 -
(0/2) ( dy )]
~ exp |— — | —
P 0*% cos? ¢ + 02 sin® ¢ 20,
and

> BHLLHC

| =) larger effect for HL-LHC than nominal LHC
= effect negligible (~102) for time range <10s,
afterwards assumed correction by the orbit feedback

107 0™ 10° 10' 107
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BPM tolerances for orbit correction (1)

BPMs in IT/D1 area used for x-scheme/alignment of the beam

First estimate of required BPM resolution and number/placement by using an idealized
system (results scale linearly with BPM resolution, assumed reference value is +/-0.5 um)

* no field or misalignment errors - — |P5 beam 1

e treatinteraction region as line
(from BPMYC.5L5 to BPMYC.5R5)

* assume that the orbit is corrected up to | wea wia vvaf
BPM resolution (here +/-0.5 um) ! \J. ....... . ..... }}f/ |
at BPMYC.5L5 [*] (=initial condition) and /‘ VfVDZl WC£§ : ~ Bendh
BPMYC.5R5 (=matching constraint end of line) [}~ AN W0 Quad |

Yeshs é f Kick h

* use perturbed BPM readings to match x-scheme Kick v

and record resultingorbit [ et eraees e, B °_BPM
0 100 200 300 400 500

eﬂigh [*] assume thus z=+/- 0.5 um => ) =2%/B => z=(B J,)¥?cos(d,), ’=(J,/B)(sin(d,)+a cos(d,)),

e with J, € [0,).] and ¢, € [0,2n] )
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BPM tolerances for orbit correction (2)

Observables: z, 2’ at IP and z at crab cavities
Comments/Studies:

a) linear system =>z/7’ at IP/crab cavities scales linearly with BPM precision
b) use all BPMs except one to match orbit

= BPMs closest to IP most effective to constraint orbit at IP

250

rms(xlps'xlps,o) 2001

mmm no BPMSQW1*
no BPMSQW1 | 0.180 pm N 1501 s no BPMSO1
no BPMSQ1 0.165 um 3 3 no BPMSQA2
“ 100} =3 no BPMSQB2

no BPMSQA2 0.138 um mm all
no BPMSQB2 0.131 um 50 |

all 0.128 um

0
-06 -04 -0.2 0.0 0.2 0.4 0.6

High
etngneinosity $1P5_mIP5,0 [I“l’m]
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BPM tolerances for orbit correction (3)

b) use all BPMs except one to match orbit (continued)

= BPMs closest to crab cavities most effective to constraint orbit at location of
crab cavities

200 - - - - - - - . ; . . . .
all no BPMWD4*
150} 1| = xacfal5bl
[ xacfbl5b1
£ oo | actesby | 75 beam
[ xacfbrs5bl 3 3
50| 4|3 xacfar5bl o ol N AN TUTiTTYCS
YY: WC4 WD4YY
o} j. ,,,,,, }Jr/ It
0 9-15-1.0-05 00 05 10 15 2¢ '0-15-1.0-0.50.0 0.5 1.0 15 2.0 /q WD4 WC4 ~ Bendh
Teo—Teo0 [1m] Teo—Teo0 [0 'Y'C'_5|_5§ """""" 1 ‘ — (IziLcj:idh
§ Kick v
c) useselectionofBPMs [ s s W
= same performance using only 3x4 BPMs around IP "
(BPMSQW1*,BPMSQ1,BPMSQA?2) and 2x4 around crab cavities
(BPMWD4*,BPMYY4), explicitly no BPMSQB2* (LR bb encounter) and
BPMWC4*
= x2 worse orbit at position of crab cavities using only BPMSQW1*,BPMSQ1*
emnm and BPMWDA4*,BPMYY4* (no BPMSQA2*)

—
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Misalignment correction (1)

Observables: « corrector strength

* maximum orbit in triplet (aperture)

Relative transverse movement of the triplet per year: +/-0.5 mm

= misalighment of the triplet by +/-0.5 mm (uniform distribution) and correction
with the MCBX* (2.5/4.5 Tm) and MCBRD* (8 Tm) correctors

Ql Q2a Q2b Q3 CP D1 SM D2

20 W40 B 6.8 6.8 E 20120 22 mﬂ% 6.7 soe 100 | 1.5

e b s Q: 140 T/m a

m 28] % MCBX:2.1T 2.5/45Tm [

O O = DI: 52T 35Tm /M

= = . S

| LS v B | (RrS N [ RN E il e e 0 (S By bl ke ra el ) T T T o T T T T T ———/—— = S 4= 2

20 30 40 50 60
distance to IP (m) JU .

S
LHC

Correction Schemes:
a) MCBX* and two MCBRD
b) all correctors, but limit strength in MCBRDs

High
Luminosity

For x-scheme:

crossing plane:

MCBX1: 0.4 Tm, MCBX2: 0 Tm
MCBX3: 2.1 Tm, MCBRD: 4.5 Tm
separation plane:

MCBX1: 0.15Tm, MCBX2: 0 Tm
MCBX3: 0.24 Tm, MCBRD: 0.14 Tm

31 Joint I:IiLumi LHC-LARP Meeting, Daresbury Laboratory, 13.11.2013
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Misalignment correction (2)

a) MCBX* and two MCBRDs
= small orbit deviation in triplet (<1.0 mm)

= corrector strength within limits

900

800

700

600

500

count

400
300
200

100

High
Luminosity
LHC
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0.5

1 MCBX2
8 MCBX1
3 MCBX3
s MCBRD

1.0 1.5
strength [Tm]

2.5

abs(z_) [mm]

abs(mm_‘rxing_wmi.s) [mm]

15

1.0

0.5

15

1.0

0.5

0.0

-0.5

-1.0

Bea

1

m1l

| 1 1 1

5 L 1
-2006156100-

50 0 50 100150200

s [m]

T

Bea

1

m1l

T T T

Il Il Il 1

5 | 1
-206156100-

50 0 50 100150200

s [m]

—
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Misalignment correction (3)

a) all correctors, but limit strength in MCBRD (in order to limit orbit in triplet)

= |arger orbit deviation in triplet (<1.5 mm) than for case a) Beam 1

2.0 — T —
= by x2 smaller corrector strength than for case a) 15
1.0
0.5
0.0} R
-0.5+ |
-1.0+ |

T
1

1000 . . , , _ . . .
I MCBX3
B MCBX1
] MCBX2 ||
B MCBRD —Lof 1

2 06156100-50 0 50 100150200
s [m]
20 ———baml
15
1.0
0.5
0.0
-0.5} |
-1.0f |

=15} R

abs(z_) [mm]

800

600

count

T
1

400

T
1

200

abs(zco_‘rxiug_l‘mis) [mm]

0 O I I I I I I I
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 2200156100-50 0 50 100150200
emgh strength [Tm] s [m]

Luminosity
LHC

———
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Tolerances on powering of the IT
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Tolerances on powering of the IT (1)

Summary of results of previous studies:

* Aripple on the current/voltage induces a change in tune, beta-beating, orbit,

chromaticity ... In general the changes in beta-beating, orbit and chromaticity are
negligible, but the induced tune ripple can be non-negligible.

* Experiments at the SPS [1,2] suggest that a tune ripple of 10* is acceptable while
experiences at HERA [3] show that for low frequencies even a tune ripple of 10~
and for high frequencies 10 can lead to significant particle diffusion.

e Experiment [1,2], theory and tracking studies [4,5] show that several ripple
frequencies are much more harmful than a single one.

* Typical ripple frequencies lie between 5-1200 Hz [1,2,3]

[1] X. Altuna et al., CERN SL/91-43 (AP)

[2] W. Fischer, M. Giovannozzi, F. Schmidt, Phys. Rev. E 55, Nr. 3 (1996)
[2] O. S. Briining, F. Willeke, Phys. Rev. Lett. 76, Nr. 20 (1995)

[3] O. S. Briining, Part. Acc. 41, pp. 133-151 (1993)

[4] M. Giovannozzi, W. Scandale, E. Todesco, Phys. Rev. E 57, Nr.3 (1998)

First estimate by calculating the tune ripple induced by a uniformly
e[.ui%m distributed error on the current, which should stay below 10

31 Joint HiLumi LHC-LARP Meeting, Daresbury Laboratory, 13.11.2013
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Tolerances on powering of the IT (2)

Proposed powering scheme HL-LHC:

4th LHC Parameter and

Layout Committee

and Q2b

17.3 kA

3" Joint HiLumi LHC-LARP Meeting, Daresbury Laboratory, 13.11.2013 14



Tolerances on powering of the IT (3)

Simulation using MAD-X, HLLHCV1.0 optics:

e uniformly distributed (independent) errors on current => gradient error:

itok =kmax/(17.3) kmax=0.599599999902e-02

di =1e-06 +/-1 ppm ripple on current
dk1l5 =2*itok*17.3*di*(ranf()-0.5) o o
dkt3l5 = 2*itok*2.0*di* (ranf()-0.5); +/-di uniformly distributed error

kgx1.L5 := kgx10.L5 + dk1I5
kgx2a.L5 := kqx2a0.L5 + dk2I5;
kgx2b.L5 := kgx2b0.L5 + dk2I5 + dkt2bl5;
kgx3.L5 := kgx30.L5 +dk1I5 + dkt3I5;

2Wayds
suliamod

* optics: round (B*=15 cm), flat (B*=7.5/30 cm), sround (B*=10 cm), sflat (B*=5.0/20 cm)

3rd Joint HiLumi LHC-LARP Meeting, Daresbury Laboratory, 13.11.2013 15



Tolerances on powering of the IT (4)

* linear dependence on relative current error

(note: AQ = ﬁ fﬂ(s)Ak(s)ds)

e almost no effect from trims for Q3 and Q2b
* dependence on B*: apply +/- 1.0 ppm current ripple

0= f 0

1000 l Bealml l

800 |

_ 600} | [ sflat
c [ sround
3
o mm flat
Y 400t 1
[ round
200 |

(Q _QIO) *104

High
eb"f'é " similar result for Q, and beam 2
ﬂu—nE.HC-LARP Meeting, Daresbury Laboratory, 13.11.2013

x1.9

x1.5
x1.25
x1.0

B(s) = B" +

ﬁ*

s)ds and

and

5*

AQior = AQmr1 + AQrs and

alternate xing + anti-sym. triplet

1

Bi -

L]
55,2

————
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Conclusion and open questions
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Conclusion

e Ground motion in IT/D1 area (<10s):
« effect on orbit similar to the LHC (but smaller beam spot size for the HLLHC)
and negligible in the range <10 s

 BPM tolerances:

 orbit at the location of the crab cavities negligible (in the range of 2 um for a
resolution of +/-0.5 um)

« the simplified model used shows that for a luminosity loss <1%, a BPM
resolution of +/-1.25 um would be needed assuming €.=2.0 um, *=0.15 m [*]

« a matching of the IP is also possible with only a subset of BPMs with an
eventual loss in precision (note: same precision for 1x4 BPM less around the IP
and 1x4BPM less around crab cavities)

High . .
etﬁégnosny [*] linear system, thus &, ... =const*(BPM resolution)
—
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Conclusion

* Misalignment Correction:
> Two feasible correction schemes:
a) MCBX*+2 MCBRD correctors: minimization of the orbit in the IT

b)all correctors (MCBX*+4 MCBRD, limit on MCBRD strength): minimization of
corrector strength

* Tolerances on powering of the IT:

 uniformly distributed relative current error of +/-1.0 ppm leads to a tune
ripple of 4.0-8.0x10* depending on the optics

« scaling with beta function according to (1/B,*+1/B,*) and linear scaling with
relative error

High
etnlgmosny
—
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Open questions?

* Ground motion in the IT/D1 area:

* here misalignment = misalignment of the cryostat.
Movement of the magnet inside cryostat?

e BPM tolerances:

 precision (reproducibility of measurements)

during one fill?

 effect of gradient errors?

 effect of longitudinal misalignment of the BPMs (high z’, thus small
longitudinal misalignment results in relatively large difference orbit) and also

the triplet?

* Tolerances on powering of the IT:

« acceptable tune ripple?
« frequencies of ripple?
 if tolerances on ripple turn out to be too tight, possible compensation like in

High
e Il:nnemosny H E RA?

3rd Joint HiLumi LHC-LARP Meeting, Daresbury Laboratory, 13.11.2013
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Ground motion measurements LHC IT

0.8

HLS 1R Dénivelées réLeau Bas
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3
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0.2

-0.2

-0.4

14/11/07

01/06/08

8!
LHC
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e Leveling measurements
once per year during
the winter shutdown
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Simulation method ground motion

Simulation method [3], [4]:

* Ground motion and thus misalignment of the IT is described as a superposition of
sine and cosine like oscillations with the frequency and wavelength given by the 2-d
power spectrum  p(f, k)

* The effect of the misalighment on the closed orbit is calculated by using the orbit
response matrix M:

Lco — M - Lmis

* The effect of the misalighment on the orbit (expressed by the sensitivity
function G(k)) is first calculated for each frequency and wavelength individually

* All waves are assumed to be independent, thus the rms closed orbit offset is given
by:

Uco tot — Z Af Ak G(k) )

[3] A. Sery and O. Napoly, Influence of ground motion on the time evolution of beams in linear colliders, Phys.
Rev. E, 53:5323 (1996)

e?ang.nos.tﬂl J. Pfingstner, Mitigation of ground motion effects via feedback systems for the Compact Linear Collider, PhD
Thesis (2012) . —
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BPM tolerances for orbit correction (1)

° 3 censaliscines TORY  ErEee T e sasas@D s vsom sins D ¢ wo0e I T P oIkt e soniscllDacsss T TP Y Breee Y e hosasd
: : : i : :

o 2 consadiisasess e oo ch cBBbesws s o o cosecdiis ool Bewese = J— wrmss amnding - « RS S veses - . U S—
i ' i i i
: . : H H

° 1 OTSY  TRTRN  Reep Sreee PPN gy B e e

A ~§ ?l e . :> eaea .g :.: e s. - ST ul..e--g

L300 L ) [ e——
- H

-0.2 - - % * - $

.
LR R SR AR . L RN TEPE B
. .

A

10 20 30 0 50 60 70 80
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BPM tolerances for orbit correction (4)

c) use selection of BPMs

= same performance using only BPMSQW1*,BPMSQ1,BPMSQA2 and
BPMWD4*,BPMYY4 (no BPMSQB2*, no BPMWC4%*)

= x2 worse orbit at position of crab cavities using only BPMSQW1*,BPMSQ1* and
BPMWD4*,BPMYY4* (no BPMSQA2*)

200 T

200
1 |mmm xacfal5bl 150} 1| yacfalsb1
[ xacfbl5bl mmm yacfbl5bl
m xacfcl5bl € = yacfcl5bl
1|== xacfcrsb1 § 100 1|z yacfcrsb1
[ xacfbr5bl m yacfbr5bl
1|3 xacfar5b1 50} J|E==3 yacfar5b1

0
05 15-10-0500 05 10 15 2.0 ~2.0-1.5-1.0-0.5 0.0 0.5 10 15 2.0

Teo—Teo0 [14m] Yeo—Yeoo [1m]

= possible to match x-scheme using only BPMSQ1* and BPMYY4*, but worse orbit
at IP and location of crab cavities and a max. orbit excursion of up to 0.45 mm

250 T
200 T
200+
150+ 1| mmm xacfal5bl
1501 [ xacfbl5bl
§ Emm BPMSQL*, BPMYY4* | £ 100 [ xacfcl5bl
8 100l = all § = xacfersbl
3 xacfbr5bl
50 1|2 xacfar5bl
50+
0 0
High -06 -04 -02 00 02 04 06 -2.0-1.5-1.0-0.50.0 05 1.0 15 20
Luminosit
LHC Y Typ5—Trps,0 (1] T o= T o0 [0

—_— ——_
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Misalignment correction (4)

all correctors, but limit the maximum orbit in the triplet

c)

High
Luminosity
LHC

= slightly smaller orbit deviation (<1.1 mm)

= but x2 larger corrector strength than for case b)
(MCBX1<1.5 Tm, MCBX2<2 Tm, MCBX3<1.0 Tm,
MCBRD<0.1 Tm)

count

than for case b)

1200

1000
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600

400

200

0
0.0

0.5
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8 MCBX1

[ MCBX3 [

@ MCBRD

pr—

1.0 1.5
strength [Tm]

2.0

2.5

abs(z_) [mm]

a bs(xm_‘rxiug_zmis) [mm]

=
w
T

=
o
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o
w
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o
o
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|
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w
T
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106-50 0 50 100150200
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m1l

15F

1.0}

0.5}

0.0
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-1.0}

=15}

T

T T T
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—-2061561006-

50 0 50 100150200

s[m]

————
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Misalignment correction (4)

d) only MCBX* and Xp p1-Xip p2=S€P, PX;p ,1-PXp pr=X-angle

20 Beam 1
= smaller orbit in triplet (x <12 mm, y_<1.2 mm) sl A
= but too high corrector strength! 10l |
(MCBX1<14 Tm, MCBX2<10 Tm, MCBX3<3.0 Tm) E 5t .
5000 - . - - - - - E T |
1 MCBX2 8 51 1
I MCBX1 -10F i
4000 I MCBX3 | | ~15} .
BN MCBRD DY I
—-206156100-50 0 50 100150200
s [m]

count

abs(y.) [mm]

3000 T Beam 1

2+ i
2000 . 1L |
ok i

1000 R
-1} i
0 ! | L ! —2 i ]

0 2 4 6 8 10 12 14 1

6 1 1 1 1 1 1 1
-206156100-50 0 50 100150200

i strength [T
e:.iu?r}l]inosity g [ m] S[m]
LHC

———
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Tolerances on powering of the IT (1)

Effect on beta-beating, orbit and chromaticity for round optics
(15 cm B*) and +/-1.0 ppm ripple on current :

Beam 1 Beam 1

: : : : 900 S— S— 900
25} - 800} . 800
700 700
20} .
600 600
2 15] _+ 500 = 500
3 > 2
S S 400 S 400
10} T 300 300
200
5| 200
100 100
] ] 0 0
-0.50-0.25 0.00 0.25 0.50 -0.12-0.08-0.040.00 0.04 0.08 0.12 -20 =10 0 10 20
(B, ~B.0)/ Br0*10° Teo=Teq0 [H10] (dQ, —dQ,,) *10°
max. beta-beating closed orbit IP5, chromaticity
e{gg“himy (complete ring) beam 1
LHC

e —————
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Tolerances on powering of the IT (3)

Simulation setup for MAD-X:

e uniformly distributed ripple on current => gradient ripple:

itok = kmax/(17.3); (kmax=0.599599999902E-02)
di =1e-06; (ripple on current)

dk1l5 =2*itok*17.3*di*(ranf()-0.5); (+/-di uniformly distributed error)

kgx1.L5 := kgx10.L5 +dk1l5;

kgx2a.L5 := kgx2a0.L5 + dk2I5;

kgx2b.L5 kgx2b0.L5 + dk2I5 + dkt2bl5 ;
kgx3.L5 := kgx30.L5 + dk1l5+ dkt3I5;
kgx1.R5 := kgx10.R5 + dki1r5;

kgx2a.R5 kgx2a0.R5 + dk2r5;

kgx2b.R5 := kqgx2b0.R5 + dk2r5 + dkt2br5 ;
kgx3.R5 := kgx30.R5 + dk1r5+ dkt3r5;

* simulation for 10* different seeds

(TYI 104 dwes)
Qwayds sulsamod
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