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Introduction e § Problem situation

Problem situation

1 Sextupole magnet
m Protons with a momentum of 20 GeV/c in a ring 107 Quadrupale magnet
i . Bending magnet
with circumference of 1000m 5
e °”
m Normalized beam emittance €, = 2.0um < -5
7107
m Chromaticity corrected to O by thin sextupole ~151
magnets
& -20
0 10 20 30 40
Z/m

Beam injected with a horizontal error of Ax = 1mm
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Introduction e § Matched and Unmatched beam definitions

Matched beam

m Normalized beam distribution has to be 20107
statistically invariant under rotation

m RMS emittance computed with the correlation
matrix:

Pa

erars = \/ (x2) (x2) — (xx)?

—2x107*

—0.015 -0.01 —0.005 0 0.005 001 0.015
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Introduction e § Matched and Unmatched beam definitions

Unmatched Beam

m Broke rotation invariance

m Injection transverse errors :

m Error in septum angle
m Non perfect closure of the closed orbit bump
m Steering errors from previous accelerator

— Leads to emittance blow-up through filamentation
due to the non-linear effects (detuning with amplitude)

m Plot of the horizontal beam phase space at every turn
at a fixed position — Not observing filamentation as
quadrupolar error is not strong enough
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Preliminary studies

Preliminary studies
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Preliminary studies ® § Dynamical aperture

Dynamical aperture study

104 e o
m Study of the dynamical aperture to assess e . ‘ . 2400
stability of beam 81e o c o
° 5200
o o L] L4 °
T . 6 ° o £
m Generate a polar distribution of particles and © ° e, ° . ° 2
. —_ [ ] [ ] ®
track it for 5000 turns. < deee, e e . Sooog
[ Y ° [ L Y ° [ ]
.. . *. ° ° ° 4800
m Very good stability for the first 1000s turns 2{ %%, °. o ° . e
% o e © °
\ * ¢ ° 4600
o4 e o [ ] L] o [ ] [ ] [ ] [ ]
0 2 4 6 8 10
Aol
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Preliminary studies ® § Number of simulated particles

Choosing the number of particles

To fix the number of simulated particles: +08] - :;
1.04
m Start with a matched Gaussian distribution 1.027 |
5 100 ‘I MW\ Nh”ﬂ ”1*"1 wf'f‘A‘M{" My Wik
“% w J J‘ |#u {\"nfl{vll Nr“h"“-‘ \’W 'rn lf\h'
m Vary the number of particles and compute the Y 0081 |
ratio between beam and target emittance }\
0.96
r= Wﬂgbeam/en,target 0.94
S 0 10000 20000 30000 40000 50000
m Number of particles is chosen when convergence Number of particles

is achieved, here N = 10'000
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Preliminary studies ® § Number of simulated particles

Injection error from initial
horizontal displacement
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Beam oscillations from horizontal displacement e § Beam centroid oscillation

Horizontal displacement effect on the beam centroid (1)

. . 1.54
m Displaced initial beam by Ax = 1mm —
g 1.01
m Plotted horizontal beam centroid at every turn  § o5
=
&g 0.0
m Oscillations of beam centroid with envelope _g-
modulation 5 %]
S
C —-1.01
g J
m Small beta beating due to small 151
quadrupolar component S 5 " P P o0

Number of turns
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Beam oscillations from horizontal displacement e § Beam centroid oscillation

Horizontal displacement effect on the beam centroid (2)

0.8
m Doing a FFT of the centroid position oscillation 071
over 2000 turns =
0.6
)
o) 0.5
m Frequency of centroid oscillation at the fractional S 04
tune : 1 — Qx wiss = 0.196 =7
g-o._%«
i B 0.2
m Quadrupolar component too small to be seen in &
the spectra with initial displacement of Ax = Imm %] t
0.0
0.0 01 02 03 0.4 05

Fractional tune
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Beam oscillations from horizontal displacement e § Beam centroid oscillation

Horizontal displacement effect on the beam centroid (3)

8<
m Increased displacement to Ax = 5mm 7]
£°
m Doing a FFT of the centroid position oscillation 25
over 2000 turns °
35 44
=
a3<
m Frequency of centroid oscillation at the fractional % , ]
tune : 1 — Qx wiss = 0.196 E
1<
| N A
m Quadrupolar component still too small to be oo o1 o5 o3 o7 o5
seen in the spectra Fractional tune
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Beam oscillations from horizontal displacement e § Emittance evolution

Horizontal displacement effect on evolution of emittance

m Mismatches at injection creates emittance
growth

m Plot of the evolution of horizontal emittance
per number of turns

m 80% of emittance increase in less than 100 turns

A. Sauret, J. Avila-Pulido, B. Rodriguez
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Beam oscillations from horizontal displacement e § Emittance evolution

Horizontal displacement effect on evolution of beam

envelope
300
500%™ turn
. . . 2501 injection
m Errors introduced by horizontal displacement Ax
2001
-
m Plot of the initial beam profile and after 500 turns % 150
&)
m Emittance growth clearly observable from beam 100
profile 50
0

20 -15 -10 -5 0 5 10 15
X position [mm]
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Beam oscillations from horizontal displacement e § Emittance evolution

Injection errors with initial
mismatched beam

November 19, 2024



Beam oscillations from Twiss parameters mismatch e § Mismatching the beam

Mismatching the beam

0.0004

* e matched

0.0003 - mismatched

m Initialize mismatched beam with centered 0.0002 1
distribution 0.0001

0.0000 -

PX

m Mismatched twiss function by rotation in
phase space of —50mrad

—0.0001 4

-0.0002 4

—0.0003

—0.0004 . . ; . . . . .
-10.0 -7.5 -5.0 -25 00 25 50 75 10.0
X [mm]
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Beam oscillations from Twiss parameters mismatch e § Beam centroid oscillation

Beam centroid oscillation (1)

0.06
m Oscillation with 0.04 1
modulated amplitude as for the horizontal
displacement case '€ 0024
E
5 0.00
m Modulation of amplitude higher than for £
horizontal displacement case 5 -0.021
~0.04 |J
m Expect to see two harmonics in FFT
~0.06

0 20 40 60 80 100
Number of turns
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Beam oscillations from Twiss parameters mismatch e § Beam centroid oscillation

Beam centroid oscillation (2)

0.025 4
0.020 1
m FFT of horizontal beam centroid position
[
E 0.015 4
m [-beating oscillations at twice the E— 0010 |
frequency of centroid oscillations <
0.005 1
I ) G B

-0.4 -0.2 0.0 0.2 0.4
Frequency spectrum of Xcentroid
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Beam oscillations from Twiss parameters mismatch e § [3-beating

[£-beating

14001
1200
m Oscillations can also be seen on the Sy 1000 ]
function of the particle distribution — H
£ 500
-
. . 2 600 | b U
m Computed from the correlation matrix
of the beam 4001
200
04

0 20 40 60 80 100
Number of turns

A. Sauret, J. Avila-Pulido, B. Rodriguez Mateos November 19, 2024 15 / 25



Beam oscillations from Twiss parameters mismatch e § (-beating

p-beating (2)

m Oscillations can also be seen on the 3, function 2009
of the particle distribution
2000 1
)]
m Frequency of oscillation at twice the tune S 1500
(the beam centroid oscillation frequency) =
£ 10001
<
m For a quadrupole field (gradient) error at So [2]: |
Ap < Bm — Bo  AkLBycos (2mQ — 2|u(s)

(s) = = . 1
s Bo 2sin (27Q) -04  -02 0.0 02 0.4
. Beta-beating frequency
Ak the gradient error, L the length of the

magnet, @ the tune, p the phase advance.
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Beam oscillations from Twiss parameters mismatch e § (-beating

£ quadrupole strength error
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Beam oscillations from Twiss parameters mismatch e § Beam oscillations from quadrupole strength error

Beam injection Oscillations due to quadrupole strength

error (1)
m Start with matched beam but introduce an 1001 EET
error k = 0.001m~? to quadrupole strength 901
—. 801
m Similar centroid oscillations as for beam mismatch % 704 A A A A A A A A “ A A n
with dipolar and quadrupolar errors & o)
50
40
0 200 400 600 800 1000

s[m]
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Beam oscillations from Twiss parameters mismatch e § Beam oscillations from quadrupole strength error

Increasing the sextupole strength

A. Sauret, J. Avila-Pulido, B. November 19, 2024



Increasing the non-linearities

Increasing sextupole strength

m To be able to see more filamentation, increased
sextupole strength

m Increase in feed-down quadrupolar error in
sextupoles

m Plot of the horizontal centroid of the beam at fixed
point in the lattice in function of the number of
turns

X [m]

Number of turns
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Increasing the non-linearities

Increasing even more sextupole strength

m Increased even more the sextupole strength 0006
0.004

m Plot of the horizontal centroid of the beam at fixed 0002
point in the lattice in function of the number of g 0
turns 0002
—0.004

-0.006

—-0.008 il

0 100 200 300 400

Number of turns
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Increasing the non-linearities

FFT of centroid oscillation
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Increasing the non-linearities

Unmatched beam evolution with stronger sextupolar
strength

0.0004
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0.0002
A3

0.0001 «

x P 4

0.0000 1 - *
Q o e
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Conclusion
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Conclusion

Conclusion

Observed beam injection oscillations in multiple cases:

m Horizontal displacement error Ax = Imm and Ax = 5mm

m Mismatch in twiss parameters between beam and lattice at injection

m Increasing the non linearities by ramping up the sextupoles strength for an
initial horizontal displacement
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Thank you for your attention
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Appendix e § Emittance evolution

Evolution of emittance due to a mismatched beam

0.00000 ~
m See an emittance growth as for horizontal beam
displacement error ~0.00005 {
o
Rl
. . . X —0.00010
m Plot of the relative evolution of emittance Ae <
w.r.t initial emittance ¢
—0.000151
m Oscillation frequency = 2Q, (beam envelope ~0.00020
oscillation) 0 200 400 600 800 1000

Number of turns
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Appendix e § Emittance evolution

Impact of transverse errors

m Dipole error: Deflection of the beam from the ideal path. A field error at s,
deflects the beam an angle 6. In the x-plane, the displacement of the beam center
line is:

Ax = M0

with M the transformation matrix from s, to s,,.

m Quadrupole field error:
m (-beat: Variation of the betatron function around the ring .

For a quadrupole field (gradient) error at Sp [2]:
M(s) _ Bm—Po _ AkLfcos (27 Q — 2|u(s) — pol)
B Bo 2sin (27Q) ’
Ak the gradient error, L the length of the magnet, @ the tune, i the phase advance.

A. Sauret, J. Avila-Pulido, B. Rodriguez November 19, 2024 25 /25




	Introduction
	Problem situation
	Matched and Unmatched beam definitions

	Preliminary studies
	Dynamical aperture
	Number of simulated particles

	Beam oscillations from horizontal displacement
	Beam centroid oscillation
	Emittance evolution

	Beam oscillations from Twiss parameters mismatch
	Mismatching the beam
	Beam centroid oscillation
	-beating
	Beam oscillations from quadrupole strength error

	Increasing the non-linearities
	Conclusion
	Bibliography
	Appendix
	Emittance evolution


	anm2: 
	2.299: 
	2.298: 
	2.297: 
	2.296: 
	2.295: 
	2.294: 
	2.293: 
	2.292: 
	2.291: 
	2.290: 
	2.289: 
	2.288: 
	2.287: 
	2.286: 
	2.285: 
	2.284: 
	2.283: 
	2.282: 
	2.281: 
	2.280: 
	2.279: 
	2.278: 
	2.277: 
	2.276: 
	2.275: 
	2.274: 
	2.273: 
	2.272: 
	2.271: 
	2.270: 
	2.269: 
	2.268: 
	2.267: 
	2.266: 
	2.265: 
	2.264: 
	2.263: 
	2.262: 
	2.261: 
	2.260: 
	2.259: 
	2.258: 
	2.257: 
	2.256: 
	2.255: 
	2.254: 
	2.253: 
	2.252: 
	2.251: 
	2.250: 
	2.249: 
	2.248: 
	2.247: 
	2.246: 
	2.245: 
	2.244: 
	2.243: 
	2.242: 
	2.241: 
	2.240: 
	2.239: 
	2.238: 
	2.237: 
	2.236: 
	2.235: 
	2.234: 
	2.233: 
	2.232: 
	2.231: 
	2.230: 
	2.229: 
	2.228: 
	2.227: 
	2.226: 
	2.225: 
	2.224: 
	2.223: 
	2.222: 
	2.221: 
	2.220: 
	2.219: 
	2.218: 
	2.217: 
	2.216: 
	2.215: 
	2.214: 
	2.213: 
	2.212: 
	2.211: 
	2.210: 
	2.209: 
	2.208: 
	2.207: 
	2.206: 
	2.205: 
	2.204: 
	2.203: 
	2.202: 
	2.201: 
	2.200: 
	2.199: 
	2.198: 
	2.197: 
	2.196: 
	2.195: 
	2.194: 
	2.193: 
	2.192: 
	2.191: 
	2.190: 
	2.189: 
	2.188: 
	2.187: 
	2.186: 
	2.185: 
	2.184: 
	2.183: 
	2.182: 
	2.181: 
	2.180: 
	2.179: 
	2.178: 
	2.177: 
	2.176: 
	2.175: 
	2.174: 
	2.173: 
	2.172: 
	2.171: 
	2.170: 
	2.169: 
	2.168: 
	2.167: 
	2.166: 
	2.165: 
	2.164: 
	2.163: 
	2.162: 
	2.161: 
	2.160: 
	2.159: 
	2.158: 
	2.157: 
	2.156: 
	2.155: 
	2.154: 
	2.153: 
	2.152: 
	2.151: 
	2.150: 
	2.149: 
	2.148: 
	2.147: 
	2.146: 
	2.145: 
	2.144: 
	2.143: 
	2.142: 
	2.141: 
	2.140: 
	2.139: 
	2.138: 
	2.137: 
	2.136: 
	2.135: 
	2.134: 
	2.133: 
	2.132: 
	2.131: 
	2.130: 
	2.129: 
	2.128: 
	2.127: 
	2.126: 
	2.125: 
	2.124: 
	2.123: 
	2.122: 
	2.121: 
	2.120: 
	2.119: 
	2.118: 
	2.117: 
	2.116: 
	2.115: 
	2.114: 
	2.113: 
	2.112: 
	2.111: 
	2.110: 
	2.109: 
	2.108: 
	2.107: 
	2.106: 
	2.105: 
	2.104: 
	2.103: 
	2.102: 
	2.101: 
	2.100: 
	2.99: 
	2.98: 
	2.97: 
	2.96: 
	2.95: 
	2.94: 
	2.93: 
	2.92: 
	2.91: 
	2.90: 
	2.89: 
	2.88: 
	2.87: 
	2.86: 
	2.85: 
	2.84: 
	2.83: 
	2.82: 
	2.81: 
	2.80: 
	2.79: 
	2.78: 
	2.77: 
	2.76: 
	2.75: 
	2.74: 
	2.73: 
	2.72: 
	2.71: 
	2.70: 
	2.69: 
	2.68: 
	2.67: 
	2.66: 
	2.65: 
	2.64: 
	2.63: 
	2.62: 
	2.61: 
	2.60: 
	2.59: 
	2.58: 
	2.57: 
	2.56: 
	2.55: 
	2.54: 
	2.53: 
	2.52: 
	2.51: 
	2.50: 
	2.49: 
	2.48: 
	2.47: 
	2.46: 
	2.45: 
	2.44: 
	2.43: 
	2.42: 
	2.41: 
	2.40: 
	2.39: 
	2.38: 
	2.37: 
	2.36: 
	2.35: 
	2.34: 
	2.33: 
	2.32: 
	2.31: 
	2.30: 
	2.29: 
	2.28: 
	2.27: 
	2.26: 
	2.25: 
	2.24: 
	2.23: 
	2.22: 
	2.21: 
	2.20: 
	2.19: 
	2.18: 
	2.17: 
	2.16: 
	2.15: 
	2.14: 
	2.13: 
	2.12: 
	2.11: 
	2.10: 
	2.9: 
	2.8: 
	2.7: 
	2.6: 
	2.5: 
	2.4: 
	2.3: 
	2.2: 
	2.1: 
	2.0: 
	anm1: 
	1.29: 
	1.28: 
	1.27: 
	1.26: 
	1.25: 
	1.24: 
	1.23: 
	1.22: 
	1.21: 
	1.20: 
	1.19: 
	1.18: 
	1.17: 
	1.16: 
	1.15: 
	1.14: 
	1.13: 
	1.12: 
	1.11: 
	1.10: 
	1.9: 
	1.8: 
	1.7: 
	1.6: 
	1.5: 
	1.4: 
	1.3: 
	1.2: 
	1.1: 
	1.0: 
	anm0: 
	0.9: 
	0.8: 
	0.7: 
	0.6: 
	0.5: 
	0.4: 
	0.3: 
	0.2: 
	0.1: 
	0.0: 


