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Motivation

 HL-LHC project relies on large aperture quadrupoles = the beam is more sensitive
to non-linear perturbations like those induced by the fringe fields.

* The spatial extension of these fringe fields increases as well ( £ linearly with coil
aperture)

= The total effect on amplitude detuning and chromaticity as been estimated
(A. V. Bogomyagkov et al, WEPEA049, IPAC’13).
Although the effect of the fringe fields is small, the effect on the long-term beam
dynamics should be evaluated via tracking simulations:
= implementation of fringe fields effect in SixTrack.
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Main ingredients of the method

1. Symplectic integrator for a z-dependent Hamiltonian = to study the long-term
stability using SixTrack

2. 3D magnetic field map including fringe fields = in order to have a detailed
description as possible

Several integrators and field map representations can be found in literature.
In particular we are considering the method developed by M. Venturini and

A.J. Dragt

= it seems to be the most comprehensive,
from map computation (MARYLIE’'s GENMAP routine ) to long-term
tracking (CTRACK)

—> already applied to LHC high-gradient quadrupoles

References:
1. M. Venturini, A.J. Dragt, NIM A 427, p.387,1999
2. M. Venturini, D. Abell and A. Dragt, “Map computation from magnetic field data and application
to the LHC high-gradient quadrupoles”
i 3. M. Venturini, PhD Thesis (1998)
@t&“&i”“‘“‘ 4. A.). Dragt, www.physics.umd.edu/dsat
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Symplectic integrator of z-dependent

Hamiltonian
9 9
. i ~ (pe—ar)” Py —ay)”
Klx.p..y.py. 000 2. m.: = —0 + — |+ — — — > + P~
‘L[I_p:c.y.py. , Ly .p@.g] 2(1—|—O) 2<1_|_0) Az T Pz
qAx(x,y,2) qAy(x,y,2) qAz(x,y.z).

© ay = ax(xy,z) = Poc '’ ay = ay(x,y,2) = Poc a4z = az(%,,2) = Poc '’

o istheindependent variable with do = dz
* (z,pz) is the fourth canonical pairs, needed to have the explicit dependence on z

The solution of the equation of motion (Transfer Map) for this Hamiltonian is
obtained by splitting the Hamiltonian into several parts and by using a second order

symplectic integrator:
Ma(Ac) = exp(: —"—A..‘T‘TKl Deaxp(: —QTJI{Q Deap(: —%’Kg )
exrp(: —Ac Ky :)exp(: —47“’}'{3 Dexp(: —ATUI{Q Dexp(: =57 K :)
= M(Ac) + O((Ac)?)
where K = K; + K, + K3 + K,

Reference:
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Application

* Ki=p,—9
° KZ = —az
. . _ ((px—ax)?
IfA,, A, and A, are non zero and K split as: K3 = ( 2(1+8) )

e K, = —(py—ay)z
4 2(1+6)
The second order integrator writes
Mo (Ac) = eap(: _g (p. —0) exp(: AJQH Dexp(: — [ apda ewp(: — _ &0 2%?36) )

exp(: [ aydr exp(: — [ aydy erp(: —Ac }(H)é) exp(: faydu Dexp(: — [agdx )

expl: _&2“ (2((}11)5)) Dexp(: [agdr exp(: 2 =7a. t)exrp(: _T > (p2—0) 1)

2(1+44)

using exp(: —AocKy 1) = exp(: —Aco (—*——"’"’—”' ]2) 1)
=exp (: — | a,dy ) exp ( — Ao )(|’]’ 3) ) exrp (: [ a,dy :)

—>The number of iterations needed can be reduced choosing a Gauge
transformation, so that A,=0 or A =0
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Application

+ K= pz -9
« K,=
. . _ (Px_ax)
If A, A,and A, are non zero and K split as: Ky = ( 2(1+68) )

(py—ay)
© Ky _<23£1+§))

The second order integrator writes

: (el Explicit dependence on z
using exp(: —AcKy 1) = exp(: —Aco (%{1—:()—) )

= exp (: — [ a,dy ) exp ( — Ao )(lll’ :) ) exrp (: [ a,dy :)

—>The number of iterations needed can be reduced choosing a Gauge
transformation, so that A,=0 or A =0
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Transfer map

The seconds half iterations for K;, K, and K; are missing in the table.
Kl

A 2
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A da da
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y T
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20 [ Xy — X4 _
py + ay > ay X + ay X ay +ay
| Ao _ ()*Ac _ (y)* Ao
2 4(1 + 0)2 2(1 + 6)2
0
, N Ao
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Particular case: ideal quadrupole

[ ] ax -
e . = Test case only = we found the interleaved
Y g, 2 2 drift and kick of the thin lens approx.
+ 4, =2 —y?)
K K, K, K, K, K, K
AO_ gg 2 2 _E (px)z _ (py)z _A_O- (px)z Eg ) _E -~
. —7 P27 0) 221+08) | 20 +0)| 220+8) | 22" V)| Tz #0)
pxAo N p Ao

X 2(1+9) 2(1+9)

Ao Ao
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pyAc
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Ao Ao
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Computation of the vector potential in

cartesian coordinates

The three components of the quadrupole vector potential can

be written as expansions of normal (s) and skew (c ) multipoles

Each of the multipole can be expanded in terms of

homogenous polynomials in x,y and z-dependent coefficients

Cm’a[n] (z) (called generalized gradients)

A, = i Ams _ gmee

‘.-' N ‘.. qul,r’
m=1
1 = L) , . I
;—'1’;"” - {C (, + ”f m : [ H—l]{ ) (J, 1y )
- - | m ¥
C = (Re, Jm) m ; 2= I+ m) -
if a=s— NRe;
. ~ 1 L) . ol
if o=c - C=0m | qgmo — ___ )™ 2 ORIy (2 1 g2
A p y Cl(x +iy) 2”” f—l—m = {.,](.: +y )
1 > D) m! (2L +m) N o\
Ama 4 m E r (1[-!] ) (2 + 02
z .'H I ”’r} — 2. ‘;_._ IH)T m.rl{ ) (’ Y )
References:

A. ). Dragt, www.physics.umd.edu/dsat
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The generalized gradients

The z-dependent coefficients can be calculated using the multipoles expansion of the
magnetic field:

Il-u.f I m+7—1

)”’IH'\E n,/ . m ARm:m’Uwa}

¢ F[::]” 8 ( z) = Bm (eru."y,n.-r's* ;']l“,‘{‘

where: I, (U?) is the derivative of the modified Bessel function

Bm (R.k) =

|
Vor / e ¥ B (R, z)dz

B, (R, . ) Z B, (R, z)sin(mo) + A (R, 2) cos(mo)

The error in the computation of these coefficients gives the accuracy on the transfer
map. Venturini & Dragt have a relative error of 10 for the coefficients corresponding to
the low multipoles (C,) and of 10 for the higher ones (C).
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The harmonic analysis
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Interpolation methods and errors evaluation

£ = 75500000, varying-dxdydz

OV B2 - B4

Minimum and maximum _ g [ MeieeBu
. . i = 10°
relative error in the . 2 e
computation of the o g 100
BogE
harmonics studied using . £ E
two interpOIation 0z o 1 1s > 25 3 35 4 45 s
methods of an analytical 7 .. . . | , S dupazinn
field with a Gaussian z #lmi " aliee-am A
. 10 HE| B2 - B4
modulation. g |,
E 10
. . . . 2 10°
With both interpolators studied the 14t harmonic = § .
can be computed with a precision of about 103 o
unless we do not consider a grid step of 1 mm. ooz B 3 85 s s
Grid step dx=d:.-=<:!z [mmj)
The Hermite Spline Interpolator gives better e cormemeeeedE
. ; QWi B2 -B14 |
results for the low harmonics. , T e
The relative error on the 2" harmonic increases 3
. . E
from 10°® to 10 when the field amplitude RS
decreases = we cannot use very low field values . . .
S
i ici © sl L —
with good precision. Q‘O% ol L1
\(;\(\ Grid step dx=dy=dz {mm)
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First computation of the gradient C,

|k.4 ﬂm"'"_l

il (s / B (Ranatysis. Kk
mﬂ_h( )= 2’””?'\/2_"1' m ;‘Rmmfuw*:) Har ! )

gmin—1 0| ' ' : ' ' ' ' ' |

* The kernel - acts as a low pass
I m(kRanalysis) a0 F v K
filter = insensitivity to noise 40 t !
_ ! ;
z -0 H ¢
* integration not trivial E 4 ‘* H
\ /
100 } :
L4 ]
# N

* need to study a method for it :m ]
(Venturini used a Filon-type integral, ol k J Bf’éi :
a clear reference does not exist) 08 06 04 0 S 0i 0
7 |m]
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Conclusion & Outlook

To study the effect of the fringe fields on the long-term beam dynamics via tracking
simulations = a model of the fringe fields region in SixTrack is needed.

A second order symplectic integrator for z-dependent Hamiltonian has been
studied = details of the SixTrack dimensions still need to be fixed

The calculation of the transfer maps from 3D magnetic field data follows the
method proposed by Venturini & Dragt:

= study of harmonics analysis accuracy (almost done)
new magnetic field may be map required

—> generalized gradients computation and errors evaluation

= tracking simulations
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HL-LHC prototype

QXF: Return end (Symmetric)
z=[0,500] mm: Magnetic yoke and pad
z=[500,680] mm: Magnetic yoke, non-magnetic pad

Data provided

Bx, By, Bz in a Cartesian grid:

- x=0:3:75mm

- y=0:3:75mm

- z=300:5:700 (file z700) and z = 700:1100 (file z1100)

By @ x =51, y=0 .=
Exam D le.. MQXFC_3D_fringefidd_z700_150213.matrf
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