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Outline

= Introduction

= Computing high-order realistic Taylor transfer maps:
- Measurements/simulations the B-field
- Setting the reference trajectory in dipoles
- Obtaining B-field as smooth functions of X,Y,Z,|

- Integration of equations of motion of the reference particle in the differential
algebraic (DA) framework.

= Super-FRS optics application:
- Fitting the multipole strengths
- Comparison of different approaches

- Separator/Spectrometer mode for different magnetic rigidities

= Summary, outlook
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Ring accelerator
SIS100

* Ring accelerator

Linear accelerator
UNILAC

Rare isotope
production target

100 meters ) )
Antiproton ring "\

HESR

Experimental and
storage ring
CR Ring . Planned facility

|
m|
=
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Motivation

= For high transmission rates and resolution

M
(r); itijrpeedr-FRS large aperture magnets are Low-Energy Specmometor
dares 3 Super-FRS  Eranch #
» Long fringe fields, inhomogeneities due to o Ma
. AN ain ==

mechanical tolerances ; O Separator o=t Branch

= High experimental flexibility leads to wide =
ic fi Production ; '

rangg of the magn_etlc_fleld values | Focusing 1 Target Ring Branch

» Non-linear magnetization and saturation System

effects
o

= The magnetic fields have to be changed Driver
many times a day during experiments Accelerator

= Many magnets with long magnetization
cycles are involved (2 min from 0O to B,,,,,)

» Manual tuning is too time consuming

» Accurate and fast model considering realistic magnetic
fields from measurements or accurate 3D simulations
is required for efficient operation of Super-FRS

Prototype of the 11°
radiation resistant NC dipole
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Steps to extract accurate high order
Taylor transfer maps

1. Measure/simulate the B-field
2. Set the reference trajectory (dipoles)
3. Obtain B-field as smooth functions of X,Y,Z,l

4. Integrate equations of motion in DA framework.
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FEM simulations with CST EMS

Measured magnetization curves

2.0 ] a) b) —— Lower hysteresis branch
1.6 10.0 1 ——— Upper hysteresis branch
1 —— Virgin curve
- 1.2 _ § 7.5 4 f
Q0.8 - - S 5.0
= Lower hysteresis branch <
0.4 4 —— Upper hysteresis branch 2.5
1 —— \irgin curve
Y 0.0 AR | N T T N N T 00 N N ML N M T N T T N
R_I/Z 102 1071 100 10! 102 101 100 10!
X H/103, A/m H/103, A/m

B A
e Accurate geometry
remanence ~_,
.. B,
e Measured virgin curve
_ virgin curve .

g Unlpolar current source

» There is remanent field —H, H. H

« Remanence is not considered
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Benchmarking of simulations with the
measurements
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Excitation curve
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— simulations
- = measurements
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—40 A
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“Missing” remanence in FEM model

0.8380 A
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 1.6025 -

1.6000 A

1.5975

B, along X axis
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—— Simulations
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Criteria to set a reference trajectory
In adipole

= Deflecting angle in the dipole must be PIpole magnet
fixed for all rigidities from 2 to 20 Tm ‘ z
(0,0) refer@r;c@
0 / B, (1) J '-—o/ I
p— S s=0m s=421m
B (Z=-2.1m) (Z=2.1m)
] %

» Reference trajectory must be centered

in a good field region Integral field non-uniformity

for different rigidities

1%}
L

1.5 1.4

1.2
11

=3}
— 0.7

[=]
L

1.0

0.8

— 2.5Tm
— 58Tm
— 17.9Tm
— 192 Tm
— 19.8 Tm

BinY=0 g
forI=575A

0.6

10~ units
I

|
IS
f

0.4

0.2

|
(=]
1

/ — 203Tm \
-0.18 -0.12 -0.06 0.00 0.06 0.12 0.18
X, m

d

0423 usable aperture

»
»
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Fixing R, versus fixing 6,

1
 Effective length L (1) == 575 /Bv(”dS is equal R,8 if Bo=B,R,
S

= 6 drops with L Actual

deflecting
angle

* If Bp # ByR, then L4 Is not informative

= It IS possible to fix 6, by varying Bp(l) or |

 Using B, = Bp/R,0ne gets | Leq(]) = /By )ds = Ro0([)
S

" In optimal case L., = R,6,
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Fixing R, versus fixing 6,
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X, arbitrary units

a)

same curvature,
different angle

Leff < Roeg
—— Leff=RobB0
— Ler>Ro60
hard-edge trajectory

Z, arbitréry units

1 1 1

X, arbitrary units

same angle,
b) : )
different curvature

AX
Bp :BeﬁROE =

Leff < Rgag
— Lefr= Rob0
— Lefr > RoBo
hard-edge trajectory

hard-edge
: border

Z, arbitréry units

\ AX=0.5 mm for the

NC dipole

NC SFRS dipole:

AB(2-20 Tm) = 1 mrad (0.56%86,)
AX = 1.2 cm after stage of 3
dipoles.

SC (9.75°) dipole:
AB(2-20 Tm) = 1.9 mrad (1.1%86,)

Les and L, for NC SFRS dipole.
Leq(l) was adjusted for each Bp to
result in 6,R,

2.415
€ 2410
. ] 0.3%
E Lets
5 ] — L.
q
$ 2.405 -
Q ]
2.400
5 10 15 20

Magnetic rigidity, Tm
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The Differential Algebra D,

Differential Algebraic (DA) vector: Ordered vector with all Taylor
coefficients of an expansion in point x of a real analytic (r.a.) function f
In v variables up to order n.

1, T,
f.g — FG L —* EG T, — extraction of Taylor
coefficients up to order n
+, — ®,e -/ ®,?
f+g Fg G I r 8 aQ DA Is a TPSA with defined operations
“, T T, of derivation d and antiderivation g1
f n F
0, alJ' J 90, 9
1 Compex problems with integrals and
0f, 07 f ——> OoF.03'F L _
Ty derivatives of r.a. functions can be
solved in DA framework using mere
Commuting diagram of the DA structure arithmetics operations
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Surface Integration Helmholtz Method
(SIHM)
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B(F) = V- o(7) + V x A(7)
1 7 (7 )-B(7s) s
o(7) = 2z | == ds, i
02
T 1 7i(7s) X B(7s) e
A(r) = — 1= A ds I
o0 ’
Integration on each Integrands expanded in Resulting B is
surface element using surface and volume harmonic
DA o1 operation coordinates

S. Manikonda, High Order Finite Element Methods to Compute Taylor Transfer Maps, PhD Dissertation, 2006;
M. Berz, Modern Map Methods in Particle Beam Physics, 1999
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 Biot-Savart magnetic field from
. . . ) 1.6
a current wire Conflguratlon. . A% L4
' -I[-)_S ./II’I"'";""*'Q‘“ ‘\“\ 1.0
: s T o
ILlO Idl XTr b"&:‘:":““‘ 0.4
B(r) — J- o Y 0.2
' 3 : 0.0
Are r
y 08,5 19 Zm
2.1 MA lo-4] © FWHM *
C 1 ® Mean °
‘l:Y o - ® Max
28 ‘g 10_5'5 ? o
11.6 mi £ ¢ o
=] K
' 8 107 e
2.2m/ 9 °
/
\ / T
<9.75% L S E——
\ 10~ 103 102
L FWHM of input error distribution
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Obtaining accurate B(X,Y,Z,l) polynomials &

= Using superposition principle and least squares fit, By y »(I) can be
decomposed in

Bo(I) =~ by 4+ b5 (I — Io) + b5 (1 — Ig)* + ... +b%(I — Iy)" zzr:gl%sf;fe?‘zgggp':lals
where a € {X,Y, Z} l_ : l X
DA SIHM can be applied to b.. '
- Radius of convergence of resulting DA vectors < pole gap
= Solution approach:

- SIHM calculation of low (2"9) order polynomials of b.9(X,Z) in 2D array of
points

- least squares fit of higher orders polynomials in midplane.

- DA fixed point theorem reconstruction of harmonic off-plane field.
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Accuracy of the resulting polynomials

: - = th i
- Polynomials compared to FEM output Relative error for | = 575 A and 10" order polynomials

. . . . 0.2 9x10°°
= Many polynomials used in s direction, each . 105
. ) ) . 0.1 |Pole
time only one in x direction. edge | \ 3% 10°5
E 4ol Midplane, | 0x10-5
> =
Integrated relative error V=l L -3x10-5
for| =575AinY =0 plane —0.11 ' —6x10-5
4 4 Fi _ —0.2 . i . 1 : : -9x10°%
" ield values for | = 575 0.0 20 25 30 35 40
S AinY =70 mm plane s, m
X 2- I —T— 5.0 x 1074
g I.' '.I 2.5x107*
0 ; .
X8 07 . ' Y =35 mm 0.0x107
nl.? :_ .! —2.5% 101
Bl —2 -
x[— 15 20 25 30 35 40 -5.0x10
Q \ s, m
- -4 |t 0.2 0 100 x 1074
T } : - |— 14™ order polynomials ..\"-----—— 0.14 I| ll 50 %1074
—0.2 . . . . =200 =100 v] 100 200
2 cm E ol Y =70 mm 0x10°*
- - -0.11 : : -50%10°*
Within the method the off-plane errors can be . )
. ) 0. _ . . - : - . r -100 % 1074
reduced only by using higher orders. 00 05 1015 20 25 30 35 40
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Beam physics ODEs IS
* Z(s) = f(s,2(s0)) = (z,a,9,b,1, 05 )]s
= ODEs for flat reference trajectory and conserved energy:
v =a(l+ h,:z:)@, )
Ps h = Bp/B,(x,s)-curvature, 1= K/Ey =~y —1
y' = b(1+ ha:)@,
Ps Bp can be added as an extra parameter
" Ly LT P no + 1 into the variables, dependent on it: n, h,
= | (L +ha)q fnops ) mo+2 Po: Ps: B¢ t0 Obtain Bp-dependent
transfer maps
a = (b Bs po _ By ) (1 + hx) + h_.@, P
Bpo ps Bpo Ps

b = ( Bo —a B @>
Bpy Bpops )

6 =0
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DA Transfer Maps

O O AN N 70 T

X/ OX; da/ox. Ay OX; db:/ox. 1 0 0 O
oxi/da; da;/oa; dyloa; db,/0a; 1 0O 1 0 O
20%X 02 20%a/0x? 20%y/0x:? 29%b/0x? 2 2 0 0 O
JIKIIm! gitkebmy /- IKIImY gitk++mag / jIKIIm! gitktmiy /o jIkIIm! gtk mp/ j+k+l+m ] k| m

oxjdakoylobm dxldakoylobm dxjdakaylobm dxldakoylobm

Table 1 Example of the Taylor Transfer Map Structure for 4 variables: x, a, y, b
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\4: 21 MA a\ ® RMS v Maximal
1.2m M v
@((\ 8 -7
be ----- L8 R Al § B | - = 10
o ; . .
\ £
©
v
y \ , 402: 107° v
€ v > ©
X \ / 2
‘\\ 2.2 I'T}' o
Z \ /I —_— (o] 107° . ?

Initial phase volume: «—___ similarasin
x; € [—0.183 m, 0.183 m)], SFRS dipoles
a; € [—0.219 mrad, 0.219 mrad],

yi € [—0.078 m, 0.078 m],

by € [—0.513 mrad, 0.513 mrad],

0 € [—2.5%, 2.5%)].

The error due to the numerical
implementation of the method is
much lower than the inevitable
magnetic field instability!
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realistic dipole transfer maps

* One Bp-AE-Bp stage
3 NC and 3 SC dipoles

= Standard COSY transfer maps
were used for multioles Change of optimal

FPF2KO11 FPF3KO13

] ] o ] Dipole int. harmonics multipole settings
= Optics is optimized for design 2 0 7] s oo [ reriams
g @ 0030~ FPF4QTLL a) .
c 00- c
Bpo range S
g ~041 — Quadrupole
R 50+ * 12 FPF1KS11
o b) ¢ 84— FPF4KS11
g e
. _CS 01 ":3
In optimal case the = b
; “ ” @ -50{ —— Sextupole &
multlpoles compensate Smasssssase — —
. . . = —— Octupole L = |
the dipole inhomogeneity g 3 oo S
% 0+ g \“x
.5 E -0.8 4 .
= —20] = —— FPF2KO11
& c) & -167 ___ FpF3KO13 \
More details in E. Kazantseva et al., accepted in Nucl. Instr. Meth. A. 2408 81;_ S 2 4 6 8 ,913, LM te 38 20
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Maps of different orders: xa at FPF4

a, mrad a, mrad

a, mrad

3™ order

20 A

&
w |
- B

..
I(\\

i

-10

20 A

-10

20 A
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| —
20- e :'!
_ e,
‘\‘\‘.
0 1 %\\\
-10 -5 0
8th order

20_‘Illl|"=:

- , v
0 - :!:@I H
.. ' :
EraNe N
12th order
| ﬂ""“.
TR
:"l\\‘.
2Ny
04 ;’l \\_'.
V.
- o(. ‘.-‘ .o..o
-10 -5 0
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5th order

20 A

."'In.

30 o
\l&
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Ty
20 A lass,

« "L o.o
— ,:."'.'-‘-r:.‘ — -""{‘. .
-10 -5 0 -10 -5 0
oth order 10 order
4 *5\5‘.. A ‘“hn-l.-.,'-. .
20 - R 20 -
1 '&3“:. 1 %::"‘:
N N
:I' ‘l- :I' ‘l.
0 1 :_’lel - 0 - ;!le\ o
c. ' l': : I l.:
AN A2
Y L ML)
-10 -5 0 -10 -5 0
13t order X, mm
20 - 2
] ’-\’*‘
ll\\ 38 mm-+mrad
1 l\ = 22.5 mm-mrad
0 “ ; ' e == 10 mm-'mrad
..-‘ _‘%’} — 2.5 mm-mrad
=10 =5 0
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Comparison of 3D transfer maps with TECHNISCHE
thick multipole maps MS + Enge FF PARMSTADT
Dispersive plane FPF2 Change of optimal
7 ¢ 7 4 multipole settings
— 3D map ® MS + Enge FF
E ﬂ —— 3D map ® 0o -
o y ~——— MS + Enge FF Y sl
/ % — FPF1QT13 — FPF1QT11
8p:0 ‘,,’Sp__z.s% fl —06 ] —— FPF4QT11 — FPF4QT13 a)
o5 00 03 55 ' & -09

'0...........00....
L]
X, cm -

|
—
[N]

=
¥ ]

1— FPF1KS11 H

» MS+Enge FF maps are nearly as —— FPF4KS11

good as 3D maps for dipoles
= Optimal settings are slightly

Rel. change, %

different.
0—..'000000"'.
Achromatic plane FPF4 Optimum 1: 3D maps + 3D fit results L~ ]
] — Optimum 2: 3D maps + MS+Enge fit results ‘Jeeseccencsssossosl
20 1 e e 37 ."O.I
S U o4
-g ] Nk g ° — FPF2KO11 R
E 107 — Optimum 1 N\ {:‘2 -3{—— FPF3KO13
1 — _e1 C
© o0l —-- Optimum 2 g )
1 . . ) gjeseeeeebeceseg,, coso0y
! » The optimum with MS+Enge fit B I O N O o
—-10 1 2 4 6 a8 10 12 14 16 18 20
] results seems to be even better. Bp, Tm
8 -6 -4 -2 0 2 4 2



Correction by tuning available
multipoles
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a, mrad

= Maximum correction order = 3

- 3'd order transfer maps with least squares
fitted integral multipoles can be used for

30

20

10 5

=10 &

fitting optics

- Obtained optimal settings can be used in
higher order calculations

13t order, optimal fit

120

- 80

100

- 60

- 40

20

-8 -6 -4 -2 0 2
X, mm

a, mrad

13 order, coefficients
from 39 order fit

30

|100

80
I 60

- a0

20

-8 -6 -4 =2 0 2
X, mm

Integral non-uniformity, 10~*

|
N
L

Ts —— Original curve
\ —— 3" order least squares fit
\ | === 3" order Taylor expansion

-5

Horizontal phase space at
FPF4 for initial Gaussian
distribution with FWHM equal
to design acceptance
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Bp — dependent effects on the resolution:
separator/spectrometer modes
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a, mrad

Separator mode
Example: separation of 216Pa from 2°Th 30
- 216pa slowed down 14 Tm with Cu wedge
B distributions for 2 and 20 Tm

Degrader simulation with Lindhard-

Sgrensen theory
FPF4

20 1

15

10 -

Ap/p=1.2x103

Spectrometer mode

a)
2
gl
M 104
| .
£ o
T _1p]
Optimum forj{  ©20Tm 16 Tm
16 Tm in all -30 . . .
cases 1000
800 - ' } ' b)
8 400
@]
200 ~
0_
30 4 c)
20
3 101
| .
€ o
T _101
_20_
0 e20Tm 16 Tm
.. 40 -20 0 20 40
Individual =~ X mm

Optima

= Dispersion of

stages added

1st stage of
Super-FRS
repeated 4 times
to imitate the
effect of the
whole Super-FRS

Monoenergetic
slices with
identical
transversal phace
space
distributions
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Summary

= An algorithm to obtain functional dependence of B(X,Y,Z,1) with maintaining its
harmonic property was developed by combining SIHM and least Iquares
methods.

= An approach to generate accurate high-order rigidity-dependent transfer maps
from 3D magnetic field was developed in COSY INFINITY and Python 2.7 and
applied to NC Super-FRS dipole.

= The introduction of L., allowed to minimize the saturation effects.
= NC dipoles do not contribute much in rigidity-dependent aberrations.

= Approach was suggested for compensation of high-order aberrations using low-
order least squares fit of integral field non-uniformities.

Outlook:

= Taking the remanence into account using free open source tools (GetDP or FENnICS).
= Testing the approach with measured magnetic field (in collaboration with CERN)

= Application of the methods to all Super-FRS magnets

= Studying fringe field overlapping effects
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