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The Current Achromat Design

0.03

221 R RING: 20 achromats
18- NS VY VD | * 19 available straights (5m)
"™+ 40 short straights (1375 mm)
g ZOZZE - g0 = 0.336 nm rad
. vy =42.20
g _:::é Cyy = 14.28 }NeW WP

N cn*¥=00m
__D.m - original Bx*, By restored:
. * Bx*=9.33 m = 0x=56 pm

\ + B/ =482 m = 0,22.2 um

F-0.16 rgx O = -49 5

00‘ II-ISI III_IIIIIO_III_III].IS_ III_ZIIEI'I | I Eyo - -427
2 Split QF Families . I I
3 Separate SF Families
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The Current Achromat Design: Dipoles

L ‘—I_I-l-l-. -

«\V
New

* DIP = (DIPm) x (-DIPm)
- soft ends

. (p — 3°

‘L=13m

* Bo = 0.55T (max)

* Gradient dipoles = QD: kmax = -9.14 T/m
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The Current Achromat Design: Quadrupoles

o U1 o U] N )] e ey
“i‘ ‘\W /. '7"

OFend 20°M QFm QF OFm Qbend
QFend / QDend

L =20 cm

*k=395T/m,-23.7T/m
QFm / QF

L=15cm

*k=37.9T/m,40.1 T/m

QD (in bends)
*k=-9.14T/m
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The Current Achromat Design: Sextupoles

| .y
{omm 1| W] -y
it o
SDend SD
SFm

SDend / SD

L=10cm

em=-1283T/m2,-1182T/m?2
SFm / SFo / SFi

L=10cm

m = 1926 T/m2, 1341 T/m2,2130 T/m?2
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Lattice Performance (1)

Dynamic Aperture (bare lattice, 2.5 DOF)
8 ! ! ! ! '

5=0.0% ——
5=3.0%

8=30% —x—

y [mm]

Required Aperture
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Lattice Performance (2)

10 2
D
o - -4
- 45
- -6
6 - -7
X [mm] -8
4 . -9
-10
2
0
-10 -5 0 10

Ap/p [%]
Possible Limitations!
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Improving the 3 GeV Lattice with Octupoles

(in collaboration with Andreas Streun, SLS/PSI)
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The Problem (1)

* MAXV has ultra-low emittance — need sufficient dynamic aperture (DA) and
momentum acceptance (MA) for efficient capture and sufficient lifetime

* Tune “footprint” is too large — we cross too many resonance lines — bad for
DA and MA

0.5 ~<- T T FaN T 1 T
S~~~ RN 1
sextro_ / skew sext. !
~o ’ \
\ e skew qu coupl
NNERURPRPPPTTL Sty
“_ ---------- e,
XN
S~ao / o AN
S~ao ,/ o \,
04 P Q v, AAy=:6 mm
/, o S ~§~ ‘.
~_ \ 1 t“ "0
N \‘~\~ AN : oht
] . o o0 'mAA =-12.58 mm
S~ \ -
. S~ o~ " AA =+12.5 mm
et e R L e L L L PR L L PR P e
skew sext. / K AN - g"'.‘
v/ WF. ,--il“a\'---- Tl
03 S gl e TN . .
OG- e - PN
// ‘‘‘‘ Oe 1
- - i
> /e () !
P / “@ (-} 1
o 1
& i
o I \ -
\\‘\«\,/ 'e : \\ ”,,
02 o Qg : ]
&7 0=-6% i - *
& 1
o -1
) |
$$ / 1
skgW se,x{. coupl.
S -~ S,
e // ’,f’ : \\
0.1  0=+6% Jitaas i AN .
/ - | \
/
f—’ !
s’egd:’./coupl. sdxt.
- 1
O 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5
VX
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The Problem (2)

* Source: Sextupoles (required to correct negative natural chromaticity) drive

higher-order terms — strong growth of tune shift with energy (ChrTS) and
with amplitude (ADTY)

¥ Chroma _[&] ¥]
Target Value Weight INC g Name lock
SD 3] 53] zes| oed] I

R o - O
Lin.Chrom | .0 o — L p— ] om0

=
>| >3] res| ofg] [T
ox H21000 5.’..47—_]L| u - E| E5) 5 52 SeXtUPOIG
r
f—

soc 30000 3094 S TEN | L= Families

Resonance] & ™% 70-20 N - DO | 13.491 2| >3] xes] ot ™
. Qx-2Qy H10020 78.33_;J +| ~ SFIL <qd <||21.277 >| >3] xes| otf| ™
Driv. Terms Qx+2Qy H10200 1235, 50— (B Kmex+/-[a1 5 detak[0010  Smaui
oo D | NN - - -

— +

20y HOOZ01

ChrTs { oo

ADTS{?im

20x H31000 r
40x H40000
20x H20110
20y H11200

20Qx-2Qy H20020
20Qx+2Qy Hz20200
2Qy HOO310
4Qy HOO0400

crX cub 0.00 -801.
CrY cub 0.00 -356.

: | select Minimizer intial step W
Sum (b3L)*2 24908. 45 _J — _l . . |
1 periods Sceling[mmmred. %1: 2uxfpo 2030 dppfs  [Res]x10™[a Start |5.00E-01  Exit |
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Octupole Hamiltonian & Driving Terms (1)

* Octupole Hamiltonian

H, = %4 [334 — 62°y” + y4] (1 — 5+ 6%+ (9(53))
by : int. oct. strength in [T /m®]
0 = Ap/p
* Betatron motion on dispersive orbits
r =xg+no
— Hi = Zjf[( 5 — 65y" +y7)

+5(—:13% + Gx%yz —y*+ 4:13%77 — 1223y°n)
+52(x% — Gx%yz + 4yt — 4:13%77 + 12x5y277 + 6x%772 — 6y2772)
+0(5°)]

* Resonance basis (Johan Bengtsson)

: 1
bt = Vg B X €560 — g = 2 (e + )
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Octupole Hamiltonian & Driving Terms (2)
* Express octupole Hamiltonian in resonance basis
by 1

H, = 416(h4++4h3+h +6h2,h2_ 4 4hy h2_ +ht)

+... in total 83 terms to 2nd order in ¢

* Gather octupole terms by phase

H4 — Zhjklmn
= ) &"h, h"“_hl+hm_

N0 (20,8:) T (27,8,) 2

i k)eat(i-m)e,]

* Inspect first-order octupole terms

(j+Ek+l+m+n)=141
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Octupole Hamiltonian & Driving Terms (3)

* First order octupole terms with phases — drive resonances

haoooo
h31000
h13000 = h31000
ho4o00 = P40000
h20200
hao110
h20020
h11200
hi1020 = h?lZOO
ho2200 = h30020
ho2110 = h30110
ho2020 = h30200

hoo4oo

b |
éﬁ%(z&)?e“‘% — drives 4Q,
b |

TeB2(2J:)?e P — drives 2Q;
b |

16B2(2J;)%e 20— drives 2Q,

b—‘*ﬁ?(z.fx)?e—i% — drives 4Q,,

3b4

39 Baly(272) (2 )€ t200) - drives 2Q5 + 2Q,

3b
453:[3:,(2] )(2J, )es — drives 2Q,

3b4

ﬁmﬁy(Q Jz)(2J,)e!?¢==20v) s drives 2Q, — 2Q,

3b
g BeBy(27:)(27,)¢" — drives 2Q,

3b
4@0/31./(2 Jz)(2Jy)e 2%y — drives 2Q,

3b4

ﬁmﬁy(QI )(2J,)e" 2¢==2%u) s drives 2Q, — 2Q,

3”4%(21 )(2J,)e=2+ — drives 2Qq

3b4

59 PalBy(272) (2,)e i(2¢2t200) __, drives 2Q; + 2Q,

aﬁ;‘j(2.fy)%l4‘*°y — drives 4Q,

..and many more (30 in total)

% Chroma

|

Target Yalue

CrX lin W 0.97
CrY lin W 1.00
ox H21000 63.34
30x H30000 3.38
Ox H10110 26.37
Qx-2Qy H10020 43.37
QOx+2Qy H10200 11.13
20x Hz0001 7.48
2Qy HOOZ01 3.15
CrX sqgr W -14.24
CrY¥ sqgr W 27.67
dQxx ﬁfﬁﬁi_____' 12390.85

dOxy, ¥x 15538.

-8266. ¢

1Y
~]

dQyy

20x 4764.

~J
prt

40x H40000 4585.

=)
-}

Hz0110 1610. 2¢

N
'Y

20x

2Qy H11z00 7553 .4

'Y
=]

[T

2Qx-@y Hz00z0 5275.

~J
=]

20x+88y Hz20200 856.

N
[

2Qy HOO310 10115.30
4Qy 1619.15
crX cub - 742.43
CrY cub 0.00 -205.36
Sur (b3L)*2 28515.59

Simon C. Leemann * Dec 12, 2008
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Octupole Hamiltonian & Driving Terms (4)

* Some first order octupole terms carry no phase = tune shifts

haoooo = 254@% J;

hi1110 = —gb4ﬁxﬁy2=]x<]y
hoo220 = 254@3 J;

hi1002 = 254772525:1:%
hoot12 = —gb4772525yjy

* Recall that 21Tv and | are conjugate action-angle variables
1 OH
174 p—
oY 2r Ay,
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Octupole Hamiltonian & Driving Terms (5)

1 OH 0AV, 1 0°H
Veg,y = — ’
Y 2m 0Jy 0Jy .4 2w 0JZ

* 3 driving terms for ADTS Target Ve
CrX lin W 0.97

Cr¥ lin 1.00 1.00

Qx HZ2 1000 63.34

30x H30000 3.38

Qx H10110 26.37
Qx-2Qy H10020 43.37
Qx+2Qy H10200 11.13

20x Hz0001 7.48

2Qy HOOz01 3.15

Cr¥ sgr 0.00 -14.24

AQxx ’T 12390.85
dQxy, yx [0oo0  15538.92
doyy [0-00  -8266.47
(8)¢ -

40x H40000 4585.59
20x Hz0110 1610.24
2Qy H11200 7553.48
2Qx-2Qy Hz20020 5275.78
2Qx+2Qy HzZ0z00 856.24
2Qy HOO310 10115.30
4Qy HOO400 1619.15

Cr¥X cub 0.00
CrY cub 0.00

Swn (b3L) "2

742.43

-205.36

28515.59
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Octupole Hamiltonian & Driving Terms

1 OH 0?Av,, 1 0

(6)

OH

002

Yoy = 21 0Jy 4

T 27 902 0,

* 2 driving terms for ChrTS (quadratic chromaticity) X T

2 2 CrY lin [T
ox H21000
5(2) . 1 a Ayajjy 1 a 6H 30x H30000
T,y — ox H10110

00?

2

47-‘- 852 a(]aj7y Qx-2Qy H10020

Qx+2Qy H10200

20x% Hz0001

= 2

dQ

dQxy, yx 000
dQyy 000
20x% H31000

40x H40000

20x H20110

2Qy H11200

2Qx-2Qy Hz20020
2Qx+2Qy HzZ0z00
2Qy HOO310

4Qy HOO400

0.00
0.00

CrX cub
CrY cub

Sum (b3L)*2

O
Cr¥X sgr 0.00 -14.24
CrY sqgr 0.00 27.67

Yalue

0.97

1.00

63.34

3.38

26.37

43.37

11.13

7.48

15538.92

-8266.47

4764.73

4585.59

1610.24

7553.48

5275.78

856.24

10115.30

1619.15

742.43

-205.36

28515.59
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How Octupoles Can be Used to Solve Problems (1)

* Matrix formalism for 5 higher-order driving terms and n octupole families

[ Ove/0Ts [ (bal)1
Ovy[0J,
v, /0J, = Ms«n
0%, /06> Targt. Vil

\ 9%v,/06% ) \ (ba) / e

Qx HZ2 1000 63.34

. . 30x H30000 3.38
5 known expressions evaluated at n octupole locations (Bx, By, n) .
Qx-2Qy H10020 43.37

Qx+2Qy H10200 11.13

* From OPA we know what the 5 higher-order o
driving terms generated by the sextupole are... et s
¢ 40x H40000 4535.59—
Reverse the problem: what octupole strengths 610,20
. 2Qy H11200 7553.48—
(bsl)j are required to exactly cancel these 5 terms? s270.70
2Qx+2Qy H20200 856.24_
2Qy HOO310 10115.301
4Qy HOD400 1619.15 _
CrY cub W —20.5.36_

N
o
o
[
o
@
©

Sum (b3L)*2
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How Octupoles Can be Used to Solve Problems (2)

* Inversion or SYD — use octupoles to cancel higher-order terms generated by

sextupoles
OV, /0J; (bal)q
— M, X (=1) % z ol
I | 921, /95 (bal).,
SVD  cancellation T l

5 higher-order driving terms generated by sextupoles n resulting oct. strengths

* If n =15 — matrix inversion = perfect cancellation
* Ifn>5 — SVD required — perfect cancellation, minimize req. oct. strength

* Ifn<5 — SVD required = minimize driving terms

* If no chromatic octupoles available = reduce to 3-dim. harmonic problem
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Octupoles in the MAX IV Lattice (1)

* Studied different layouts with up to six octupole families

* Chromatic octupoles appear to be detrimental (higher-order chromatic terms)

* Harmonic octupoles at right locations are very efficient (5cm length!)

22 -

20 -

fury
a1}
1

[y
(=]
1

Betafunctions [m]

[y
e
1

[y
(3]
1

fury
o
1

[ I L -0.02

—_—
|

[m]

o

o

1
o
o
(=)
Dispersion [m]

r-0.08
r-0.10

r-0.12

H Fr-0.14
. F-0.16

5

w Y
1.

10 15 20 *
11 D ) . DD N N N 0 | F

-
.

Periods 20
Length  [m] 527.760
TuneX 42.20000
TuneY 14.28000
Chromx -49.528
ChromY’ -42.659
Alpha [xE-3] 0310

Jx 1.84030
Energy [GeY] 3.000
Emit<o  [nmrd] 0.336
dEfturn  [keV] 357.0
Espread [xE-3] 0772
Taux [ms] 16.079
TauY [ms] 29.591

TauE

[ms] 25516
END
26.388
9.330
0.0000
4816

21100
0.7140
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Octupoles in the MAX IV Lattice (2)

* Three weak and compact families are sufficient for near-perfect cancellation of
ADTS while retaining sufficiently small ChrTS

%% Chroma &% Chroma

Target Value Target Value
Cr¥X lin 1.00 0.

=)
~J

Cr¥X lin 0.00 0.

I

CrY lin 1.00 1. CrY lin 0.00 1.00_
Qx Hz 1000 55.¢ Qx H2 1000 31.74 :
3Qx H30000 34. 3Qx H30000 1.18 _
Qx H10110 70. Qx H10110 12.17 -
Qx-2Qy H10020 78. Qx-2Qy H10020 22.20_
Qx+2Qy H10200 Qx+2Qy H10200 35.20=
—

20x% Hz0001 20x Hz0001 7.93
2Qy HODOZ01 2Qy HOOZ01

CrX sqr 0.00 CrX sqr 0.00

CrY sqr 0.00 CrY sqr 0.00

dQxx 0.00 dQxx 0.00

dQxy, ¥x 0.00 dQxy, ¥X 0.00

dQyy 0.00 dQyy 0.00
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Octupoles in the MAX IV Lattice (3)

* Within required DA we cross not a single regular resonance below 4th order
* MA of the lattice better than £5%

0.5 = I 1

S~ N I ! I
S~ao RN 1
sextro_ S/ sKqw sext. !
~
~~e / \ H
S~ J N : skew qu coupl.
S~ / \ |
S~ / S \
~< 7 \
S~o ’ \ !
-~ / \ |
~< / \, ]
Sso ’ \ |
S~ / \
S~/ \ !
04 B <o \ 1 —
s ~ao N 1
J/ Ssao \ '
S
~ o, |
// \‘~§—+5 /O \\ ]
’ 1
/ ) ~ AY
..... O~ i
/ o o RIS
/ o‘_\\ S<
______________________________ [ R  \ e 3 -y oy U SR,
=59 3 3
skew sext. o= ° K4 QA 6 AN
/ =+x0 mm b
V2 —_ [} \ ~
o" ’ Yy TN S~
0.3 - Y N -
'el / 1 N ~~.
0 1 \ ~<
@:eu WP 1 \ S~ao
4 0' ] \ Ss
4 G | \ S~o
Aun — \ ~
> m-4e g AA =+12.5 mm ! \ )
o Pt
> AAG=-125"mm : N -
/ 1 S _--
4 ] \ -
/ 1 \ e
/7 1 \ -
/’ | \ -
.
0.2 / 1 > -
. / PEIgRN
/ ! -~ \
’ 1 P \
/ 1 ’4’ \
’ |- \
/ - \
/, -1 \
’ ,f” 1 \
/ - 1 \
/ - | \
/ - 1 \\
skew se;«f. coupl. _-=" ! S
-
/ -~ \
’ - ' \
/ - ' \
‘I = / - \ —
0. 2 - I \
7 Pitde 1 \
/ -7 ! AN
4 - ! \
/ - ! \
/ sext~""coupl. sdxt. AN
/ ’f’ ] \
/ - | \
’ Pr \
/ ’f’ [} \
4 - [} \
/ - | \
’ - 1 \
/ ’f’ | \\
0 e 1 1 1 H 1
VX
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Octupoles in the MAX |V Lattice (4)

Ap/p [%]

Simon C. Leemann ¢ Dec 12,2008 22 of 22



