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Storage ring upgrade EoRE

LIGHT SOURCE UPGRADE
g

Increase the Bri"iance (an order of magnitude for the ESRF)

| [ Caty) Current
Emittance ... ... z&y

(at ESRF from 4 to 1nm)
New lattice design

(at ESRF from 200 to 500mA)
Feedback systems and new RF
cavities design
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Lattice upgrade

options

® Vertical emittance e, ~ 0.01¢, due to coupling

B Horizontal emittance depends on the energy, the bending angle
and the damping partition number

Vary field along bending

Increase number of dipoles, e.g.
from Double Bend to Triple
Bend structure. Difficult due to

space constraints

Decrease the energy is not an
attractive option for the ESRF
(ID’s are optimized for 6GeV)

magnet to increase radiation
damping, i.e. Double Variable
Bend structure

Increase the damping partition
number is mostly used for
matching and not for emittance
minimisation.




Longitudinally varying dipole fields Esrr

B For isomagnetic lattices, the minimum
effective emittance depends on the integral

(Wrulich 1992, Guo and Hz(s)ds 3
Raubenheimer 2002, $ e x 63 =,/%\\
Nagaoka 2004) P e Pz

B Increase bending radius (i.e.\a’ecrease dipole
field) where 7, (s) is high and vice-versa
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The notion of effective emittance  ESRE
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. theoretical emittance ./
The brilliance B Is inversely proportional to
€xorr(SID)€y.;(SID)

S~a —_
Il I

the effective emittance €z:err(s)° = (2(s)*)(2'(s)?) — (x(s)2'(s))* .
After replacing the expressions for position and angles and consider that the
alpha function and dispersion derivative are zero on the 1D

E-Cli‘eff (S[D) — E% —I—H;C(S())EQ;O'?
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Effective emittance reminder
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 Radiation

7T lintegrals

Equilibrium energy spread
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Optics functions for a generalized &skr

bend

B Consider the transport matrix of a generalized dipole magnet with varying
bending radius, in thin lens approximation and ignoring edge focusing
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At its entrance (from the ID side) B(s) = By — 2sag+ 270

the initial optics functions are

/80504077077709776 CY(S) — Q0TS0
7(s) = 10 -
and their evolution along the n(s) = mno+ snp+0(s)
magnet is given by n(s) = mno+6(s)



Effective emittance with respect to ESRE
initial optics functions

B The transverse emittance is

———

//’ 2 N
€r :,' Cq’}; ‘{ﬁo(A3+2A2770’+A17’]0!2)—}—OZU(2A5+2A4?70’—|—?70(2A2+2A1?}0’))+’YO(A6+2A4770+A17702)
\\:‘]\x\éj% //I _________ > C
: 1 7 0(s)?
with A1 = % —ds , A2 = (—?ds JA3 = — (83) ds
|7 |7 |77
I(s) — 0(s) — s0(s))> 0(s)(0(s) — s0
P COECE PR (ORI {C COELO
p p p

W By setting Js = 2J, , we get an expression of the effective emittance at
the ID, depending on the initial optics functions

C
Gorr = 5 [70(A6 + 2A4ng + Alng) + 200(A5 + A2n9 + Adng + Alnorg) + Bo(A3 + 2A2n, + Aln{f)]

[»m(zAﬁ + 4 Adny + 3A1nG) + 200(2A5 + 2A2n0 + 2A4n), + 3A1nen,) + Bo(2A3 + 4A2n) + 3A17752]



Optics functions’ conditions for ESRF
minimum effective emittance

B The conditions for minimum effective emittance are
Oe? Oe? Oe? Oe?

LTeff 0 Leff 0 Leff 0 Leff 0
9 - 9 9 -

ono o 0By o

B After some lengthy manipulations and exploiting certain symmetries of the
equations, we obtain the following relations

A4, A(AS+AZ)B  A2(AS+ Adnp)fy
1= "ap o 0T a0 A6 + Adzyy 70 T T 24246 + Ad2y;

B Finally, one has to solve the following equation for the dispersion derivative
/ 3 "—\\\ ,2 "—\\\2 ’—\\\ / "—\\\3 ’—\\\
3" + 1001y~ +T17(6 — 5T2)ny — 471772 =0
B A2 T A1(A5% — A3A6)
Al - A3A42 - A2(—2A4A5 + A2A6)

11




Optics functions and minimum effective it
emittance for arbitrary dipole fields

B Keeping the real solution of the 3™ order polynomial equation, and
replacing in the previous conditions, we obtain the optics functions for
minimum effective emittance

OATAGT + A4%(46 4 (—10 + T)T + 45T2)

Po = 3\/A1A3(A42 + A2(—2A4A5 + A2A6))T(46 + T(—10 + T — 9T2) + 4572
B AL1(9AST + AAT1(46 + (—10 + T)T + 45T°2)
M0 T T3 JAL(AZ® + A2(—2A4A5 + A2AG))T(46 + T(—10 + T — 972) + 4572
A4(—10 4 T + 16£512)
Mo = 0A1 ,
o= T1(-10 + tz(;+ 4642512 ) |

W=

with 7T = (—190 — 18972 + 9v/—3(1 + T2)(2 + 37°2)(126 + 125T2))
B By replacing, we get an analytic expression for the minimum effective
emittance for any dipole field profile

_C [S2AT" = 2T3 — 6T2(3T2 — 2) — 2T(45T2 + 46) + (45T2 + 46)%) (T* + 7T% — 6T?(12T2 + 13) + TT(45T2 + 46) + (4572 + 46)?)
feerr T g GALT3(46 + T(—10 + T — 972) + 45T2)




Special cases ESRF

2pn3 —
B In the case of constant field we €xief frin = 0_03339(]q ﬂ
obtain the relation of Tanaka and e J
Ando (1996) 1 23
which is a factor of 1.55 higher than €x, . = —Oq _
the minimum betatron emittance 12+/15 J

B For an ESRF Double Bend lattice (64 dipoles, 6GeV), the minimum effective
emittance is 1.69nm
m Setting A = (24244 — A1 A5) A5 — ASAg + As(A1As — A7)

the minimum betatron emittance 2Cv/A1A

is obtained for the optics function ~ @imin = A,

conditions Ay —A2+ A1Ag As As Ay — A A5
?70:_14_1,60: \/Al—A ,ﬁOZ—A—l,CMOZ AlA .

B Imposing achromatic conditions 79 = 7, = 0
the minimum betatron (=effective) emittance e¢,.,,,;,, = 20\/A3A6 — Ag
is obtained for the optics function conditions
Ag As
BO — 5 y g = 5
VAzAg — A2 AzAg — A2




Numerical evaluation for the ESRF -

constraints

B Ring layout
32cells — = 64 dipoles
Ring circumference 844.4 m

l

cell length 26.3875m
B Energy of 6.04GeV

B Dipole length of 2.33m
effective bending radius of 22.894m
and effective dipole field of 0.85T

—_—

« Maximum dipole field

ESRE

For pz(s) = (14 as)™/b

(Guo and Raubenheimer 2002)
we have

b - 4aly)t™™

0 a(m—1)

> imposing
a(m— 1)«

= A+ A talyim

J

Effective emittance minimum
depending on a and m

Constraints on a and m

10

a\/E? — E§(m — 1)7/32

P =5008(1+ (A Fal)l (1 +as)™



Effective emittance dependence on ESRF
fleld constants

B The effective emittance drops
below 0.5nm when increasing a
and for moderate values of m.

B For large values of m, it seems to
converge to around 0.6nm, for all
a.

B A “minimum?” effective emittance
exist for certain values of the field
parameters, (more pronounced for
larger values of a)

B The emittance minimum in the 18]
case of an achromatic cell is |
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1.9 1

: 51 €17/
between 1.4 to 2 times larger SR
than the one of the ring with Yoo el —
dispersion on the straight sections. |
W For large values of m, it converges L \/

towards a ratio of 1.6.




Exeff . [NM]

- (1 - - b} ::.{‘::..
Dependence of the emittance "minimum ToRT
on field constants
06 | -
0.55 |
0.5}
e
i T
0 2 4 N 6 8 10 10
10
For each value of a, the corresponding
m can be numerically identified, where 8
the effective emittance presents a 6
global minimum. m
The global minimum grows for 4
increasing values of a and decreasing 5

values of m.

10
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Emittance “minimum” and maximum

........
L]

bending field

0.6 ...

EXme[r"11]

0.45

0.4

10 a\/E?— E§(m—1)7/32

P =5008(1+ (A Fal)l (1 +as)™

10 14 16

12
Bmax [T]

B The corresponding maximum bending fields are above 6T

B If the field is not constrained, zero effective emittance can be reached...



Minimum emittance for Ba=1.8T ESRE
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B The minimum emittance drops from
1.69~nm for m=0 (constant field) to
below 1.1nm.

B The drawback for using this field
profile is that, in order to diminish the
effective emittance to below 1nm
(target value for ESRF lattice
upgrade), m should be > 10 (a<0.1).

B A power series can give better results
B \Why not dipoles with simple steps?
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Variable bend with three steps ~ ESkF

- ' h

B Simple field configuration

(see ESRF dipole with soft
edges)
Maximum of 1.7 T to avoid

70 65.6m (0.31T) saturation
60} Minimum effective emittance
} of 0.77nm obtained
' 50 The emittance can be further
o ] minimized by adding more
B 407 | steps or raising the maximum
o 305 26.5m (0.75T) bending field
T — The optics function, at the
@ o entrance, for this
: 11.8m (1.77) configuration
105 ,30 =123 m,
i ag — 2.76,
0 ] T T T T T 1 no — 0008 m,
7,00 7,50 8,00 8,50 9,00 9,50 10,00 np = —0.030

S [m]



Equilibrium energy spread in a DVB
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For a uniform field dipole

c1 0
o5 = | — =\/C17
Px l

For the Variable 3-step bend
p1L R 2p, p2=p, p3~p/2

and {1 =1/3,lox1/12,l3x1/2
The energy spread is
o5 A~ s,/ = 1.461073

> 1—305ESRF

Taking the uniform field approximation
this implies that for having the same
energy dispersion ;,; ~ % = 1.9l ~ 4.4m

and the max. field should drop accordingly
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Constraining the dipole field

Courtesy of P.Elleaume

2.6 T o |
6 GeV 200 mA 1.5E-03
Betax =36 m
Betaz=2.5m - O :
Emittz = 40 pm 1.4E-03 R
Period =35 mm " g...
. - L=5m 1 3E_03 'S 'A'"?‘"."“'; ..............................................................
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L
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v Spr . : . e Al ‘m, T e
Energy Spread x 100 -+,+_-L. :‘: 1, e

B \We choose 1.3e-3 as the target energy spread
(13% reduction in the flux for harmonic 3 at 1nm)

B A fixed energy spread and a dipole length of 2.4m
will impose the maximum field (1.4T) and the
minimum emittance

3.0 3.5

Length [m]
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Choosing the variable dipole  Eskr

B Minimum emittance
achieved of 0.85nm

B Maximum field of 1.4T

E1 1) . W |nitial optics Bo=1.49 m
= functions are oy = 2.6,
2 np = —0.031
o _
205 ’—I comparedto o =1.23m,
= . (){O — 276,
S for the extreme o = 0.008 m
q:, I DVB (0.77nm) v — _0.030 |
m 0+ J ' ' ’
Bo=1.79 m,
0 3 and for the °

L th 2 ag = 1.39,

eng [m] actual SR no = 0.073 m,
B Note that 7= —0.080
beta at the dipole exit is 19m
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Phase advance for minimum ESRF

effective emittance cell

B General rule: Provided that dispersion is not zero, there is a unique
phase advance for a straight section with mirror symmetry in the center

B Given the initial (final) optics functions By, aq, 10, 7, the phase
advance for such a line is
210 (Bomg + cono)

(Bomg + (0 — 1)mo) (Bomg + (2o + 1)mo)
B Applying the result to an arbitrary double bend cell, we obtain

Heell = Mceu(ﬂoa aOaUO)n(l)a la, 0, é)

tan(p) =

a function depending only on the initial optics functions and the dipole !!!
B The horizontal phase advance for reaching the absglute minimum
effective emittance at the ESRF storage ring is 293" (205 actually)

B The horizontal phase advance for reaching the effective emittance
minimum for the three step double variable bend lattice is 355



Emittance ratio for detuned
optics functions

14+

B By detuning the initial beta
and dispersion we obtain
curves of equal effective
emittance ratio

€x.
F — fr

ﬂx/ ﬁO X

E:Beffm'in
B Possibility to have a 4-
parametric plot for all optics
functions

B Note that by detuning the
optics functions, the phase
advance also changes
(lower for higher F values)

(Emma and Raubenheimer 2001, Streun 2001,
Korostelev and Zimmermann 2003)

........
L]




Constraints for general double ESRF

bepd cells
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B Consider a general double bend with the

ideal effective emittance (drifts are

parameters)

constraints, thus at least three
quadrupoles are needed

In the “achromat”, there are two

constraints, thus at least two
quadrupoles are needed (one and a half

for a symmetric cell)
Note that there is no control in the vertical

plane

| v + + v + |

1 1 1 1 1 1 1

1 1 1 1 1 1 1

1 | 1 1 1 1 |

| | | |

voLoy Vo, i v v
ﬁSP ’ ﬁU ’ ,81]_)2
asp=0, a0 ; arp2 =0,
nsp =+/BspH, 0 nip2 = \/Brp2 H
7}.", , =0 ?;E) ! _

SP Mrp2 =0
B The vertical phase advance is also fixed!!!!

In the straight section between the ID and
the dipole entrance, there are three

Expressions for the quadrupole gradients can
be obtained, parameterized with the drift

lengths, the initial optics functions and the beta
on the IDs

All the optics functions are thus uniquely
determined for both planes and can be
minimized (the gradients as well) by varying
the drifts

The chromaticities are also uniquely defined



Constraints for a Double Variable ESRF
Bend structure @ the ESRF

B Constraints for the dipole
Energy of 6GeV, 64 dipoles, i.e. total bending radius of 1r/32
Dipole length of 2.3m
Maximum dipole field of 1.4T (imposed by momentum spread of 1.3e-3)

B Constraints for the drifts
Cell length of 26.4m
ID drift of 3m —— vertical beta of 2.5m at the ID
Drift next to dipoles > 0.5m (space for the absorber)
Drifts between quadrupoles > 0.5m (space for sextupoles, correctors,
BPM, etc.)
B Constraints for the quadrupoles
Maximum gradient of 45T/m (reducing the bore diameter by a factor of 2)

B Constraints for the sextupoles (Master thesis of T. Perron 2002)
Maximum integrated sextupole strength of 35m-
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Extreme DVB with low energy spread e FSRF
40.00 /\ /\ — BetaX — BetaZ — Dlsper5|on\ 0.120
35.00 /\ // 0.100
30.00 [~ 0.080
/ \\ / / \ \ /i
N ln
20.00 0.040
500 o~ AR 020
- u - -
10.00 - - 0.000
5.00 - -0.020
0.00 w w w w w -0.040
0.000 5.000 10.000 15.000 20.000 25.000 30.000
* Effective Emittance of 0.96nm (0.95nm in the high 2282 [—BesX ez —Dponin] 2222
beta and 0.97nm in the low beta) 40,00 —A \ 1 0300
35.00 - + 0.250
Max. quad strength of 45T/m (15 T/m for the SR ;4 v = ﬂV \ ! oot

- Max. betas of 35 and 40m (46 and 35m for the SR) . N U 0150

« Maximum dispersion of 0.13m (0.34m for the SR)  '*® z;zz
10.00 -

* Chromaticities of (-169, -160) (-132, -50 for the SR) 500+ U % [ 0.000

0.00 -0.050

« Phase adv. of (357°,166°) (2050,81°f0r the SR) 0.000 5.000 10.000 15.000 20.000 25.000 30.000
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fm,y(s) X K(S)ﬁx,y(s)
_ n(s) /B (s) \/\e ________ -
I Va’:w \ Strong Sextupoles

Small dynamic aperture pRE y(s) o< S(s)n(s)Bx y(s)

. L|m|ted injection aperture
Limited lifetime



Some comments... ESRF

MU = 55440 R =1344541 .
« The maximum quad |ength is of MNUZ = 41380 ALPHA= 1.2858E-04 OFTICAL FUNCTIONS ExiGam™2= 4 594E-18

0.9m

50

* The distance between the dipoles
and quads is 0.5m (min. distance
allowed between dipoles and
quads)

» The distance between the quads
in the middle of the “achromat” is
bigger than 3m

 In that area, the hor. beta is small
(only efficient for vertical
chromaticity correction)

 This space can be occupied by
another dipole or ID element
(convergence between TBA and
DVB solution)

* Preliminary non-linear optimisatior
showed poor DA




Relaxed DVB with low enerav spread ESRE
30.00 0.250 —
‘— BetaX — BetaZ — Dispersion ‘
25.00 1\ 0.200
A |

ol ] \KJ\ AN

ool 1]

AN

0.00 \ ! |

NG

AWIN

0.000 5.000 10.000 15.000
* Effective Emittance of 1.55nm (1.5nm in the high beta
and 1.61nm in the low beta) (compared to 0.96)
* Max. quad strength of 46T/m (compared to 45 T/m)
* Max. betas of 35 and 40m (compared to 35 and 40 m)
* Maximum dispersion of 0.19m (compared to 0.13m)

* Chromaticities of (-110, -89) (compared to -169, -160)

| | -0.050
20.000 25.000 30.000

« Phase adv. of (275°,129°) (compared to 357°,166°)
* The maximum quad length is of 0.8m
* The distance between the dipoles and quads is 0.5m

*The distance between the quads in the middle of the
“achromat’ is 3.8m, with the same low hor.beta

* Preliminary runs show a horizontal DA of around
30mm (target value is 20mm imposed by injection
aperture)
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Scaling of the chromaticity with emittance gskr

170 1
160 4 °

150 o

140 - L

130 4 °

120 4 .

érms

110 4 )

100 )
90 -
80

L} L} L} L} L} L} L} L
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
Eorr [NM]

B Emittance scales almost linearly with chromaticity.

B Question to be answered: lowest emittance that can be achieved which
leading to a reasonable DA.

B Preliminary scaling suggests that this emittance may be found around 1.3nm

B Top-up could allow a small of momentum DA (lifetime), at least 10mm are
mandatory for ensuring efficient injection.



Upgrade stages =

Ultimate lattice { - Long interruption time for installation of all components

drawbacks » Long commissioning to reach ultimate performance (2-3 years)

« Changing half of each cell (achromat) ~

* Increase the phase advance to reach 2nm A

r \
=
* Increase the current to 300mA (feed-back) IR0 NRI . -
- 3-fold increase of brilliance — Ph I I
« All dipoles replaced by variable bends } (_A_\ A
* Small gain in emittance RO U HiHE

« All straight section magnets are replaced
» Sub-nanometer emittance Phase I I I

> — —
+ An RF upgrade to reach more than S00mA | " 111 11| s [INIH1N1 B 1IN0 NN

* Brilliance increased by a factor of 10
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Main results, open questions and &skr

future work

H Built a solid theoretical framework for the effective
emittance minimization through variable bending fields and
the construction of low-effective emittance lattices

B Scaling of the effective emittance with phase advance,
chromaticity and ultimately dynamic aperture

B The main limit for the ESRF is the cell length, and low beta
optics configuration

B Can we use the high horizontal phase-advance of close to 21
. e (CLIC damping rings,
to cancel sextupole non-linearities? sl g g 2003
B \What is the impact reducing the lattice symmetry
B \What about octupoles for reducing tune-shift with amplitude?



. el
Design challenges ESRF

B Adequate dynamic aperture for high phase advance cells
B Variable bending magnets field quality

B Building high gradient quadrupoles with incorporated
sextupole components

B Design of new absorbers to sustain high beam power
due to current upgrade

B High-gradient magnets need low gaps and small vacuum
chambers, i.e. impedance increase (NEG coating)

B Design of septum with smaller sheet thickness

B Optimising injection process (booster, transfer lines) to
allow continuous top-up operation



What about CLIC damping rings?

(preliminary)

B Using typical CLIC damping rings’
parameters (energy of 2.424GeV, 96
cells with 0.545m long dipoles)

(thanks to Frank Zimmermann)

B Ignoring wigglers and IBS, the theoretical
minimum emittance by the arcs is around
52pm (245nml/y) for uniform bends of
0.932T

B A three step dipole with two symmetric
0.19m long parts of 0.505T at the ends
and a central field 1.8T of the same
length provides a theoretical minimum
emittance of 21pm (101nm/y), more
than a factor of 2 decrease.

B Damping times also drop by 30% and
energy spread increases by 20%

B B and a functions increase at the
entrance (exit) by a factor of 2

B Influence of wigglers and IBS to be
studied (Maxim Korostelev and Frank Z.)

Field [T]
© -
(@)} - (@)

o

B [m], a

0.2 0.4

Length [m]
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