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Outlines

* Vertical emittances in presence of coupling
» Coupling correction via Resonance Driving Terms
 Application to the ESRF storage ring

* Preserving small vertical emittance during beam
delivery

 Towards ultra-small vertical emittance
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Vertical emittance in absence of coupling
Eigen-emittance:
K 74 [H2(s)d(s)}ds y 74 [H2(s)d(s)}ds

> § ore(s) = Dalebos(ds|| 7§ D() = Dy ()b () ds

RMS emittance:| & = \/ or(8)op(s) —a2,(s)

Measurable emittance:| g, = 2% _
S

The three definitions are equivalent and
Ey=Ev=Ey=const. If vert. disp. Dy=0, Ey=&v=&y=0
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Vertical emittances in presence of coupling

Constant eigen-emittance [See B. Nash et al. PRSTAB 9, 032801, 2006].
}( d(s) {C2H2(s) + [S2 + 82| H2(s)} ds

1
E =

> § {br(5) — €Dy bsy(s) ~ [2 ~ 53] Duls)bials)} ds

RMS projected s-dependent emittance:

&y =\[0y 0y — 02, =1/(C26, + [S? + $2] &) — (25:5_&.)°

Measurable apparent s-dependent emittance:

0.2

G- =C26, + [S2 + 8% —25 8y cos(ar —g-)] &
Yy

In absence of coupling C=1, S.=S,=0 and Ey=Ev=Ey=const

Ey =
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Vertical emittances in presence of coupling

*Coupling sources
(tilted quads,
misaligned sextupoles,
ID error fields, etc.)
generate skew quad
fields J,(s)

 J,(s) generate two
Resonance Driving
Terms (RDTs) f(s)

f,.=M_,(B,®) Jp,1

Linear dependencel!
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C =cosh(2P),
_sinh (2P)
S_ = > | f1001]
inh (2P
S, = e 7§ )|f1010| :

P =+/—|fio01|? + | fio10|? ,

|14
> Juw,1/BE By e At FAtuy)
. w
Ty = 4(1 — e2mi(QuFQv))

q— = arg{flOOl} ; q+ = arg{flOlO}
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Vertical emittances in presence of coupling

Apparent emittance:

Projected emittance:

E, =C*&, + [83 + 8% —285_8, cos (g4 — q-)| &.

€y = \/ (C26, + [S2 + 82] &.)° — (25+:5-6.)°

—— apparent emittance

T 35 projected emittance . | - |
2 o -
5 £ 30 -
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Apparent emittance: |E, = ¢2¢&, + (8% + 82

Projected emittance: | €y = \/(Czé"v + (8% + 83| £

—— apparent emittance

= 35 projected emittance
S5 :
> £ 30 oscillations -
S 29 o -
E 20 :
o -
L5 2 i
W g < 15 3
S -
§ 10 | | L
4 600 800
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Vertical

emittances in presence of coupling

Apparent emittance: | g, = 24, + [S2 + 82 —25_S; cos (¢ — q-)] &

Projected emittance: | €y = \/(Czéav +[82 +82]&,)° - (25,5_6,)°

£ 35

=2 3

S |25 o

> £ 5
)

L 1§ o
W 5 =2 15
O
£ 10

>

—— apparent emittance
projected emittance

b 1 00% overestlmatlon
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Vertical emittances in presence of coupling

Apparent emittance:

Projected emittance:

E, =C*&, + [83 + S_i —28_5, cos (g4 — q_)] Eu

€y = \/ (C26, + [S2 + 82] &.)° — (25+:5-6.)°

—— apparent emittance
—— projected emittance

&
2 o
© =
O A
CcC 5
T O
= O
)
= D
—
Y
4]
O
“— 1N

300% overestimation Ey(apparent) Vs g (equilibrium)

0
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|
] |
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Vertical emittances in presence of coupling

Apparent emittances <E,>= c2&, + [S2 + 82 —25_S —q-)| &,

Average over the ring

: 2
Projected emittanc®: ¢ €,>= \/(Czé"v +[S2+82] &) — (28+:8-6.)°

—— apparent emittance

= 35 projected emittance .

L CCD 3() <E.\. >= 15.93 pm ]
8 = Ey =16.63pm| J7
S 3 25 -
£ 2 20 -
€ 3 \
o = i
ERIRS e
S -
S -
g) 10 I | 1 I L |-
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Coupling correction via Resonance Driving Terms

The lower the vertical dispersion and the coupling RDTs, the
smaller the vertical emittances

* Vertical dispersion Dy is linear in the skew quad strengths J, : once
measured may be corrected via SVD of its response matrix

» Coupling RDTs are linear in J, too, and a response matrix may be
easily defined and used for correction (fast, direct, no iteration needed)
Procedure [already independently developed by R. Tomas (for ALBA)]:

1. Define an error lattice, model (quad tilts, etc. from ORM or TbT BPM
data) => RDTsand Dy F
2. Evaluate response matrix of the available skew correctors M

3. Find via SVD a corrector setting jthat minimizes both RDTs and Dy

>

>
J=-M F to be pseudo-inverted
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Application to the ESRF storage ring
First RDT correction: January 16" 2010

All skew correctors OFF: € +5& = 237 + 122 pm
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15t ORM measur. and RDT correction: € +5€, = 23.6

Application to the ESRF storage ring

First RDT correction: January 16" 2010

+ 6.3 pm
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Application to the ESRF storage ring

First RDT correction: January 16" 2010

2" ORM measur. and RDT correction: € +5& = 11.5 = 4.3 pm
— . 0.06 | | | L W
€ 20 [ | AFTER 2nd CORRECTION 1 13 ~oon
S s 118 ol i
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e lor 1 | o
@ ] c 004 .
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~20 min. for ORM
a few seconds for RDT correction
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Application to the ESRF storage ring

ESRF record-low vertical emittance: June 22" 2010

At ID gaps open: € +5& = 4.4 + 0.7 pm

— 10 :
€ ol June 22nd 2010 record low emittance ]
3 8¢ .
s 7f :
5 of :
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File Signals View

static monitoring
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sr/d-emit/averageszemittance (Hdbv2)
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Duration SEll:S06 I

Apparent emittance measured at 14 monitors on Jan.
20t 2010, during beam delivery and movements of two

ID gaps movements

Low coupling
may not be
preserved during
beam delivery
because of
continuous
changes of ID
gaps that vary
coupling along
the ring
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*H-V steerers at the ends of an ID straight section were cabled
so to provide skew quad fields

Look-up tables (corrector currents Vs ID gap aperture) were
defined so to preserve the vertical emittance at any gap value.
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Preserving small vertical emittance during beam delivery

IE i A | ' | ! | ! | ! | ' | ! | ! 1 i
= 2 _ *—e without correction |
§ gL |+ +—swith look-up tables| -
E L
.é 7 L -
m I ——
g 6 T -
e 5¢ $ -
c _ ? -
o 4r T T -
.H—V E ol ] ——1—— | L ] ] ] ] ] ] ] ] ] ] ] ] ] 17 DIed
6 s 5 18 21 24 27 30
S0 10| ID6 undulator)vertical aperture [mm]

Look-up tables (corrector currents Vs ID gap aperture) were
defined so to preserve the vertical emittance at any gap value.
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Preserving small vertical emittance during beam delivery

\O
|
1

5 2 wanthhai it Anvrantian

This scheme will be
progressively implement on
) other IDs
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Look-up tables (corrector currents Vs ID gap aperture) were
defined so to preserve the vertical emittance at any gap value.

mean vertical emittance [pm]
L |
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Preserving small vertical emittance during beam delivery
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Preserving small vertical emittance during beam delivery
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C* loop OFF, manual correction

+
+

llllllllllllllll

QD &
N N
o) o)

s @ @ ¥ @
o ' o o

average vertical emittance
llIII‘TIIIlI

lllllllllll

B3

AHard [

Copy Panel
Hard |
Copy Panel

-0.4683 A
0.3351 &
-0.1366 A
0.1066 &
0.1082 &
-0.1677 &
0.0747 &
-0.1351 &
0.0340 &

‘Read

0.1091 &
0.3226 &
0.0330 &
-0.0153 &
0.1155 A
0.0534 &
-0.1829 a
0.0511 &
0.1407 &
-0.2469 &
-0.1331 &
0.0328 &
0.0159 &
0.1399 &
0.2688 &
0.3465 &
-0.2214 &
0.1088 &

-0.2562 &
-0.1628 &
1582 &

§8888858988898898888838888888888

spenb Ma)S SI0)091100 7§

0.2116 A
Phase

SRIPHASE-18/P22

147.6 deg

turopean Synchrotron Radiation Facility

Vertical Emittance reduction @ ESRF



A Light for Science

Towards ultra-small vertical emittance

At the ESRF SR coupling correction against umber of_skew correctors
t il error model from ORM measured on April 20th 2010

COrrector Colls 8 — actual 32 correctors Ev=3.4 pm Ey{apparent)=4.3+-0.7 pm| |
(dipole, quad, — [ |— 32+ 32 correctors Ev=1.3 pm Ey(apparent)=1.7+-0.2 pm| |

& 7 [ |— 32 +64* correciors Ev=0.7 pm Ey(apparent)=0.8+-0.1 pm| |
skew quad & 5 -
sextupole) are @ 6 .
Installed on the Q 5 .
yokes of the £ 4 )
main sextupoles aE> L _ T _ YAV N T _MVUTHA
(7 per 32 cell). = 3 - 7

2 2F :
*52 coilsmaybe |5 ¢

1
powered so to - 1§
have more than 0 ' ! ' | ' ' ' '
0 50 100 150 200

32 corrector —— Equilibrium Ev *
skew quads — Apparent Ey BPM number : on top of steerers
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Towards ultra-small vertical emittance

At the ESRF SR coupling correction against umber of skew correctors

error model from ORM measured on Aopril 20th 2010

corrector col _ _ =43+-07 pl

dipole, quad 32 Skew quad coils will be =7 02pm| -
. . . ent)=0.8+-0.1 pm
skew quad & put in operation during 2011 [~
sextupole) af ~ . ey 9
nstalled on 4 1IN @ddition to the 32 ones

yokes of the already operational

main sextupores E
(7 per32cell). |Z 37
2 2

«52 coilsmay be |5 ¢
powered so to > 1y
have more than ' ' . | . | . |

- 0 0 30 100 150 200
32 corrector — — Equilibrium Ev BPM o e
skew quads. — Apparent Ey number |*:ontop
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Conclusion

» The Resonance Driving Terms formalism helps clarifying the
various significances of “vertical emittance” in presence of
coupling and allows a straightforward, linear, correction
algorithm.

 Applications to the ESRF storage ring led to vertical
emittance of ¢, =4.4 + 0.7 pm, a record low for this machine
(&, =4.2 nm =>¢ [e,= 0.1% ).

* A number of procedures to preserve small vertical emittance
during beam delivery was successfully tested: stable €, = 6-7
pm (7/8 +1 filling) delivered as of November ‘10

« 32 new skew quads will be added during 2011 with the aim

of delivering beam of €, = 2 pm.
More details in a paper submitted to PRSTAB
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Extra: vertical emittance Vs lifetime (7/8+1 filling)

Manual correction of coupling resonance :
mean Ey from 20 pm to 6 pm

Lifetime(h)
0
o
-"E:.,_

30
Automated loop for the correction of
coupling resonance : Ey< 6 pm over 1 night
E 20 = =
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=] =] =] =] =] =] =] =]
==} -+ ] (==} -+ «©Q o -+ -+
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B8 ° ° B8 B8 B B8 B8
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[~ - o™ () <r N (7=] "~
™N ™~ ™~ ™~ ™~ ™~ ™N ™N
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EXTRA: Brilliance @ &, = 5 pm@200 mA (2 pm@300mA)

Solid curve: Iy T—T

Brilliance of the ! \ Ham. #3 o 4

X-ray beam T / /

emitted from the g o L

two in-vacuum e : | ‘

undulators £

installed on ID27 E R

(High Pressure £ 7

beamline). Each g 100 F

undulator 5

segment has a g if E;‘i{tfHoriz & Vert :4nm & 5 pm

pelrIOdtﬁf ?32mm’ 2: _ Fi?\:r(l:: g(;)v(l)n[.n;}m.‘l:}\ui: i\orn!?':c’Und.

a length of 2 m

and is operated 10" bt oL . 4 T
with a minimum e 100keV
gap of 6 mm. Photon Energy
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EXTRA: comparing RDT formula and optics codes

ESRF Iatt|Ce % 4.003 A I | : ! | :I | ! _:
Wlth three %_ 13321 |: —— apparent emittance from RDT
sources of = R —— projected emittance from RDT |

: 8 3990
coupling only 5 3908 0
(black dashed = 45 J'r
\ o 40
lines): apparent Y 35 ]
and projected = 30
emittances along | 20
the ring, from E
RDT formulas & 40
.y @
and AT (Ohmi’s 5 3
formalism) 8 25
€ 20
= 15 1 ] | ]
0 200 400 600 800
—— apparent emittance from AT | g [m]
Agreement < 0.1% projected emittance from AT
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EXTRA: comparing RDT formula and optics codes

ESREF lattice (top)
and lattice with
quadrupole fields in
bending magnets
(bottom): comparing
vertical eigen-
emittance between
RDT formula and
MADX (Chao’s
formalism)

Agreement < 1% (top),
~5% (bottom)
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EXTRA: comparing RDT formula and optics codes

ESRF lattice (to
and lattice with
quadrupole fields
bending magnets
(bottom): compar
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EXTRA: Vertical apparent emittance “spread”

The larger the

90 ' | ' l ' T ' | - | _
[ : coupling, the
go | M from AT model _ | < th
-| | from in-air x-ray monitor - )arger is the
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T . emittance along
40 T the ring (don’t
0k 1 | blame “bad”
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20""C5 C10 C11 C14 C18 C21 C25 C26 C29 C31 monitors for
larger-than-
expected

Measurement of Jan. 16t 2010, before correction
measured values)
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EXTRA: Vertical apparent emittance “spread”

. c The larger the
e —— apparent emittance I - I .
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File Signals View

e

static monitoring
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id/id713/7u18_gap [Imm]l (HdbVv1)
id/id/6/chu20u_gap [mml (Hdbv¥1)
sr/d-emit/average/zemittance (HdbVv2)
sr/d-emit/cl0/zemittance (HdbVv2)
sr/d-emit/cl11/zemittance (HdbVv2)
sr/d-emit/cl 4/zemittance (Hdbv2)
sr/d-emit/cl18/zemittance (HdbVv2)
sr/d-emit/c21/zemittance (HdbVv2)
sr/d-emit/c25/zemittance (HdbVv2)
sr/d-emit/c26/zemittance (Hdbv2)
sr/d-emit/c29/zemittance (HdbVv2)
sr/d-emit/c31/zemittance (Hdbv2)
sr/g emit/c5/zemittance (HdbVv2)

it/d9/zemittance (Hdbv2)

sr/d-emit/id25/zemittance (HdbVv2)
sr/d-emit/id4/ze mittance (HdbVv2)

origin time DOFONZ 200G GaT40

Apparent emittance measured at 14 monitors on Jan.
20t 2010, during beam delivery and movements of two

ID gaps movements
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The larger the
coupling, the
larger is the
‘spread” among
the measured
apparent vertical
emittance along
the ring (don’t
blame “bad”
emittance
monitors for
larger-than-
expected
measured values)
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File Signals View

sr/d emit]
sr/d-emiy

sr/d emlt
sr/d-emiy
/d

IAX : always on
1rst dipole in cell

Pinhole :
9: 2" dipole
25 : 1=t dipole

‘ ID-30

Emittance
Monitors :

distribution in
the Storage Ring

T~
// \\

W D
Apparent emittance measured at 14 monftors on Jan. AR
20t 2010, during beam delivery and two ID gaps measured values)
movements
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Vertical Emittance reduction @ ESRF
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EXTRA: ESRF SR correctors matrix

At the ESRF SR
corrector coils
(dipole, quad,
skew quad &
sextupole) are
Installed on the
yokes of the

main sextupoles
(7 per 32 cell).

« 52 coils may be
powered so to
have more than
32 corrector
skew quads.

turopean Synchrotron Radiation Facility

cell\sext. |S04 [so6 S13 S19 S20 S22 S24

) norm. quad|steeerer [skew quad |steeerer |norm.quad|steeerer

5 skew quad |steeerer steeerer [skew quad [steeerer |norm.quad|

6 skew quad |steeerer |norm. quad|steeerer steeerer

7 steeerer steeerer |skew quad |steeerer [norm.quad| |96 steeerers
8 steeerer |norm. quad|steeerer |norm. sext steeerer |norm.sext

9 steeerer |norm. quad|steeerer |skew quad [steeerer |norm.sext |32 norm. quads
10 skew quad [steeerer steeerer steeerer [norm. quad|

11 steeerer |[norm. quad|steeerer |skew quad |steeerer |32 skew quads I
12 steeerer |skew quad |steeerer |norm.quad|steeerer

13 steeerer |norm. quad|steeerer |skew quad |steeerer |12 norm. sext.sl
14 norm. quad|steeerer steeerer steeerer |norm. quad|

15 steeerer |[norm. quad|steeerer |skew quad |steeerer

16 steeerer steeerer |norm. sext [steeerer |norm. sext Free channels:
17 steeerer |norm. quad|steeerer |skew quad [steeerer 52
18 skew quad |steeerer steeerer steeerer |norm. quad|

19 steeerer |norm. quad|steeerer |skew quad [steeerer

20 skew quad [steeerer [skew quad |steeerer |norm.quad|steeerer

21 skew quad [steeerer [norm. quad|steeerer |skew quad |steeerer

22 skew quad |steeerer [norm. quad|steeerer steeerer

23 norm. quad|steeerer steeerer |skew quad [steeerer |norm. sext

24 steeerer |skew quad [steeerer |norm. sext |steeerer |norm. sext

25 steeerer |norm. quad|steeerer |skew quad [steeerer

26 skew quad |steeerer steeerer steeerer [norm. quad|

27 steeerer |[norm. quad|steeerer |skew quad |steeerer

28 norm. quad|steeerer steeerer steeerer |norm. quad|

29 steeerer |[norm. quad|steeerer |skew quad |steeerer |norm. sext

30 steeerer [skew quad [steeerer |norm.quad|steeerer

31 steeerer |norm. quad|steeerer |skew quad |steeerer

32 steeerer |[norm. quad|steeerer |norm. sext [steeerer |norm. sext

1 skew quad [steeerer [skew quad |steeerer |skew quad |steeerer

2 skew quad |steeerer steeerer steeerer |norm. quad|

3 steeerer |norm. quad|steeerer [skew quad [steeerer [norm.sext|

Vertical Emittance reduction @ ESRF



