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Once upon a time in a very cold & distant land...

e Around 2007: MAX-lab operating /=
three storage rings for users NG

* But wants to expand towards £l8
high-brightness x-rays LUND

UNIVERSITY

: ;% | : 550 MeV, 1986
/// MAX II: 1.5 GeV, 1996
' MAX I11: 700 MeV, 2007

Simon C. Leemann
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MAX IV Facility Overview

* These plans call for a new facility

* Quickly realize a single accelerator cannot cover the entire
required spectral and temporal range

» After a facility-wide optimization, deC|de instead to bwld 3
new accelerators: Feb 5, 2015 | s

—one =3.5 GeV linac as
SPF/FEL driver & ring
Injector (separate guns)

— two separate storage
rings at 1.5 GeV (UV)
and 3 GeV (x-rays)

Simon C. Leemann
4/143 /\/\l IV
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MAX IV Facility Overview (cont.)

* Facility can accommodate up to 32 user beamlines:

3 @ SPF,10 @ 1.5 GeV SR, 19 @ 3 GeV SR

* 14 have been funded in our first two beamline phases

Phase | (~2016)

. FemtoMAX

. NanoMAX
. BALDER
. BioMAX
. VERITAS

. HIPPIE

. ARPES 10. FlexPES (Transfer)

. FinEstBeaMs 12. CoSAXS
Estonian-Finnish Beamline for low density matter 13. SoftiMAX

. SPECIES (Transfer) Coherent Soft X-Ray Scattering, STXM...
High-pressure photoelectron spectroscopy and RIXS 14. DanMAX

The 14 Funded Beamlines

Studies of ultra-fast processes in materials

Imaging, spectrojcopic & scattering techniques with
nanomater resolution

(Hard) X-ray absorption spectroscopy with emphasis on
in-situ and time resolved studies.

Macromolecular crystallography with a high degree of
automation and remote access

RIXS combining a unique resolving power with high
spatial resolution.

High-pressure photoelectron spectroscopy

Photoshectron Spectroscopy and NEXAFS

Angle resolved photoelectron s roscopy for detailed
- - paciioscoy 11. MAXPeem (Transfer)

studies of the electronic structure.

Simon C. Leemann
ALS/LBNL, September 29, 2016
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* MAX IV 3 GeV storage ring designed for x-ray users =
brightness via state-of-the-art IDs, high-current top-u
operation & ultralow emittance

nigh

0

NAX



* MAX IV 3 GeV storage ring designed for x-ray users = high
brightness via state-of-the-art IDs, high-current top-up
operation & ultralow emittance

 Ultralow emittance achieved through MBA lattice (gx~ 1/Np3)

1
eo[nmrad] = 1470 E[GeV]? > I, =1-2=

J. 1o ‘[2/T|VIE
0.0078 5 oa I (Basm)
_ E[GeV]? @[] ,
S 12+/15
Iy = % Iy = 7{% (% + 2b2) ds Is = ]{ %ds H = vun® + 2000 + Bon?

TME: brute-force approach Is/l, = 0 easily leads to overstrained optics, chromaticity wall
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* MAX IV 3 GeV storage ring designed for x-ray users = high
brightness via state-of-the-art IDs, high-current top-up
operation & ultralow emittance

 Ultralow emittance achieved through MBA lattice (gx~ 1/Np3)

1
eo[nmrad] = 1470 E[GeV]? > I, =1-2=

J 1o I
Fome 1

0.0078 B
= " E[GeVE o) 12%/}, B[P o —
x b
—— Gradient Dipoles
Iy = % Iy = 7{% (p—12 + 2b2> ds Is = ]{ %ds H = ven® + 2z’ + Bun’

TME: brute-force approach Is/l, = 0 easily leads to overstrained optics, chromaticity wall
MBA: many weak dipoles, distributed chromaticity correction = allows relaxing optics
Gradient dipoles: reduce emittance, allow for more compact optics » improves MBA

MAXTV



* MAX IV 3 GeV storage ring designed for x-ray users = high
brightness via state-of-the-art IDs, high-current top-up
operation & ultralow emittance

 Ultralow emittance achieved through MBA lattice (gx~ 1/Np3)

2 I 5 I 4
eolnmrad]| = 1470 E[GeV] , o Je=1—— o VIBA
Sz do Iy =~ /
SPIE Vol. 2013, 1993 Design of a diffraction-limited light source
D. Einfeld* and M. Plesko**
dd * Research Ctr. Rossendorf, P.O.B. 19, O-8051 Dresden, FRG
Iy = 2 ** Sincrotrone Trieste, Padriciano 99, 1-34012 Trieste, ITALY
TME: brute-fg ABSTRACT
MBA: many w
Gradient dioo A modified multiple bend achromat (MBA) optics as a lattice for low emittance storage rings is presented. The novel
P feature of this lattice is the use of horizontally defocussing bending magnets with different bending angles to keep the
radiation integrals low. It is shown that a storage ring with such a lattice can have a low emittance at a relatively compact
size. An application of the MBA structure for a 3 GeV diffraction limited storage ring is presented and discussed.




* MAX IV 3 GeV storage ring designed for x-ray users = high
brightness via state-of-the-art IDs, high-current top-up
operation & ultralow emittance

 Ultralow emittance achieved through MBA lattice (gx~ 1/Np3)

nmrad oo = oo
€0 | EPAC’94, p.627
Design of a Swiss Light Source (SLS)
W. Joho, P. Marchand, L. Rivkin, A. Streun
Paul Scherrer Institute
CH-5232 Villigen-PSI, Switzerland
Iy =

Abstract VUV photons of up to 100 eV (Figs. 1,5). The other long

: : traight is reserved for future "bright ideas™!
Conceptual design of a synchrotron light source based on s
TME: brut ‘ S y i

an electron storage ring with maximum energy of 2.1 GeV

2 SLS LAYOUT

MBA: mar is presented. The lattice provides small emittance (3.2 nm
. at 2.1 GeV) with large dynamic aperture and flexible The layout (Fig. 2) of the storage ring consists of six achro-
Gradient ( matching of the beam parameters Lo the insertion devices.  matic arcs, two very long (17 m) and four 7 m long straight
This insures very bright VUV/XUV undulator radiation  gactions. .
with a high degree-oftransvcrse coherence. Six achromatic One of the straights is dedicated to injection. accom.-

size. An application of the MBA structure for a 3 GeV diffraction limited storage ring is presented and discussed.




* MAX IV 3 GeV storage ring designed for x-ray users = high
brightness via state-of-the-art IDs, high-current top-up
operation & ultralow emittance

 Ultralow emittance achieved through MBA lattice (gx~ 1/Np3)

a ]—K TA
PAC'95, TPGO8, p.177 Design of a Diffraction Limited Light Source (DIFL)

€0 [nm

D. Einfeld, J. Schaper, Fachhochschule Ostfriesland, Constantiaplatz 4, D-26723 Emden
M. Plesko, Institute Jozef Stefan, Jamova 39, P.O.B. 100, SLO-61111 Ljubljana
e-mail: einfeld@alpha.fho-emden.de

Abstract: 2. OBTAINING A LOW EMITTANCE

Three synchrotron light source of the third generation
have been commissioned (ESRF, ALS and ELETTRA). All
TME: machines have reached their target specifications without any
problems. Hence it should be possible to run light sources 3 ; o
MBA: with a smaller emittance, higher brilliance and emitting H=yn"+2ann’ + pnn’
Gradi coherent radiation. A first disign of a Diffraction Limited

The optics influences the emittance via the partition
number Jx, which is unity for a pure dipole field and via the
H-function:

This insures very bright VUV/XUV undulator radiation
with a high degree of transverse coherence. Six achromatic

size. An application of the MBA structure for a 3 GeV diffraction limited storage ring is presented and discussed.

secLions.
One of the straights is dedicated to injection, accom- it




* MAX IV 3 GeV storage ring designed for x-ray users = high
brightness via state-of-the-art IDs, high-current top-up
operation & ultralow emittance

 Ultralow emittance achieved through MBA lattice (gx~ 1/Np3)

PAC’95, FAB].4, p2823 G96 [EEE. Personal use of this material is permitted. However, permission to reprint/repablish this material

dvertising or prometional purposes or for creating new collective works foe resale or redistribution to servers

or lists, o to reuse any copyrighted componeant of this work 1n other works must be obtained from the [EEE.

LATTICE STUDIES FOR A HIGH-BRIGHTNESS LIGHT SOURCE

D. Kaltchev”, R.V. Servranckx, M.K. Craddock’
TRIUME, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T2A3
W. Joho, PSI, CH-5232 Villigen, Switzerland

Abstract on simultaneous minimization of linear chromaticities and third-
and fourth-order resonance strengths with the code COSY ~ [5].
The solutions obtained for the original hexagon lattice are very
similar to those found at PSI.

Two approaches have been taken, as detailed in the following
sections. In the ®rst, the phase advance per cell was set solely
to obtain low emittance, as in the original SLS design. One

A number of lattices have been studied for use in a high-
brightness Canadian synchrotron light source. In particular we
have investigated some designs similar to the proposed 1.5-2.1
GeV Swiss Light Source, which incorporates superconducting
dipoles in multi-bend achromats, but providing 8 or 10 rather

al - - 0 Atd . - a a £y 13

coherent radiation. A first disign of a Diffraction Limited TR , s f

This insures very bright VUV/XUV undulator radiation  gactions.
with a high degree-of transverse coherence. Six achromatic One of the straights s dedicated to injection, accor-

size. An application of the MBA structure for a 3 GeV diffraction limited storage ring is presented and discussed.




* MAX IV 3 GeV storage ring designed for x-ray users = high
brightness via state-of-the-art IDs, high-current top-up
operation & ultralow emittance

 Ultralow emittance achieved through MBA lattice (gx~ 1/Np3)

1 1
co[nmrad] = 1470 E[GeV)’ - 512, Jy=1- [—‘2* ME MBA
_ 0, 0078 F (B, ) e ] 1/
E[GeV 3 £, 0P x —
[ € ] [] 12\/5 ) [] X N3
b
\ Gradient Dipoles
Iy = % I4=]{g(p—12+2b2> ds 15—]{;[—3’618 H = ven® + 2z’ + Bun’

* During 1990s considered “nice idea” but not realizable

MAXTV



* During the 2000s MAX-lab becomes convinced it has the
technology to realize an MBA lattice
— compact magnets (narrow gaps = short but strong), magnet

integration (common magnet block = “girder”), use of combined-
function magnets

Photo courtésyiA. Nyberg

NAX



MAX IV Origins (cont.)

* During the 2000s MAX-lab becomes convinced it has the
technology to realize an MBA lattice
— compact magnets (narrow gaps = short but strong), magnet

integration (common magnet block = “girder”), use of combined-
function magnets

Magnet Block

Simon C. Leemann -
ALS/LBNL, September 29, 2016 15/143 Wi\/



MAX IV Origins (cont.)

* During the 2000s MAX-lab becomes convinced it has the
technology to realize an MBA lattice
— compact magnets (narrow gaps = short but strong), magnet

integration (common magnet block = “girder”), use of combined-
function magnets

JSR 21, 884-903 (2014)

Simon C. Leemann
\/
ALS/LBNL, September 29, 2016 16/143 /\/\/\V\ |\/



* During the 2000s MAX-lab becomes convinced it has the
technology to realize an MBA lattice

— compact magnets (narrow gaps = short but strong), magnet
integration (common magnet block = “girder”), use of combined-
function magnets

— NEG-coated vacuum chambers » narrow magnet gaps & tight
magnet spacing

J. Vac. Sci. Technol. A 28(2), Mar/Apr 2010

Old MAXIT — /) MAX Il test
dipole chamber (SS) cooled & NEG-coated Cu

MAXTV



— - Cooling
o N _~ channel t
0 22/24 mm

Y
’ 4

‘ JSR 21, 878-883 (2014)
Photo courtesyE. Al-dmourg

MAXTV



* During the 2000s MAX-lab becomes convinced it has the
technology to realize an MBA lattice

— compact magnets (narrow gaps = short but strong), magnet
integration (common magnet block = “girder”), use of combined-
function magnets

— NEG-coated vacuum chambers » narrow magnet gaps & tight
magnet spacing

— 100 MHz RF system with passive harmonic cavities = ensure
stability, good Touschek lifetime & mitigate emittance blowup
from IBS

MAXTV



* During the 2000s MAX-lab becomes convinced it has the
technology to reallze an MBA lattice SR

100 MHz

MAX TV



The MAX IV 3 GeV Storage Ring

M
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e
e

* 528 m circumference, 500 mA with top-uB,\ZO achromats

/ \\

/ \

/ \

\ / PRST-AB 12, 120701 (2009)

-, &

~ P IPAC’11, THPCO59, p.3029

.y o JSR 21, 862-877 (2014)

Simon C. Leemann -
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The MAX IV 3 GeV Storage Ring (cont.)

e .

~~ T

o

528 m circumf,efr"e/nce, 500 mA with top-uf)\,\zO achromats

/ ! <

™
-~
.

PRST-AB 12, 120701 (2009)
IPAC’11, THPCO59, p.3029

S o JSR 21, 862-877 (2014)
Simon C. Leemann o~ -
w
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The MAX IV 3 GeV Storage Ring (cont.)

e e

~~ T

o

528 m circumf,efr"e/nce, 500 mA with top-uE[‘*Z, achromats

01 (2009)
59, p.3029

862-877 (2014)
Simon C. Leemann - P
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W*’. me
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. P *,...w“ | ""m.,%\
* 528 m circumference, 500 mA with top-up,ﬁ.Q achromats

701 (2009)
59, p.3029
62-877 (2014)
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528 m urcumference 500 mA with top- up, *~2.0 achromats

* 19 long strajéhts (4.6 m) for users, 1 for |nJect|o‘n

N
* 40 short ?ftralghts (1.3 m) for RF & diagnostics  \
[ \
| |
y [m]
A
2.0
SS SS
LS LS
5 10 15 20 25
x [m]
\\ f*/ PRST-AB 12, 120701 (2009)
' i IPAC’'11, THPCO59, p.3029
~ . JSR 21, 862-877 (2014)

MAXTV
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528 m urcumference 500 mA with top- up, 20 achromats

* 19 long straJéhts (4.6 m) for users, 1 for |nJect|o‘n

N\
* 40 short ;’tralghts (1.3 m) for RF & diagnostics

\

e 7-bend achromat. 5 unit cells (3°) & 2 matching ceIIs\(l 5° LGB)

L

|

'—-’—ﬂ-m-.‘ -y

#
\\\ ) S PRST-AB 12, 120701 (2009)
. Pl IPAC’11, THPCO59, p.3029
- ”
N g JSR 21, 862-877 (2014)
"'Q.,,* \v""’

e e T MAXIV



i s

o Ve
"l %"s
9

,,d'

528 m urcumference 500 mA with top- up, 20 achromats

* 19 long stralghts (4.6 m) for users, 1 for |nJechoh

"\

* 40 short ;’tralghts (1.3 m) for RF & diagnostics

\

e 7-bend achromat 5 unit cells (3°) & 2 matching ceIIs“‘(l .5° LGB)
. ngh—brjghtness hard x-rays achieved through: ‘}

— stateqof-the-art IDs (in-vacuum undulators, EPUs)  maxiab int.Note 20100215

— 500 n}lA stored current, (infrequent) top-up injection /

PRST-AB 17, 050705 (2014)
— uItranw emittance lattice & harmonic cavities (Ilfetlm,e & IBS)

> gy = 32\8 pm rad (e, adjusted to 2—8 pm rad) ,.'f PAC’13, MOPHOO5
,
X /
. y PRST-AB 12, 120701 (2009)
. i IPAC'11, THPCO59, p.3029
-~ rd
S, o JSR 21, 862-877 (2014)

MAXTV



* Gradient dipoles perform 1
vertical focusing (e, ~ 1/J)

—

6

14

12

10

Beta Functions [m]

A

2.0 1

y [m]

| | ml IE; EI 1 0.08
ﬂ "o oo
4 0.06
4005 E
‘ ‘ - 0.04 g
‘ | ‘ +4 0.03 %
()
4 0.02
\ .! ' i | | !. 4 0.01
AL (AN
| / \
;3 1|o 1I5 2|o 2|5 had
s [m]

PRST-AB 12, 120701 (2009)

et s =
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e Gradient dipoles perform [ | ﬂ' Bo—
° ° y .
vertical focusing (ex~1/k) 18 ) A
» Gradient dipoles inter-  _ T
leaved with horizontally &
. g 101
focusing quadrupoles 5 | ‘ ‘ ‘
g |
4+ l y WY Y W\
1 I NN AN
\V \
° 0 5 10 15 20 25
A y [m] s [m]

2.0 1

PRST-AB 12, 120701 (2009)

A M M M M A
5 || Mo |l | 1]

X [m]

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0

-0.01

NAX

Dispersion [m]



* Gradient dipoles perform s} By —— | 008

By _
vertical focusing (e, ~ 1/J) L P e \ o oo
» Gradient dipoles inter-  _ " 1 008
. . — 12 ] _ =
leaved with horizontally ¢ " E
. = 10 | -4 0.04 %
focusing quadrupoles 5 ‘ ‘ ‘ ‘ &
= - | 4 003 @
ev,=42.20,vy=16.28 & | L ooz
e =om B em | I\ \AAAAS |
NN I
*0* =54 um, 0,*=2-4um [\y \ °
0 ' ' ' ' 1 -0.01
A 0 ) 10 15 20 25
-~ y [m] SIM oRsT-AB12, 120701 (2009)
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* Strong focusing & weak bends = low dispersion = strong
chromatic sextupoles = intricate nonlinear optics required to
achieve |arge DA & MA(needs to remain stable under influence of IDs and errors)

Compensate chromaticity where it’s

created = limit chromatic beta beating N

Klotz & Mulhaupt, 4GLS WS, SLAC, 1992

18

Beta Functions [m]

14

—
N

—
o

s [m]

i " Peak él‘iipersic;n 8 cm IE; : 1 0.08
My ——
i ‘ ﬁ n 4 0.07
T TR, 1 0.06
- 4005 E
- ‘ ‘ 4 0.04 %
- ‘ | ‘ 4 0.03 %
()]

- 1 0.02
- \ WY ¥ ow o\ 1 1 0.01

1V AN 5

| \
0 5 10 15 20 25 had

MAXTV



Nonlinear Optics (cont.)

* Natural ¢y = -50 » many chromatic sextupoles = correct
linear chromaticity and tailor its higher orders = additional
sextupoles used to minimize first-order RDTS qowsince phase adv. = 2nx2, 2n3/a)

PRST-AB 12, 120701 (2009)
PRST-AB 14, 030701 (2011)

A VIRERERELT

X [m]

>

Simon C. Leemann
\/
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Nonlinear Optics (cont.)

* Natural ¢y = -50 » many chromatic sextupoles = correct
linear chromaticity and tailor its higher orders = additional
sextupoles used to minimize first-order RDTS qowsince phase adv. = 2nx2, 2n3/a)

PRST-AB 12, 120701 (2009)
PRST-AB 14, 030701 (2011)

A VIRERERELT

5 10 15 20 25
| | | x [m] | | |

* Strong sextupoles drive large ADTS » achromatic octupoles
allow tailoring ADTS to first order » minimize tune footprint

>

Simon C. Leemann
\/
ALS/LBNL, September 29, 2016 33/143 /\/\/\V\ |\/



Nonlinear Optics (cont.)

0.5 — | |

— AN ! i I
s\e\itx\\\ /// sﬁ\ew sextr. i
\\\‘~\\\\ /,’/ \\ i skew qu coupl.
\\\\\\\\\\ //// \\\\ i al
04 — - /vi\\\\ \\\\ : _
/,/ e \\\ i , 21ix3/4)

__________________________________ ’/:“““'“““““““““':::::;\:5:““““““““““““““““ 01 (2009

skew sext. S .AA =+6 mm ! \\~ \\\\\ ? ( )

_ 03} | 701 (2011)
- |
_® i
c |
. I
5 :
© l
2 02 | :

i —>

0.1 | i

—= : e

, ngt’.’a’oupl. ei .
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Nonlinear Optics (cont.)

0-5 \\\\\ | | //\\\ I i I
sext o _ /// skew sexte. i
S~ S AN : skew qu coupl.
S~o / \ 1
\\\\ // A A
\\\\\ // \\ : |
\\\\\\ /// \\\ : a
\\\\ / \ I
0.4 B ;“\\\ \\\ : I
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/ S~o \ |
10
8
6
\
4
2
L B L ! I ! i 0
-20 10 15 20 -20 -10 0 10 20

S EXTUDOICS Oy | Tr——
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0.2 0.3 0.4 051Nt
Fractional v,
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* Nonlinear optimization results in small amplitude-dependent
and chromatic tune shifts (tracking in Tracy-3)

42.206

42.204

42.202

42.2

42.198

42.196

| | | | |
Horizontal amplitude excursion ==
Vertical amplitude excursion =—#=—

AX, Ay [mm]

16.288
16.286
16.284
16.282

16.28
16.278
16.276
16.274
16.272

16.27

| | | | |
Horizontal amplitude excursion ==
Vertical amplitude excursion ==

2 4 6 8 10
AX, Ay [mm]

PRST-AB 12, 120701 (2009)
PRST-AB 14, 030701 (2011)
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* Nonlinear optimization results in small amplitude-dependent
and chromatic tune shifts (tracking in Tracy-3)

42.206

42.204

42.202

42.2

42.198

42.196

| | | | |
Horizontal amplitude excursion ==
Vertical amplitude excursion =—#=—

2 4 6 8 10
AX, Ay [mm]

16.288

16.286 -
16.284 -
16.282
16.28

16.278
42.22

1
42.21
42.2
42.19
42.18

42.17

42.16
42.15
42.14

42.13

| | | | |
Horizontal amplitude excursion ==
Vertical amplitude excursion == _

PRST-AB 12, 120701 (2009)

PRST-AB 14, 030701 (2011)
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4 16.3
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* Nonlinear optimization results in small amplitude-dependent

and chromatic tune shifts (tracking in Tracy-3) PRST-AB 12, 120701 (2009)
PRST-AB 14, 030701 (2011)

* Overall tune footprint becomes very compact both on and
off momentum

— large on-momentum DA ensures good injection efficiency

— large off-momentum DA ensures good lattice MA

4
3.5
3

2.5

2y [mm]

Ap/p [%]




* Nonlinear optimization results in small amplitude-dependent

and chromatic tune shifts (tracking in Tracy-3) PRST-AB 12, 120701 (2009)
PRST-AB 14, 030701 (2011)

* Overall tune footprint becomes very compact both on and
off momentum

— large on-momentum DA ensures good injection efficiency

— large off-momentum DA ensures good lattice MA

— DA stable under influence of IDs, magnet errors & misalignments

MAXTV



y [mm]

 Example: 10 IVUs, gaps fully closed, ring optics matched,

magnet and alignment errors included (20 seeds)

7

6

-15

Ideal machlne with 10 pmuL 5=0:0% =t

Machine with errors, 8=0:0% X
Standard vacuum chamber -
Actual physical aperture -------
Required aperture

&%

-10 -5 0 5 10 15

PAC'11, TUP235, p.1262

IPAC’15, TUPJE038
e |[VU “pmul”:

3.7mlong, 1.1 T peak field,
18.5 mm period, 4.2 mm gap

e Misalignments:
50 um rms H/V
0.2 mrad rms roll

25 ym rms H/V
0.2 mrad rms roll

for each magnet block

for all magnets within

e Field Errors:
0.05% rms within each family

e Multipole Errors:
Upright and skew multipoles added

MAXTV



8¢ [%]

* Large off-momentum DA enables generous lattice MA

* In conjunction with appropriately dimensioned RF system

can lead to large overall MA PRST-AB 17, 050705 (2014)
e incl. vacuum apertures
MAXIV 3 GeV SR | Traé:y-S 6D trécking{egsllé/llt\? I
Ucav = 1.8 MV (max) 10 L UEZX:ﬂo MV ——
Target: 8acc > 4.5% I A _
Radiated power [keV/turn] \_ \__N——J_—__J _
400 500 600 700 800 S
7.5 . 0
. | ' RFacceptance ® | Lattice MA / i il
7 I. Bunch length ] always >59 o |
d IV VT \——
6 [ l ] 10 | | | | ]
5.5 - T 0 5 10 15 20 25
5 | U 1aMy w«ss __ RF acceptance >
cav = '
4.5 0 | | | | | | L always >5%

] ]
O 2 4 6 8 10 12 14 16 18
No. of installed IVUs

MAXTV



e Large overall MA is required if ultralow emittance Pprst-as 12120701 (2009)
should render good Touschek lifetime

(low emittance » small transverse momenta = few scattering events lead to actual Touschek loss)

T, (incl. LCs) [n]

95
50
45
40
35
30
25

" 1, incl. IBS (500 MA) ——
= T+ _
| TUItranw-emit'tance -
regime
“Traditional”
i 1!/_'
_I_
L S § | |
0 500 1000 1500 2000
€0 e, [pm rad]

PRST-AB 17, 050705 (2014)

MAX IV 3 GeV SR
(bare lattice)

| =500 mA

Oacc = 4.5%

Os = const
gy =8 pm rad

MAXTV



* Large overall MA is required if ultralow emittance prst-ag 12, 120701 (2009)
should render good Touschek lifetime PRST-AB 17, 050705 (2014]

(low emittance » small transverse momenta = few scattering events lead to actual Touschek loss)

e Use 300 MHz Landau cavities to stretch bunches x5 » extend

Touschek lifetime beyond gas lifetime
Sl I I I |
g Tis (IBS included for 500 MA) —t—
Tis (IBS neglected) -+
o0 _
S 45 MAX IV 3 GeV SR -
3 (bare lattice)
— ‘=. i
5 40 | =500 mA
< Sacc = 4.5%
£ 8o e, = 8 pm rad
30
25
0 500 1000 1500 2000
g, [pm rad]
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* Large overall MA is required if ultralow emittance prst-ag 12, 120701 (2009)
should render good Touschek lifetime PRST-AB 17, 050705 (2014]

(low emittance » small transverse momenta = few scattering events lead to actual Touschek loss)

e Use 300 MHz Landau cavities to stretch bunches x5 = extend
Touschek lifetime beyond gas lifetime

At MAX IV Landau cavities are indispensable to maintain
ultralow emittance despite strong IBS at 500 mA stored
current (5 nC/bunch)

MAXTV



* Large overall MA is required if ultralow emittance prst-ag 12, 120701 (2009)
should render good Touschek lifetime PRST-AB 17, 050705 (2014]

(low emittance » small transverse momenta = few scattering events lead to actual Touschek loss)

e Use | 200 . . — —ches x5 = extend
g LCs included =——t=—
Tous NoLCs -t
SERE | : .

* At Mg to maintain
ultrag 449 ; {) mA stored
curres i

o IBS emittance blowup 13% MAXIV 3 GeV SR
2 50 instead of 45% at natural o, | (bare lattice)
w
e | =500 mA
oL A FT——,——_— . 6acc - 45%
0 500 1000 1500 2000 2500 05 = const
Lattice &, [pm rad] €y =8 pm rad

MAXTV



* These modern rings are really a different beast
— MBA lattices employ very weak dipoles

PRST-AB 17, 050705 (2014)

—installed DWs and/or IDs can have huge impact on rad. power

— emittance & energy spread determined by IDs & gap settings

340
320
300
280
260
240
220
200
180

e, [pm rad]

Radiated power [keV/turn]

400 500 600 700 800

- | | | Emittarlme lI

- m Energy spread -

L - d

| .

B . |

: -43% —
u

N | | | | | | | | |

O 2 4 6 8 10 12 14 16 18

MAX IV 3 GeV SR:
Bare: 364 keV/turn
Loaded: =1 MeV/turn

U() X ’}/412

I5 H
I — 14 03|

1
I4:/Q(2k+—2)d8
p p

800(72

. - IVU:3.7m, A\u=18.5mm, Ber=1.1T
No. of installed IVUs
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* These modern rings are really a different beast PRST-AB 17, 050705 (2014)
— MBA lattices employ very weak dipoles
—installed DWs and/or IDs can have huge impact on rad. power
— emittance & energy spread determined by IDs & gap settings
— IBS entangles longitudinal and transverse dynamics (e low/medium energy)

— despite top-up, as gaps change during user shifts = varying
emittance, bunch length, lifetime, etc. » will need to monitor
closely » feedback wiggler?

MAXTV



Linac & Injection

 MAX IV linac: 39 S-band structures & 19 RF stations (SS
modulator, klystron, and SLED cavities) » =3.5 GeV (on crest)

Simon C. Leemann
\/
ALS/LBNL, September 29, 2016 48/143 /\/\/AV\ |V



* MAX IV linac: 39 S-band structures & 19 RF stations (SS
modulator, klystron, and SLED cavities) » =3.5 GeV (on crest)

KIys,ron Galler

NAX




Linac & Injection (cont.)

 MAX IV linac: 39 S-band structures & 19 RF stations (SS
modulator, klystron, and SLED cavities) » =3.5 GeV (on crest)

1" :‘

W\ - N 4 4
\ \\‘ — Ay 4
AT ¥,
S —~— al R -
; / S 4

Simon C. Leemann
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* MAX IV linac: 39 S-band structures & 19 RF stations (SS
modulator, klystron, and SLED cavities) = =3.5 GeV (on crest)

* Two guns (SPF/FEL vs. ring injection)

* Two magnetic bunch compressors (SPF/FEL)

* Two extraction points to SR transfer lines

Extraction Extraction
1.5 GeV 3 GeV SPF
OThermionic ?_!I_‘ -|/ M
RF gun ‘»‘o‘o-l-—.-“-i A 8 FH{oa -8 } - (B BC2 @ 3 GeV
Kicker & Kicker &
[= 00 - CIE-HE=0ws%, ) 6 560 vev septum septum

Photocathode
RF gun

MAXTV
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el -

= Final Linac Structure
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RF / ol Z
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* The original plan: conventional 4-kicker bump injection

e But worried about stored beam Ngz Septum
stability during top-up B

K3
— 200 nm vertical stability requirement / K4

Transfer Line

* Also worried about complexity

— matching, synchronizing and aligning 4 kickers/pulsers to
properly close bump

— strong sextupoles & octupoles within bump: bump can only be
properly closed for one energy and amplitude

— 4 kickers and septum require lots of space

MAXTV



Linac & Injection (cont.)

* Intrigued by KEK’s pioneering work on PQM and PSM
PRST-AB 10, 123501 (2007)
PRST-AB 13, 020705 (2010)

—align only a single magnet to stored beam
— synchronize only one pulser to injection
— PSM field flat around stored beam

= minute perturbation of stored beam by PSM g‘(/)g

= ||=Quad. magnet
© [|=Sext. magnet
.: . .
& . . Magnetic field at 15 mm 40 mT
20 Injected
= %‘Omd Beam | Magnetic length 300 mm
-8 can .
3 . ,l ] Bore diameter 66 mm
=1)) 1
2 Peak current 3000 A
= Horizontal displacement

from zero field point Pulse length 1.2/2.4 us

Simon C. Leemann
\/
ALS/LBNL, September 29, 2016 55/143 /\/\/\V\ |\/



* Decided to use pulsed sextupole magnet injection for top-up
injection into both MAX |V storage rings PRST-AB 15, 050705 (2012)

* Strong nonlinearities in MAX IV storage rings > tracking (Tracy-3,
DIMAD): optimization of beam position/angle in septum & location/strength of PSM

Ared
Ainj

20 | | | | | ! | COS Ppsm = =+

’xpsm| < A,

v/ Bpsm

(by1) = -

2
Lpsm

Determine location of
PSM ¢psm and kick Bpsm
required to minimize
invariant after capture

MAXTV



* Decided to use pulsed sextupole magnet injection for top-up
injection into both MAX |V storage rings PRST-AB 15, 050705 (2012)

* Strong nonlinearities in MAX IV storage rings > tracking (Tracy-3,
DIMAD): optimization of beam position/angle in septum & location/strength of PSM

15 | _
Oom =1.2 mrafl
1 ® tance .
05 L 1 =1.2 mrad to minimize reduced invariant
3 Inj.
g O * i =0.8 mrad sufficient for capture within
>

05 F - (design) acceptance

15 F -
] ] ] ] ] ] ]
15 10 -5 0 5 10 15

x[mm]  Nonlinearity at
large amplitudes

MAXTV



* Decided to use pulsed sextupole magnet injection for top-up
injection into both MAX |V storage rings

PRST-AB 15, 050705 (2012)

* Strong nonlinearities in MAX IV storage rings > tracking (Tracy-3,
DIMAD): optimization of beam position/angle in septum & location/strength of PSM

1.5

0.5

X’ [mrad]
o

-0.5

-1.5

tance -

x’ [mrad]

0
X [mm]

! ! !
5 \10 15

Nonlinearity a
large amplitudes

_Sep;”[um Blade

45 -10 -
Sampling PSM  x[mm]
field gradient

5
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* Decided to use pulsed sextupole magnet injection for top-up
injection into both MAX |V storage rings PRST-AB 15, 050705 (2012)

* Strong nonlinearities in MAX IV storage rings > tracking (Tracy-3,
DIMAD): optimization of beam position/angle in septum & location/strength of PSM

 PSM gradient not an issue because of low injected emittance

(linac: en =10 mm mrad = €x = 1.7 nm rad; SR: =0.3 nm rad, =11 mm mrad acceptance)

e Capture shows significant tolerance to injection errors
(low injected emittance in conjunction with comparably large ring acceptance)

) | ] |
| Septum Blade | Septum Blade

. Acceptance Accéptance

X’ [mrad]
x’ [mrad]

!
10

MAXTV



* After working on a reference design for a MAX IV pulsed

sextupole magnet...

PAC’13, WEPSMO05
Magnetic field at 4.7 mm 39 mT
Magnetic length 300 mm
Bore diameter 32 mm
Peak current 2125 A
Pulse length 3 GeV /1.5GeV | 3.5us/640ns

e symmetry required to minimize stored beam perturbation
e cannot accommodate for aspect ratio of BSC
¢ 20.6 J stored energy @ 300 mm length

PRST-AB 15, 050705 (2012)

19.3 kV

Two-turn

93 kV @ 400 mm length

/

injection

= 3rd pass
S,
X
~ 2nd pas
inject here
] ] ]
0 1 2 3 4
t/ Ty [] MAXTV



Linac & Injection (cont.)

* After working on a reference design for a MAX IV pulsed
sextupole magnet... switched to a better idea PAC'13, WEPSMOS

P. Kuske, Top-up WS, Melbourne, 2009

* BESSY nonlinear injection kicker prototype

IPAC'11, THPOO024, p.3394

— stripline-like design with 4 low-impedance coils

— minimize stored beam perturbation (octupole-like around center)

a- a+ p - b-l- b- __Flange S
" _Kicker coil 3
I ' Water cooling
/Ceramic plate
Ti coated surface
Stainless steel

250

77| N FRIUEIII TSI W——— R N T A
150 b Bl
100 .. . ........... SRR S 4
50 | ST -
- [ T L TV a—— N S — I [ A S
& i AW i / \
7Y W SRR S VN S
é P\ i
«150 fooonren .. ..... - ;
_zso .i A A i a
-3 -2 -1 0o 1 2 3

X {cm)
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* In 2011 entered collaboration with SOLEIL in association with
HZB to develop a new nonlinear injection kicker for MAX IV
based on the original BESSY concept

* Considering MAX IV vertical aperture requirements and
chosen vacuum vessel design, will have to inject on slope

300 mm air-cooled ceramic vessel
with precision-machined grooves for Cu rods

ane
e

47 mm x 8 mm
JL. Marlats, SOLEIL

MAXTV



* In 2011 entered collaboration with SOLEIL in association with
HZB to develop a new nonlinear injection kicker for MAX IV
based on the original BESSY concept

* Considering MAX IV vertical aperture requirements and
chosen vacuum vessel design, will have to inject on slope

| | ::f-
7 300 mm air-cooled ceramic vessel C

? ldeal OCtUpOIG with precision-machined grooves for Cu rods
100 | | | | |deal PSM | S

150 | | Nor;!i earI Injectlion Kilcker

50 -

B, [mT]

-50

-100

x [cm] 47 mm x 8 mm
JL. Marlats, SOLEIL

MAXTV



* But thanks to low-emittance 1
injection from MAX IV linac,

. . . 0.5
can inject on slope without _

. . 3
sampling too much gradient £ o
for good capture L

-1
150 —' ffffffff | | Nor;!i earI Injectlion Kilcker I -
f |deal Octupole
100 |-

!deal I?SM : -

50 -

-
E
> 0
m
-50
100 |

_Sep;tum Blade

 Ideal dip

Multipole Kicker
: | I

ole’ki

ick 2

-15

-10 -5

X [mm]

Field data for tracking
extracted from OPERA
models (static & transient)
including 4 um Ti coating
(OPERA model courtesy
P. Lebasque, SOLEIL)

PAC'13, WEPSMO05

MAXTV



X' [urad]

* Injected beam and stored , | Septum Blade )
. . o ance
beam see octupole-like field Ideal dip
05 F | =
* 39 mT delivered to injected
beam at 4.7 mm as required £ °[* ]
* Stored beam perturbation 05 1 -
remains negligible 4L _
Multipole Kicker
-15 -10 -5 0 5 10
X [mm]
40 + | | Sulperposlition af’lter5tu|rns I>< _ or | ISuperposlition afte|r5turnsI X I
Before 1stturn  + 6 Before 1st turn y + . Field data for tracking
20 - 1 4T x| extracted from OPERA
ol i § 2r i models (static & transient)
= 0T i including 4 um Ti coating
20 i 2 r ] (OPERA model courtesy
40 - i -4 r 7 P. Lebasque, SOLEIL)
200 150 100 50 0 50 100 150 200 s 10 s 0 5 0 15 PAC’13, WEPSMO5
X [um] y [um]
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* Nonlinear kicker (MIK) should enable transparent top-up
injection during user shifts PRST-AB 15, 050705 (2012)

But tricky to commission (kick scales = x3)
NIM-A 693, 117, 2012

* Instead, for commissioning use single dipole kicker (Kl)

Capture

(on/off-axis) Capture

Inject (off-axis)
y [m]

A

2.0

KI
m "—*‘___“‘}” “"‘_ﬁlﬂ#.{lﬂj-gm.{ﬂf{.. MIK

| T — >
k 5 10 15 20 25 . N

IP X [m]

MAXTV



Linac & Injection (cont.)

* Nonlinear kicker (MIK) should enable transparent top-up
injection during user shifts PRST-AB 15, 050705 (2012)

 But tricky to commission (kick scales = x3)
NIM-A 693, 117, 2012

* Instead, for commissioning use single dipole kicker (KI)

Capture
. ]
on/off-axis =11
(on/ ) o Capture
Inject ) =y (off-axis)
y [m]
A
2.0 1 KI " '
Septum 5 : 3INP) . e . MIK
" T _— — : g
m N 5 10 15 20 »
P x[m]
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Linac & Injection (cont.)

* Nonlinear kicker (MIK) should enable transparent top-up
injection during user shifts PRST-AB 15, 050705 (2012)

 But tricky to commission (kick scales = x3)
NIM-A 693, 117, 2012

* Instead, for commissioning use single dipole kicker (KI)

Capture
on/off-axis
(o ) Capture
Inject (off-axis)
[m]
A
2.0 4 KI
Septum MIK
et — | e )
TL N 5

Simon C. Leemann
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* Nonlinear kicker (MIK) should enable transparent top-up
injection during user shifts PRST-AB 15, 050705 (2012)

But tricky to commission (kick scales = x3)
NIM-A 693, 117, 2012

* Instead, for commissioning use single dipole kicker (KI)

TE o

mramivase —h‘- -‘— Ve c— h]_l'/ = » J’

Capture

(on/off-axis) Capture

Inject (off-axis)
y [m]
A
Septum MIK
I T =1 & >
TL k 5
IP

D pole kicker (BINP)

MAX TV



X [mm]

* Injection with a single dipole kicker: NIM-A 693, 117, 2012

. o . S T él d | | | |

— oNn-axis Injection (-0.6 mrad at septum) L Acseptance |
0.5 7]

o

8
E o7 |

>
-0.5 - 7]

Inj. .
Ok " Kl setto —4.431 mrad — b
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Kl off - 1.7 nm rad | / | | | |
L P | 15 A0 5 0 5 10
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X [mm]

* Injection with a single dipole kicker: NIM-A 693, 117, 2012
— on-axis injection (-0.6 mrad at septum)

— off-axis injection

10 | | | | | ' | | | | |
, Kl off - 12T -
' ' Acceptance
5 _
0.5 _
Or i)
©
£ i
5 F - >
v | o
-10 - 7 5 5
- ol -
POy S
0 5 10 15 20 25 -15 - -5 0 5 10
s [m] 1.7 nm rad X [mm]

11 mm mrad



X [mm]

* Injection with a single dipole kicker:

— on-axis injection (-0.6 mrad at septum)

— off-axis injection

— and allows for accumulation

Chamber

Kl set to —2.3 mrad

| Injected Ibeam
Stored beam...mw= 1

NIM-A 693, 117, 2012

| Septum Blade

x’ [mrad]

%?L”Hpﬂ“ﬁﬂﬂfﬁﬂﬂ“%ﬂiﬁﬂﬂ““

s [m]

20

25 -15 -
1.7 nm rad

11 mm mrad

X [mm]

0.3 nmrad
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e Linac beam commissioning started August 2014
* Eventually reached 3.2 GeV in BC2

—=0.8 nCin 100 ns train delivered at 1 Hz (corresponds to =0.5 mA in SR)
— =7 mm mrad delivered in vertical plane (chopper sweep plane)

— roughly on-crest phasing of all linacs » +0.3% energy spread

Extraction Extraction

1.5 GeV 3 GeV SPF
OThermionic 1/
RF gun W—.—“—i A W e H i3a F-{"1o8 } = {198 BC2 @ 3 GeV
=

Kicker & Kicker &
0} - {2 HiHiE-»g0w’ BC1 @ 260 MeV septum septum

Photocathode
RF gun

MAXTV



e 500 MHz and 100 MHz bunch structures delivered

* Injection demonstrated in trains and single-bunch

0.1 T [ RN N N CEECEE NN SO

100 ns train (10 bunches)
0.08

Injection into single ring bucket (10 ns)
0.06
0.04

0.02}

Voltage [V]
o

-0.02
-0.04
-0.06

-0.08 Stripline BPM induced voltage

-0.1%

2 4 v E 10 12 14 ain Stripline BPM induced voltage
Courtesy D. Olsson Time [s] x 108

Courtesy D.®@lsson

Extraction Extraction

1.5 GeV 3 GeV SPF
OThermionic {/
RF gun W—.—II—[ A H 8  13a }F-{"o8 } — {_L198 BC2 @ 3 GeV
C

Kicker & Kicker &
0 - (o HH-=ees®, ) o 500 ey

septum septum
Photocathode
RF gun




* Linac went into shutdown at end of April 2015 for transfer
line installations & last phase of exp. hall construction

 Linac restarted Aug 3, 2015

Extraction Extraction

1.5 GeV 3 GeV SPF
OThermionic (
RF gun W—.—II—[ A W e H i3a F-{"1o8 } = {198 BC2 @ 3 GeV
=

Kicker & Kicker &
0} - {2 HiHiE-»g0w’ BC1 @ 260 MeV septum septum

Photocathode
RF gun

MAXTV



* First beam into full 3 GeV transfer line (TL) on Aug 10
* TL optics fixed, successful injection into 3 GeV SR on Aug 19

EJ. E‘J@ NEEEFSEaY@ s a

[ Trigger state N[ x |

70 ns = 35 bunches in train

Rlng BPM Button

frmeme—m—e— e P NPT S S —— S—

File Horizontal Trigger Vertical Math Cursor Meas Masks Search Analysis Display

MAXTV



* First beam into full 3 GeV transfer line (TL) on Aug 10
* TL optics fixed, successful injection into 3 GeV SR on Aug 19

* With some manual adjustments of angle and position at
injection point in SR (using diode rings), Iimmediately detected
beam on all BPMs in first achromat (up to first closed valve)

Screen in SR after septum

=950 pC at linac extraction
=2mmx1mm
=400 pC at storage ring injection

MAXTV



* First beam into full 3 GeV transfer line (TL) on Aug 10
* TL optics fixed, successful injection into 3 GeV SR on Aug 19

* With some manual adjustments of angle and position at
injection point in SR (using diode rings), Iimmediately detected
beam on all BPMs in first achromat (up to first closed valve)

* To pass beyond straight 4 (without correctors), required exciting
dipole iﬂ:ECﬁOn kicker (exactly according to design)

 Exited dipole kicker at =75% of nominal strength and saw
amplitudes reduce roughly 60% (uibera eritiiance+ sp read-out)

MAXTV



e First k
* TL opf

e With !
Inject
beam

* To pa
dipole

X [mm]

15

10

'Kl set to —3.933 mrad

Kl off

Measured, kicker 5000 V ——
Measured, kicker off ------

'y
X ]

40
s [m]

50

60

/70

10
n Aug 19

10n at
[etected
ed valve)

exciting

 Exited dipole kicker at =75% of nominal strength and saw

amplitudes reduce roughly 60% (uibera eritiiance+ sp read-out)
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* Aug 25, 10pm: reached first full turn without exciting a single
corrector & all magnets at nominal optics for 3.0 GeV

* Without sextupoles & octupoles lost beam in straight 11

(Whlle all correctors set to zero); vertical orbit substantially reduced with
focusing from sextupoles & octupoles

Libera Brilliance+ SP Data 3 GeV SR

MAXTV



* Aug 25, 10pm: reached first full turn without exciting a single
corrector & all magnets at nominal optics for 3.0 GeV

* Without sextupoles & octupoles lost beam in straight 11

(Whl|e all correctors set to zero); vertical orbit substantially reduced with
focusing from sextupoles & octupoles

* After a few minutes of manual corrector adjustments and
optics tweaking (mainly in TL and end of linac) recorded 3 passages

Libera Brilliance+ ADC Buffer Button A | — /




* Aug 25, 10pm: reached first full turn without exciting a single
corrector & all magnets at nominal optics for 3.0 GeV

* Without sextupoles & octupoles lost beam in straight 11

(Whl|e all correctors set to zero); vertical orbit substantially reduced with
focusing from sextupoles & octupoles

* After a few minutes of manual corrector adjustments and
optics tweaking (mainly in TL and end of linac) recorded 3 passages

» After RF conditioning (3 cavities ready for beam @ 15-20 kW)
and various other fixes...

MAXTV
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3 GeV Storage Ring Commissioning (cont.)

* First stacking observed Oct 8

from 19:00:13 to 21:58:13 on 2015-10-08

Y1 —Y1 - r3-319s2/dia/dcct-01/current

0.00484
o.oou- 4.3 mA accumulated

Storage Ring DCCT

0.004

'\

0.0036 -

0.0032 4

0.0028 -

0.0024 -

0.002

o.oo1s:
: 0.1 mA

0.0012- (=1 linac shot) |

0.0008 - ‘\

[

m:E L poe——]

o o P

Simon C. Leemann
ALS/LBNL, September 29, 2016
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3 GeV Storage Ring Commissioning (cont.)

* First stacking observed Oct 8

* Phasing 2 ring cavities @ maximize fs and improve inj. rate

Spectrum uz?l
Ref Level -63.00 cem * RBW 10 2

Att 0GB SWT 1866ms VBW 10HZ Mode Auto FFT Spectrum Analyzer
SGL TRG:EXT

@ 1AP Cirw
MI1[1) 94.32 dBm
-70 diem 199.65321320 MHz
p2[1) 31.15 dB
-80 diém ~535.50 Hz
e i max fs =730 Hz
-100 c&m ..I.I' .000..
-110 dBm 700 " . - —>
_BPM sum signal when kickefon  [€—> fs = 536 Hz 2 : . Phase Cav 16
650
130 e ! : . Phase Cav 18
}‘ . Tﬁ‘l 1 VL‘ l] Jl' L\ L. rl- Il “il‘ \ AL o
0 TR T T R ) f o
1 .l { T 1 I ! H ' —g
| z =
~16p ceem L i3 ! 1 g 8%
CF 499.6532132 MHz 691 pts Span 5.0 kHz b3 S cavityls_phase
Marker g —
Type | Ref | Tre | X-value | Y-value | Function | Function Result | v
M1 1 499.6532132 Mz 94.32 dbm 500 :
D2 M1 1 -535.5 Mz -31.15 d8 * caity16_phase
03 M1 1 §35.5 2 ~30.689 db ‘ smewp
- w [
L N J Ready T -~
Date 17.SEP 2015 16:31.25 479 kV - expect 540 Hz i
400
350
100 50 0 % 100 150 200
RF Phase [deg] Courtesy D. Olsson
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3 GeV Storage Ring Commissioning (cont.)

° from 08:26:53 to 08:41:.03 on 2015-11-12
Y1 -o-Y1 - r3-319s2/dia/dcct-01/current -o-Y2 - |-TR3/DIA/CT-01/AverageCharge Y2
¢ 0.02- 2609
W - . =l
0.018- -1.8e-09
0.016- -1.60-09
0.014+ Transfer Line CT | [[14e-09
0.012- [ -1.2e-09
0011 - storage Ring DCCT 1.25 nC (incl. 0.45 nC offset) @ 0.5 Hz » 13.6 mA/min | | 4,09
0.008 - -8e-10
19 mA in 4 min = 4.75 mA/min = 35% injection efficiency
0.006 - -6e-10
yis_prase
0.004 - -4e-10 _
16_prase_
0.002- -2e-10
Dete 17 SE ) '
' 0- -0
% & & ™ #? & ™ *° ™
Olsson

—

Simon C. Leemann -
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3 GeV Storage Ring Commissioning (cont.)

* First linear optics studies & corrections

10F J
—&- Model

—5- Expenment

0.1 mrad vertical kick

€
=
>
o
u “
Vertical integer tune confirmed 16 ; ; ;
B 1 ] P PP PP Josscascasasnasacsasssssssscsssssasnnsaannsssssssssass Jeceasacsacnsssssscsssssasansnnsasnssssssssssssasnasas Jioscsssscsssessasansansansasssssssssssssansaanasnasesy Lecsssasasnnsansasnssssssssssasassasasnnsnsssssssssead §ecccccacanes —
100 200 300 400 500
Sim]
2 1 l T ] =
| ~®- Model 0.1 mrad horizontal kick 5
—5~ Expernment :

DX [mm]

Horizontal integeré tune confirmed 42

. D e e R e -
100 200 200 400 500
&

Simon C. Leemann
ALS/LBNL, September 29, 2016
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3 GeV Storage Ring Commissioning (cont.)

* First linear optics studies & corrections

420 > +12 mm max Ny

Simon C. Leemann /\/\@/ﬂv
ALS/LBNL, September 29, 2016 89/143



3 GeV Storage Ring Commissioning (cont.)

* First linear optics studies & corrections

e BPM offsets relative to adjacent sextupole/octupole via auxiliary coil powered as upright quad

: H 112 ml-cro-n-r s--

BPHx,HUDf fset [nm]

4 R3-301U3/DIA/BPM-02m-1 ¢
1 R3-301U5/DIA/BPM-01=-1:

1 R3-301M2/DIA/BPM-02=47
4 R3-302M1/DIA/BPM-01=-7.

mumummmmmmwmmHmmwmmmmmmm

V: 143 micron rmg

EPMy HWOF Fset [mm]

1 R3-301M2/DIA/EPM-01=46,

1 R3-302M1/DIA/EPM-02=+1.{ v

+4.597624e-02 Mean

+1.123677e-01 RMS
R3-301M1/DIA/EPM-01=-11FN
R3-301M1/DIA/EPM-02=+8] =
R3-301U3/DIA/BPM-01=-2 ¢

R3-301U4/DIA/BPM-01=+4,
R3-301M2/DIA /EPM-01=-1,

R3-302M1/DIA/BPM-02=+4 Z
4 l G l b l

+4.510735e-02 Mean
4+1.428610e-01 RMS

R3-301M1/DIA/EPM-01=+1 3N
R3-301M1/DIA/BPM-02=+1.0
\Ra-aowa/owam- 01l=-1.
R3-301U3/DIA/BPM-02m+3,
R3-301U4/DIA/BPM-01=-1.1
R3-301U5/DIA /BPM-01=+6,

R3-301M2/DIA /BPM-02=-9.
R3-302M1/DIA/EPM-01=+2.

<« i | .

Simon C. Leemann
ALS/LBNL, September 29, 2016
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* First linear optics studies & corrections

e BPM offsets relative to adjacent sextupole/octupole via auxiliary coil powered as upright quad

* Orbit correction to <1 um rms in H; larger in V (since Nepw > Nvew)

> apply weighting so orbit always locked down in ID straights

H 357 nm rms-

y R3-302M1/DIAIBPM-01--5:

mmmm«mmmmm«mmmwm«mm»mmmm

<
. . .
o

| 1 I |

e Excursions within arcs only e

0 50 100 150 200 250 300 350 400 450 500

=7.452072¢~04 Mean
+3.567974e-03 RMS
R3-301M1/DIA/EPM-01=-6 N

R3-302M1/DIA/EPM-02=+9. v
d 4 i 1#] |

=1.716162¢-03 Mean
+6.138709e-02 RMS

4 R3-316M2/DIA/EPM-01m+5.

R3-316U3/DIA/EPM-02=-53 ~
R3-316U4/DIA/BPM-01=-2.€
R3-316US/DIA/BPM-01=+7.8




3 GeV Storage Ring Commissioning (cont.)

* First attempts at measuring/adjusting linear chromaticity
— after adjusting towards design tunes (0.20/0.28)

— using only 2 chromatic sextupole families

-35.6564 (dp/p) + 1.0076 dp/p + 0.209%

— limited Ap/p range > £2)? e

0.213 }+
0212} £X =+1.0
s -63.5636 (dp/p)2 + -1.3883 dp/p + 0.30514 5 0.211
¢ T 3 g 0.21
= 0,305} AL B X i 0,208 |+
g 0.3} T 0,208 +
; 0.255+ e 0,207 +
0,29} :
. o. 1 1 | L 1 A 1
i . : A . . ; 2%.4 -0,3 -0.2 -0.1 0 0.1 0,2 0.3 0,4
-0.8 -0.6 -0.4 -0,2 0 0.2 0.4 0.6 0.8 Momentum Shift, do/p (2]
Momentum Shift, dp/p [X]
k) Giny
S L il e oz _A.962 (do/p) ¢ 3.702 o/ + 02045
g 0,085 - - vl
: O'w I _‘,---"'---—--- g O.a = gy = +3.7
2 o.0m | s, : g
t - O.a N
= 0,07 '5
0 - 1 s 1 1 3 L S 0.2651
Be 068 <4 02 0 0.2 0.4 0.8 0.8 S 0.28
Honentum Shift, devp (2] 15-0ct-2015 21:57:51
0.275 }
o. 1 1 1 1 1 1 1
%,4 -0,3 -0,2 -0.1 0 0.1 0.2 0.3 0.4

Momentun Shift, de/p (2]
04-Now-2015 05:25:11

Simon C. Leemann
\/
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3 GeV Storage Ring Commissioning (cont.)

* First attempts at measuring/adjusting linear chromaticity
— after adjusting towards design tunes (0.20/0.28)

£ = -48 (-29)

Simon C. Leemann W’V
ALS/LBNL, September 29, 2016 93/143



3 GeV Storage Ring Commissioning (cont.)

* First attempts at measuring/adjusting linear chromaticity

* First light seen on diagnostic beamline Nov 2 IPAC’16, WEPOW034

L 1b

X

(af:

Photo courtesy A. Anderssgfh

- Vo 3

Simon C. Leemann
\/
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3 GeV Storage Ring Commissioning (cont.)

* First attempts at measuring/adjusting linear chromaticity

* First Ilght seen on diagnOSﬁC beamline Nov 2 IPAC’16, WEPOWO034
s iole v
i ?L = -
SEe= e ﬂd‘“’@‘ﬁ%g%ﬂr‘
- "M‘? 1 -
horizontal absorbers .

diffraction obstacles

]

polarizing beam splitter :
planar mirror

CCD camera
/ / radiation shielding wall
|
Ll

- i
/ vacuum exit window

| filters &‘\ photo diode, sampling oscilloscope

Courtesy J. Breunlin

Simon C. Leemann
\/
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Vertical Position

* First attempts at measuring/adjusting linear chromaticity

* First light seen on diagnostic beamline Nov 2 G L3, PO
B SRW simulation N S CEnt
300
0.5 350
400 -
0.0 . 450
N 500
' 550
Ly 320 pmrad, Bx=1.5m 600 2mmx2mm

250 300 360 400 450 500
-1.0mm -0.5 0.0 0.5 1.0

Horizontal Position

Sigma polarized SR, 632.8 nm, SRW calculation (left) and measured image (right). The simulation is
done for €, = 320 pm rad, B, = 1.5 m.

Both figures show a 2 x 2 mm”2 area of the image plane.

The fringe pattern is too weak to be visible.

Optical magnification of m=-2.28 is taken into account in the SRW model

Horizontal opening angle: 6 mrad

Vertical opening angle: 8 mrad

Exposure time: 2.9 ms Courtesy J. Breunlin



Vertical Position

~irst attempts at measuring/adjusting linear chromaticity

* First light seen on diagnostic beamline Nov 2 IPAC'16, WEPOW034
10 . . 250
SRW simulation Measurement
300
c | T T T T
. 30 oy=11.5+0.23 um § + measurement
i £,=6.4%0.9 pmra d ﬂ theoretical model
0.0 .
450 ~
500 S,
05 2
550 £
ex=320pmrad, Bx=1.5m - £
o 250 300 350 400 450
-1.0mm 0.5 0.0 0.5 1.0
Horizontal Position j U \
Sigma polarized SR, 632.8 nm, SRW calculation (left) and measured image (right). The simul 0; N -0|5' . .MO.Z i :

done for €, = 320 pm rad, B, = 1.5 m.
Both figures show a 2 x 2 mm”2 area of the image plane.

The fringe pattern is too weak to be visible. Figure 3. Vertical profile of imaged n-polarized SR at
488 nm wavelength. Measurement (blue dots) and SRW
calculation (red lines). The vertical beam size is 11.5 um.

vertical position [mm]

Optical magnification of m=-2.28 is taken into account in the SRW model
Horizontal opening angle: 6 mrad

Vertical opening angle: 8 mrad

Exposure time: 2.9 ms Courtesy J. Breunlin



* First attempts at measuring/adjusting linear chromaticity
* First light seen on diaghostic beamline Nov 2

* Top-up running since NOoV (closed shutters)

—injector & linac switch between SPF operation and ring injection
(involves on-the-fly switching of guns, linac optics, and linac extraction dipoles)

Extraction Extraction
1.5 GeV 3 GeV SPF
OThermionic {
RF gun ‘»‘o‘ﬂ-—.-ll-i 2a s s F-{"18 - {1198 BC2 @ 3 GeV
=

Kicker & Kicker &
0 ) - {5 - =a0w’ BC1 @ 260 MeV septum septum

Photocathode
RF gun

MAXTV



* First attempts at measuring/adjusting linear chromaticity

* First light seen on dia

gnostic beamline Nov 2

* Top-up running since

—injector & linac switc
(involves on-the-fly switchirn

OThermionic
RF gun W
I:-.‘: o -8 Ml @ 260 Me\

Photocathode

Figure 5: statemachinegui __ X
File Edit View Insert Tools Desktop Window Help N
Range of buckets over which to inject 3_GeV Ring MTop-up [ Check inj. rate
‘ 176 Fixed top-up interval/min
Step between injections/10 ns _|Enable scheduled interval 5 min ';
. Maximum current/mA 199
Number of injections per step Minimum current/mA 198
| 1
Injection kicker voltage/V Continue previous v:
5500 Send Stop top-up

RF gun

MAXTV



3 GeV Storage Ring Commissioning (cont.)

from 20:00:00 on 2016-06-10 to 10:00:00 on 2016-06-11 &
q A\
Y1 —Y1 - r3-319s2/dia/dcct-01/current —Y2 - I-TR3/DIA/CT-01/AverageCharge ,\e{g} Y2
A\
< Storage Ring DCCT &&‘ | [éet0
0.16 - ¥ .
\! Decaying beam
Top-up @ 160 mA over night _ X
a i | . , ) [
o -3.2e-10 |
0.12- ' ~ 1 1 ' | F2.8e-10
0.1- | Top-up shots from linac g | | F2.4e-10
< f
| | ‘ | -1 -2e-10
0.08 - 3 . HEEEE EEEEEE = HE | L
I
‘ | h —1.69-10
0.06 - L SESEEEEEE ... 5
l } L 1.2e-10 B
0.04 - L L1} 1L
‘ -8e-11
0.02 —
Transfer Line CT et F
0- % : % : : | Lo 1
o° oo N (N oo o® o o®
‘29“\0 2'2,“\0 0‘\\‘\ qp\‘\ ox\\\ 6“\\ %‘\\‘\ \0‘\\‘\
L—:" Machine studies Linac modulator K02 tripped
L

Simon C. Leemann
A \/
ALS/LBNL, September 29, 2016 100/143 /\/\/ V\ |V



* First attempts at measuring/adjusting linear chromaticity
* First light seen on diaghostic beamline Nov 2

* Top-up running since NOoV (closed shutters)

—injector & linac switch between SPF operation and ring injection
(involves on-the-fly switching of guns, linac optics, and linac extraction dipoles)

—injector & linac routinely running at 2 Hz since Nov

— injection efficiency improved (ring phase acceptance!)

Extraction Extraction
1.5 GeV 3 GeV SPF
OThermionic {
RF gun ‘»‘o‘ﬂ-—.-ll-i 2a s s F-{"18 - {1198 BC2 @ 3 GeV
=

Kicker & Kicker &
0 ) - {5 - =a0w’ BC1 @ 260 MeV septum septum

Photocathode
RF gun

MAXTV



3 GeV Storage Ring Commissioning (cont.)

Simon C. Leemann

ALS/LBNL, September 29, 2016

102/143

from 05:48:00 to 06:12:00 on 2016-05-10
Y1 —Y1 - r3-318s2/dia/dcct-01/current —Y2 - I-TR3/DIA/CT-01/AverageCharge Y2
' | | | ‘ -4e-10
0.08 - ~_ Storage Ring DCCT 7 [
/ ‘ | 4 -3.6e-10
0.07 - | ! o .-3 2e-10
{ | Transfer Line CT | 283 pC (incl. 38 pC offset) @ 2 Hz » 16.7 mA/min '
0.06 - = r,-#-vd | \ N 75\ 28610
0.05 - i * -2.40-10
/ \ | -2e-10
0.04 -
! /( ; \ "1.89‘10
0.03- | / 80 mA in 5 min » 16 mA/min = =96% injection efficiency |
’ ) -1.2e-10
| ,
- , / /
| l / | ge-11
0.01- — /( 4 - de-11
0- — t —1 — -0
. 2 (Y M oL
¢ ¢ o o P ¢ ¢ P P ¢ ¢ @

PF

—

MAXTV



* First attempts at measuring/adjusting linear chromaticity
* First light seen on diaghostic beamline Nov 2

* Top-up running since NOoV (closed shutters)

—injector & linac switch between SPF operation and ring injection
(involves on-the-fly switching of guns, linac optics, and linac extraction dipoles)

—injector & linac routinely running at 2 Hz since Nov
— injection efficiency improved (ring phase acceptance!)

— integrated dose increasing = improving ring vacuum

Extraction Extraction
1.5 GeV 3 GeV SPF
OThermionic {
RF gun ‘»‘o‘ﬂ-—.-ll-i 2a s s F-{"18 - {1198 BC2 @ 3 GeV
=

Kicker & Kicker &
0 ) - {5 - =a0w’ BC1 @ 260 MeV septum septum

Photocathode
RF gun

MAXTV



3 GeV Storage Ring Commissioning (cont.)

* First attempts at measuring/adjusting linear chromaticity

. : : Normalized average pressure vs beam dose
* First light seen on diagno:
S2 (gauges, no RF)
| 1 | I T 1
) '™
= 35 Ah/month i 2 1E-09 E
_ sof- 1l ¢ =< : Y=(1.64e-10)*x"(-0.75)
< |2 £ :
2 e 10153 1E10 £
5 > £ : June 26, 2016
g February SD / T B
g Or ol SRS -
= \ ™ ©
B 1E-11 +
20 - Xmas SD . § =
\ ¢ X IVUs & striplines
oL . 1 . ! i installed
2015-09-01 2016_01_01 2016_05.01 1E_12 1 | I | llllli 1 11 llllli 1 L1 llllli 1 L1 llllli
Courtesy P.F. Tavares O 1 1 10 100 1000
@'I:I;ermionic - Dose [Ah] Courtesy M. Grabski
gun % Kicker & Kicker &
E‘l‘c‘—’“’ - BC1 @ 260 MeV septum septum
Photocathode
RF gun

Simon C. Leemann
\/
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Normalized lhifetime vs accumulated dose
-t [MA-h]| vs Dose |[Ah]

* First attempts at meag ...

* First light seen on diag - Design goal: 10h @ 500 mA

+ Top-up running since | _

—_—

—
p S,

—injector & linac switch = *° ¢
(involves on-the-fly switching

L

— injector & linac routin

— injection efficiency im

] 1 1 Allllli 1 i lllllli i 1 lllllli ' i Allllli

— integrated dose increzs | Boss AR

Courtesy M. Grabski

= m prOVi nNg beam lifetime (along with effect of bunch lengthening from passive harmonic cavities)

Extraction Extraction

1.5 GeV 3 GeV SPF
OThermionic i
RF gun M-ll—.—“—i 2a {8 13 F - {198 - {1198 BC2 @ 3 GeV
=

Kicker & Kicker &
0 ) - {5 - =a0w’ BC1 @ 260 MeV septum septum
Photocathode
RF gun

MAXTV



3 GeV Storage Ring Commissioning (cont.)

 Orbit drifts observed during top-up operation

— 70 um / 20 um observed over 8 hours

— unphysical BPM spikes observed - implications for bad orbit trip (MPS)

3 -)
T [ | ‘,52110 [ 75210
04t Top-up @ 50 mA over night
tq 1
_ h
§ - Storage Ring DCC . E o2
g o 'g 8 hrs >
S OE 95 -E
X aX
5 00 e if oo S
3 BPMx 3 2 BPMy =
X E % — 301idabgm-0iypossa vave | 8
X x 330mlida value
: s |y f —oomatmipsess O
s 02 — B30Im1idabpm01/ipossa_value e 02r — r3301m2 dabpm tpossa vale
= r— r$301m1mm02hpom value o mmzmmm w
- %WW m 3-301u1idabem-01yposss_valve
didaltym Q2ixposss — 13301 dabem-01/ypossa_value
— 3301utickabpm01hpossa_vake 4 — 13-301u¥datem-01/ypossa_value 48
r3-301udabpm-01hpossa_vake WW“M'@W-W
04 - A0ubdabpm-01hposs: vale 04~ - (3301u4/datem-01\possa_value
r3301uddiabpm-02possa_vake 13-301u5/datem-01/ypossa_valve
— r3301ud/oiabpm-01hpossa_vake 13-302m1 Gabpm-01/ypossa_vahoe
A F3-301uS/diabpm-011possa_vake o L (3-302m1/Sabpm-02/ypossa_vake— &)
210 00:00 (-302mtidabpmOl/ipossa value  og.0) 2100 0000 13-302m2Gatpm-01/ypossa_ vam‘ 06:00
20151210 20151211 ml‘ﬁw@m.x 20151240 2015-12-11 3-300m2 dabpm-2/ypossa_vakue
r3-302m2'dabpm-01/xpossa_
Courtesy P.F. Tavares — 13-302m2/dabpm-02/possa_value 13-302utidabpm-01/ypossa_value

Simon C. Leemann
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 Orbit drifts observed during top-up operation

— 70 um / 20 um observed over 8 hours

— unphysical BPM spikes observed - implications for bad orbit trip (MPS)
* SOFB now routinely running at =0.5 Hz (target: 10 Hz)

— sub-micron stability in H, but larger in V (Ngpm > Nvewm)

— weighting = in ID straights still locked down to 200-400 nm

NAX



3 GeV Storage Ring Commissioning (cont.)

from 02:35:40 to 14:35:40 on 2016-04-20

»S)

—¥1 - r3-302m2/diafopm-02/xpossa —=Y¥1 - r3-302m2/diaopm-02/ypossa Y1 - r3-303ml/diabpm-01/xpossa
—Y¥1 - r3-303ml/diafopm-01ypossa Y1 -r3-307m2/diaopm-02possa Y1 - r3-307m2/diaopm-02/ypossa
—¥1 - r3-308ml/diafopm-01xpossa —Y1 - r3-308ml/diabpm-01/ypossa —=Y1 - r3-310m2/diaopm-02/xpossa H H
—¥1 - r3-:310m2/diafbpm-02/ypossa ¥1-r331imldiabpm-0lpossa —Y1 - r3-311ml/diabpm-01ypossa BPMS In ID Stralghts
Y1+ r3:315m2/diafopm-02/xpossa ==Y - r3.315m2/diabpm-02/ypossa Y1 - r3.316ml/diabpm-01/xpossa
Y1 - r3-316ml/diafopm-01ypossa Y1 -r3-316m2/diabpm-02/xpossa —=Y1 - r3-316m2/diafopm-02/ypossa
61 Y1 - r3-317mlj/diafopm-01/xpossa ¥1 - r3-317ml/diafopm-01/ypossa
200 um
1Rl
0.164 —t ) ‘/"'AH LY QY L) NI AU,‘I..‘,,-‘.A‘./\L—‘w,\m
' bl o ol ¢ Lol
.o ! |
=5, Top-up injections
_- . o .
0.08- S S — ) ot 3 o 3o !
= I ot ot i e 4 hrs with SOFB
{ == - " - o ;-:'-...“."u.',n',.n.' %
0.044 b " e SRR G B ! ! ! ! ! ! ! !
L A l
0044 —— . —— — - ——— —
T e g y———— ~ ~
.0.08 4 = —ap ' — e
0,124 ! | !
Beam loss
-0.16 4
024
g @ @0 2 0P P P $° 1 9P 0P @F° @ #F ¢ 9P ©F 3P 3P P P 4P (2P WP W P
Courtesy M. Sjostrom
Simon C. Leemann
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3 GeV Storage Ring Commissioning (cont.)

—¥1 - r3-302m2/diafopm-02/xpossa —=Y¥1 - r3-302m2/diaopm-02/ypossa Y1 - r3-303ml/diabpm-01/xpossa
—Y¥1 - r3-303ml/diafopm-01ypossa Y1 -r3-307m2/diaopm-02possa Y1 - r3-307m2/diaopm-02/ypossa
—Y1 - r3-308ml/diafopm-01/xpossa —Y1-r3-308ml/diaopm-0l/ypossa ——Y1 - r3-310m2/dia/opm-02/xpossa “ n H H
—¥1 - r3-:310m2/diafbpm-02/ypossa ¥1-r331imldiabpm-0lppossa —Y1 - r3-311ml/diabpm-01)ypossa BP S In I D St ra lghts
Y1+ r3:315m2/diafopm-02/xpossa ==Y - r3.315m2/diabpm-02/ypossa Y1 - r3.316ml/diabpm-01/xpossa
Y1 - r3-316ml/diafopm-01ypossa Y1 -r3-316m2/diabpm-02/xpossa —=Y1 - r3-316m2/diafopm-02/ypossa

from 02:35:40 to 14:35:40 on 2016-04-20

2061um from 10:30:00 to 14:00:00 on 2016-04-20
A 0.24 4
Y1 - r3-302m2/dia/bpm-02/xpossa —=Y1 - r3-302m2/diabpm-02/ypossa Y1 - r3-303ml/diabpm-01/xpossa
0.164 —- —=Y1 - r3-303m1/dia/bpm-01ypossa Y1 -r3-307m2/diafbpm-02/xpossa Y1 - r3-307m2/dia/opm-02/ypossa
~—Y1 - r3-308m1l/dia/bpm-01/xpossa -—Y1 -r3-308ml/dia/bpm-01ypossa Y1 -r3-310m2/dia/opm-02/xpossa
—Y1 - r3-:310m2/dia/bpm-02/ypossa ¥1-r3311mY/dabpm-01ppossa —Y1 - r3-311ml/da/opm-01ypossa
0.124 =
o | —¥1:r3:315m2/da/bpm-02/xpossa Y1 -r3.315m2/dabpm-02/ypossa —Y1.r3.316ml/diabpm- -0l xpossa
Y1 - r3-316ml/dia/bpm-01jypossa Y1 - r3-316m2/diabpm-02/xpossa —=Y1 - r3-316m2/dia/bpm-02/ypossa
0.084 4 Y1 Y1 - r3-317m1/dia/bpm-01/xpossa Y1 - r3-317m1/dia/bpm-01ypossa
1| =
0.044 0084
- — -
1l .1 | o006 ' f 4 hrs with SOFB -
004 == 0.0012- v : ' , ~ : - ,
o008 ===  0.0008-
00044
.0.124 { 0000
-0.16 4 { o
02l | -0.00044
'—
a® o .0.0008-
Courtesy M. Sji  .0.0012-
-0.0016 4
-0.002-
0 0 o w?® o Gl o® 2 3% o® o o
Courtesy M. Sjostrom
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3 GeV Storage Ring Commissioning (cont.)

* Attempted first scraper measurements

— mean pressure seen by beam: P[10° Torr] = 0.0178 x I[mA] + 0.6088

— lifetimes

14 T T T
50 mA, fs =900 Hz

12+

At 50 mA & f; =900 Hz:
e P=2.1e-9 mbar

—
o
T

=
'—
g I ® Srf - 4.2%
)
= o > T =111h
Q
=l > Tps = 68 h
=2 T = 18 h
2}
0 . 1 1 1 1 1 ! 1 1 1
0 05 1 15 2 25 3 35 4 45 5
Courtesy J. Sundberg Scraper position distance from beam center, y [mm]
Simon C. Leemann
110/143 /\/V\\X |\/
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* Attempted first scraper measurements

— mean pressure seen by beam: P[10° Torr] = 0.0178 x I[mA] + 0.6088

— lifetimes & ring acceptance (in conjunction with local beta measurements)

14 1 A 1 1 L4 4
50 mA, f; =900 Hz :
121 :’__,c;?f‘i} o
10} 7
o
< .
:. 8 3.2 m;\;yacceptance @ V scraper
€ ¢
A &
= 6F /
> i
= /
4+ ,-*’:
- / By=4.7m @ V scraper » Ay = 2.17 mm mrad
J}?-:.

0 1 1
0 05 1 15 2 25 3 35 4 45

Courtesy J. Sundberg Scraper position distance from beam center, y [mm]

MAX-lab Int.Note 20121107

DA (bare lattice & commissioning error distribution)

7 : :
| L Ideal machine, 5=0:0% b
6 - Machine with errors, 6=00% x  _
Vacuum Chamber ................
Physical Aperture -------
ST Required Aperture -
T 4T _
E
> 3 |
2 B —
1 B —
0 ]

Ay =2.17 mm mrad - ay = 2.1 mm @ ID straight

MAXTV



» Attempted first scraper measurements

— mean pressure seen by beam: P[10° Torr] = 0.0178 x I[mA] + 0.6088

— lifetimes & ring acceptance (in conjunction with local beta measurements)

14 | T A T 1 4 14
50 mA, f; =900 Hz :
12+ ,;’___c;:‘-’""} 5
e ol
o
10 2500
o
=
:. 8 3.2 m;;yacceptance @ V scraper
= y
K &
= Bk /
> &
= /
4+ ‘,.f;.
4
E / By=4.7m @ V scraper » Ay = 2.17 mm mrad
;ij:'

0

0 05 1 15 2 25 3 35 4

Courtesy J. Sundberg Scraper position distance from beam center, y [mm]

45

y [mm]

MAX-lab Int.Note 20121107

DA (bare lattice & commissioning error distribution)

7 : :
| i deal machine, 5=0,0% =t
6 - Machine with errors, 6=0:0% X |
Vacuum Chamber ................
Physical Apertare -------
ST Required Aperture -
4 B —
3 B —
2 B —
1 B —
0 ]

15

X [mm]

Ay =2.17 mm mpad - ay = 2.1 mm @ ID straight

4.9 mm @ H scraper » Ax=2.5 mm mrad = ax = 4.8 mm @ ID straight

MAXTV



* First two IVUs installed during Feb 2016 shutdown
— Hitachi, 18 mm period, 4.2 mm magnetic gap, 2 m length, 1.3 T peak field

NAX



3 GeV Storage Ring Commissioning (cont.)

* First two IVUs installed during Feb 2016 shutdown

— Hitachi, 18 mm period, 4.2 mm magnetic gap, 2 m length, 1.3 T peak field
— for BioMAX and NanoMAX beamlines

NanoMAX floor plan

Undulator Ange Gefiowng aperture & CVD Gamond finer

Vertically focusing mamor - 25.2 m

Morgontaly focusng mimer - 258 m
Horontally Aff=pctng orystl smonochromator - J8.0

Courtesy U. Johansson

Courtesy U. Johansson

Simon C. Leemann -
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* First two IVUs installed during Feb 2016 shutdown

— Hitachi, 18 mm period, 4.2 mm magnetic gap, 2 m length, 1.3 T peak field
— for BioMAX and NanoMAX beamlines

 ID, FE & BL commissioning started Apr 2016

Courtesy U. Johansson Courtesy T. Ursby

§ _ 22 April —front end dipole light 29 April —first undulator light in the front-end and optics hutch

27 April — OH screen 1 dipole light 11 May — OH screen 1 undulator light

11 May — first monochromatic light

——— \
12 May — 11 keV photons after monochromator May - light in @xperimenta




* First two IVUs installed during Feb 2016 shutdown

— Hitachi, 18 mm period, 4.2 mm magnetic gap, 2 m length, 1.3 T peak field
— for BioMAX and NanoMAX beamlines

 ID, FE & BL commissioning started Apr 2016
* May 11: 10 mm gaps on both BLS (FB loop for ID correctors closed)

 May 11-19: first monochromatic beams (on detector / 11 keV)

NAX



3 GeV Storage Ring Commissioning (cont.)

* First two IVUs installed during Feb 2016 shutdown

— Hitachi, 18 mm period, 4.2 mm magnetic gap, 2 m length, 1.3 T peak field
— for BioMAX and NanoMAX beamlines

 ID, FE & BL commissioning st~rtad Anr 2014
BioMAX experiment setup

 May 11: 10 mm gaps on boi
* May 11-19: first monochror

First beam
Thursday May 19"

Detector up and running on
Tuesday May 17" 2016

Courtesy T. Ursby MAXTV

Simon C. Leemann
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* First two IVUs installed during Feb 2016 shutdown

— Hitachi, 18 mm period, 4.2 mm magnetic gap, 2 m length, 1.3 T peak field
— for BioMAX and NanoMAX beamlines

 ID, FE & BL commissioning started Apr 2016
* May 11: 10 mm gaps on both BLS (FB loop for ID correctors closed)

 May 11-19: first monochromatic beams (on detector / 11 keV)

. June 8/9 Flrst dlffractlon patterns

First diffraction @ BioMAX

Focused beam on sample @ BioMAX




3 GeV Storage Ring Commissioning (cont.)

* First two IVUs installed during Feb 2016 shutdown
— Hitachi, 18 mm period, 4.2 mm magnetic gap, 2 m length, 1.3 T peak field
— for BioMAX and NanoMAX beamlines

 ID, FE & BL commissioning started Apr 2016
* May 11: 10 mm gaps on both BLS (FB loop for ID correctors closed)
 May 11-19: first monochromatic beams (on detector / 11 keV)

Knife edge scan

 June 8/9: First diffraction patterns

FWHM = 0.56795 um

* June 20: First nano-focus @ NanoMAX

Ve detector image

- Sample intensity map -

{ 4
L]
E 4 |
L |
. 0
0 1 2 3 4 b
X

Coarse TEM grid

Simon C. Leemann
\/
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MAX IV Inauguration

* Brightest time of the year: June 21, 2016 @ 13:08:55 (local noon)

While the rest of Sweden
was celebrating Midsummer
like this...

Simon C. Leemann
\/
ALS/LBNL, September 29, 2016 120/143 /\/\/AV\ |\/



* Brightest time of the year: June 21, 2016 @ 13:08:55 (local noon)

...we inaugurated our
new facility.

A very proud director after having closed the last port with a little help from two “friends”

NAX



* Brightest time of the year: June 21, 2016 @ 13:08:55 (local noon)

Kungen och statsministern inviger Max IV
Fosied Dy Sydsvenskan

invisible visible

////

' Carl XVI Gustaf ////// Stefan Lofvén &2
His Majesty The King //// Prime Minister -




3 GeV Storage Ring Commissioning (cont.)

198 mA present stored current record

Y1 Y2
0.2 -6e-10
0.18- _\
. e e | 5e-10
0.16-
F ~ MPS dumps beam @ =200 mA
0.14 -
| e s St ﬁﬂ -4e-10
~ Storage Ring DCCT |
0.12+ { 195 mA in 21 min - 9.3 mA/min > 80% inj. efficiency
0.1 l -3e-10
0.08- 170 pC @ 2 Hz » 11.6 mA/min
L -2e-10
0.06 -
0.04 -
-1e-10
0.02-
Transfer Line CT
0' T T T ! -0
. a0 . a0 . a0
0{,90 0‘35 0600 ogfb 01.00 01?9

2016-07-09

Simon C. Leemann
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3 GeV Storage Ring Commissioning (cont.)

* Finally, need to also focus on stability & collective effects

— 3 passive Landau cavities (Rs = 2.5 MQ) allow for tuning to flat-
potential conditions already @ 150 mA

Simon C. Leemann
\/
ALS/LBNL, September 29, 2016 124/143 /\/\/\V\ |\/



* Finally, need to also focus on stability & collective effects

— 3 passive Landau cavities (Rs = 2.5 MQ) allow for tuning to flat-
potential conditions already @ 150 mA

— Achieved >2 Ah under stable conditions (top-up running & BbB FB loop closed)

Current*Lifetime [A*hr]

25

2.0

1.5

1.0

0.5

0.0

— I I I I I
107 mA -_I ..... It = 2.3 Ah -
o -MM\
- .
i1 |
;o -
/! \ﬁ ‘
B ,,In" '.\‘m'\fm :'%”"nf '.114' le\f.“{ i "MMW
LC detuning k=0.7AR"" )
- | | | | |
17:15 17:30 17:45 18:00 18:15
2016-04-22

400

300

200

100

[Aw]anje s enepuejdweBelpso-sbelpbeinugpicoqesa ) | 2LoLe-gl

Courtesy P.F. Tavares
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* Finally, need to also focus on stability & collective effects

— 3 passive Landau cavities (Rs = 2.5 MQ) allow for tuning to flat-
potential conditions already @ 150 mA

— Achieved >2 Ah under stable conditions (top-up running & BbB FB loop closed)

-40 dBm IPAC’16, WEPOO35, p.2911
-50 dBm LCs fully detuned

-60 dBm
-70 dBm

-80 dBm 3
.90 dBm Stabilized CB mode

-100 dBm . @ 120 mA (-20 dB)

-110 dBm
-120 dBm
-130 dBm

-140 dBm
499.08 499.082  499.085 499.087 499.09

5frf_ frev [MHZ]

MAXTV



3 GeV Storage Ring Commissioning (cont.)

* Finally, need to also focus on stability & collective effects

— 3 passive Landau cavities (Rs = 2.5 MQ) allow for tuning to flat-
potential conditions already @ 150 mA

— Achieved >2 Ah under stable conditions (top-up running & BbB FB loop closed)

— Started commissioning of Dimtel BbB FB system

* extra ring BPM used as sensor
* Pair of H & V striplines as transverse actuators

* Presently also using H striplines in common

mode as weak longitudinal actuator
(until FB cavity ready)

[EHT

[

/

/

Simon C. Leemann SN, cuen ERENARL AR
\/
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* Example: observed HOM-driven longitudinal motion at few
mA in uniform fill = cavity temp. tuning, LC tuning, BbB FB

Grow/damp study on
HOM #167

Growth rate vs. cavity
temp. for HOM #167

Slide by D.Olsson

In an evenly f ] age rin CB Xist w \ ase advance

AP =m— =0,1,..,h—1 f e ha L
The narrow ba HON a can »d by tuning th u d pera { Nna
Bjérklund na t

HOM #13 excited
@ 80 mA

l CF 5070342367 MHz ' ‘ T Span 10.0 kHz

The spectrum of the sum signal when mode #13 is excited

Grow/damp measurement on mode #167 ,
. . (marker D2) . Marker M1 is the 13:th rev harmonic ANAIET\/
vs temperature in Cavity 17 IVVA TV

MAXTV



3 GeV Storage Ring Commissioning (cont.)

* Example: no clear evidence of RW instability

—could store >120 mA S.LEIL MKV

SYNCHROTRON

without LCs or feedback Instability thresholds overview
— predicted RW threshold

Wa S O n Iy 40 m A Chroma . Impedance RW longrange, bare RW 5 IDs
_ ~ HCo on  HCoff HCon  HCon
LON - 620 - - -
0.0 920 710 40 40 -

VER 1.0 2200 10400 - 900 380

12 3170 15100 50 1250 540
0.0 2010 2020 120 140 -

HOR 1.0 >2050 17100 150 3500 > 3500
12 5040 21900 - - -

Threshold currents in mA

Slide by M.Klein & G. Skripka

Simon C. Leemann
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* Example: no clear evidence of RW instability but ion-driven
instabilities apparent in both transverse planes

Slide by D.Olsson

* No clear evidences of resistive wall instabilities

* However, we detect ion-driven instabilities in both transverse planes, and
their effect on the effective emittance can clearly be seen at the diagnostic
beam line.

Instability observed
@ diagnostic BL

* Typical features of such ion-driven instabilities are (o polarization)
* Wide band (they excite several CBI modes)
* Low amplitude saturation

* Excitation of high-index modes

* One cure can be to introduce ion clearing gaps (to be investigated...).

The effects of
vertical instabilities

Moan Mode Amphtudes Maean Mode Ampinuces

' Many high-index
€ | £, modes excited in
0.2 both planes

20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

Mode No Made No
The oscillation amplitudes of the horizontal modes The oscillation amplitudes of the vertical modes

2"



* Example: single-bunch (SB) collective effects » TMCI & PWD

SERFAMNOERNPEED YE s o
—_—

=

— either SB injection or clearing with BbB FB

— adjusted &, towards zero ~1% purity

MAXTV



* Example: single-bunch (SB) collective effects » TMCI & PWD

SERFONDERRTSED Y@ e
Ty ==

— either SB injection or clearing with BbB FB

— adjusted &, towards zero ~1% purity

—no sign of TMCI up to 8.5 mA SB current
(500 mA even fill » 2.85 mA/bunch)

» & = 0.4 and &, = 0.03 0.2305
» Synchrotron tune 0'290(3
vs = 0.00134 02595
. . 0.2890
» Vertical tune shift by more 0.2885
than v
» MOSES shows modes 0 and
-1 detuning in the same Design Iy
direction

Slide by G. Skripka

MAXTV



* Example: single-bunch (SB) collective effects » TMCI & PWD

EEFONNEEEESE0 V8 e o

— either SB injection or clearing with BbB FB " ,

Courtesy J. Breunlin

— adjusted ¢, towards zero

—no sign of TMCl up to 8.5 mA SB current _
(500 mA even fill » 2.85 mA/bunch)

— Bunch length measured with sampling
oscilloscope @ diagnostic BL

(r’ ps ., pS

563 Bare Machine L~ IVUs installed

54 - Reliable measure of o5 only once
52 we get 2nd diagnostic beamline
: If only PWD [ If only PWD
50 | (Z ) T = 0.60 55 i (Z[n)egr =0.7120.04 N2
L n’e i T = 48.2320.97 ps
43 Model: 0.5 Q s50F
we —  I,mA Model os = 42 ps @ zero current
b
Z A A 1 A A 1 A A A 1 A A 1 1 \
5 . . . v b MJ
Courtesy G. Skripka 0.4 0.6 0.8 Courtesy G. Skripkd).5 1.0 1.5 20

MAXTV



* Continue commissioning of 3 GeV storage ring
— optics & IDs
— 2nd diagnostic beamline, longitudinal bunch profile
— RF conditioning main cavities and LCs (high current)
— collective effects & BbB feedback commissioning

— integrate fast corrector PSs & LB+ units @® commission FOFB

e Just started commissioning of 1.5 GeV storage ring
— first IDs to be installed in 1.5 GeV SR during early 2017

* “Friendly users” arrive Nov 2016

* First open user call for Mar 2017

NAX
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* Improved matching to IDs (coupling, optics in straights)

— Transverse coherence and brightness at 1 A almost doubled by
setting e, =8 > 2 pm rad

Intrinsic ph(l)ton beam. L = 4 mI A =1A

ectron beam,; ®=2.5%

~40 ~20 0 20
x [um]

| | | | o
Intrinsic photon beam, L=4m, A = 1A
Electron beam, x = 2.5%

Relative Brightness [%]

600

500

400

300

200

100

PAC’13, MOPHOQOS5, p.243

Emittance Coupling [%]
0 0.5 1 1.5 2 2.5 3 3.5




* Improved matching to IDs (coupling, optics in straights)

— Transverse coherence and brightness at 1 A almost doubled by
settingey,=8~>2pmrad 7, . F x vk PAC’13, MOPHOOS, p.243

— Good Touschek lifetime maintained by exciting vertical dispersion
bumps in all arcs (transparent in ID straights) PRAB 19, 060701 (2016)
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* Improved matching to IDs (coupling, optics in straights)

— Transverse coherence and brightness at 1 A almost doubled by

settingey=8->2pmrad 7, x. 6, xVk PAC'13, MOPHOOS, p.243
— Good Touschek lifetime maintained by exciting vertical dispersion
bumps in all arcs (transparent in ID straights) PRAB 19, 060701 (2016)
16 [ - ' ' ' e
O Design optics e
O Case s
1411 o case? /§ %
= O C 3 s
j— 12+ — — —S?rrSlSIe model ﬁ o i
o é/géé
E 10 (%/
g 8t %/# i
A y [m] g }%%/ -
2.0 1 * = 6'% o - * *
0 0.005 0.01 0.015 0.02 0.025 w

Normalized skew quadrupole gradient k [m‘z]
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* Improved matching to IDs (coupling, optics in straights)

— Transverse coherence and brightness at 1 A almost doubled by
setting e, =8 > 2 pm rad Tis OC \/Ey X VK PAC’13, MOPHOO5, p.243

— Good Touschek lifetime maintained by exciting vertical dispersion
bumps in all arcs (transparent in ID straights) PRAB 19, 060701 (2016)

* Increase focusing in arc > g, reduced to 269 M PAC1a, TUPRIO26 pt6ls

rad (-18%) while retaining 16 p = | 20% | oos

14 fo 4 H 007

satisfactory DA & lifetime - 11 006
S ] g 0k A 0.05 g
A ideally: Bxy = Lip/2mt=0.6 m g gl 7004 ¢
20 - u % 3 003§

M 0.02

4 0.01

| T 2 0
5 10 0 | =ainil ! ! ! ! -0.01
« [m 0 2 4 6 8 10 12
\ s [m]

MAXTV



* Improved matching to IDs (coupling, optics in straights)

— Transverse coherence and brightness at 1 A almost doubled by

setting e, =8 > 2 pm rad

Tes X \/Ey X VK

PAC’13, MOPHOQOS5, p.243

— Good Touschek lifetime maintained by exciting vertical dispersion

bumps in all arcs (transparent in ID straights)

PRAB 19, 060701 (2016)

* Increase focusing in arc > g reduced to 269 pm  pac1a, TuPRI026, p.1615

rad (-18%) while retaining

satisfactory DA & lifetime
A [m] ideally: By," = Lip/2mt = 0.6 n
2.0 u
ﬂmﬂ_rm-mn
T | |
° 10

300

250

150

Relative Brightness [%]

100

50

200 | .

Dispersion [m]




* Improved matching to IDs (coupling, optics in straights)

— Transverse coherence and brightness at 1 A almost doubled by

setting e, =8 > 2 pm rad Tts OC /By X VK PAC'13, MOPHOOS5, p.243
— Good Touschek lifetime maintained by exciting vertical dispersion
bumps in all arcs (transparent in ID straights) PRAB 19, 060701 (2016)

* Increase focusing in arc > g reduced to 269 pm  pac1a, TuPRI026, p.1615
rad (-18%) while retaining |
satisfactory DA & lifetime l

* First GLASS/MOGA studies assuming _ : =
PSs can be exchanged » 221 pm rad s

nce (pm)

ntal E

T
N
- -
o [6)]
© O
Minimum H:

5 |
3 3.5 4 45 5 5.5 6 6.5 7
QF (m?)
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* Improved matching to IDs (coupling, optics in straights)

— Transverse coherence and brightness at 1 A almost doubled by
settingey=8->2pmrad 7« E xVk PAC’13, MOPHOO5, p.243

— Good Touschek lifetime maintained by exciting vertical dispersion
bumps in all arcs (transparent in ID straights) PRAB 19, 060701 (2016)

* Increase focusing in arc > g reduced to 269 pm  pac1a, TuPRI026, p.1615
rad (-18%) while retaining
satisfactory DA & lifetime

* First GLASS/MOGA studies assuming
PSs can be exchanged » 221 pm rad

|
% - 0.08
v 4 007

12 | n 006

[m]

10 Fone . ',' A 0.05
|"ec /o -~ Vi

{- 0.04

Dispersion

-4 0.03

Beta Functions [m]

-4 0.02
- 0.01

o N B » (o]
[ ! ! I

: -0.01
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* Improved matching to IDs (coupling, optics in straights)

— Transverse coherence and brightness at 1 A almost doubled by

settingey=8->2pmrad 7« E xVk

PAC’13, MOPHOQOS5, p.243

— Good Touschek lifetime maintained by exciting vertical dispersion

bumps in all arcs (transparent in ID straights)

PRAB 19, 060701 (2016)

* Increase focusing in arc > g reduced to 269 pm  pac1a, TuPRI026, p.1615

rad (-18%) while retaining
satisfactory DA & lifetime

* First GLASS/MOGA studies assuming
PSs can be exchanged » 221 pm rad

e Assuming on-axis inj. » =170 pm rad
or =150 pm rad (w/ IDs and IBS @ 500 mA)

(photons/s/m rad/mm?/0.1 %BW)

Brilliance

10%

10°'

10%° .
10

=l 2 0O 10 -
pmulL, 3.8 m, 18.5 mm

//\

AN

)

\

: \
1\
=:g !

Brlghtness ><3 at 1 A ﬁ\;.

1o
Photon Energy (keV)
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Simon C. Leemann
ALS/LBNL, September 29, 2016

Photo courtesy L. Jansson, August 24, 2015
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