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* Introduction - Importance of Stability

- Stability — from design to operations

—Facility design / Disturbance Source Suppression
—Damping of vibrations

—Active Correction
 Feed Forward
+ Feedback — Slow/Fast
« Multibunch feedbacks

- Areas of Concern
—Orbit
—Beamsize — Lattice function / Coupling / nat. emit
—Beam Energy / energy spread
—L.ifetime, injection efficiency -> Top-off

. ﬂ’ Topics
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Typical requirements of
modern SR user
experiments:

« All of those requirements relate
back into stability requirements for
beam position + angle, beamsize +
emittance, beam energy, beam

(Courtesy R. Hettel)
energy spread, ...

Measurement parameter Stability requirement

Intensity variation A7 /1 <0.1 % of normalized I | * Often sta bility can be more

Position and angle accuracy | <1 % of beam o and o’ importa nt to SR users than

Energy resolution AF/F <0.01 % -

Timung jitter <10 % of critical ¢ scale b“ght“ESS"‘ﬂUX

Data acquisition rafe ~=10—3-10° Hz « For current SR sources, this means
Stability period 10~ 2(3).105 sec

for example submicron orbit
stability
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Causes for Orbit Distortions (no F/B)

Thermal

Vibration

Insertion Device Errors

Power Supply Ripple

May 4, 2009

1 1 10 100 1000
Frequency Magnitude Dominant Cause
1. Magnet hysteresis
Two weels +200 pm Honzontal 2. Temperature fluctuations
(A typical +100 pm Vertical 3. Corponent heating betw een
experirmental ro) 1.5 GeV and 1.9 GeV
1Day 1125 pwm Horizontal Temperature fluctuations
+50 pm Vertical
8 Hour Fill 50 pm Horizontal 1. Temperature fluctuations
+20 urm Vertical 2. Feed forward emrors
Minutes 1to 5pm 1. Feed forward etrors
2. D/A converter digitization
noise
3 pm Horizontal 1. Ground vibrations
1to 300 He 1 pum Vertical 2. Coolmg water vibrations
3. Power supplyripple
4. Feed forward errors

Beam Stability in straight sections w/o Orbit Correction, w/o Orbit Feedback,

but w/ Insertion Device Feed-Forward

Hertz
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’_\|\‘~‘ Stability / Design

W Freg fHz)

Courtesy: N. Simos, NSLS-I

* One hopefully starts by selecting a good / quiet site
(not always possible) - at least need to know all caveats

« Nowadays FEA allows optimization of slab design
* Important: Minimize vibration coupling from pumps, ...
+ Also keep external disturbances in mind (wind, sun, ...)
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Girder Design

NSLS-II: courtesy S. Sharma

« Some early 3" generation sources had massive girders (low

resonance frequencies — sampling larger ground oscillation
amplitudes)

- Later ones had girders with higher resonance frequencies but
movers, that significantly lowered them

« Latest designs (Soleil, NSLS-Il) avoid this caveat — smaller
vibration transmission to beam

~ Office of
“d Science

L8, DEPARTIMENT OF ENERG Y

LAWRENCE BERKELEY NATIONAL LAEURATDRY—Z'
May 4, 2009 C. Steier, PAC 2009,Stability in SR sources 6 i



- )

’_\| I.".‘; Air/water temperature stability
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Left: ALS LCW temperature, Right: Tunnel air temperature (red — with top-off)

« Stable environmental conditions are extremely important

« State of the art is water and tunnel air temperature stability on the order of
0.1 degree C

« Stable power supply controllers, invar rods for BPM mounts, ... also help,
butit is always best to also keep the conditions constant

:/" Office of
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Horizonizl Power Speciral Density (RMS5=2.5 pum)

Improvement after construction

= DFA;;IWHSWW mﬁymngmdﬂ ~ "‘“5"”[:“ Field
= Water Channel
[3
2 oY Y \ .
= . ) L #J ound Vibration ) -
Velrtical Power Speciral Density {RMS=ID 9 yrm}
£
2 Eddy Current made
S . | by Q-mag. field kicks
: MWM’J‘"W“‘W”WMWW the electron beam.
"’ v . S. Matsui, et al. Jpn. J. Appl. Phys.
Dt faken on 12-12-1993, during & 1.3 GeV user run al 278 mamps Vol. 42 (2003) pp.L338
ALS - fixed power supply Spring-8: water vibration

« Often vibration sources / coupling into sensitive equipment is found
during after commissioning

* Fixing the worst offenders often gives big benefit

- Examples above: Power supply at ALS, water induced vacuum chamber

vibration at Spring-8; Another example are viscoelastic damping elements
at ESRF
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« Strong corrector magnets with high
vacuum chamber cut off

Good power supplies are essential

ADC Resulutmn @50 samples!sﬂ‘u' offset Eppm :2nu\r: steps:

frequencies can be significant & Eﬁi‘iﬂﬁgﬁm & - -
sources of orbit noise g L
5 | resolves <1ppm ste S i ;
- Observed at several light sources pPmM step: J*“ o
= e AN T nN" o R TR |
» Achievable power supply g 6 ppm - - " I
= : "“":—‘ e e s e B e el A
performance increased over the T 4ppm -y w st T
years § 2ppm- =y Py T
S .__.:L‘ﬂ'a".r"!'w%s,ﬁ ....... ........ S S | ¥ TPV i
Closed Orbit Speclrum (feedback off) = : : Stability: 10 ppm < 60 sec
T “a 20 a0 &0 a0 100 120 140 160 1B
06: —analog feedforward 1 Omin Time [min] 18min
T ' digital feedforward . ADC Long tarm siabllity: 1000h
204 1 sl L | Stability: 30 ppm < 1000h
0.2} E 4 5006 .. Reproducability: <30 ppm
M Maaes) e T 4 — Z e S
0 ' e e = rf : 5 : _ 5 :
40 60 80 100 120 140 L e e e e e e
- ' - ' - ' §4aljiu
04 - 84 5001 _ .
T S boidodoooioi. F.Jennietal,
=
i 0.2} . o S ol Pol
44598 L 1 ! — L 1 1
A, 2 1o 20 a0 am . =11 BO0 o B0 @n oo
0 "“'"\—T "-"xrl‘v-m._,- -_Im,_._l"\, Y S — Oh Time [h] 1000h
40 60 80 100 120 140
v [Hz]
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,\I . Feed-forward example: EPU
—\H COMPENSATION

BERKELEY LaB

EPU

—

= ™~ Corrector Magnets

Mechanically, an ALS EPU can move from left to right circular & '.
polarization mode in ~1.6 sec. 2

\Vertical Orbit Distortion

Eord. o ) .
£ . . fﬁa Without compensation the EPU would
% 7 distort the electron beam orbit by £200
0.1 i . - .
= SR gm vertically and 100 gm horizontally.
: Using corrector magnets on erther side

of the EPU, 2-dunensional feed torward
correction tables are used to reduce the
orbat distortion to the 2-3 pm level.
Update rate of teed-torward 1z 200 Hz.

EPU Longitudinal Offset [mm]
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o EPU FEED FORWARD ORBIT
CORRECTION

Orbit Error without Feed Forward Correction 200 Hertz Feed Forward Correction

0.0
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el Orbit Feedback

« Even in extremely stable light sources, orbit feedback
can always improve stability

« This is particularly true for the effects of insertion
device motion (feed-forwards are never perfect)

 Nowadays, all light sources tend to use global orbit
feedbacks with some variation of SVD (or direct matrix
inversion) — local feedbacks are used less seldom

 Fundamentally, one only needs one (fast) orbit
feedback, however, practical aspects often require two
(lack of enough fast corrector magnets, lack of strong
enough corrector magnets, lack of enough suitable
BPMs, ...)

LAWRENCE BERKELEY NATIONAL LAEDRATDRY—Z';;-Offgce of
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All ALS high level controls
accelerator physics routines
are implememted in Matlab

Orbit feedback is controlled
using a GUIl which allows to
ramp for injection, do single
orbit corrections, standardize
the lattice, etc.

Matlab includes all Matrix
manipulation tools necessary
and has proven to be very
reliable

Code is very flexible _
(algorithm development is
simple and can if urgent need
arises even be done during
user operation)

Based on Matlab Middle Layer
— now widely used at many
(most) light sources

Software used for slow orbit
feedback

1.9 GeV

Lattice Setup Functions

Control these devices?
™ Inzetion Device Gaps

[ Bump and BTS Magnets

Cycle SR Lattice

Setup For Injection [Ramp Down)

Setup For Users, 1.9 GeY [Ramp Up)

Change Operational Mode

Check For Problems

Golden Page

Global Orbit Correction
Comect Global Orbit w/ IDBEPMs

Edit IDBFM and CM Lists

Slow Orbit Feedback
[¥ Correct Horizontal Plane

¥ Comect Vertical Plane
¥ Cornect ID Tune Shift

Start FB |
Haorizontal RMS = mm
Vertical RMS = Fhifry

Edit IDBEPM and CM Lists

Storage Ring State
Unknown

Close

13
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’_\| *‘ Fast orbit feedback topologies

E
.| NSLS vertical g
| VUV ring feedback §/
aoot PID + noteh filter @ i
E___| 60 Hz X
._a 4LI B.Podobedov l|
N
| .I' E .::‘ |||
LT .L;'-\..I Al .
- ", .1"" :.Illl"I oL ":‘h'.:'ijlr'i"f"\ =!, | )
2 }.'y-ﬂ ﬂ'r%%:f‘;’m:nz«-:*iq W AR
I = - - = 100
e fHz] 100Hz

 Many different types of fast orbit feedbacks are in use

- State of the art are systems with update rates of several
kHz and closed loop bandwidths between 80 and
almost 200 Hz

* In some systems, PID algorithms are supplemented by
notch filters, ...
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ceceer) |.'i: Frequency Overlap — Master/Slave

—— SOFB+FOFB Horizantal Power Spectral Density Vertical Power Spectral Density
—— SOFB only from : ' : ' '
0.5 —— FOFB only E’ ET
5 5
-] -]
¥ 5
£ £
8 8
E . -
E 1[1] 10 1[] 0
— Frequency [Hz] Frequency [Hz]
“ Cumulative  PSD Cumulative |PSD

=]
=
o

0.1 2 4 6 8 10 nﬁ- ° 10’ )

t[s] Frequency [Hz] Frequency [Hz)

« ALS needs slow and fast feedback (do not have enough fast
correctors)

- Avoided frequency dead band — fast system not DC blocked

- Synchronization by SOFB updating FOFB golden orbit

« Combination of both systems provides best of both and no
interference!
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ceeeee? i Photon BPMs
e

« Synchrotron radiation is abundant in many
accelerators — very useful for low noise, non
desctructive position measurement

LNLS

FMB E-II-E‘SSSYII,
o B s  Work very well for

dipoles in the
vertical plane -

j}ﬂﬂ' for undulators OK
- for hard x-rays
(with Decker
distortions if
undulators scan a
lot), difficult for
VUV, no solution
for EPUs
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cereerd] |.':.*‘ RF phase noise

+ Mode 0 motion nowadays is very small — 0.03 degrees rms

+ Dominated by noise from master oscillator, rf distribution system,
rf frequency correction ... not HVPS

—Fast RF amplitude feedback reduces effect of HVPS to this
level

« Use improved master oscillator + filtering at several points in low
level RF frequency distribution system

\}n 3¢ cemtered around AKHz

260+ 1.0x107 &= . : : _
A | Neise RMS=15.71% new synthesizer, [=391 mA

240 H & —— old synthesizer, I=400 mA

220 ﬁw ’{u'!’zi"dqf k}frlp\ i L M5, 1998, 4:53pm 08 _

holsel?.‘fﬁﬂ) 3%

200 5 K
] 5 sk -

180 Broad 2 - 3KHz noisc -;s ]

160 JaA il i it e Mar 26, 1998, L0:380m —_ _ .
E ! T ok Noise RMS=0,80% = | Y

140 Nolse RMS=3,79% = o ‘ —
: E %

120'_- Aug. 4 1998, 10:30am, o ; | | -.

100 . Neie RMS=0.19% ; g e 02~ , i (| \ -
i e AR g Noive AMS=D.A0% !5 ' ||[ ‘]l' ! |

an |] II -.n.-_.}.f |

1000 2000 000 4000 5000 #8000 7000 0.0 = | l | I

Wavenumbers {cm-1) e g e L

Frequency (kHz)
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Instabilities / Feedback / HOMs

horizamal kicker vertical kicker

plk-up | 5
= B
| A

AFr-----——-—-—-—-—----—-—-——-—~————~—~——

wertical
prooessing

variable

attenuators " +
[}
Va2 {-'I

« Very fast stability / single+multibunch instabilities

* Routinely addressed by multibunch feedback system
(longitudinal/transverse) — most recent ones all digital

« HOM free cavities (SC or N/C) help, particularly long.

« Transversely feedbacks allow operation with small chrom. -> good lifetime
— Also can be used to increase TMCI threshold (ALS factor >4)
— And finally to reduce duration of injection transients in top-off
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ceceend] Beamsize Stability

- Because orbit stability is excellent, at ALS we actually receive
more complaints about beamsize stability

« Problem is tougher at low energy light sources (beam less stiff)
« Main culprit at ALS are EPUs (elliptically polarizing undulators)
- Some examples of affected experiments:

—STXM (scanning transmission X-ray microscopes) — 10
normalization difficult, not included in state-of-the-art
beamlines

—Microfocus beamlines investigating dirt samples

« What needs to be corrected:

— Optics distortion (beta
functions)

— Skew gradients

Figure 1. Syncluotron-based micro-X-ray rdiation Quorescence (LWSNEF) Fe and Mo maps of the owlennost Fe and - -
Min lavers of a ferromanganese nodule from the Baltic sea (6600 pm x 3780 [un. step size 15 1, connting time 250 horlzo nta I‘fvertl Ca I natu ral

mspixel, red = Zn, green = Mo, blue = Fe, bemnline: 10.3.2)). The onico-like strueture of growth tins is clealy
discernible as few hundveds pon thick FeMp-vich bandings. Zn is exclusively associated with M, as indicated by the

=
z 3 A
orange color of the Zn-contatning Mn layers, and its concentration inereases towards the surface. e‘m Itta n c e
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Insertion Device Optics Correction

phase advance measurement, wiggler openfclosed, v, = 92

phase advance measurement, wiggler open/closed, compensated 2, Yy =92

¢, [27]

15

:
i

005+ 1 005t
& B 0@ & &
- vhe%ensbalafedenhee | <
<] <]
-0.05 E -0.05
0 é IID 15 1] 5
o, [22]
005+¢ E 005} ﬁ
— R &
3 ggwﬁ”@%% Wy if E&% .
e 0 _. ¢ 2
=1 Qe‘ﬁ W :
005+ g 005
o 1 2 3 4 & 7 8 9 10 0o 1 2 3
4, 121

+  Example shown above is the systematic focusing change due to a wiggler and how the local
optics feed-forward restores it. One uncompensated wiggler in the ALS produces several 10s of
percent beta beating and completely ruins the injection efficiency.

+ To find the best lattice correction is not trivial, since keeping beamsizes constant is not the only

consideration.

+  Maintaining dynamic and momentum aperture is very important as well and optimum solutions
are not always obvious (and sometimes require change of the base lattice).

+ In newer light sources this can also involve sextupole FF (beyond the scope of this talk).

May 4, 2009

C. Steier, PAC 2009,Stability in SR sources

LAWRENCE BERKELEY NATIONAL LAEURATDRY—F':'

20

~ Office of
Science

L5, DEPARTMENT OF ENERGY




- )

o Vertical Beamsize Stability
i

« One issue affecting the beamsize are residual tuneshifts
(after feedforward compensation) when scanning
undulators or skew errors inside those undulators
(especially EPUs)

! _ ve instead of coupling resonance to
increase vertical emittance

January 8-11, 2003 January 29-February 1, 2003

80 - - - 80 .

S\ "L\«W s i e
b

40 | 40 -

0 20 40 60 80 0 20 40 60 80

. 0.04 % . 0.04
o

© [ ‘-"VL'»\J.
& I\ My Ly fyh
S, 002 W & n,ozl—"n"‘w AW
> 4

0 - - - - 0 - - - -

0 20 40 60 80 0 20 40 60 80

time [h] time [h]
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eeeey] Undulator effects on vertical beamsize

|||’

« Vertical beamsize o | | | |
variations due to EPU e o]
mOtion Ll big prObIem. 50+ i::;:‘:‘::::::::;5220::°“ wave

+ |s caused by skew .

quadrupole (both gap and g

row phase dependent) ::5

« Root cause reduced in

newer devices |
 Installed skew coils for
feedforward correction ¥ 720 0 ey °®
oy ) shift [mm
« Stability now <1%, relative
sta blllty will at first be « Just for reference: Whenever an undulator
worse for smaller moves, about 120-150 magnets are changed
. to compensate for the effect (slow+fast feed-
bEﬂITISIZES forward, slow+fast feedback)
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« Fs-slicing facility at ALS uses vertical A DA A DDA

Another Beamsize Stability Challenge Example

separation -> high field undulator in LS
the middle of a sizeable local vertical = By B P 00 s
dispersion bump - -
« To keep vertical (natural) emittance l— |
constant, whenever this undulator P N N NN O SN
scans, 20 skewguadrupoles around NI I I
the ring are used to change a global o
vertical dispersion wave Sy ] A o
5 60000 . .:c.r'J_,'_’r.lr'm : .lu.'.!_.mw}n '.'rlrfl.l_a;r’lfn‘ml 2
Maomentm offser = 000 % ot
femtosecond
femtosecond electron bunch femtosecond x-rays
e R ——— -

------
""""""""
.....
-----

70 ps electron

bunch . T
spatial separaton e ;l

Dispersion due to bending magnets
coupled into vertical plane with skew
quadrupoles (closed disersion bump).

Vertical apertures in
focus plane in

electron-photon )
. P undulator beamlines
=" Office of
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Circumference of ring

changes

gtemperatu re

inside/outside, tides,
water levels, seasons,
differential magnet
saturation, ...)

RF keeps frequency
fixed — beam energy will
change

Instead measure
dispersion trajectory
and correct frequency
(at ALS once a second)

Can see characteristic
frequencies of all the
effects in FFT (8h, 12h,
24h, 1 year)

Verified energ¥lstability
(a few10°)with
resonant depolarization

May 4, 2009

Change in ring circumference [mm]
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RF Frequency Feedback / Energy Stability
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Energy calibration (resonant depolarization)

Comatzat | WHs)

(1) L]

loog 1m0 1400

Tows (se6)

Foition fieqneacy (MHs)
047 [ F ) 0430 0431 L X 2 s T T T T T
3
T T

T
Jep Al mesenaics atmggel siletaud =1 62520 004 =10

AFEFi=l0 )

192003 19010 19011 19014 19014 19013 19010 19012 -

1041 1042 1043 1044 1M
‘ T T

T T
bizerotates atlower sils Taul

Hamalized coxt rate (Heim & 1

Hzh 1 1 | | | | +
11l 10000 1013 18018 10014 15012 10010 10002

Beam swagy (G

+ High precision measurement of beam energy

AEEED )

is relatively simple at low energy light sources
like ALS

| <+ Allows some conclusions about long term

| orbitymagnet/ground plate stability

May 4, 2009
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*« Implemented rf-frequency feedback at ALS
and verified it with energy measurements
-Some radiation standards applications require
extreme stability (example: BES_L
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—_ ., Top-off / Stability interplay with dynamic
2
—\I (momentum) aperture

BERKELEY LaB

ALS: mid term orbit stability (with+w/o Top-off) ALS: injection transients (fast+slow)

+ Top-off greatly improves the mid- and long-term stability (also for user beamline
optics)
— It does present some additional challenges in form of injection transients,
however, currently the benefits greatly outweigh those.

— Injection transients can be imtprovecl with better injection element design
(magnets and pulsers), use of transverse multibunch feedbacks, or use of
multipoles as injection kickers

. Hovg?ver, in top-off the dynamic (and momentum) aperture still has an effect on
stability
+ Insertion devices (for example EPUs) have the potential to substantially reduce the

injection efficiency enough to reduce the stored current (this also can produce
increased radiation dose rates).

— Therefore keeping the nonlinear properties of the machine ‘stable’ remains
important

LAWRENCE BERKELEY NATIONAL LAEURATURY—F';"}?'Ofﬁceaf
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EPU Dynamic Multipole Fields

Uncorrected MEPU
Linear focising region imited

—

- 20 - 10 Q 1o 20
X mm

v

Dvngemic aperiure needed for top-off

Nonlinear Kick:
« Spoils Dynamic Aperture
* Worse for large period EPUs
- Impacts Lifetime and Injection Efficiency
Successfully compensated last year on 5 cm
eriod EPUs (where effect was smaller)

LAWRENCE BERKELEY NATIONAL LAEII:IRATEIRY_Z " Office of
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Uncorrected MEPU
Linear focising region imited
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ceceend] Outlook / Challenges

« Light source development continues to ever smaller
emittances -> tighter stability requirements

 Photon BPMs work well for hard x-ray undulators
(potentially with Decker distortions), not so well for
VUV, no good solution for EPUs

* Increasing number of fast switching insertion devices
(EPUs, ...) at low/intermedium energy light sources ->
more perturbations

« Truly transparent top-off has not been achieved, yet.

 And of course: How do we get close to what we have
today in storage rings when moving to ERLS, FELSs, or
even ultimate storage rings (with new injection
methods)
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reecerd] Summary

«  Stability is one of the most important deliverables of light sources

« Very integrated problem:
— includes all phases of facility design, commissioning, operations
— Includes orbit, beamsize, energy, at various time scales

«  Orbit;

— Short and medium term (hours — 200 Hz) sub-micron orbit stability is
achieved in 3'Y generation light sources.

« Important: Fast orbit feedback (fast end) systems and “top-off”
operation (slow end)

« Biggest obstacle: Insertion devices
« Beamsize:
— Relative beamsize stability of better than 1% can be achieved

« Main gain is execellent compensation of Insertion devices (FF
system)

« In reality, the accelerator and the user beamlines are one integrated
system and should be optimized as such. This has been started, but is not
very advanced, yet. Usually both are optimized independently
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