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Outline	  
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•  Intrabeam	  scaHering	  
•  InjecAon	  –	  Swap-‐out	  or	  AccumulaAon	  
•  CollecAve	  Effects	  
•  New	  faciliAes	  versus	  upgrades	  
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Overview of enabling technologies for DLSRs 
  Lattice design evolution (MBA) 
  Improved accelerator simulation tools 
  Compact magnet technology 
  Compact vacuum (NeG) technology 
  Faster injection kickers 
  In-situ magnet measurement and alignment methods 
  Mode damped RF cavities and highly stable power sources 
  High performance X-ray optics 
  High performance IDs (superconducting, Delta, etc.) 
  more … 
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Fundamental challenges of low emittance DLSR 

  Inescapable fact 
–  To reduce the amplitude of dispersive orbits, must focus more frequently 

and more strongly 
  Focusing (quadrupole) elements have chromatic aberrations 

–  Sextupole magnets added to correct these 
–  Introduces higher order chromatic and geometric aberrations 
–  More sextupoles or octupoles added to correct these... 

  Stronger focusing leads to difficult non-linear dynamics 
–  Poor “momentum aperture” ⇒ reduced lifetime ⇒ frequent injection 
–  Poor “dynamic aperture” ⇒ greater difficulty injecting ⇒ on-axis injection? 

1: M. Borland, IPAC12, 1013-1017. 
2: M. Borland, “Can APS  Compete with the Next Generation,” 2002; L. Emery et al., PAC03, 256. 

from M. Borland, 
GRC 8/13 
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  Beam instabilities 
–  Transverse: resistive wall, ion trapping in multi-bunch mode, single bunch TMCI 

–  Beam blow-up ⇒ brilliance reduction 
–  transverse beam oscillations ⇒ beam losses 

–  Longitudinal: primarily from  cavity HOMs 
–  Possible mitigations:  mode-damped cavities, smooth chamber transitions, low-

Z chamber material, low charge/bunch, longer bunches, feedback 

Fundamental challenges of DLSR – cont. 
  Intra-beam scattering (IBS) 
–  Multiple electron-electron scattering in a bunch 
–  Leads to increased emittance and energy spread 
–  Possible mitigations: 

–  Many low-intensity bunches 
–  Round beams 
–  Bunch lengthening system  
–  Damping wigglers 

  X-ray optics 
–  Advances in optics needed to preserve coherence, handle high power densities 
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Start with lattice optimization 

  Inescapable fact 
–  To reduce the amplitude of dispersive orbits, must focus more frequently 

and more strongly 
  Focusing (quadrupole) elements have chromatic aberrations 

–  Sextupole magnets added to correct these 
–  Introduces higher order chromatic and geometric aberrations 
–  More sextupoles or octupoles added to correct these... 

  Stronger focusing leads to difficult non-linear dynamics 
–  Poor “momentum aperture” ⇒ reduced lifetime ⇒ frequent injection 
–  Poor “dynamic aperture” ⇒ greater difficulty injecting ⇒ on-axis injection? 

1: M. Borland, IPAC12, 1013-1017. 
2: M. Borland, “Can APS  Compete with the Next Generation,” 2002; L. Emery et al., PAC03, 256. 

from M. Borland, 
GRC 8/13 
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MulA-‐bend	  achromats	  pave	  way	  to	  the	  diffracAon	  limit	  

Lattice design of ALS evolved from a triple-bend achromats (TBA) to a multi-bend (9BA) 
achromat for ALS-II. Result is a large reduction in emittance,  

MBA: Strong Focusing 
and Low Dispersion 

 
D. Einfeld et al., Proc. 

PAC 95, Dallas TX 
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Development of accelerator simulation tools 

DA,	  MA	  separated	   DA,	  MA	  together	  

Symplec7c	  Tracking	  based	  methods	  

Robustness	  to	  magne7c,	  alignment	  errors	   Robustness	  ID	  configura7ons	  

MADX	  TRACY	   AT	   OPA	  	  	  LEGO	   ELEGANT	  Tracking	  codes:	   PTC	  

Frequency	  Maps	  	  
FMA	  

Diffusion	  factor	  

GLASS	  Direct	  tracking	  based	  op7miza7on	  

Resonance	  iden7fica7on	  

Nonlinear	  
“LOCO”	  

Gene7c	  Algorithm	  
MOGA	  

repeated until the population is doubled. The third step is
called mutation, where new children are perturbed slightly
(see Appendix B). The objective functions fiðxÞ, con-
straints gjðxÞ, and hkðxÞ are evaluated for each of these
new children. The whole population, including the parents,
is then sorted or ranked according to their dominance
relations. Candidates not dominated by anyone are in the
first rank. The second rank candidates are only dominated
by the rank-one candidates, and the third ranks are only
dominated by the first and second ranks, etc. The final step
is a population control process, where only half of the
better candidates are kept. This is done by dropping can-
didates with larger rank. Within same rank, candidates in a
high population density region have lower priority to be
kept. Up to this point, the population is kept the same but
the overall qualities in terms of objective functions and
constraints are evolved not worse than the previous popu-
lation before crossover. This is called one generation or one
iteration. The population is evolved generation by genera-
tion until it converges or reaches the maximum number of
iterations.

Figure 1 shows the last generation of objective func-
tions, where we are maximizing both the on-momentum
DA (horizontal axis) and the off-momentum DA (vertical
axis). The trend of the optimization is that the whole
population moves toward upper right, and converges to
lower rank. By this generation, the Pareto optimal has
only three candidates at the upper right corner. In a
realistic optimization, the full convergence may take too
long to achieve, while stopping at a set of reasonably good
solutions which are sufficient for further applications is
desirable. In Fig. 1, although the solutions are not fully
converged, they have many candidates with DA
>120 mm2. It is a good starting point for detailed

simulations that include various magnet errors and
misalignment.
We are all familiar with the method of minimizing a

weighted sum fðxÞ ¼ !1f
2
1½ðxÞ% þ !2f

2
2½ðxÞ% þ ' ' ' þ

!Mf
2
M½ðxÞ%, when dealing with multiobjective functions.

In this case, solution x depends on the weight !i, i ¼
1; 2; . . . ;M, and the true solutions, i.e., the Pareto optimal
set, need all combinations of weight !i. Unlike the
weighted sum minimization, the multiobjective optimizer
searches for an optimal set of solutions and leaves the
choice of weight to the decision maker. The choice is
made upon the global view of trade-off between optimal
solutions instead of initial guesses of relative importance of
each objective function. In this method, the sacrifice and
gain are more clearly illustrated.

IV. DA OPTIMIZATION ON NSLS-II LATTICE

A. Robust dynamic aperture
tracking and quantification

DA is usually defined as the maximum stable area in
transverse plane at injection point. Particles with initial
condition within this area will survive after a certain num-
ber of turns of tracking.
Obviously, the area of this 2D bounded region alone

cannot represent the quality of DA. For different momen-
tum deviation " ¼ ðp( p0Þ=p0, the stable area or DAmay
be different. Larger on-momentum DA may help the in-
jection, while off-momentum DA helps Touschek lifetime.
One common way to calculate DA is particle tracking

along several radial lines (see Fig. 2) with fourth-order or
even higher symplectic integrator [22]. An ideal solution of
DA would have an elliptical type of shape with no cut-in
unstable area (as the two red points shown in Fig. 2).
Because of betatron oscillation, particles are crossing the
transverse plan at different ðx; yÞ coordinate, and after long
enough time, they will be lost at the cut-in unstable area. A
good searching method should have good precision to
detect these cut-in unstable areas while not requiring too
much trial tracking near the DA boundary, since the track-
ing is expensive in computing time. Based on this, we

FIG. 1. The last generation of objective functions: DA of on-
momentum (horizontal axis) and off-momentum (vertical axis)
particles. Points are colored according to their rank.

FIG. 2. Larger DA area may not necessarily provide a better
solution, unless it covers an ellipse fully.

MULTIOBJECTIVE OPTIMIZATION OF DYNAMIC APERTURE Phys. Rev. ST Accel. Beams 14, 054001 (2011)

054001-3

Lie	  Algebra/Differen7al	  Algebra	  

Amplitude	  TuneshiN	  
minimiza7on	  

Analy7cal	  based	  method	  

Resonance	  Driving	  Terms	  
RDT	  minimiza7on	  

Canceling	  
Sextupole	  

Resonances	  	   Interleaved	  
sextupoles	  

Phase	  advances	  

from L. Nadolski, 
ICFA LowEring, 

Oxford 7/13 
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Strategies for optimizing the lattice 
 

Goal of obtaining desired emittance 
and betas with acceptable dynamic 

and momentum apertures 
 
  Lots of different and powerful techniques 

–  Simultaneous optimization of linear and 
nonlinear design 

 
  Also enhanced computing power is 

allowing 
–  Exploration of larger number of parameters 

  Decide on whether swap-out is acceptable 
–  Allows to push the parameters further 
–  Other possible advantages 
–  Kicker technology could limit the fill patterns -> 

timing modes 
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Obtaining small emittance with sufficiently large 
dynamic aperture 

Sexupoles in higher dispersion region 
 

ESRF solution 
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Beam lifetime 
 

  Need sufficient lifetime to maintain high 
average current 

 
  Vacuum Lifetime 

–  Small apertures (dynamic and momentum) 
require low vacuum for sufficient lifetime 

  Touschek lifetime 
–  Small momentum apertures and dense bunches  

will decrease lifetime 
–  However very small emittances with sufficiently 

large momentum apertures may result in an 
increase in lifetime. 
•  Are we getting into this regime? 

Touschek lifetime for NSLS II 
assuming emittance can be 
arbitrarily reduced (M. Borland, 
lattice courtesy W. Guo) 
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Adjustability of the lattice 

Combined Function Magnets 

 
  Require stong combined function 

magnets 
  Couple dipole and quadrupole 
  Reduces the flexibility of the operating 

condition 
  Gain flexibility may require backleg or 

moving magnets 
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Fundamental challenges of DLSR – cont. 
  Intra-beam scattering (IBS) 
–  Multiple electron-electron scattering in a bunch 
–  Leads to increased emittance and energy spread 
–  Possible mitigations: 

–  Many low-intensity bunches 
–  Round beams 
–  Bunch lengthening system  
–  Damping wigglers 
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Mitigating the effects of intrabeam scattering 

  Reducing the beam density 
–  Fill as many bunches as possible 

•  Limited by the injection scheme, 
ions, or desired timing modes 

•  Push towards DC has benefits for 
certain techniques such as ARPES 
and XPCS. 

–  Lengthening the bunches using 
harmonic cavities 
•  Limited by fill patterns / phase 

transients  

–  Operate with rounder beams 
•  Increasing the vertical beamsizes by 

coupling or dispersion or … 
•  What is the impact on the 

dynamics? 
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3rd	  Harmonic	  CaviAes	  (see	  J.	  Byrd’s	  talk)	  

•  Need	  aggressive	  bunch	  
lengthening	  (factor	  >=4)	  
–  To	  keep	  IBS	  emiHance	  growth	  in	  

check	  
–  Increase	  instability	  thresholds	  

•  Difficult	  because	  of	  amplitude/
phase	  transients	  

•  MiAgaAon:	  
–  s/c?,	  low	  frequency?,	  many	  

bunch	  trains,	  small	  gaps,	  …	  

•  Background:	  
–  Max-‐IV	  think	  they	  can	  achieve	  

this	  	  
–  	  s/c	  3HC	  in	  use	  at	  several	  

European	  faciliAes	  
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InjecAon	  –	  AccumulaAon	  or	  on-‐axis	  Swap-‐out	  

•  AccumulaAon	  
–  TradiAonal	  injecAon	  scheme	  
–  Requires	  sufficiently	  large	  dynamic	  aperture	  
May	  not	  be	  possible	  for	  those	  la1ces	  with	  small	  dynamic	  apertures	  

•  On-‐Axis	  Swap-‐out	  
–  Bunch	  is	  replaced	  with	  a	  fresh	  bunch	  or	  bunch	  train	  
–  Recover	  or	  dump	  replaced	  bunches	  

•  Added	  complexity	  versus	  stress	  on	  the	  injecAon	  system	  

–  Requires	  fast	  kickers	  to	  minimize	  gaps	  in	  fill	  paHern	  
•  May	  impact	  the	  range	  of	  fill	  paHerns	  

Swap-out injection was first proposed by M. Borland for possible APS upgrades 
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Fast kicker magnets 

Swapping beam accumulator and storage ring bunch trains 

storage ring bunches transferred to accumulator 
accumulator bunches transferred to storage ring 

New	  accumulator	  ring	  

New	  ALS	  storage	  ring	  

17 
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Swap-out choices 
Choose to swap-out 
•  Single bunch 
•  Bunch train 
•  Full beam  

 
Impacts 
•  Kicker parameters (rise time, 

flat top)  
•  Stress on the injector 
•  Current in the accumulator 
•  Possible fill patterns 
•  Transparency of injection 

Brightness evolution: inject 0.1*Ibeam 
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TMCI vs. Bunch Lengthening & Chromaticity 
  Because of the small momentum compaction factor and the small synchrotron 

tunes, the single bunch instabilities could present a problem 

 
  Distributed vacuum pumping by NEG is foreseen with high transverse impedance in 

the high frequency range. 

 What are the required single bunch currents for a given ring? 
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Heat loading on beam optics is an important issue 

 
•  Maximize brightness will increase the angular power 

density 

•  Need to preserve the brightness in both planes.  

•  The first optic (that has the highest heat load) is 
particularly important 

•  Situation becomes worse when going to larger K values to 
access lower photon energies 
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Angular Power Density vs. Brightness 

Parameters @ 2 GeV & 3 GeV:εx,y=50	  pm.rad,	  βx,y	  =1	  m,	  LID	  =	  4m	  and	  I	  =	  500	  mA	   

The power density is an important issue for the low photon 
energies. The performance and the cost effectiveness are a 
trade-off between Brightness, Power density & Slope error. 
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Insertion device  

SC undulator development at 
APS (E. Gluskin et al.), LBNL 
(S. Prestemon et al.), and elsewhere 

Delta undulator prototype 
- A. Temnykh  

 
•  Higher performance 

insertion devices will allow 
increased performance 

•  Superconducting, Delta, 
etc. 

Bifilar Helical Undulator 
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Other	  issues	  

•  Timing	  modes	  and	  short	  pulse	  
–  What	  Aming	  modes	  are	  desirable	  
–  What	  pulse	  lengths	  
–  What	  fill	  paHerns	  
–  CapaAble	  with	  crabbing	  or	  other	  techniques	  

•  Smooth	  transiAon	  for	  exisAng	  faciliAes	  
–  Preserving	  /	  Upgrading	  beamlines	  
–  Minimizing	  downAme	  
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DLSR design optimization 

R.	  Hettel	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
SPEAR	  3	  Design	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Jan.	  17	  2003
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Concluding	  remarks	  

•  Lot	  of	  challenges	  some	  but	  not	  all	  menAoned	  in	  this	  
talk	  	  

•  None	  appear	  to	  be	  showstoppers	  
•  Plenty	  of	  opportunity	  for	  optmizaAon	  
•  Many	  are	  challenges	  are	  common	  
•  Large	  and	  growing	  community	  

	  Great	  opportunity	  for	  collabora8on	  
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Compact magnet and vacuum technology 
•  NEG-coated vacuum chambers enable small apertures to 

enable high magnet gradients 
Pioneered at CERN, used extensively at Soleil, and adopted 
for MAX-IV and Sirius MBA lattices  

•  Precision magnet pole machining for small aperture magnets, 
combined function magnets, tolerance for magnet crosstalk 
(developed extensively at MAX-Lab) 

 

DLSRs:  why now? – cont. 

MAX-IV 
Courtesy S. Leemans SPring-8 

concept 
K. Soutome 
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Other advances in accelerator and light source 
technology 

DLSRs:  why now? – cont. 

•  High performance IDs (superconducting,  
 Delta, etc.) 

 

SC undulator development at 
LBNL (S. Prestemon et al.), APS 
(E. Gluskin et al.) and elsewhere 

Delta undulator 
prototype - A. Temnykh  

Fast kickers – KEK ATF 
•  Fast kickers for swap-out injection 
•  Sub-micron e- BPMs and orbit feedback 
•  Accelerator and beam line component mechanical 

stabilizing systems 

Frequency Map Analysis
Refined Fourier Analysis for Probing Beam Dynamics

Laurent S. Nadolski
Synchrotron SOLEIL - Beam Dynamics Group

nadolski@synchrotron-soleil.fr

Version 1.3, February 2011
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Introduction: Studying Nonlinear Dynamics

Nonlinear dynamics

I Complex dynamics
I Resonances
I Tunes shift with amplitudes
I Chaos, instabilities
I Instability thresholds

Need of an accurate way to compute frequencies. Fast
Fourier Transform (FFT) is an efficient algorithm (Cooley-Tukey,
1965) and a powerful way yet limited. Precision is 1/T . To get
high precision frequencies (tunes), very long integration, many
data, or turns are needed.

NPAC 2010–2011 (v1.3) Laurent S. Nadolski Frequency Map Analysis 2 / 53

Higher order 
resonances 
detected by 
turn-turn BPMs 
(A. Franchi) •  Micron resolution single pass BPMs (non-linear 

lattice tuning) 

SPring-8 concept based on NSLS-II vibrating 
wire method - K. Soutome 

•  “In-situ” magnet measurement and alignment 
methods (e.g. NSLS-II) 

•  Mode-damped RF cavities (fundamental and 
harmonic) 

•  Highly stable solid state RF power sources 
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NEG	  coated	  chamber	  (Cosmic)	  example)	  
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Location of crotch 
Absorber for bending 

magnet radiation 

Fast  
corrector  
position 

Crotch 
Absorber 

Max-IV Vacuum chamber for beam extraction  

Technologies applied: 
•  Wire erosion. 
•  TIG welding. 
•  E-beam welding 
•  Bending. 
•  Brazing. 
•  Milling. 
•  Etching. 
•  Turning. 
•  Etc..  One vertical 

corrector 
removed 

Cut in iron for 
FE pipe to pass 

E. Al-Dmour 


