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•  Low emittance beams are essential to achieve 

–  High luminosity in colliders –  
Collider luminosity scales inversely with beam emittance  

–   Brilliant x-ray beams from storage rings, FELs, and ERLs 
•  The single parameter that best characterizes the quality of an xray light 

source is the emittance of the particle beam. All fourth generation 
machines promise lower emittance than their predecessors. 

•  Theory predicts a minimum 
–  For electron/positron beams circulating in a storage ring:  

theoretical minimum vertical emittance is the quantum limit 
(Quantum limit is nearly 100 X smaller than achieved so far in any 
machine) 

–  For electron beams produced from a photo-cathode:  
       the minimum is the thermal limit 
Research goal is to demonstrate the minima and investigate the 
phenomena that manifest at low emittance 

Emittance is the phase space volume of a bunch  
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•  Lower emittance and higher density limited by 
collective effects 
–  Electron cloud effect  
–  Fast Ion Instability 
–  Intra-beam scattering 
–  Space charge 

 
Electron cloud 
•  B-factories (PEPII/KEK-B) limited by blowup of positron 

beam due to electron cloud 
E-cloud will limit new machines including: 
Super KEK-B, linear collider damping rings, high intensity proton 
accelerators (LHC, Project X) 
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•  Mission to explore low emittance phenomena with CESR 
–  Develop theory and methodology for minimizing emittance 
–  Measure electron cloud growth 
–  Develop electron cloud mitigations 
–  Investigate dynamics of beam-cloud interaction in low emittance 

regime 
–  Measure threshold for emittance growth 

•  Collaboration  
SLAC,LBNL,Purdue U., KEK, CERN, 
Fermilab, INFN-LNF, Cockroft Inst.,  
California Polytechnic Inst. 
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•  Synchrotron radiation photons strike chamber walls emitting 
photo-electrons.  

•  Electrons are accelerated by the circulating positron bunches 
into the opposite wall, producing secondaries 

•  Interaction of the positron beam with the accumulating cloud 
generates instabilities and dilutes vertical emittance 
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Retarding field analyzers (RFA)  are used to 
measure local cloud density and energy spectrum 
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62 Chapter 2. The CESR Conversion

Figure 2.69: Photos of quadrupole RFA beam pipe construction, showing key steps: (A) Gold-
coated meshes in PEEK frames are mounted and wired; (B) Flexible collector circuit installed.
The circuit is electrically isolated with clean Kapton sheets; (C) Water-cooled bars were used
during final welding of the RFA vacuum cover.

View of from outside vacuum chamber of dipole 
style RFA with 9 independent collectors. The fine 
mesh wire grid is in place (but transparent) 

Quadrupole RFA 



Retarding Field Analyzer (RFA) 
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140 Chapter 4. Electron Cloud Growth and Mitigation

which the NEG was activated again), the signal rose somewhat, but it processed back down to
its minimum value after a few months of beam time. The other two detectors showed a similar
trend.
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4/25/2010 (before activation)

4/29/2010 (after activation)

7/20/2010 (after processing)

9/4/2010 (after CESR down)

12/7/2010 (after re−processing)

Figure 4.18: NEG RFA comparison, 1x20 e+, 5.3GeV, 14ns

Dipole Data Most of our dipole RFA measurements were done using a chicane of four magnets
built at SLAC [? ]. The field in these magnets is variable, but most of our measurements were
done in a nominal dipole field of 810G. Of the four chicane chambers, one is bare Aluminum, two
are TiN coated, and one is both grooved and TiN coated. The grooves are triangular with a depth
of 5.6mm and an angle of 20◦. A retarding voltage scan, done in the Aluminum chamber and with
the same beam conditions as Fig. 4.15, can be seen in Fig. 4.19. Here one can see a strong central
multipacting spike.

Figure 4.19: Typical Al dipole RFA measurement: 1x45x1.25mA e+, 5.3GeV, 14ns

Fig. 4.20 shows a comparison between three of the chicane RFAs. We found the difference between
uncoated and coated chambers to be even stronger than in a drift region. At high beam current, the
TiN coated chamber shows a signal smaller by two orders of magnitude than the bare Al chamber,
while the coated and grooved chamber performs better still.

Dipole RFA data with characteristic central peak 

Aluminum chamber 
45 bunches, 1.25mA/bunch 
14ns spacing,  5.3GeV 

Grad student Joe Calvey 
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Bend section_4

! R&D on forming of grooves by extrusion (aluminum)
– Two test beam pipes with groove were manufactured
– Different manufacturer

Type 2Type 1

2010/10/8-12 ECLOUD'10 @Cornell Univ. 18

Valley !

R0.10~0.12
Top !R0.15
Angle!18°~18.3 °

Valley !R0.11~0.13
Top !R0.14~0.16
Angle!21.5 ° ~22.5 °

A little more improvement is required.

Dipole chamber with 
antechamber and grooves 
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2.2. Vacuum System Modifications 53

Figure 2.58: Photo of deposited electrode on the bottom of the SCW beam pipe.

Wiggler chamber with clearing electrode 
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Wiggler Center Pole Comparison: 1x45 e+, 2.1 GeV, 14ns

 

 

Wig1W 5/2/10 (Cu)
Wig2B 1/31/09 (TiN)
Wig2B 12/5/09 (Grooved)
Wig2B 5/2/10 (Electrode)

Electron cloud mitigations in damping wiggler 

Joe Calvey (grad student) 

Other mitigations tested include: 
TiN, NEG, amorphous carbon,  
diamond like carbon, on Cu, Al, SS 



Emittance Growth 
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•  What is the effect of the electron cloud ? 
•  What is the threshold for beam blowup ? 
   (What is the tolerable cloud density ?) 

 To answer these questions we need to measure     
     vertical emittance of individual bunches 

Electron cloud induced emittance growth 



Instrumentation 
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Xray beam size monitor 

32 channel photodiode array - 50µm pitch 
Single bunch-single pass – unique to CesrTA 

Single pass pin hole image 
  σ ~ 20µm 

W. Hopkins, N. Eggert- grad students 



Emittance dilution 
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Electron cloud emittance blowup 
Xray beam size monitor measures vertical beam size (emittance) 

 for each bunch on each turn for a 30 bunch train 
 (grad students W. Hopkins, N. Eggert) 
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20ns  (30 bunches, .75mA/b)

Cloud density increases along 
the train.  Emittance growth is 
observed  in bunch number 10 
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To determine the threshold for emittance growth 
we need to measure the cloud density traversed 
by each bunch in the train 

•  Positron bunches passing through a cloud of electrons 
experience a focusing force, that shifts their tune 

 
•  The focusing force (tune shift) is proportional to the 

cloud density 
 
•  Bunch by bunch and turn by turn beam position 

monitors are used to measure the tune shift 



Global Measurement of Electron Cloud 
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2 Beam Dynamics and EM Fields

Cloud density increases along a train of bunches 
The cloud electrons focus the traversing positron bunch, shifting the tune 

The differential focusing (tune shift) is our measure of the cloud density along 
the train of bunches 
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Questions remain: 
•  How does the threshold for blowup depend on the vertical 

emittance ? (especially very small vertical emittance)  
•  Is the blowup associated with instabilities that might be damped 

with feedback ? 
•  What are the sensitivities of the threshold to lattice parameters? 

 
•  We have learned how to mitigate the growth of the electron cloud with various 

vacuum chamber treatments  
 
•  We can compute the density of the cloud for any configuration of bunches 
 
•  We have determined the threshold for emittance growth due to the electron cloud 



Intra –beam scattering 
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•  Intra-beam scattering (IBS) contributes 
charge dependence to bunch emittance 
– Relative emittance growth in two transverse 

and one longitudinal dimension is predicted by 
theory 

•  With instrumentation for simultaneous 
measurement of horizontal, vertical, and 
longitudinal phase space 

  CesrTA is well suited to study of IBS 



Intra Beam Scattering 

August 9, 2012 D. L. Rubin 17 

approximations are summarized in [7]. Both are based on
a kinetic approach that integrates over many small angle
scattering events. Two approximate, and more computa-
tionally efficient, methods are an approximation of Piwin-
ski referred to as CIMP and one of Bjorken-Mtingwa done
by Karl Bane.

Over the range of εy explored at CESR, sub-10 pm to
150 pm, the equilibrium emittance obtained from Bjorken-
Mtingwa, Bane, and CIMP are very similar. CIMP is the
quickest to evaluate, and is the method used in this paper.

Tail Cut IBS calculation methods based on the kinetic
approach require a cut-off at the largest and smallest impact
parameter. The integral diverges for large impact parame-
ter because the number of particles available for scatter-
ing dominates over the diminished angle change from each
event. It diverges for small impact parameter because the
angle change from each event dominates over the rarity of
such events. The largest impact parameter is taken as the
vertical beam size. Classically, the smallest impact param-
eter is that associated with maximum momentum transfer.

It was pointed out in [8] that large momentum transfer
scattering events are very rare. If a small number of scat-
tering events occur, the result is non-Gaussian. The core
of an IBS-dominated beam is Gaussian because the equi-
librium is formed from many random scattering events and
radiation damping.

The tail cut consists of ignoring scattering events that
occur less frequently than the damping rate, σρv < 1/τ .
The original method for calculating this cut-off is found in
[8]. A more intuitive derivation, found in [9], results in
modifying the Coulomb Log in the following way,

log

[

γ2εxσy

r0βa
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⇒ log
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PotentialWell Distortion (PWD) The field of a bunch
interacts with structures in the vacuum system resulting in
fields that act back on the bunch. One consequence of this
is a voltage gradient along the length of the bunch. The
longitudinal focusing seen by the bunch is a combination
of this effect and focusing in the RF cavities. The strength
of the gradient is proportional to the bunch charge.

A derivation of PWD based on Vlassov theory results in
a differential equation for the longitudinal profile [5],

∂ψ

∂τ
=

−eE0ψ

σ2
ε αT0

[

Vrf cos (ωτ + φ) + QRψ − U0

1 + eE0QLψ
σ2

ε
αT0

]

. (2)

The longitudinal profile is parametrized in terms of resis-
tance R and impedance L. R does not lengthen longitudi-
nal profile, but sweeps it backwards. L increases the bunch
length. Matching the slope of the streak camera data, L is
found to be about 30.0 nH, though uncertainty in L is very
large, pending further model development.

Energy spread in CesrTA IBS conditions has been mea-
sured by varying dispersion at the vBSM source point. The

result of about 8.5 × 10−4 agrees with the design value.
Evidence of microwave instability was not found.

The free parameters in the model are εx0, εy0, R, and L.

DATA &MODEL RESULTS
The experiment is run by setting machine conditions,

then filling to high current and taking data as the beam de-
cays. At low currents or large vertical sizes, the decay rate
is very slow and a pulsed injection bump is used to scrape
the beam. Gaps in the data are when the beam was scraped.
Shown in Figs. 1, 2, and 3 is IBS data from a 2.1 GeV e+

run with low εy . Low-current horizontal and vertical emit-
tance were measured to be 6.75 nm and 15.4 pm.

Above 6 mA the vertical beam size diverges from the
model. The cause of this is not yet pin-pointed. The pos-
itive curvature and delayed onset suggest it is not an IBS
effect. Tune plane effects, space charge, electron cloud,
and instrumentation are among the potential causes being
investigated.
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Figure 1: vBSM data from run 4B. εx0 = 6.75 nm.
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Figure 2: xBSM data from run 4B. εy0 = 15.4 pm.

Shown in Figs. 4, 5, and 6 is data from e− and e+ at dif-
ferent vertical emittances. Vertical emittance is varied by

•  As bunch density increases, intra-beam scattering contributes 
to equilibrium emittance of circulating bunch 

CesrTA is uniquely instrumented to measure 
Intra-beam scattering for electrons and 
positrons => world best measurement to date, 
Test of the theory 

(Cornell grad students M. Ehrlichman, J.Shanks 
And CERN grad F. Antoniou) 

approximations are summarized in [7]. Both are based on
a kinetic approach that integrates over many small angle
scattering events. Two approximate, and more computa-
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tering events occur, the result is non-Gaussian. The core
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librium is formed from many random scattering events and
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The original method for calculating this cut-off is found in
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interacts with structures in the vacuum system resulting in
fields that act back on the bunch. One consequence of this
is a voltage gradient along the length of the bunch. The
longitudinal focusing seen by the bunch is a combination
of this effect and focusing in the RF cavities. The strength
of the gradient is proportional to the bunch charge.

A derivation of PWD based on Vlassov theory results in
a differential equation for the longitudinal profile [5],

∂ψ

∂τ
=

−eE0ψ

σ2
ε αT0

[

Vrf cos (ωτ + φ) + QRψ − U0

1 + eE0QLψ
σ2

ε
αT0

]

. (2)

The longitudinal profile is parametrized in terms of resis-
tance R and impedance L. R does not lengthen longitudi-
nal profile, but sweeps it backwards. L increases the bunch
length. Matching the slope of the streak camera data, L is
found to be about 30.0 nH, though uncertainty in L is very
large, pending further model development.

Energy spread in CesrTA IBS conditions has been mea-
sured by varying dispersion at the vBSM source point. The

result of about 8.5 × 10−4 agrees with the design value.
Evidence of microwave instability was not found.

The free parameters in the model are εx0, εy0, R, and L.

DATA &MODEL RESULTS
The experiment is run by setting machine conditions,

then filling to high current and taking data as the beam de-
cays. At low currents or large vertical sizes, the decay rate
is very slow and a pulsed injection bump is used to scrape
the beam. Gaps in the data are when the beam was scraped.
Shown in Figs. 1, 2, and 3 is IBS data from a 2.1 GeV e+

run with low εy . Low-current horizontal and vertical emit-
tance were measured to be 6.75 nm and 15.4 pm.

Above 6 mA the vertical beam size diverges from the
model. The cause of this is not yet pin-pointed. The pos-
itive curvature and delayed onset suggest it is not an IBS
effect. Tune plane effects, space charge, electron cloud,
and instrumentation are among the potential causes being
investigated.
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Figure 1: vBSM data from run 4B. εx0 = 6.75 nm.
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Figure 2: xBSM data from run 4B. εy0 = 15.4 pm.

Shown in Figs. 4, 5, and 6 is data from e− and e+ at dif-
ferent vertical emittances. Vertical emittance is varied by

Run 14 Energy Spread (via vBSM) 
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CESR Control Room 
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Intra-‐beam	  sca-ering	  machine	  studies 
April 2012 

Students, postdocs, and scientists,  operating the 
accelerators, and monitoring instrumentation to 
measure current dependence of 6-D phase space  



High Brightness Photo-Injector 
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•  Ultra-low emittance in non-equilibrium regime 
•   Photo cathode research 

– Wide selection of photocathodes grown and 
analyzed 

– Towards higher quantum efficiency 
– Longer lifetime 
– Lower thermal emittance 

•  Testing in real accelerator 



High Brightness Photo-Injector 

August 9, 2012 D. L. Rubin 20 

Grad students 
C. Gulliford,    
S. Karkare,       
J. Maxson, 
H.Lee, H. Li, & 
N.Valles 

world‘s highest avg brightness & current photoinjector at Cornell 

100 mA 5-15 MeV photoinjector 



Low Emittance from Photo Cathode 
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Photo-‐cathode	  emi-ances	  near	  the	  thermal	  limit	  

I.V. Bazarov, Accelerator Phyiscs of Photoelectron Sources,  DOE/HEP trip April 11, 2012 

CLASSE 

Cornell University 
CHESS & ERL 

Very low emittances! 

•  Keys to the result 
–  Beam-based alignment (took us a couple of months) 
–  Working diagnostics 
–  Fight jitters in the injector 

•  x1.5 thermal emittance! x1.2 simulated emittance 
•  correct scaling with bunch charge  

!ny(100%) = 0.36 um @ 20pC/bunch  

9 

!ny(100%) = 0.66 um @ 80pC/bunch  

I.V. Bazarov, Accelerator Phyiscs of Photoelectron Sources,  DOE/HEP trip April 11, 2012 

CLASSE 

Cornell University 
CHESS & ERL 

Very low emittances! 

•  Keys to the result 
–  Beam-based alignment (took us a couple of months) 
–  Working diagnostics 
–  Fight jitters in the injector 

•  x1.5 thermal emittance! x1.2 simulated emittance 
•  correct scaling with bunch charge  

!ny(100%) = 0.36 um @ 20pC/bunch  

9 

!ny(100%) = 0.66 um @ 80pC/bunch  

1.5 times the thermal emittance and 1.2 times simulation at 5MeV 

Grad students C. Gulliford, S. Karkare, & J. Maxson 



Opportunities 
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Equilibrium regime 
•  Approach the quantum limit 
•  Explore beam physics at the ultra-low emittance frontier 

–  Intra-beam scattering  - anomalous  blowup at “high” bunch charge 
–   Electron cloud – dependence of dilution threshold on “zero current 

emittance” 
–   Fast ion instability – likely current limit in low emittance electron rings 

Non equilibrium regime 
•  Achieve theoretical brightness limit from  photo-gun 
•  Develop sub-thermal sub-picosecond photocathodes 

⇒  High coherence, high brilliance, xray beams,  
               and high luminosity colliders 

All of the above will require instrumentation with greater sensitivity, bandwidth and precision. 



The particle accelerator workforce would 
significantly benefit from an extension and 
addition to what is currently available in education 
programs. Workforce development for particle 
accelerator R&D has traditionally been a major 
emphasis of the Office of Science, and in 
particular, the HEP and some of the NSF 
programs… 

N. Holtkamp 
March 9, 2012 
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From the US DOE Accelerator R&D 
Task Force: 
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Thank you for listening 
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Superconducting Damping Wigglers  

L0 
Wiggler 

CLEO 

Wiggler with RFAs 
and uncoated Cu VC 

Wiggler with RFAs 
and TiN-coated VC 

Bpeak   = 2.1 T 



Retarding Field Analyzer 
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Wiggler  and vacuum 
chamber with RFAs 



Electron cloud - RFA 
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1x20 e+, 5.3 GeV, 14ns, 5.3 GeV, SLAC Dipole RFAs

 

 

Bare Aluminum
TiN Coating
TiN + Grooves

Mitigation in a dipole field 



Electron cloud - RFA 

e+ 
e- 

•  Mitigation in field free region 
–  Electron cloud from positron and electron beams 
–  20 bunches – 14ns spacing – 5.3 GeV 
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Surface Characterization & Mitigation Tests 

Drift Quad Dipole Wiggler VC Fab 
Al ü ü ü CU, SLAC 

Cu ü ü CU, KEK, 
LBNL, SLAC 

TiN on Al ü ü ü CU, SLAC 

TiN on Cu ü ü CU, KEK, 
LBNL, SLAC 

Amorphous C on Al ü CERN, CU 

Diamond-like C on Al ü CU,KEK 

NEG on SS ü CU 

Solenoid Windings ü CU 

Fins w/TiN on Al ü SLAC 

Triangular Grooves on Cu ü CU, KEK, 
LBNL, SLAC 

Triangular Grooves w/TiN on Al ü CU, SLAC 

Triangular Grooves w/TiN on Cu ü CU, KEK, 
LBNL, SLAC 

Clearing Electrode ü CU, KEK, 
LBNL, SLAC 
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Time Resolved Measurements 
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•  Overlay of 15 two bunch measurements with varying delay of second bunch 
•  First bunch initiates cloud 
•  Second bunch kicks electrons from the bottom of the chamber into the pickup 
•  Yielding time resolved development and decay of cloud 

40ns/div 


