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Cornell rings

First strong focusing 
synchrotron

First chamber-less synchrotron
First use of SRF in a synchrotron

First cyclotron outside 
Berkeley

First synchrotron radiation 
beamline, first characterization

CESR

First to use synchrotron as injector
First RF system w/sig. HOM damping
First bunched-beam crossing angle
First pretzel orbit
First hybrid magnet final focus
First ring with only SC cavities
First wiggler dominated damping

Cornell synchrotrons and the Cornell Electron Storage Ring (CESR) serving
� Accelerator research      � Particle physics (through 2008)   � X-ray science (CHESS)

K. Berkelman, 
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Design report
530 pages of 

conceptual and 
engineering design
www.classe.cornell

.edu/ERL/PDDR

Cornell Energy Recovery Backstory
A decade of work on Energy Recovery Linac
technology aimed at an ERL x-ray source

Motivation:
Bright, coherent, hard x-rays

R&D was supported for a decade by NSF Division of 
Materials Science, New York State and Cornell, and then 
by NSF Physics Division and industry.
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Bazarov
Photocathode 
Lab

Alkali-antimonide
growth and 
characterization

Bright source of electrons

These crystals are typically tuned to produce a roughly
flat intensity profile, with around 8 ps rms duration.

The cathode used for this study was a GaAs wafer grown
using molecular beam epitaxy on a p-doped GaAs sub-
strate. The cathode was heat cleaned to 620!C for 2 hours
and then activated to negative electron affinity using Cs
and NF3 via the ‘‘yo-yo’’ process. The doping density was
5" 1018 cm#3. The top 100 nm was left undoped. The
resulting cathode had a quantum efficiency of 4%, a mean
transverse energy of 90 meV, and a subpicosecond re-
sponse time at 520 nm.

The high-voltage DC gun used in these measurements is
the same one used in previous space charge and emittance
studies [10,11,19–25]. The gun was operated at 350 kV for
all measurements in this work. The beam line section just
after the gun, labeled ‘‘A1’’ in Fig. 1, houses two emittance
compensation solenoids and a 1.3 GHz normal conducting
buncher cavity. These elements were used to compensate
the initial emittance blowup near the cathode, and to com-
press the bunch longitudinally before further acceleration.
Immediately after emittance compensation, the bunches
were accelerated using the five superconducting niobium
cavities in the SRF cryomodule, labeled ‘‘A2’’ in Fig. 1. In
addition to increasing the beam energy, and thus partially
freezing in the emittance, the SRF cavities were also used
to perform further emittance compensation and longitudi-

nal compression via time-dependent transverse and longi-
tudinal focusing. Each cavity features a symmetric twin
input coupler design in order to eliminate any time-
dependent dipole kick [27,28] and can be operated with a
voltage in the range of 1 to 3 MV. For a more detailed
description of the injector cavities see [29].
Just after the cryomodule, the beam was passed through

a four-quad telescope, labeled ‘‘A3’’ in Fig. 1. The beam
was then directed into one of several diagnostic beam line
sections. The section most relevant to this work is the
‘‘B1’’ merger shown in detail in Fig. 2. The injector merger
section is comprised of a conventional three-dipole achro-
mat [30–32]. This design was chosen for its simplicity, and
due to the limited space available for the injector experi-
ment. The trade off for this approach is that while this
merger setup closes the single particle dispersion, it does
not satisfy the second achromat condition !0

sc ¼ 0 for the
space charge dispersion function [30,31]. Despite this, both
our simulations and measurements show that this merger
design does in fact preserve low emittance for our operat-
ing parameters. As was anticipated in [31], this was ac-
complished by finding the correct settings for the four
quadrupole magnets in the A3 straight section.
The emittance measurement system (EMS) used for

projected and time-resolved phase-space measurements is
a two-slit system with no moving parts [22]. Figure 2

FIG. 2. Top view of the B1 injector merger section showing the emittance measurement system.

FIG. 1. Top view of the Cornell ERL injector.

DEMONSTRATION OF LOW EMITTANCE IN THE . . . Phys. Rev. ST Accel. Beams 16, 073401 (2013)

073401-3

DC GunSRF accelerationDiagnosticsBeam dump

• Record current for a low 
emittance source (>65 mA)

• Record low emittance
• Good cathode lifetime

Merger
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Superconducting accelerating cavities

“Optimistic”

Required

1.8K

Achieved

High Efficiency Cavities

ERL X-ray source specs

Highest Q0
in a 
cryomodule

An earlier Cornell cavity 
design is now in use in 
NSLS II

FIRST COOL-DOWN OF THE CORNELL ERL MAIN  
LINAC CRYO-MODULE  

R. Eichhorn#, J. Conway, F. Furuta, M. Ge, D. Gonnella, T. Gruber, G. Hoffstaetter, J. Kaufman,  
T. O'Connell, P. Quigley, D. Sabol, J. Sears, E. Smith, M. Liepe, V. Veshcherevich 

Cornell Laboratory for Accelerator-Based Sciences and Education, Cornell University 
Ithaca, NY 14853-5001, USA

Abstract 
Cornell University has finished building a 10 m long 

superconducting accelerator module as a prototype of the 
main linac of a proposed ERL facility. This module 
houses 6 superconducting cavities- operated at 1.8 K in 
continuous wave (CW) mode with a design field of 
16 MV/m and a Quality factor of 2·1010. We will shortly 
review the design and focus on reporting on the first cool-
down of this module. We will be giving data for various 
cool-down scenarios (fast/ slow), uniformity and 
performance.  

INTRODUCTION 
To drive a diffraction limited, hard x-ray sources, 

Cornell University has proposed to build an Energy 
Recovery Linac (ERL) because of the ability to produce 
electron bunches with small, flexible cross sections and 
short lengths at high repetition rates. The proposed 
Cornell ERL is designed to operate in CW at 1.3 GHz, 
2 ps bunch length, 100 mA average current in each of the 
accelerating and decelerating beams with normalized 
emittance of 0.3 mm-mrad, and energy ranging from 
5 GeV down to 10 MeV, at which point the spent beam is 
directed to a beam stop [1, 2].  

Within this R&D program, the design of a main linac 
prototype cryo-module (MLC) was commenced and had 
been completed in 2012. This accelerator module is 10 m 
long and houses six 1.3 GHz, 7-cell superconducting 
cavities with individual HOM absorbers. It also has space 
 

for a quadrupole/ BPM section which was omitted in the 
prototype we built. Each cavity has a single coaxial RF 
input coupler which delivers power to the accelerating 
cavity[3]. 

For the superconducting cavities, an unloaded quality 
factor of Q0 = 2•1010 at 1.8 K at a field of 16.2 MV/m was 
targeted. Quality factors as high as this can only be 
achieved if the ambient magnetic field is extremely small. 
For that reason, the MLC has three layers of magnetic 
shielding: the vacuum vessel made from carbon steel, an 
80 K magnetic shield enclosing the cold mass, and finally 
a 2 K magnetic shield around each cavity, individually.  

All components within the cryo-module are suspended 
from the Helium Gas Return Pipe (HGRP). This large 
diameter (280 mm) titanium pipe will return the gaseous 
helium boiled off the cavity vessel to the liquefier and act 
as a central support girder. The HGRP is suspended from 
the vacuum vessel by 3 support post. The central post is 
fixed in position while the two outer posts are designed to 
slide by 7 and 9 mm respectively during the cool-down to 
accommodate the shrinkage of the cold mass. More 
details on the design are given in [4].  

The fabrication and testing of MLC components like 
cavities, high power input coupler, higher order mode 
dampers and tuners were successfully conducted in 2014. 
Results are published in [5]. With the final installation in 
the testing area, completed in September 2015 (see 
Fig. 1), preparations for the first cool-down commenced, 
resulting in a successful cryogenic testing campaign. This 
paper will concentrate on reporting these findings. 

 
Figure 1: Cornell’s Main linac cryo-module during the installation in Wilson Lab. Positions of the cavities are also 
depicted.

  ______________________________________________   

#r.eichhorn@cornell.edu                

Proceedings of IPAC2016, Busan, Korea WEPMR020

07 Accelerator Technology

T07 Superconducting RF

ISBN 978-3-95450-147-2
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Initial tests in 2015; further tests planned for Fall 2016
Gradient and efficiency surpass CBETA needs
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Cornell provides:

• High performance photoinjector with 
DC gun and SRF accelerating section

• High Q superconducting RF linac

• Beam dump

All

• Have met or surpassed CBETA 
performance specs

• Are complete and operational

• Are installed in the 
experimental hall

CBETA team at Cornell is experienced, with an outstanding track record.

Cornell contributions to CBETA

Estimated 
value:  $32M

These crystals are typically tuned to produce a roughly
flat intensity profile, with around 8 ps rms duration.

The cathode used for this study was a GaAs wafer grown
using molecular beam epitaxy on a p-doped GaAs sub-
strate. The cathode was heat cleaned to 620!C for 2 hours
and then activated to negative electron affinity using Cs
and NF3 via the ‘‘yo-yo’’ process. The doping density was
5" 1018 cm#3. The top 100 nm was left undoped. The
resulting cathode had a quantum efficiency of 4%, a mean
transverse energy of 90 meV, and a subpicosecond re-
sponse time at 520 nm.

The high-voltage DC gun used in these measurements is
the same one used in previous space charge and emittance
studies [10,11,19–25]. The gun was operated at 350 kV for
all measurements in this work. The beam line section just
after the gun, labeled ‘‘A1’’ in Fig. 1, houses two emittance
compensation solenoids and a 1.3 GHz normal conducting
buncher cavity. These elements were used to compensate
the initial emittance blowup near the cathode, and to com-
press the bunch longitudinally before further acceleration.
Immediately after emittance compensation, the bunches
were accelerated using the five superconducting niobium
cavities in the SRF cryomodule, labeled ‘‘A2’’ in Fig. 1. In
addition to increasing the beam energy, and thus partially
freezing in the emittance, the SRF cavities were also used
to perform further emittance compensation and longitudi-

nal compression via time-dependent transverse and longi-
tudinal focusing. Each cavity features a symmetric twin
input coupler design in order to eliminate any time-
dependent dipole kick [27,28] and can be operated with a
voltage in the range of 1 to 3 MV. For a more detailed
description of the injector cavities see [29].
Just after the cryomodule, the beam was passed through

a four-quad telescope, labeled ‘‘A3’’ in Fig. 1. The beam
was then directed into one of several diagnostic beam line
sections. The section most relevant to this work is the
‘‘B1’’ merger shown in detail in Fig. 2. The injector merger
section is comprised of a conventional three-dipole achro-
mat [30–32]. This design was chosen for its simplicity, and
due to the limited space available for the injector experi-
ment. The trade off for this approach is that while this
merger setup closes the single particle dispersion, it does
not satisfy the second achromat condition !0

sc ¼ 0 for the
space charge dispersion function [30,31]. Despite this, both
our simulations and measurements show that this merger
design does in fact preserve low emittance for our operat-
ing parameters. As was anticipated in [31], this was ac-
complished by finding the correct settings for the four
quadrupole magnets in the A3 straight section.
The emittance measurement system (EMS) used for

projected and time-resolved phase-space measurements is
a two-slit system with no moving parts [22]. Figure 2

FIG. 2. Top view of the B1 injector merger section showing the emittance measurement system.

FIG. 1. Top view of the Cornell ERL injector.

DEMONSTRATION OF LOW EMITTANCE IN THE . . . Phys. Rev. ST Accel. Beams 16, 073401 (2013)

073401-3
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Cornell is funded primarily by NSF.

Typical process (with apologies to experts)

• Identify an interesting research program.

• Prepare a budget and timeline.  NSF forbids contingency (except MREFC).

• Submit a proposal.

• Hope for approval, following peer review. Average NSF success rate is 20-25%.

• Do the research and submit annual reports.

• If you don’t complete the project by the end of the award (usually 3 years), you may 
submit a follow-on proposal, but with reduced odds of success if you didn’t deliver 
(Results of Prior Support)

• Differences from DOE: No contingency; less mid-project review; potentially dire 
consequences for failure. (Stewardship is not part of the NSF mission; rather, peer 
review rewards good performance.)

Cultural note
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• Accelerator research is a focus of our Physics Department, and 
CBETA is a research accelerator 
Thesis topics for our students 

• CBETA advances an ERL X-ray source.
• The CBETA beam has interesting applications:

• Very hard X-rays (>150 keV) for materials science using 
Inverse Compton Backscattering
Could extend CHESS, a national X-ray user facility adjacent to 
CBETA

• Search for dark photons 
• Probe Standard Model with a measurement of low energy parity 

violation

Why does Cornell want CBETA?
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June 17-19, 2015 at Cornell

Workshop to study physics opportunities
with intense low energy electron beams

Parity Violation -- co-conveners: Kent Paschke (U. Virginia), 
Maxim Perelstein (Cornell)
Dark Matter, Dark Photons, Axions -- co-conveners: Andrei 
Afanasev (George Washington University), Gordan Krnjaic 
(Perimeter Inst.), Bogdan Wojtsekhowski (JLAB), Philip 
Schuster (Perimeter Inst.)
Electromagnetic nuclear physics -- co-conveners: Jan 
Bernauer (MIT), Ronald Gilman (Rutgers)
Technology -- co-conveners: Vadim Ptitsyn (BNL), Joe 
Grames (JLAB), Alexander Nass (Fz. Jülich)

CBETA physics workshop
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DarkLight phase II

VEPP3 plan

Dark photons

Search for invisibleDark Photon 
decays
• Not currently addressed by beam dump 

experiments

• High ERL flux à short target àvertex 
constraint

Full reconstruction of recoiling proton and 
electron

• Longer A’ lifetimes seen in 
displaced e+e- vertices

• Lower limit from target size

• Upper limit comes from 
tracking

Detached Vertices

15

A’

Cornell and Milner 
group at MIT 
proposed a 
feasibility study to 
NSF.

Focus: target, 
detector and 
machine optics 
designs

Jan Balewski, MITJuly 31, 2014, MIT meeting

DarkLight : produce dark matter signature 

2

e p → e- p  A’(30 MeV) →e+ e-

Incident !e-beam

p
e

e

e+

reconstructed A’ signal!
assumed mass of A’=50 MeV 

A’

10
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End

11


