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1 Executive Summary

Synchrotron radiation (SR) has become an essential and rapidly growing tool
across the sciences and engineering. World-wide, about 70 SR sources are in various
stages of operation, construction, or planning, representing a cumulative investment on
many billions of dollars and serving a growing research community well in excess of
10,000 scientists. To date, all major SR x-ray facilities are based on electron (or positron)
storage rings. Given the expected continued growth, importance and expense of SR
sources,  it is important to ask if there are alternatives to the storage ring SR source which
offer advantages of capability or cost. A step in this direction is being taken by the SR
community with the proposed developments of linac-based x-ray free-electron lasers
(XFELs) utilizing the self-amplified spontaneous emission process (SASE). However, the
versatility of modern developments in accelerator physics, as applied to synchrotron
radiation, is not limited to storage rings or XFELS.  New developments in laser driven
photoinjectors and superconducting linac technology open new and exciting possibilities
for novel SR-generating machines which offer  extraordinary capabilities and promise to
catalyze whole new areas of SR-based science.

This is a Project Description of a SR machine technology which has been studied
by a collaboration of accelerator and synchrotron light physicists at Cornell University
and the Thomas Jefferson National Accelerator Facility (JLAB). We believe that SR
machines based on low-emittance photoinjectors and superconducting linacs run in an
energy recovery mode will significantly change the conduct and future progress of SR
science. These machines, henceforth called Energy Recovery Linacs (ERLs), have
captured the attention of the SR community, are the subject of a great deal of discussion
and excitement within the SR community, and have already catalyzed plans for ERLs in
several laboratories. Although there is no question that ERL SR sources are feasible,
there are a great many open questions which have to be resolved before a large ERL
machine can be built to produce x-rays beams of the projected brilliance, flux, time
structure and size described in this document and in the recent literature.

We propose to construct a Phase I high current, low emittance ERL at Cornell
University to experimentally test and develop ERL technology. The machine energy of
100 MeV is too low to produce x-rays; rather, the Phase I machine is designed to answer
critical questions about ERL photoinjectors, characteristics and optimizations which must
precede the design of a high-energy ERL. This Phase I ERL is a necessary first step
towards designing a full-scale Phase II ERL hard x-ray source which we hope to build at
Cornell University. The information acquired from the Phase I ERL will also be
important for ERL plans at other laboratories and will serve as a vehicle for the training
of accelerator physicists in ERL technology.

This Project Description is organized into 4 additional sections after this
executive summary: Section 2 describes the motivation for building ERLs, their potential
characteristics and the science that they enable. Section 3 paints a vision of the full-scale
Phase II ERL we eventually hope to build. Section 3 includes a summary of the machine
parameters of the Phase II ERL followed by detailed discussion of the accelerator and x-
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ray physics and technology issues which pertain to ERLs. By the end of Section 3, it
should be clear that there are many unresolved issues, which, although apparently
tractable, are proscribed by uncertainties which need experimental R&D for resolution.
This sets the stage for Section 4, which is a detailed discussion of the accelerator physics
and technology issues for a Phase I ERL designed to perform ERL R&D. Section 5 is a
technical description of the proposed Phase I ERL. The experiments to be performed
during operation of the Phase I ERL are also described in this document.

It is rare that one has the opportunity to participate in the development of a
technology which alters the future course of an entire community of scientists. We
believe that this will be the case with ERL technology. The authors have been involved in
many of the key developments which enable ERL technology. We feel we are well suited
to continue this development and want to continue to serve both the accelerator physics
and SR communities by making ERL x-ray sources a reality.
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2. Motivation for an ERL Source

Synchrotron radiation has proven to be immensely important throughout the
physical, biological, and engineering sciences. World-wide, about 70 SR sources are in
various stages of operation, construction, or planning, representing a cumulative
investment on many billions of dollars and serving a growing research community of
more than 10,000 scientists.

The demand for SR continues to grow, with new uses opening all the time. On a
global scale, the demand for new sources is immediate. Europe, with roughly the same
size research community as the U.S., is in the process of building several new rings
(DIAMOND in England, SOLEIL in France). Not counting Russia, Europe already has
12 SR storage rings of ≥ 1.5 GeV energy (built or under construction), and is planning at
least 2 more. By contrast there are 5 such machines in the U.S. The question is not if the
U.S. will need more SR sources in the future, but rather when the U.S. will need new SR
resources. Given the cost and lead-time in designing a new SR machine, it is important to
start preparing for this need now.

Currently, all major SR sources are based on storage rings. Given the importance
of SR, it is necessary to ask:

•  Are storage rings the optimal SR technology for the future?
•  Are there alternatives to storage rings which enable new science?

We propose that a SR source based on closed-loop energy recovery with
superconducting linacs offers significant advantages over storage ring sources, both in
terms of the possible x-ray beams and, once the technology is developed, cost-
effectiveness (Gruner 2000; Bilderback 2001). The basic idea behind an Energy
Recovery Linac was suggested long ago (Tigner 1965) and the feasibility of operating an
ERL has recently been demonstrated with a highly successful infra-red free electron laser
(IRFEL) at JLAB (Neil 1998; Benson 1999; Benson 2000; Neil 2000). Our long term
goal is to build a high energy (~5 - 7 GeV) SR source at Cornell, both as a development
laboratory for ERL technology and as a unique user resource. As explained below in
section 3,  a high current, high brilliance SR machine will push ERL technology to new
limits. Before committing to specific designs for a large and expensive machine, it is
absolutely essential that accelerator and technology issues be explored on a brilliant, high
current prototype machine. This document is a study for construction of the prototype,
which is the first step in a two-phase project to a high-energy ERL SR source.

The advantages of an ERL x-ray source are best understood by first considering
storage ring sources. The characteristics of the x-ray beams which may be produced by a
SR source will always be limited by the qualities of the electron beams used to produce
the SR. Specifically, it is desired to have

(1) Low electron beam emittance in 6 dimensions to increase the brilliance and
coherence of the resultant SR;

(2) Very short electron bunches to enable fast time-resolved experiments;
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(3) Ultra-small round beams;
(4) A SR output which does not decay over time; and
(5) Flexibility of operation to enable easy tailoring of x-ray beams to  specific

science applications.
(6) An easy upgrade path as limiting components (e.g., the electron source) improve.

Each of these electron beam characteristics is limited by the well-understood
physics of storage rings  (Sands 1970; Limborg 1998; Ropert 2000) . A storage ring is an
equilibrium device in which the stored electron beam characteristics result from the
competing factors of  damping and excitation which determine the stable distribution of
the electrons. Importantly, these characteristics develop slowly as equilibrium sets in
during the first several thousand orbits around the storage ring, as determined by the
energy, ring radius, and lattice. To choose a specific example, it is possible to use a laser
photoinjector to make a round, very low emittance, sub-picosecond long bunch. If
injected into a storage ring, however, by the time the beam reaches equilibrium, the ring
will have imposed its own constraints on the bunch shape, emittance and length. In other
words, in a storage ring, the important beam characteristics are a function of the entire
ring. These characteristics are near in-principle limits in existing 3rd generation rings,
such as the ESRF, APS and SPring8. Although some improvement is possible, the
technology of storage rings is mature and further performance gains  will be limited and
will come at enormous cost. So for example, an �ultimate storage ring� has been
proposed which would be 2 km in circumference (Ropert 2000) and, because of the
strong Touschek effect at high particle bunch densities, would have to be refilled (or
�topped off�) at least each hour.

An entirely different approach is taken in an ERL machine. In an ERL, the
electrons are not stored, so constraints of beam equilibrium never become limiting. As
described in section 3.3, photoinjectors can produce bunches with emittances, sizes and
lengths which are superior to the equilibrium bunches stored in storage rings. These
bunches are then accelerated to high energy via a superconducting linac (SC linac), which
can preserve the salient bunch characteristics. These superior high energy bunches are
then passed though undulators to produce SR beams with unprecedented characteristics.
For these reasons, ERL SR sources have recently become the focus of a number of next-
generation SR source efforts (CHESS 2000a; CHESS 2000b; Ben-Zvi 2001; ESRF 2001;
Padmore 2001; SRI2001 2001; Bazarov 2001b; Bazarov 2001c) .

The ERL approach has the enormous advantage that the beam quality is limited
by the photoinjector, rather than by the machine as a whole. Compared to a storage ring,
photoinjectors are small and relatively inexpensive. Below, we detail how present
photoinjector technology can already provide electron beams with qualities superior to
even the best 3rd generation storage ring sources. Moreover, photoinjectors are being
intensively developed for a variety of applications and are likely to continue to be
improved (Nuhn 2000).

A difficulty with any SR source is that the required beam currents carry enormous
power, e.g., a 5 GeV, 100 mA electron beam carries 500 MW. Therefore, it is
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economically and technically unfeasible to simply dump the electrons once they have
been accelerated. In a storage ring, the power costs are kept down by reusing the
energetic electrons many times, at the aforementioned cost of accepting equilibrium beam
constraints.

ERLs resolve the power cost dilemma by reusing the beam energy. As
schematically shown in Figure 2-1, after being used to produce SR, the electrons in an
ERL are reinjected into the SC linac, but 180û out of accelerating phase. The bunches
then decelerate and yield their energy back to the electromagnetic field in the linac. The
bunches emerge from the linac with the low injector energy (minus SR losses) and are
then deflected by a weak bending magnet into a beam dump. The energy recovered by the
linac is used to accelerate new electrons. In other words, an ERL differs from a storage
ring in that the energy, instead of the electrons, is recirculated.

This technology requires SC linacs because only SC linacs have sufficiently low
losses for acceptable energy recovery efficiency. The JLAB IRFEL (Neil 1998; Benson
1999; Benson 2000; Neil 2000) has proven that the ERL concept works with modest
currents and relatively large emittances. The estimated energy recovery of the main linac
(i.e., not counting the loss due to the dumped beam, which is independent of the machine
energy) exceeds 99.98%.

This document is a proposal to build a small, 100 MeV Phase I ERL to resolve
outstanding accelerator physics issues, as a necessary prelude to a proposal to build a
large, high-energy Phase II ERL. The document is divided into five sections. The
remainder of section 2 is a more detailed explanation of ERLs, including their scientific
potential, how they differ from x-ray free electron lasers (XFELs), and our vision for an
eventual Phase II high energy ERL machine. Section 2 describes the motivation and
Section 3 describes accelerator physics and technology issues for the Phase II ERL.
Sections 4 & 5 are detailed technical descriptions of the Phase I ERL.

2.1  General Description of ERL SR Sources
The essential parts of an ERL (see Figure 2-1) are the photoinjector, the main

accelerator, the SR transport loop and the spent beam dump:
•  The photoinjector uses a modulated, laser-illuminated photocathode to

produce bunches of electrons. These are then accelerated to relativistic
energies (e.g., 10 MeV) and  injected into the main accelerator. The ultimate
performance of the ERL depends critically on the ability of the photoinjector
to produce bunches with sufficiently low emittance and acceptable charge,
energy spread and size. We propose a Phase I ERL which will operate with up
to 100 mA average current and bunches in every RF bucket of a 1.3 GHz
linac. This means that the photoinjector must be able to produce 77 pC
bunches every 770 ps.  One goal of the Phase I ERL is to demonstrate the
ability to maintain 100 mA average current beam with superior bunch
qualities.
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•  The main linac serves to both accelerate the bunches to high energy and to
recover energy from bunches which have already been used to produce SR. In
the simplest configuration (Figure 2-1) a single linac is used. Alternatives,
such as multi-loop acceleration, in which the beam is accelerated through the
linac several times, have been proposed. The advantage of multi-loop
acceleration is that a shorter SC linac is required. Disadvantages include
complexity and possible degradation of emittance. Most importantly, the
steady state accelerating current in the linac of an N-loop machine is 2N times
the injector current in the SR transport loop. Since beam break up (BBU)
issues are major concerns at high currents, multi-pass ERLs require especially
careful exploration of BBU limits. Although the proposed Phase I ERL uses a
single pass linac, it will allow investigation of the limiting physics that would
apply to a high energy multi-pass machine.

Note that the accelerating bunches are interleaved with the decelerating
bunches returning from the SR transport loop, so the actual current in the linac
in even single loop ERLs is twice the current in the SR return loop.

•  The SR transport loop includes the undulators and beam lines required to
produce SR. Optimal use of an ERL will require undulators with a very large
number of periods and will tax the capabilities of present day x-ray optics.
Fortunately, undulator and beamline optics developments are being driven by
the 3rd generation sources and XFEL efforts (Nuhn 2000) and are expected to
evolve significantly over the next few years. The Phase I ERL will be of too
low an energy to produce hard x-rays, so there is only very limited funding
requested in this proposal for undulator and x-ray optical development. The
transport loop also includes beam compressors to shorten bunches for science
applications requiring fast timing. Because of wake-field and coherent
synchrotron radiation effects, it will probably not be desirable to circulate the
shortest possible bunches around the entire machine. Again, this is an
important issue which will be further explored within the Phase I ERL plan.
Compressed bunches will likely have to be uncompressed before being
reinjected in the main linac to reduce excitation of higher order modes.

•  The beam dump is a  source of noticeable inefficiency. For example, a
dumped current of 100 mA at 5 MeV dissipates half a megawatt of power.
Fortunately, the power dissipation in the beam dump is determined by the
photoinjector beam power and not the main linac. The Phase I ERL will be
used to investigate the minimum required photoinjector energy. In a Phase II
machine, consideration will be given to utilizing the dumped energy.

Each of the main components of the ERL machine described above require
support systems, e.g., RF, cryogenics, etc., as described in subsequent sections.
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Figure 2-1. Schematic representation of a simple, single-loop ERL, consisting of the
injector, the main SC linac, the SR transport loop and the energy recovered beam dump.
The actual shape of the SR return transport loop can vary, depending on requirements.
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2.2 Comparison of ERL, Storage Ring, and XFEL Sources

This section summarizes some of the calculated x-ray beam properties of the
Phase II ERL SR source, as compared with some of the existing and proposed facilities.
All calculations are performed using analytical formulae from the literature, mostly from
Kwang-Je Kim (Kim 1986; Kim 1989).  A more comprehensive summary (including
more information on coherency and degeneracy) is given by Shen (Shen 2001).
Operational differences related to the scientific usage of ERL, storage ring, and XFEL are
discussed at the beginning of the next section.

The main comparisons are to APS (and projected APS upgrade), ESRF, and
Spring 8 storage rings, including a 25 m long undulator.  Where appropriate we also
compare some selected results to the proposed 4th generation LCLS and TESLA XFELs.
Representative parameters for machine design, insertion device, beamline optics, for dc
vs. pulsed experiments, etc. help to compare the various types of sources for different
types of x-ray experiments. Note that the beams from these sources can be improved by
the use of longer undulators. Therefore, these comparisons should not be taken as the
absolute upper limits of what can be obtained at the various sources shown.

The results are summarized in Table 2.2-1, and shown in Figures 2.2-1 to 2.2-5.
The comparison table is based on the suggestions  at the ERL Science Workshop held at
Cornell in December 2000 (Shenoy 2000).  Two options are chosen for the ERL ((Gruner
2000), with slight modifications).  One is based on a machine current of 100 mA and a
transverse geometric emittance in both planes of 0.15 nm.  The other is based on an ultra-
low geometric emittance of 0.015nm but a lower current of 10 mA.  Both assume a
FWHM1 bunch duration of 300 fs, and a machine energy of 5.3 GeV (see note at the end
of this section).  All calculations assume perfect machine and undulator conditions,
without any field errors, nor electron energy spreads. Although more complete design
work needs to be done, we believe that realistic undulator field errors, energy spread, etc.
will result in less than a factor of two loss in brilliance from what we have assumed here.
For simplicity, the tuning curves of only the first and the third undulator harmonics are
shown in Figures 2.2-1 to -5.

                                                
1 To avoid confusion, we will be explicit about whether bunch lengths are FWHM or rms values. Assuming
a Gaussian longitudinal bunch profile, the (FWHM length) = 2.354 x (rms length).
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Table 2.2-1:  Comparison of the Cornell ERL source with other existing and proposed synchrotron light sources.

Assuming high duty-cycle
operations

ERL   hi-
flux

ERL   hi-
coh.

APS und.
A

APS
upgrade

ESRF U35 SPring8
5m

SPring8
25m

LCLS
spont.

LCLS
SASE

TESLA
spont.

TESLA
SASE

Energy EG (GeV) 5.3 5.3 7 7 6 8 8 15 15 25 25

Avg. Current I (mA) 100 10 100 300 200 100 100 72·10-6 72·10-6 0.063 0.063

Charge q (nC/bunch) 0.077 0.008 14 14 0.85 0.29 0.29 1 1 1 1

εx (nm-rad) 0.15 0.015 8 3.5 4 6 6 0.05 0.05 0.02 0.02

εy (nm-rad) 0.15 0.015 0.08 0.0035 0.01 0.003 0.003 0.05 0.05 0.02 0.02

Bunch fwhm τ  (ps) 0.3 0.3 73 73 35 36 36 0.23 0.23 0.188 0.090

M
ac

hi
ne

 d
es

ig
n

# of bunches f (Hz) 1.3·109 1.3·109 7.3·106 22·106 2.3·108 3.4·108 3.4·108 120 120 56575 56575

Undulator L (m) 25 25 2.4 4.8 5 4.5 25 100 100 30 87

Period λu (cm) 1.7 1.7 3.3 3.3 3.5 2.4 3.2 3 3 3.81 5

# of period Nu 1470 1470 72 145 142 187 781 3300 3300 787 1740

Horizontal βx (m) 12.5 4.0 15.9 4.0 35 24 24 18 18 14.7 33.3

Vertical βy (m) 12.5 4.0 5.3 4.0 2.5 3.9 15 18 18 14.7 33.3

Und. K (@ E1) 1.38 1.38 1.24 1.24 0.67 2.08 1.66 3.9 3.9 2.28 4.14

In
se

rti
on

 d
ev

ic
e

1st harmonic E1 (keV) 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.26 8.26 10 12.4

H. div. fwhm (µrad) 9.1 6.2 54.3 70.2 26.8 38.4 37.4 4.9 1 6.7 1.76

V. div. fwhm (µrad) 9.1 6.2 16.2 9.7 10.4 10.0 4.3 4.9 1 6.7 1.76

H. source fwhm (µm) 103 24.5 839 277 879 892 890 82 78 60 60

V. source fwhm (µm) 103 24.5 48.6 11.4 13.9 10.6 22.8 82 78 60 60

Power P0 (kW) 33.9 3.4 1.2 7.2 1 15.7 31.2 0.0027 0.003 0.070 1.6B
ea

m
lin

e 
&

 o
pt

ic
s

DP/dA @20m (W/mm2) 2600 260 180 1080 194 1830 4568 0.45 63 336 2·105

Ave. flux Fn (p/s/0.1%) 1.5·1016 1.5·1015 7.0·1014 4.2·1015 1.3·1015 2.4·1015 9.0·1015 3.3·1010 2.4·1014 6.4·1012 4·1017

Ave. brilliance B
(p/s/0.1%/mm2/mr2) 1.3·1022 5.2·1022 1.5·1019 1.5·1021 3.1·1020 5.0·1020 2.2·1021 1.6·1017 4.2·1022 3.6·1019 8·1025

Coh flux Fc (p/s/0.1%) 8.1·1013 3.1·1014 0.9·1011 9.0·1012 1.8·1012 3.0·1012 1.3·1013 9.0·108 2.4·1014 1.4·1011 4·1017

D
C

 e
xp

er
im

en
ts

Coh. fraction pc (%) 0.52 20 0.013 0.22 0.14 0.13 0.14 2.7 100 2.1 100

Photons / bunch 1.2·107 1.2·106 9.6·107 1.9·108 5.7·106 7.1·106 2.7·107 2.8·108 2·1012 1.1·108 7·1012

Peak brilliance
(p/s/0.1%/mm2/mr2) 3.0·1025 1.2·1026 2.5·1022 8.3·1023 3.3·1022 3.6·1022 1.6·1023 4.8·1027 1.2·1033 3.4·1027 7·1033

Peak flux (p/s/0.1%) 3.9·1019 3.9·1018 1.3·1018 2.6·1018 1.6·1017 1.9·1017 7.4·1017 1.2·1021 7.2·1024 6.0·1020 3·1025

Pk coh. flux (p/s/0.1%) 2.1·1017 7.9·1017 1.7·1014 5.6·1015 2.2·1014 2.5·1014 1.1·1015 2.7·1019 7.2·1024 1.4·1019 3·1025Pu
lse

d 
ex

pt
s.

Peak degen. par. δD 95 368 0.078 2.6 0.103 0.113 0.49 1.3·104 3.3·109 4.7·103 8·109

Ave. coh. power (W) 0.10 0.40 1.2·10-4 0.011 0.0023 0.0038 0.017 1.2·10-6
0.32 2.2·10-4 794

Peak coh. power (W) 269 1011 0.22 7.2 0.28 0.32 1.4 3.8·104 9·109 2.2·104 60·109

A coh dP/dA (W/mm2) 12.0 848 0.0029 3.5 0.19 0.40 0.84 2.3·10-4 0.0077 0.078 2.8·105

P coh dP/dA (W/mm2) 3.2·104 2.2·106 5.4 2280 22.9 33.8 69.0 7.2·106 1.9·1012 7.8·106 2.1·1013

Ave. E-field (V/m) 1.0·105 8.0·105 1479 5.1·104 1.2·104 1.7·104 2.5·104 416 2410 7670 1.5·107N
on

lin
ea

r e
xp

t

Peak E-field (V/m) 4.9·106 4.1·107 6.4·104 1.3·106 1.3·105 1.6·105 2.3·105 7.4·107
3.8·1010 7.7·107

1.3·1011
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Notes for Table 2.2-1 and Figures 2.2-1 to -5:

All flux and brilliance calculations are performed at 8 keV fundamental energy
except for the proposed XFEL sources LCLS and TESLA, which are at 8.26 and 12.4
keV, resp.  Thus in some cases the value of the brilliance may be somewhat lower than
the value at the peak fundamental energy of the undulator.  This is done for the purpose
of proper coherence comparisons since coherence is very sensitive to x-ray wavelength.
The XFEL numbers are obtained from the (LCLS 1998) and the TESLA (Brinkmann
1997) design reports.  Power density numbers at 20m for SASE are for average coherent
power only and include the effects from source size and beam divergence, while all other
numbers for that row are calculated using the formula listed at the end of �Flux,
Brightness and Power� in (Shen 2001).

All calculated results are for high-duty cycle operations only (APS: 6+21 singlets;
ESRF: 2x1/3 filling of 992 RF buckets; SPring8: 2/3 filling of 2436 RF buckets) which
respresent the most common running modes at the existing storage-ring sources. The
machine parameters are obtained from the respective web sites. APS parameters are
obtained from http://www.aps.anl.gov/xfd/calendar/fp_2000-4.html on 1/8/01, and from
e-mail communications with Dr. Dennis Mills.  Upgraded parameters for APS are based
on Arthur (2000).  ESRF parameters are obtained from
http://www.esrf.fr/machine/myweb/machine/brill.html on 12/18/00, and from
communications with Dr. Pascal Elleaume (2000).  SPring8 parameters are obtained from
SPring8 Annual Report 1998, available at http://www.spring8.jp/, and from Dr. Don
Bilderback�s personal communication with Dr. Kitamura at SPring8.

For the purposes of the calculations, we assume β = 12.5 m in the high-flux
option and β = 4 m in the high-coherence option for a 25 m undulator with segmentation.
The relatively short β assumes segmentation due to focusing requirements.

One of the greatest uncertainties in Table 2.2-1 and the accompanying figures
stems from a fundamental lack of knowledge about the minimum bunch length and
emittances which can be simultaneously achieved. To account for this uncertainty we
have inserted in the peak brilliance plot a curve that corresponds to an ERL with 0.15nm
emittances at 100mA but with a more conservative 4.7ps FWHM bunch length.
Furthermore, a very conservative peak brilliance value is calculated assuming 300 fs
bunches but 1.5nm transverse emittances at 100 mA.  This result is shown in Figures 2.2-
3  and 2.2 � 6 and compared with other existing and proposed storage-ring based sources.

Resolution of these uncertainties is one of the most important objectives of the
prototype ERL machine proposed in this document.  Nonetheless, as Figure 2.2-6 shows,
even with conservative numbers the ERL will push the synchrotron x-ray brilliance and
pulse length into new territories that are completely uncharted by the existing sources.

The peak brilliance and coherence of the ERL will be greatly exceeded by the
proposed XFEL sources, such as TESLA and the LCLS. Why then, one might ask, should
the ERL be pursued? The answer is straightforward and compelling: Although XFEL

http://www.aps.anl.gov/xfd/calendar/fp_2000-4.html
http://www.esrf.fr/machine/myweb/machine/brill.html
http://www.spring8.jp/
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beams will have extraordinary properties, they will operate at relatively low duty cycle 
with pulses sufficiently intense to destroy most samples with each pulse. While this opens 
up new experimental realms about which new scientific communities will coalesce, one 
does not expect that XFELs will substitute any time in the foreseeable future for the vast 
majority of applications presently performed on storage ring sources. By contrast, ERL s 
are a logical evolution of 3rd generation storage ring sources. ERLs will serve essentially 
all existing 3rd generation applications and, therefore, can meet the expected growth in 
demand for SR resources. Thus, in contrast to XFELs, ERLs automatically already have a 
large natural constituency of users.  

 
If ERLs only matched the performance of 3rd generation storage rings, there 

would be little incentive for ERL development. The limits to storage ring performance 
are well known, and are not far from those of existing rings. On the other hand, the 
ultimate performance limitations of ERLs are not known. Even the first Phase II ERL, as 
described in the preceding pages, already pushes well beyond the limits of existing 
storage rings in flux, brightness, peak brightness, coherence, and degeneracy. Each of 
these incremental improvements extend existing SR applications, and, for example, allow 
study of smaller samples, higher energy resolutions, faster XPCS time scales, more 
weakly scattering samples, etc. Further, in the crucial realm of fast pulses, ERLs go well 
beyond what may be expected from storage rings and allow study of phenomena in the 
much desired 100 fs range at field intensities which do not destroy many samples. Thus, 
ERLs naturally allow existing applications, extend existing applications to new limits and 
additionally open up new areas dependent on fast x-ray pulses. 
 

The basic conclusion from this study is that the Phase II Cornell ERL will be a 
superlative, unique source of x-rays that will enable new science.  With a long, short-
period undulators in a low-β section, it can offer roughly 20 times more average 
brilliance and coherent flux than the best existing 3rd generation storage ring, making an 
ERL comparable to that of  prototype 4th generation sources.  The combination of its high 
brilliance with its short pulses in the high-duty-cycle mode would mean two-to-three-
orders-of-magnitude higher peak brilliance, peak coherent flux, and peak photon 
degeneracy.  Even with the 4th generation prototype sources due to be developed, the 
high-duty-cycle of the ERL makes it well balanced in all three categories of source 
characteristics of high flux, high coherence, and high peak brilliance. 
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Figure 2.2-1:  Comparison of calculated average spectral brilliance of the various sources.
The parameters used for undulator sources are listed in Table 2.2-1.  The CHESS wiggler
sources assume 5.3 GeV 300 mA operation and a FWHM source size of dx = 5.5 mm and
dy = 0.9 mm for the 24-pole wiggler at F-line and dx = 3.3 mm and dy = 0.85 mm for the
49-pole wiggler at A/G-line.
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Figure 2.2-2:  Comparison of calculated average photon flux of the various sources per
second.  The parameters used for all sources are listed in Table 2.2-1.
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Figure 2.2-3:  Comparison of the calculated peak spectral brilliance of the ERL with
some existing synchrotron sources.  The peak brilliance is obtained by dividing the
average brilliance by the bunch length to interpulse period. The parameters used for the
undulator sources are listed in Table 2.2-1.  The CHESS wiggler sources assume 5.3 GeV
300 mA operation and a FWHM source size of dx = 5.5 mm and dy = 0.9 mm for the 24-
pole wiggler at F-line and dx = 3.3 mm and dy = 0.85 mm for the 49-pole wiggler at A/G-
line.  A bunch length FWHM of 153 ps and a lattice of 9x5 in 2.56 µs revolution time,
describing the present operation mode, are used for the CHESS wigglers. The LCLS
curve would be, of course, well beyond the top of the graph.
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Figure 2.2-4:  Comparison of calculated coherent fractions of the various sources.  The
parameters used for all sources are listed in Table 2.2-1.  See (Shen 2001) for a more
detailed discussion about coherence.

3 4 5 6 7 8 910 20 30 40 50
10-5

10-4

10-3

10-2

10-1

100 LCLS SASE

APS 2.4m

ESRF U35

APS 4.8m

Sp8 5m
25m

ERL 25m
0.15nm 100mA

ERL 25m
0.015nm 10mA

 

 
C

oh
er

en
t F

ra
ct

io
n

Photon Energy (keV)



Section 2:  Motivation for an ERL

16

Figure 2.2-5: Comparison of the photon degeneracy parameter for the ERL and for
storage ring sources. The degeneracy parameter specifies the number of photons per
pulse that are in a single quantum mode, i.e., both transversely and longitudinally
coherent. Note that for existing storage ring sources, the degeneracy is typically less than
one for hard (> 10 keV) x-rays. Of course, none of these sources will approach the
degeneracy of XFELs. The parameters used for all sources are listed in Table 2.2-1.  See
(Shen 2001) for a more detailed discussion about degeneracy.
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Figure 2.2-6:  Comparison of peak brilliance and x-ray pulse duration of the ERL with
some existing and proposed storage-ring based sources. The ERL numbers correspond to
different plausible configurations of emittance, current and bunch length. All parameters
for the 3rd-generation and the CHESS sources are listed in Table 2.2-1.  The numbers for
the ALS fs beamlines are taken from (Schoenlein 2001), which are based on fs-laser
slicing of electron bunches in the ALS ring.  ALS 5.3.1 is a bend-magnet beam line with
100 fs pulse slicing, and sector 6 is a proposed one-meter undulator with 2cm period and
5mm gap, and 200fs slicing.  All existing sources are labeled with black squares and
proposed ones with red circles in the figure.  CHESS wiggler numbers represent typical
existing 2nd-generation sources.  The circular lines around different regions in the figure
serve as rough guidelines for different types of sources.
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2.3 Science Case

There are two primary scientific justifications for the ERL: The first is equivalent
to the well-established scientific justifications for the 3rd generation synchrotron storage
rings, namely, it should be possible to perform essentially all experiments now possible at
3rd generation machines with an ERL. This qualitatively distinguishes ERLs from x-ray
free electron lasers (XFELs) now undergoing development. XFELs will provide ultra-
intense, ultra-short pulses of x-rays in trains at low duty cycles (≤120 Hz) (Brinkmann
1997; LCLS 1998). The kinds of experiments which can be performed at XFELs will
often differ from 3rd generation sources both because of the pulse intensity, which is so
high that single pulses damage the samples, and because of the low duty cycle, which
will be exacerbated by the need to multiplex the beam among different beamlines. By
contrast, the ERL will deliver x-ray pulses at GHz rates to all x-ray beamlines on the
transport loop with average flux and brightness exceeding the best 3rd generation storage
rings. Thus, with respect to the science which can be performed, XFELs have potential to
be a revolutionary technology, while ERLs are an evolutionary technology. Since ERLs
have promise to be cost competitive with storage rings, this already justifies their
exploration as an alternative for future synchrotron facilities.

The second scientific justification for the ERL stems from the differences between
ERL and storage ring beams. ERL beams can be more intense, brilliant, coherent and
have shorter pulses than beams at storage rings. These features enable new kinds of
experiments which cannot be readily done at storage rings. In what follows, outstanding
features of ERLs are summarized and examples given of x-ray science that will benefit
directly from this new machine.

For perspective it is worthwhile to look back at some of the pioneering efforts of
the past:

•  The first synchrotron-based time-resolved x-ray diffraction experiments in the
nanosecond time domain were performed by Larson and coworkers at CHESS
in the early 1980s (Larson 1982).  During this experiment 25 ns laser pulses
melted the surface layer of a silicon crystal and structural transformations
were studied with nanosecond resolution.  At the time the Cornell storage ring
was run in a special single-bunch mode that produced 120 ps x-ray pulses
every 2.5 microseconds.

•  In a seminal work in the field of protein crystallography, Rossmann and
coworkers determined (Rossmann 1985) the crystal structure of the
mammalian virus HRV14.  The high intensity of the doubly focused CHESS
A1 station beam was the critical factor in this work.  The x-ray beam source
size at the time was 1 mm high by 3 mm wide.

In hindsight, these results teach several lessons:  First, both were done using an x-
ray source far short of optimal � but it was the best available at the time.  Second, both
results were primary demonstrations of what could be accomplished with a bright x-ray
source and have spurred subsequent fields of research and driven the development of 2nd
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and 3rd generation x-ray sources.  And last, it is interesting to note that neither experiment
was foreseen or even hinted at in the original proposal to build the CHESS facility.

Similar experiences ring true for other x-ray sources. Major uses of sources often
are not anticipated at the time the sources are designed. Thus, the prevalence of structural
biology at 2nd generation sources was unexpected when these sources were built.
Likewise, the rapidly growing use of microbeams was only a small part of the argument
for the ESRF. Thus, in presenting a scientific case for the ERL, we must anticipate that
the most exciting and important uses will emerge over time. Even so, the x-ray
community now has three generations of machines under its collective belt, and knows
how to optimize a dedicated machine to create a unique and useful tool.  With every new
machine the x-ray user community has grown enormously, in step with the machine
capabilities and with new x-ray technique development.  The needs are also more clearly
defined now than they were 20 years ago.  For example, the technological push for
miniaturization and the need to design new materials with atomic and molecular precision
fuel the demand for the smallest possible source sizes and divergence parameters.  And,
just as in the past, we expect the creativity of present and future scientists will deliver
more than we plan for.

An introductory scientific case for the ERL is summarized, below. Although the
x-ray community has been thinking about the possibilities presented by ERLs for only
about  a year, there is already considerable excitement, as evidenced by a rapid spate of
publications and workshops on these machines (CHESS 2000a; CHESS 2000b; Ben-Zvi
2001; ESRF 2001; Padmore 2001; SRI2001 2001). The scientific case for ERLs will
certainly continue to evolve as these workshops continue and the community begins to
consider a future proposal for a Phase II ERL. Accordingly, CHESS will host an evolving
web site for ERL science and applications and links to other sites about ERLs.

2.3.1 Outstanding Scientifically Usable Features of the ERL

The ERL is a natural successor to 3rd generation storage rings.  It will utilize x-ray
source insertion devices similar to 3rd generation storage rings but, having a single pass
design, will have electron pulse size, shape and timing characteristics and flexibility
similar to linear accelerators, and, in certain cases, will be preferable to XFELs.
Quantitative assessment of the beam characteristics of the ERL proposed herein are given
in two working documents (Gruner 2000; Shen 2001) and are summarized in Section 2.2.
Qualities that matter to the x-ray user community include:

Beam size – beam shape.  The ERL, with 10-50 times higher brilliance than 3rd

generation sources, could produce focused beams 50 nanometer in diameter.  This will
benefit 3D nanoscale structure and evolution studies, local environment fracture,
nucleation and growth, and fine grain mosaic materials. Whereas storage rings beams
have different minimum sizes and divergences in the horizontal and vertical directions,
ERL beams can be round with identical desirable properties in both the horizontal and
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vertical directions. Alternatively, round beams are not required by the ERL and flat
beams are possible if desired.

Short pulses.  As shown in Figure 2.2-6, one of the outstanding qualities of the
Phase II ERL will be to provide high-brilliance, short x-ray pulses that will open up
entirely new areas of time-resolved structural and electronic studies of condensed matter.
Pioneer studies in this area are already being intensively pursued at the ALS (Schoenlein
2001) where sub-ps x-ray pulses are produced by slicing the electron bunches by a fs-
laser.  The 5 to 7 orders of magnitudes increase in peak brilliance expected at the ERL
will dramatically improve these ultrafast timing experiments which range from   studies
of atomic disordering on the time scales of an atomic vibrational period, to investigations
of acoustic and optical phonons, and photochemical reactions in biological systems.

Short pulses – CW operation.  The bunches in a linac-based x-ray source can be
much shorter than the bunches in a storage ring (Krafft 1998; Wang 1998). Because of
their flexibility and inherently shorter bunch lengths, linac-based sources are being
intensively studied at LBNL for the generation of very short x-ray pulses (Zholents
1999). The minimum bunch lengths which are feasible in an ERL are not yet known and
will depend on factors such as wake-field and coherent synchrotron radiation effects.
Measurement of these effects, which are discussed at length in this document, are an
important part of the experimental program of the Phase I ERL. It is likely that bunches
~1 ps long are feasible through the full transport return arc and bunches as short as a
hundred fs rms, using bunch compression and decompression, will be feasible through
part of the arc. Further x-ray pulse compression may be possible using techniques
described by Zholents et al. (Zholents 1999). Short x-ray pulses allow study of atomic
disordering on the time scales of a vibrational period, acoustic phonons, and
photochemical reactions.

Coherence2.  The low current, high coherence option of the Phase II ERL will be
a diffraction-limited coherent source for 8 keV photons and will provide two-orders-of-
magnitude more time-averaged coherent flux than the existing APS and ESRF sources.
Such beams will extend x-ray photon correlation spectroscopy studies to shorter time
scales and to higher spatial resolutions that have not been exploited at the currently
available facilities  Highly coherent beams will also benefit phase-contrast hard x-ray
microscopy and microtomography experiments, and may make it possible to perform
coherent diffraction measurements on non-crystalline biological samples, e.g. proteins
and macromolecule assemblies that are difficult to crystallize.

Photon degeneracy2.  Photon degeneracy refers to the number of photons in a
single quantum mode of an electromagnetic wave.  For all existing x-ray sources, this
number is well below unity.  With the Phase II ERL, the peak photon degeneracy number
is expected to be on the order of 102, which may open up new research areas of x-ray
science that involve nonlinear interactions of x-ray photons with materials.  Potential new
applications may include multi-photon spectroscopic imaging, and nonlinear x-ray
scattering for valence electron structural determinations.
                                                
2 In this design report we do not explore the obvious possibility of using an ERL as a FEL driver.
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Flux – brilliance – bandwidth.  The enhanced brilliance of the ERL aides many
experimental techniques and pushes the envelop of high energy resolution.  Inelastic x-
ray scattering spectroscopy, microfluorescence, and microtomography need extreme
fluxes to help compensate for narrow bandwidth optics or wavelength dispersive high-
resolution detectors. As an example, the practical flux available from existing sources
limit experiments to energy resolutions on the order of a meV, which is adequate to
explore some aspects of the phonon spectrum of materials. The increased brilliance of the
ERL  will enable practical resolutions on the order of 100 µeV, thereby significantly
broadening the range of materials which may be studied by inelastic scattering (Alp
2000).

Infinite lifetimes – stability – flexibility.  The beam current in the ERL will be
constant, yielding ideal normalization characteristics and translating into stability in x-ray
beamline and optical components because of the absence of the periodic heating cycles
associated with storage ring fills.  The ERL is extremely flexible; the injector can run
over a wide range of current, pulse shapes, timing and bunch structures. However, it is
important to realize that not all ERL features may be possible simultaneously. For
example, it may not be possible to maintain the maximum brilliance values
simultaneously with the maximum flux or minimum bunch length. Exploration of the
limits of simultaneous machine parameters is an important function of the Phase I ERL
program.

2.3.2   X-ray Optics Frontiers and Challenges

Just as with all past SR sources, the technology of delivering the x-ray beam to the
researcher requires beamline and optical components that do not degrade the brilliant
short-pulsed beams.  The power and x-ray beam heat loads produced by the ERL on the
x-ray optics will be comparable to 3rd generation sources and we expect, therefore, that
past designs for apertures, beam position monitors and crystal optics can be utilized.  The
enhanced coherence and ultra-short pulses, however, require new approaches.  For
example, the intrinsic short x-ray pulse width coming from the ERL would be lengthened
considerably if the response time of the diffracting monochromator crystal were longer
than 100 fs.  Also, with 3rd generation machines it was discovered that semi-transparent
x-rays windows can act as refractive �phase-retarders� and can spoil photon coherence.
Resolution of these technical challenges will certainly be among the first tasks for a full-
scale ERL light source. More information on x-ray optical challenges may be found in
Sections 3.1.11 and 3.1.12.

2.3.3 X-ray Microbeams

Micro-focused x-ray beams 0.3 to 1 micron in size have been one of the real
success stories (Riekel 2000) of 3rd generation synchrotron x-ray machines such as the
APS, ESRF, and SPring8.  One of the limitations of storage rings, though, is that the
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horizontal size of beams is much larger that the vertical size. To achieve the highest
spatial resolution, the most useful beams for microbeam experimentation are round in
shape. The ERL will produce round beams with rms sizes of 3 - 11 microns in diameter
(Table 2.3.3-1). With suitable brilliance-preserving optics, the ERL should provide
focused beams of 50 nanometer size. This will have an immediate benefit to all
measurements on small specimens.  Two examples of microbeam research follow:

Microbeam High-Pressure Research:  Advances in maximum pressure-
temperature capabilities have opened new research opportunities in the studies of physics,
chemistry, material sciences, and Earth-planetary sciences. Because most high-pressure
work involves the very small volumes of the diamond anvil cells, in-situ microprobe
capabilities are essential for measurements of properties of microscopic samples at
ultrahigh pressures and temperatures and for reducing the effects of gradients across the
specimens in these variables. The present state-of-the-art measurements utilize 10 micron
beams at the NSLS and ~1 micron beams at 3rd generation ID beam lines.  By providing
smaller, ultra-high quality microbeams, the ERL will be able to make a significant
impact, especially for those situations where it can reduce measurement times from days
to hours.

Microbeams in Materials Science:  Most metals are polycrystalline and the size,
structure, and interfaces between the grains control the properties of the material.
Recently developed techniques like Three Dimensional X-ray Diffraction Microscopy
(3DXDM) at the ESRF use 1 micron-sized beams to study the dynamics of structure
evolution on a minute time scale with 40 to 80 keV x-rays (Margulies 2001; Poulsen
2001). Microbeams in conjunction with micron-wide tungsten shadow wires are being
used at the APS to study strain and orientation of individual micron-sized grains in the
bulk of polycrystalline metal samples (Ice 2000). In both of these examples, present
experiments are limited by the beam size and flux. Impressive picosecond and sub-
picosecond experiments have been performed on large size samples, but they have been
limited by source intensity, resolution, triggering and/or detection capabilities (Raksi
1996; Rischel 1997; ALS ; Cavalleri, et al. 2000; Lindenberg 2000).  The enhanced
brilliance and time structure of the ERL will be needed for Pulsed Laser Deposition and
film growth diffraction studies in order to resolve the crystallization phase (Larson 2000).
Microbeam focusing with a brilliant ERL beam can provide enough intensity for single-
terrace surface studies.

Table 2.3.3-1.  Horizontal and vertical beam sizes for ESRF, APS, and ERL sources
designed for microfocusing.  For the calculation in this table, the 25 meter long ID is
assumed to have a beta of 4 meters in segmented form, and a 1m beta for the 2 m long
ID, i.e. half its length. The comparison is for 10 mA (low emittance) and 100 mA (higher
emittance) ERL running. Sigma(=rms) values are given.

Sigma x
(µm)

Sigma x�
(µrad)

Sigma y
(µm)

Sigma y�
(µrad)

ESRF microfocus ID13 57 88.5 10.3 7.2
APS(APS 1999) 359 24 21 6.9
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ERL, ID=25m, 100 mA
normal focus

24.5 6.1 24.5 6.1

ERL, ID=2m, 10mA,
microfocus

3.2 3.2 3.2 3.2

Powerful x-ray  methods have been often limited because of available microbeam
intensities. For example, x-ray standing wave analysis has become a very important tool
for characterization of materials and surfaces (Zegenhagen 1993; Daillant 1997; Wang
1998). Typically, standing wave analysis requires relatively large dynamically diffracting
substrates. The use of very brilliant microbeams opens the possibility of extending this
technique to microcrystals, which often are sufficiently perfect to act as dynamical
scatterers. The extension of the standing wave technique to microcrystalline substances
would have an enormous impact on materials analysis. It would be necessary, however,
to produce a parallel wave front, which places stringent conditions on the way the
microbeam is produced.

Another area of interest is in using ERL microbeams for microfluorescence,
microspectroscopy and microtomography applications.  The increased brilliance from an
ERL source can potentially increase the flux in a 1 micron size by a factor of 100 over
APS (1 micron size) to 1000 (if full brilliance can be utilized) or to reduce the spot size to
100 nm or less (Rivers 2000). The flux can be used to compensate for the low efficiency
of wavelength dispersive high-energy resolution detectors that employ crystals on a
Roland circle, which will be very important for heterogeneous samples with many nearby
fluorescent lines.

2.3.4   Time-resolved X-ray Diffraction and Scattering

Since the earliest pioneering time-resolved diffraction measurements in the 1970s
the brightness, brilliance and coherence of a single bunch have been increased by many
orders of magnitude with subsequent generations of SR sources. However, the time
structure during these two decades has not changed much: the typical pulse length of the
APS is 65 ps, and 35 ps at the ESRF. This is in striking contrast with the needs of the
scientific community  to explore the femtosecond time domain.

X-ray machines with pulses of 300 fs and shorter include plasma sources based on
focusing a femtosecond laser pulse on a solid target (Murnane 1991), sources based on
Thomson scattering of laser pulse on a relativistic electron beam (Schoenlein 1996) and,
more recently, on the laser modulation of the electron bunch inside an insertion device
(Schoenlein 2000).  Sub-picosecond x-ray pulses cannot be produced directly in storage
rings due to electron bunch instabilities (Limborg 1998), but can be achieved in a
recirculating linac arrangement (Krafft 1999), because in contrast with storage rings, the
bunch length out of the injector is already short (~1-2 ps), and, given the absence of
constraints on bunch storage, may be used to produce even shorter x-ray pulses by a
variety of means (Garoby 1998; Zholents 1999; Leemans 2000). X-ray pulses of 100 fs
rms may be feasible; indeed, 200 fs bunches are used at CEBAF routinely (Kazimi 2000;
Krafft 2000b) and bunches below 100 fs rms have been observed (Wang 1995; Wang
1998; Kazimi 2000).
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The very strong science case for sub-picosecond x-ray pulses has been described
in detail in a LBNL proposal for an ultrafast x-ray science facility at the ALS (ALS
2000). An ERL would provide x-ray pulses many orders of magnitude more intense than
possible at the ALS (Figure 2.2-6); indeed, this realization is motivating consideration of
a linac-based ultrafast x-ray source at LBNL (Padmore 2001). Given the ALS documents
(Schoenlein 1996; ALS 2000; Schoenlein 2000), the science case for sub-picosecond x-
ray pulses will only be touched upon here.

 Vibrations and rotations of atoms in single molecules and molecular ensembles
occur on a time scale of 10-15-10-12 second. This means that, in principal, with sub-ps x-
ray pulses such fundamental structural transformations on molecular level as breaking
and formation of chemical bonds can be accessible.  Several pioneering experiments have
been performed in recent years. In time-resolved protein crystallography (Moffat 1989) 1
ns time structural response has been measured in experiments on photolysis in myoglobin
(Srajer 1996) and experiments on energy transfer in photoreceptor (photoactive yellow
protein)(Perman 1998). Both experiments were  performed at the ESRF using fast Laue
techniques and x-ray pulses of 50-150 ps. The limitations toward shorter times are both
the bunch length and the degree of photolysis in the relatively large crystals which were
used at the ESRF. These limitations will be lifted with the shorter x-ray pulses and more
brilliant microbeams (enabling use of 2�25 µm crystals) from an ERL (Wulff 1996).

Perhaps one of the most exciting uses of fast x-ray pulses is to help elucidate the
details of transition states. Macromolecular crystallography has given us detailed
information about the time-averaged structures of active sites in enzymes, but the details
of the transition states on which the enzymes actually depend are, in most cases, very
much unknown. Many, if not most, aspects of the transition state theory formulated by
Eyring and colleagues in the 1930�s (Glasstone 1940) have never been structurally
verified because of the short lives of transition states. Recent work using ultra-fast (e.g., 1
ps) electron diffraction of laser-driven gas-phase reactions (Ihee 2001) has shown that the
time-resolved radial distribution functions can be used to verify the detailed transition
paths of chemical reaction. The ultimate impact of elucidation of the transition-state
structures of analogs of the active sites of enzyme may well turn out to be comparable in
importance to structural biology as the enzyme structures themselves.

Yet another broad areas for study by fast x-ray pulses which may have enormous
impact on biology is elucidation of the dynamics of ion hydration. Biology occurs in
water. Yet the critical steps of hydration dynamics are still very poorly understood. It is
now believed, for example, that ion selectivity in membrane protein channels involves the
selective dehydration of ions. Hydration dynamics may be studied by examination of the
time-resolved EXAFS spectra of atoms in water after laser-photoneutralization or photo-
ionization (Kloepfer 1998). This is but one of many examples of optical pump/x-ray
probe type experiments which have the promise to revolutionize our understanding of
basic processes.
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Ultra-short ERL electron bunches can be periodically diverted and also be used to
enable new experiments.  An example is the recent use of picosecond-long laser-
generated electron pulses to elucidate the detailed structure of the transition states of gas
phase reactions (Cao 1999; Ihee 2001). The electron pulses available from the ERL will
be both shorter and more intense, allowing study of primary reactions. Although the
scattering cross-sections of electrons in these experiments are higher than for x-rays, the
ERL x-ray pulses are sufficiently intense that they might allow similar experiments using
the x-rays alone.

As another example, intense coherent, broad-band THz radiation (Blum 1991; Lai
1994) has been produced and measured on both the CEBAF accelerator (Wang 1995),
and on the IRFEL  accelerator (Krafft 1998; Piot 1999). Even with the Phase I
accelerator, the photon fluxes will be increased by roughly a factor of 20 beyond what is
presently available. It has been suggested that this radiation could be used to generate
intrinsic localized modes in solids, akin to vibrational solitons, arising from the
anharmonic part of the molecular interaction potential (Rossler 1997). The observation of
these localized modes would be a remarkable verification of a theoretical prediction of a
state of matter which has not yet been observed.

2.3.5   Non-linear X-ray Spectroscopy

A focused ERL beam will produce electric-field amplitudes similar to those from
conventional pulsed lasers.  This �perturbative regime�, where the electric susceptibility
must include higher order terms in the E-field, is normally the domain of visible-light
laser research (Figure 2.3.5-1).  Using x-rays allows study of nonlinear effects on a much
shorter length scale, and possibly combining nonlinear x-ray optical studies with atomic-
scale structural analysis.  Inside matter, a �non-linear� response refers to time dependent
displacements of charge from equilibrium positions (i.e. electric polarization) that depend
on powers of the electric field greater than one.  In addition, when the incident
frequencies are near a resonance, these effects can become very much larger.

By way of contrast, the proposed XFEL sources will provide the peak E-field
strengths comparable to or exceeding the static Coulomb fields in atoms and are therefore
limited to studying the strong-field nonlinear regime.  This regime is dominated by
stripping of electrons from atoms and subsequent creation of dense plasmas.
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Figure 2.3.5-1.  Peak coherent electric field strength vs. photon energy of various radiation
sources, showing the possibility that the Phase II ERL will open up a new area for nonlinear
optical research even with the XFEL projections.  Different regimes of nonlinear photon-
matter interactions are based on knowledge of nonlinear laser materials (Fejer 1994; Garmire
1994).  Laser sources are based on (Kim 1992; Fejer 1994; Garmire 1994; Levy 1994). Note
that the frontier advances in petawatt lasers and strong focusing (Brabec 2000) will make
>1013 V/m fields, which are not included in this figure.  All field values for accelerator based
sources assume 1:1 focusing except that a typical 4:1 focal ratio is used for CHESS wigglers.
The parameters for ERL, APS, ESRF, and Spring-8 (25m) undulators are listed in Table 2.2-
1, and those for the ALS undulator are listed in Figure 2.2-6 but without bunch-slicing.

Non-linear x-ray scattering:  A useful area of application would be to determine
valence electron charge distributions by non-linear x-ray diffraction (Eisenberger 1971;
Freund 1972).  The idea is to use parametric down conversion, where the energy of an
incident x-ray photon (or pump) is split to create two photons inside a crystal; one at a
slightly lower x-ray energy (the signal) and the second (the idler) with energy just below
the lowest energy absorption edge for atoms in the crystal. Momentum conservation
between these photons and the selected reciprocal lattice vector determine the scattering
geometry.  The diffraction structure factor can be broken into separate contributions from
the atomic core and valence electrons (Freund 1972).  The scattering geometry selects the
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idler photon frequency and when its energy is near that of the highest valence edge (and
therefore well below core level excitations) the scattering is dominated by the charge
distribution of valence electrons.  A probe that is sensitive to valence electrons allows
one to probe chemical bonding, exchange interactions and other areas of significant
interest in materials science.  This technique needs a clear proof of principle and
significant development, but it has the potential to become an important compliment to
traditional x-ray crystallography.

Multi-photon spectroscopy: During a two-photon absorption process the atom (or
molecule) is excited through two steps (Xu 1996; Xu 1997); a transition from the ground
to an intermediate state, followed by a transition from intermediate to excited state. This
2-photon excitation will not violate energy conservation if the second photon arrives
within the lifetime of the intermediate state.  Several aspects of these transitions are novel
and  interesting in the x-ray regime: the type of 2-photon transition, the intermediate state
lifetime associated with typical x-ray transitions, the photon degeneracy and pulse width
of ERL generated beams.  Because the lifetime for the core level excitations is short, the
two-photon process dictates that the two photons must arrive within about 3x10-16 ≥ ∆τ ≥
6x10-15 seconds of each other.  This condition can be satisfied by the ERL because the
beams are so intense that one quantum mechanical mode at 8 KeV contains >300
photons. Therefore there is a reasonable probability for such a 2-photon transition.

Once multi-photon scattering cross-sections are well understood, it would be
natural to try to develop 2-photon excitation fluorescent microscopy, similar to the
optical wavelength applied in biological imaging (Xu 1997).  Multi-photon (non-linear)
microscopy takes advantage of two essential factors: a) it occurs only in an extremely
limited spatial volumes (Williams 2001) where the E-field intensity is high enough to
permit the excitation and b) the signal to background can be very high as the multi-
photon fluorescence signal occurs at an energy well above that of the incident beam and
its parasitic scattering.  With these characteristics the microscope might have very high
spatial resolution and high selectivity to atomic species.

2.3.6   Coherent Flux and Hard X-ray Microscopy

The ERL offers high coherent flux and focused coherent flux density in the hard
x-ray regime (Figure 2.3.6-1).  Compared to the 3rd generation synchrotron sources, the
average coherent flux per unit area from the ERL can be 103�104 times higher, offering
many opportunities for new sciences in this area.  Compared to the proposed 4th

generation XFEL  sources, the ERL provides competitive time-averaged coherent flux
densities but much less (105�106 less) coherent photons in each pulse.  Consequently the
science that can be done at the ERL would defer significantly from science proposed at
the XFEL, both in experimental measurement techniques and in fundamental regimes of
how x-ray photons interact with matter.
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Figure 2.3.6-1. Coherent and total flux from various x-ray sources

 The ERL offers high coherent flux and focused coherent flux density in the hard
x-ray regime (Figure 2.3.6-1).  Compared to the 3rd generation synchrotron sources, the
average coherent flux per unit area from the ERL can be 103�104 times higher, offering
many opportunities for new science in this area.  Compared to the proposed 4th generation
XFEL  sources, the ERL provides competitive time-averaged coherent flux densities but
much less (105�106 less) coherent photons in each pulse.  Consequently the science that
can be done at the ERL will defer significantly from science proposed for the XFEL, both
in experimental measurement techniques and in fundamental regimes of x-ray
interactions with matter.

 What experiments make use of coherence and how much coherent flux is usable?
The next few sections highlight several measurement techniques that gain with increased
coherence.  Some measurements have fundamental limits that prevent any simple
extension of their technique.  For instance, it has been known for some time that radiation
damage is a fundamental limit in detecting weak scattering signals from biological
specimens using intense x-ray beams (Henderson 1990; Henderson 1995).  Based on  the
�Henderson limit� biological molecules would be destroyed by a single pulse of 2x1012

photons coming from an XFEL source such as the LCLS.  Thus only single-shot
experiments are possible at the XFEL sources (Hajdu 2000), and high resolution
structural data would require the development of techniques to handle molecular samples
and to combine data from many shots. With the ERL source, on the other hand, while the
average coherent flux density (assuming 1:1 perfect focusing with zone plates) can be as
high as the XFEL sources, the coherent photons in a single pulse are several orders of
magnitude smaller.  This makes the ERL radiation in a single pulse well below the
conventional radiation damage limit for biological specimens, but at or just above that
limit (if focused) for continuous-wave experiments.  Therefore one could perform
coherent scattering experiments averaging over many pulses, or even continuous
measurements using slightly defocused beams, similar to the present-day crystallography
experiments performed at the 3rd generation sources. Ultimately, of course, techniques to
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combine data from many samples will be needed with any x-ray source if the sample
volume shrinks to too low a value. Thus, the ERL would be most useful for samples
which are too small to be analyzed by present 3rd generation sources, but still consist of
many molecules. Examples include protein microcrystals, small 2-dimensional rafts of
membrane crystals, nanocrystals, and molecular clusters.

One technique that could benefit greatly from an ERL source is x-ray microscopy.
X-ray microscopes can be categorized into five classes: transmission x-ray microscopy,
scanning x-ray microscopy, contact microradiography, Gabor in-line holography, and
diffraction microscopy (Kirz 1995).  The first three types do not generally require a
coherent illumination of the specimen if only amplitude contrast is desired.  However, a
coherent incident beam would allow certain types of optics such as zone plates be used to
create a small beam or to magnify an object image (projection microscope).  In the hard
x-ray regime at synchrotron sources, the most widely adopted method so far is x-ray
microscopy using a scanning micro-probe.  But in recent years, due to the availability of
highly collimated beams from 3rd generation undulator sources, phase-contrast imaging in
transmission x-ray microscopy has received considerable attention (Snigirev 1995). This
is an area that will benefit greatly by the highly coherent x-rays at the ERL source.

Of all types of x-ray microscopes, most are based on measuring variations of the
electric susceptibility at low angles around the direct beam.  Therefore their spatial
resolution is ultimately determined by the size of the incident beam, which had been
pushed down to ~50nm for hard x-rays before the ERL (Bilderback 1994).  With the ERL
as a diffraction-limited source, the potential exists to build a microscope based on
diffraction that measures the interference among the atoms in the far-field regime.  A
primary example of this, of course, is x-ray crystallography, which provides structural
images on an atomic length scale.  The ERL has the potential to extend the method of x-
ray crystallography to microscopic crystals and to non-crystalline materials by using
coherent scattering and diffraction.

2.3.7   X-ray Photon Correlation Spectroscopy (XPCS)

The dynamics of domain wall ordering in a binary alloy was the first application
of coherent x-ray scattering. Alloys like FeAl or CuAu have an ordered phase below a
critical temperature, Tc. Above Tc, the sublattices have random occupation. In the
temperature regime where critical scattering is observed, clusters of the low-temperature
phase are beginning to form and fluctuate in space and time. In this regime, typically a
few degrees above Tc, a dynamic speckle pattern appears due to these short-lived ordered
domains.  XPCS reveals the important time constants of these fluctuations as a function
of temperature and length scale (Sutton 1991; Brauer 1995; Grubel 1995; Dufresne
1996).

Making direct use of a coherent incident beam, the x-ray speckle dynamics can be
used to study a wide variety of phenomena including dynamics at surfaces (diffusion,
step flow, adatom diffusion) (Libbert 1997), lattice defects and disordered systems, and
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ultrasoft vibrational modes in biological systems (fluctuations at liquid surfaces, protein
folding and fluctuations).  Recently first observations of magnetic speckles have been
reported (Yakhou 1999). These demanding experiments are flux starved due to very
small magnetic cross sections.

A more brilliant x-ray source is needed to go beyond current limits and extend the
application of coherent dynamic scattering.  All of the improved operating parameters of
the ERL will be advantageous for XPCS: large lateral coherence lengths are optimized by
small, symmetrically-shaped beams, and longitudinal coherence will be achieved  by
designing 0.1% bandwidth undulator sources.  The time structure of the source
determines directly the accessible time and frequency domains.  The high repetition rate
of 1.3 GHz makes the ERL a quasi-CW photon source, which should allow measurement
of photon correlations in the sub-microsecond regime.

The time structure is also the largest difference between an ERL and the presently
planned XFEL sources.  The XFEL delivers pulses or pulse trains at low overall duty
cycle. This limits the time scales of the XPCS experiment, whereas an ERL would cover
a wider range of time scales. Another concern for XPCS experiments at an XFEL is the
extremely high photon flux during each bunch. The specific intensity is so high that the
sample may suffer photoelectron ejection loss and subsequent Coulomb explosion
damage with each pulse. The ERL delivers lower intensity pulses over longer period, a
potential advantage for this kind of experiment.

Compared to the coherent flux from current insertion devices, the ERL provides
intensity gains of a factor of more than 100. The expected flux gain may make previously
unexplored regions in q-ω space accessible, at low ω and large q to extend the probed
region to shorter length scales (1-30 nm) or at low q and large ω to probe dynamics on
short time scales below 10 µsec. Both areas have not been accessible previously, mainly
for reasons of insufficient coherent flux. Note also that bandwidth and time structures
have to be optimized simultaneously. The envisioned parameters for the ERL would
make it the ideal machine for XPCS.  Also, the extreme coherent flux at high photon
energies (50 keV and above) would open the field for applications studying high-Z
materials.

2.3.8   Coherent Scattering from Non-crystalline Materials

The enormous success of structural biology in the past ten years can be attributed
largely to the availability of present-day synchrotron sources and advances in isolating
and crystallizing proteins.  Yet this success has been limited to the small portion of
biological specimens that form crystals of sufficient size.  There are many biological
systems that cannot form crystals and only a limited number of techniques are available
for structural studies of non-crystalline materials.

Coherent x-ray scattering has the potential (Sayre 1980) to change this situation
dramatically.  Instead of using crystals, for which only Bragg diffraction intensities at
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discrete reciprocal lattice points are measured in x-ray crystallography, one can in
principle measure the intensities of the continuous Fourier transform from a single unit
cell or non-crystalline sample.  The continuous Fourier transform has an advantage in
recovering phase information due to a technique called �oversampling�.  Miao et al. used
this recently to invert a soft x-ray diffraction image and recover an object image to 75 nm
resolution (Miao 1999).  The best resolution to date is ~20 nm in recorded soft-x-ray
diffraction image but no reconstructed or phased object image at that resolution has been
achieved.  It would be of enormous interest to extend these resolutions to below a few
nanometers and ultimately to atomic resolution. This would be most useful for study of
non- or weakly- periodic cellular structures. A good example is the chloroplast. This will
require an ultra-brilliant hard x-ray source, such as the ERL.

Substantial technical developments are needed to achieve this ultimate goal: (i)
production of a highly coherent beam in a sub-micron focal spot, (ii) specimen handling,
positioning, and cryoprotection from radiation damage, and (iii) phasing with a large
number of volume elements or atoms.  One of the key issues is the proper balance among
the number of atoms in an unknown structure in a given illuminated volume, the amount
of material needed to provide a measurable scattering signal to a desired resolution, and
the amount of radiation damage suffered by the specimen for a given incident beam
intensity.

In addition to the ultimate goal of atomic structure determination without crystals,
several intermediate types of experiments can be performed and developments along
these lines could pave the way for future more advanced coherent scattering experiments.
These include (i) coherent scattering from nanocrystalline biological materials, (ii) two-
dimensional crystal arrays of nanofabricated templates, (iii) single macromolecule or
macromolecular assemblies at low resolution (e.g. 5-10nm), and (iv) differential partial
structural analysis focusing only on certain diffraction features that may change during
e.g. a chemical reaction.
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3.0   Vision & Parameters of a Phase II ERL Facility

The purpose of this document is to identify the accelerator issues which must be
resolved before a full-scale Phase II ERL can be designed, and to propose a small-scale
prototype Phase I ERL to explore and test these issues experimentally. Identification of
these issues requires an overall vision of a Phase II ERL. Although many aspects of a
Phase II ERL have yet to be determined, enough is already certain to be able to sketch the
overall picture of a Phase II facility able to meet the scientific needs described above, in
sections 2.2 and 2.3, respectively. Section 3 details the technical requirements and
challenges of a Phase II ERL facility.

A Phase II ERL facility would be built around a machine with sample
specifications given in Table 3-1. As detailed below, we believe these parameters to be
achievable based on very reasonable extensions of existing technology. Note, however,
that in many cases it is still unclear as to the optimum strategy to achieve the best
performance � this, in fact, is a prime reason for the proposed Phase I ERL program.

We envison a Phase II ERL facility at Cornell which serves three simultaneous,
interwoven missions:

1. First, it serves as a vehicle for the development of ERL technology and the continued
training of accelerator and x-ray physicists. Cornell has a long tradition of hands-on
training of both accelerator physicists and synchrotron x-ray scientists who have gone
on to contribute to high energy physics and x-ray synchrotron x-ray facilities around
the world. The mechanism for this training is through the development of new
accelerator and x-ray technology. A consequence of the growth in the size and scope
of storage rings for both high energy physics (HEP) and x-ray applications has been
the migration of accelerators from universities to national laboratories, where the
machines are built by professional scientific staffs. The result has been a dramatic
decrease in the number of graduate students who are trained to build accelerators and
beam lines. The work force skilled in building machines and x-ray facilities is aging
and soon will suffer  large-scale retirements. This is a world-wide problem: The
consensus of a recent European conference on future x-ray sources was that the
bottleneck in future SR source development will not be funding as much as a dearth
of skilled personnel (ESRF 2001). An important aspect of our both Phase I and II
ERL plans is to continue and enhance Cornell�s educational service as a provider of
skilled personnel in these areas.

2. A Phase II ERL will provide beams with characteristics that will challenge the state-
of-the-art of undulator development, x-ray optics, and many science applications for
many years. We fully expect that ERLs will become the SR technology of choice and
will be duplicated around the world as SR needs continue to grow. As with any new
technology, there will be a learning curve which must be climbed and which will be
steepest for the first ERL machines. A second mission of both the Phase I and II
ERLs will be to provide a development laboratory for ERL technology to help the
world community climb this learning curve.
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3. The third mission of the Phase II ERL will be to provide a user facility with unique x-
ray beams for new scientific applications, as touched upon in section 2.3. We see this
laboratory as complementing larger facilities in the national laboratories in being able
to maintain the advantages of a university environment.

Table 3-1.  Sample Phase II ERL Parameter List
(Note: Many parameters of the Phase II ERL depend on the outcome of experimental
measurements on the Phase I ERL. Other parameters depend on choices and
optimizations which have not yet been decided, e.g., the radiated power will depend on
the number and length of the undulators chosen, the dipole radii, etc. The sample
parameter list given below serves the purpose of providing a plausible set of parameters
with which to examine the machine issues discussed in this report.)

Parameter Value Unit
Energy1 5 GeV

Macropulse Current 100 mA
Bunch Charge 77 pC

Transverse Emittance (norm. rms)1 ≤2 mm mrad
Longitudinal Emittance (rms) 40 keV deg

Bunch Length after compression (rms) 0.1-1 psec
Energy Spread (fractional; rms) 1E-4 to 3E-3

Beam Power 500 MW
Beam Loss <1 µA

Number of Accelerating Cavities 240
Cavity frequency 1.3 GHz

Cavity length 1.04 m
Accelerating Gradient 20 MV/m

cavity energy gain 21 MeV
Power/cavity 4.7 kW

Cells/cavity 9
Q0 1.00E+10

Qext 2.60E+07
Impedance (r/Q) 9.00E+02 Ohms

Static heat loss/cavity 3 W
Dynamic heat losses 49 W

Lorentz detuning 1 Hz/MV^2
Microphonic Detuning 25 Hz rms

Number of Klystrons 240
Amplitude Control 1.00E-04 rms

Phase Control 0.1 deg rms
Refrigerator power 16.4 MW

Total power radiated (typical) 400 kW
RF drive power 1.1 MW

Injector beam power 1000 kW
Magnets 700 kW

Undulator 1 period 2.5 cm
Undulator 1 length 25 m
Undulator 2 period 1.7 to 3.3 cm
Undulator 2 length 2 m

Undulator source size (see Table 2.1.1) 24 Microns rms
Photon flux 1E+16 /sec/ 0.1%BW
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Brilliance 1E+22 /sec/mm2/mrad2/ 0.1%BW

Injector Output/RF
Energy 10 MeV

Macropulse Current 100 mA
Bunch Charge 77 pC

Longitudinal Emittance (rms) 10 keV deg
Bunch Length 2 psec
Beam Power 1000 kW

Number of Accelerating Cavities 4
Power/cavity 150 kW

Voltage/cavity 1.5 MV
Cells/cavity 1,3

Accelerating Gradient 4.3 MV/m
Q0 1E10

Qext 1.40E+05

Photocathode Gun
Voltage 500 to 750 kV

Average Current 100 mA
Bunch Charge 77 pC

Thermal Emittance (norm. rms) < 0.5 mm mrad
Bunch Length 20 psec

Repetition Rate 0.02-1.3 GHz
Beam Pulse Length 2 msec to CW
Cathode Peak Field 10 to 15 MV/m
Drive Laser Power 10 W

Max. Cathode Spot Diameter 5 mm

1 These values differ slightly from those used to calculate Table 2.2-1. Even so, both tables use values that
may be reasonably anticipated in a Phase II ERL

3.1 Phase II ERL Accelerator Physics & Technology Issues
3.1.1 Design Principles

To achieve maximally brilliant x-ray beams, it is important that the ERL be
designed so that the photoinjector emittance is as small as possible and that emittance
growth during beam acceleration and during beam transport to the undulators is
minimized. Another important requirement is that the beam remain stable against
transverse and longitudinal multibunch instabilities, which are somewhat analogous to
the multibunch instabilities that afflict storage rings at high current. It is also required that
beam loss is small during beam recirculation, for both cryogenic efficiency and machine
protection reasons, and that the RF beam loading from the two beam passes is efficiently
compensated in order to minimize  the RF power draw. Finally, because the accelerator
contains only a few passes, the longitudinal phase space of the accelerated beam can be
preserved and manipulated, yielding extra degrees of freedom in design, but also extra
degrees of complication. Each of these issues will be treated briefly in this section, and in
more depth in sections 4 and 5, when we discuss the details of the Phase I ERL. In this
section, however, we discuss general issues (e.g., Phase II) ERL issues.
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It is necessary to decrease the electron beam emittance as much as possible in
order to maximize the brilliance out of the undulators.  Because 3rd generation SR storage
ring sources already have very bright beams, the first requirement is to design the
machine with an average beam brightness that exceeds that possible in an equivalent
energy storage ring. This requirement places a severe limit on the parameter choices
possible in the machine. In particular, the requirement tends to drive one to a design with
low charge-per-bunch and more frequent bunches, just the opposite of the case with
XFELs. One would like the normalized emittance at the undulator to remain as close to
the emittance generated at the injector as possible. The emittance from the injector should
be minimized by space charge compensation techniques discussed in the sections 2.4.3.1
and 3.3.8, with the goal of approaching the lower limit of thermal emittance from the
photocathode.

Supposing for the moment, as shown below, that an injector can be designed with
an average brightness better than an equivalent ring. Then one must take steps to assure
that the beam emittance is not degraded on acceleration and delivery to the undulators.
The approach taken here involves:

(1) Choosing the single bunch charge low enough that typical single bunch emittance
growth mechanisms (e.g. transverse single bunch beam breakup, wakes, non-
inertial space charge, and coherent synchrotron radiation), do not result in much
emittance growth. This is helped by the fact that superconducting accelerating
cavities are being used, thereby permitting large apertures.

(2) Designing the beam optics such that the single particle sources of emittance
growth, in particular that generated by the synchrotron emission in the turn-around
arcs, is minimized. The approach is very similar to that taken in storage rings where
a minimum emittance lattice design is employed.

(3) Because the beam average current in the ERL will be high, it is necessary to take
care that the beam is stable against multibunch instabilities. The threshold for
instability depends strongly on two design parameters, the once around beam optics
and the properties of the High Order Modes (HOMs) of the accelerating cavities.
By proper linac and arc beam optics designs that keep the beta functions small (60
m and smaller) throughout the linac, we have performed simulations that show that
a 5 GeV accelerator should be stable at an operating current of 100 mA, assuming
the HOMs are damped as well as they have been for the TESLA test facility
cavities at DESY.

The high energy beam loss tolerable in the ERL accelerator is already partially
understood through the experience at JLAB on the CEBAF 6 GeV superconducting
nuclear physics accelerator. Machine protection requirements in this accelerator dictate
that the CW beam loss be held under 1 µA. Additional confidence that losses can be kept
low comes from the experience at the JLAB IRFEL (Neil 1998; Neil 2000), where better
than 99.98% of the beam current is recovered, indicates that low losses are possible. The
beam loss at the JLAB IRFEL may well be better than 99.98%, but has not been
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measured to the required accuracy.  One of the goals to be demonstrated by the prototype
is that losses can be kept under 1 µA for the full beam current of 100 mA. (See also the
Beam Loss subsection of section 3.1.9)

As discussed previously in Section 2, in any recirculating accelerator that has only
a few passes it is possible to accelerate beams with short pulse lengths by suitable
manipulation of the longitudinal phase space of the beam in the injector. Because of this
possibility, the ERL provides a way of providing brilliant x-ray beams of short temporal
duration. It is still uncertain whether it is possible to simultaneously supply x-ray beams
with sub-picosecond duration and greater than 1022 photons/s/0.1% bw/mm2/mrad2

brilliance, because single bunch collective effects, in particular emittance growth
generated by non-inertial space charge and coherent synchrotron radiation, can act to
increase the emittance and reduce the brilliance. These effects are worse at higher  bunch
charge and shorter  bunch length. Given a desired pulse length and machine design, there
is an optimal charge-per-bunch for producing maximum brilliance. Both theory and
experiment on CSR and non-inertial space charge effects are still uncertain, which is a
prime motivation for making a Phase I ERL to experimentally explore these effects. As
the design of the Phase II ERL  matures, we expect to incorporate and take advantage of
any methods developed on the Phase I ERL to combat effects which cause the emittance
to grow.

As shown in Section 3.1.9, small beam losses at the 10-5 level will have no effect
on the beam acceleration systems in the energy recovery loop. However, phase shifts
between the phases of the first and second pass beams will be easily discerned even when
the phase shifts are as low as 0.5 degrees of RF phase, because of the increased load on
the RF systems. For the high brilliance running at ps bunch lengths, when it is possible to
design the longitudinal optics to minimize such phase shifts, there should be only small
effects on machine stability. Some of the most exciting scientific applications will require
bunches on the order of 100 fs in length. This will make it necessary to tune the
turnaround arcs in ways that are relatively error sensitive, requiring development of
active controls.

3.1.2 Electron Source

The electron source must provide a high average-current bunched beam with
small transverse and longitudinal emittances.  The highest bunch repetition frequency
will match the accelerator fundamental frequency of 1300 MHz.  Flexible bunch patterns
must also be practical over a wide range of possibilities, from simple reduced repetition
rate bunch trains to well-separated groups of bunches at various repetition rates, in order
to match specialized experimental needs. For a 100 mA average beam current at the 1300
MHz bunch repetition rate, the charge per bunch is 77 pC.

The normalized transverse emittance in each plane is specified to be no greater
than 2 µm at the full accelerator energy. The thermal emittance from the photocathode
will be no greater than 0.5 mm-mrad, and emittance compensation will be employed to
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minimize the space-charge driven correlated emittance growth in the early part of the
injector.  With reduced average beam current, even smaller emittance values should be
achievable, as required for certain applications.

Both RF and DC photoemission guns are potential sources for an ERL.
Considerable experience with both types has been acquired world-wide. Possible
application of a normal conducting RF gun to an ERL is discussed in (Ben-Zvi 2001). DC
sources have been much used in practice at JLAB (Engwall 1997) and elsewhere. In the
future, it will be important to pursue R&D on superconducting RF guns in the drive to yet
lower emittances.

There are advantages and disadvantages of each gun approach. RF guns use
positive affinity cathodes, which require very challenging laser systems to deliver 100
mA for an ERL. The DC  guns use negative affinity electron emitter materials, such as
GaAs, which are more efficient, but easily degraded.

We plan to meet the electron source requirements with a 500 kV DC electron gun
incorporating a negative electron affinity GaAs photoemission cathode.  The
photocathode will be illuminated by light from a mode-locked Ti:sapphire laser operating
at 780nm.  The Ti:sapphire laser will have a fundamental frequency of 260 MHz, and
will be locked to the fundamental accelerator RF by an RF gain switched diode laser.
This laser can provide bunch trains at multiples of its 260 MHz fundamental frequency
up to 1300 MHz.

No photoemission cathodes have been operated at the requisite performance
levels of simultaneous lifetime, current and emittance.  A key issue is the operational
lifetime of the cathode in the above conditions.  The quantum efficiency of the
photocathode typically degrades during operation.  Based on present experience at JLAB
with GaAs photocathodes, it is possible to regenerate the quantum efficiency of a
degraded cathode in situ, by cleaning and re-activation.  This process requires several
hours to complete. At CEBAF, this is accomplished via the use of two side-by-side
photoguns, so that one may be in use while the other is being regenerated. Since the
regeneration is in situ, switching from one gun to the other requires only a momentary
pause in machine operations. Alternatively, one could construct a load-locked gun that
would allow degraded cathodes to be removed and replaced with fresh cathodes.  In
either case, a long cathode operational lifetime is required to permit extended operation
of the full accelerator with infrequent, scheduled interruptions to regenerate or exchange
the cathode.  Demonstration of acceptable cathode lifetimes at full beam current will be a
key issue to be addressed with the Phase I ERL.

GaAs photocathodes have produced beams with measured thermal emittances
below the values required for the ERL project.    There is good reason to believe that
cooling the GaAs photocathode will reduce the thermal emittance further. We will
explore the beam emittance provided by a GaAs cathode over a range of parameters
during the development of the Phase I ERL.
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There is a high degree of correlation between the emittance growth caused by
space charge effects in the electron gun and in the beam line immediately after the gun.
With careful attention to the beam optics, it has proven possible to �recover� much of this
emittance growth, and obtain a final emittance much closer to the natural thermal
emittance from the cathode.  This process is known as space charge compensation.  How
well space charge compensation works depends on details such as the transverse and
longitudinal profile of the initial electron bunch.  These conditions will be explored for
optimal space charge compensation with the injector for the Phase I ERL.

Various codes are used to model the performance of the electron gun and injector.
With the Phase I ERL, we will make sufficiently detailed measurements to benchmark
these codes.  This will allow the codes to be used with confidence to develop further
improvements to the electron sources and injectors for the Phase II ERL.

There are additional issues such as dark current resulting from thermionic and/or
field emission from the photocathode, and the level of beam halo present on the main
beam, which will be explored with the electron gun and injector for the Phase I
accelerator.  If the level of dark current and halo are unacceptable, we will develop means
to reduce or eliminate them before they reach the main accelerator.  This might be done
with the use of apertures to form an emittance filter, or beam scrapers at locations of high
dispersion, for example.

3.1.3 General Observations about Linac Optics for the Phase II ERL

A conceptual layout for a full-scale ERL is shown in Fig. 3.1.3-1. A 10 MeV
electron beam with small normalized transverse emittance from the photoinjector is
introduced into the main linac. The linac superconducting RF (SRF) structure accelerates
the electrons to 5-7 GeV.  Subsequently, the beam is taken through the recirculating
transport loop where it performs its role as a source of x-rays and then is returned to the
linac with a 180o RF phase offset for energy recovery.  In the linac the recirculated
electrons yield most of their energy so that it can be used for the acceleration of
successive bunches.  Finally, the low energy beam exits the linac and is dumped.

…
cryomodule

to dumpfrom injector

triplet

Fig. 3.1.3-1.  ERL Conceptual layout.
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Key issues concerning the linac include the development of linac optics which
avoids electron beam instabilities. At either end of the linac, very low and very high
energy bunches are interleaved only centimeters apart, necessitating consideration of
linac electron optics which are stable over a wide range of simultaneous bunch energies.
Since the linac operates at 2K, each watt of power lost in the linac requires the
expenditure of almost 800 watts of refrigeration wall-plug power for its removal. Hence,
it is essential to minimize all sources of heat loss into the linac.

Since the SRF structure of the Phase II ERL is several hundred meters long,
external quadrupole focusing is introduced between the cryomodules which make up the
linac.  External focusing in the linac is also critical to suppress Beam Break Up (BBU)
instability. Quadrupole triplets between the SRF cryomodules will be used, allowing
good flexibility. The fact that the bunches with two different energies are found along the
linac introduces a major constraint on the focusing optics in the SRF structure since
electrons with different magnetic rigidity pass through the same quadrupoles.  The
constraint becomes especially important near the ends of the linac where the energy ratio
of the accelerating and decelerating beams may be as high as 1000 (or about as high as 30
for the outer triplets1).

This concern has led to the suggestion that the maximum energy ratio of two
beams in the linac should not exceed 10 (Ben-Zvi 2000; Douglas 2000a).  This would
require splitting a 5 GeV linac into two (or more) parts so that early stages of acceleration
and late stages of energy recovery would take place in a section different from the longer
SRF structure where most of the acceleration / energy recovery occurs, e.g., (Ben-Zvi
2000).  Nevertheless, we have found upon simulation that such a �split linac� scenario
produced no noteworthy advantages over a single long linac structure in terms of either
BBU suppression or the ability to propagate a beam envelope with small β-functions
through the linac.

Adiabatic damping/antidamping is another important reality to keep in mind when
designing the linac optics.  Consider the beam-transport matrix (i → f) for the drift with a
uniform acceleration/deceleration  (the matrix can be worked out from the transverse
momentum conservation):
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where γ  and γ ′  are the normalized energy (divided by the rest energy 2mc ) and the

accelerating gradient, respectively, and x is the transverse position.  
i

fiR γ
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interpreted as an effective length since 12Rxxx iif ′=−  (Helm 1969); The R matrix is

                                                
1 The �outer triplets� are located after the first cryomodule and before the last one. The ratio of the energies
at those locations is (5000-166.4)/(10+166.4) = 27.5 for 5 GeV linac, 10 MeV injection energy, and a 166.4
MeV energy gain per cryomodule, assuming a gradient of 20 MV/m in the SRF cavities.
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defined in TRANSPORT notation in (Brown 1977). Thus, the effective length of the
linac is contracted when the beam is accelerated ( 512 =R  m with an actual 400 m linac)
and elongated when the beam is decelerated ( 5.212 =R  km if the beam is decelerated
down to 10 MeV).  This illustration indicates that special care must be taken in the late
stages of the energy recovery where adiabatic antidamping is especially prominent.

3.1.4 Transverse Beam Break Up Stability

Multipass, multi-bunch BBU has been long known to be a potential limiting
factor in the operation of high current linac-based recirculating accelerators (Rand 1980;
Bisognano 1987).  Consider the first orbit of recirculation.  The first-pass beam may be
perturbed by the transverse magnetic fields of a dipole higher order mode (HOM).
Transverse beam displacement on successive passes will feed energy into this mode by
interaction with its longitudinal electric field.  This can lead in turn to further
displacement of the beam, driving it into instability, if the rate with which the energy is
supplied to the HOM by this mechanism is greater than the rate of the mode�s decay.
Thus, BBU can limit the maximum current that a linac-based recirculating accelerator
can support.  Obviously, the effect can be significant in SRF cavities because of the
potentially higher Q�s of the HOMs.  BBU transverse instability is also exacerbated in
long RF structures of several hundreds of meters length.  The Phase II ERL envisioned
will have to deal with both of these complications, since a long (~400 m)
superconducting RF structure will be at the heart of the machine.

The ERL will operate in quasi-continuous wave (CW), as opposed to pulsed
mode, by which we mean that most, if not all RF buckets in the linac will be filled. There
has never been an experimental demonstration of a high current (~0.1 A) CW beam in a
high energy ERL. The result of calculations of the BBU threshold current which were
performed for the JLAB IRFEL Upgrade (Campisi 1999) is indicative of the seriousness
of the problem.  The BBU threshold current obtained by numerical simulations was 75
mA for a 170 MeV recirculating SRF structure.  Therefore, it is evident that the design of
a 5 GeV, several hundred meter long recirculating SRF structure needs careful
exploration.

Analytical solution for single-recirculation-single-HOM case
Important insights into the problem can be gained by studying a simple case of

single-loop recirculation and only one HOM.  In this case, an analytical solution for BBU
threshold current thI  exists (Krafft 1988):

( ) ( )th 2
12

21
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e R Q Q k m t
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λ λ λλ

ω
ω

= −  (3.1.4-1)

where e is the electron charge; ( )λQR , λQ  are the geometric shunt impedance and
quality factor of the mode, respectively, ckλλω =  is  the mode�s frequency, c is the
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speed of light, rt  is the  total recirculation time, and 12m  is the  recirculation transfer
matrix element (momentum to transverse position) for conjugate transverse phase-space
coordinates. It can be readily shown that ( )cERpRm ii /121212 ≅= , where ip  ( iE )  is
the total initial momentum (energy) and 12R  is the beam-transport matrix element in the
classical TRANSPORT notation (Brown 1977).

Inspection of (3.1.4-1) suggests  (Krafft 1988), there are several things one can do
to mitigate the instability. The most obvious suggestion is to increase the energy of the
beam injected into the recirculating RF structure.  However, to make an ERL power
efficient will require adopting as low an injection energy as possible to minimize the
amount of beam power that goes to the dump. The injection energy is determined
primarily by the lowest possible energy at which an electron beam of sufficiently high
quality can be produced and transported to the main linac without diluting its high
transverse phase-space density.  Another important solution to lessen the BBU instability
involves lowering Q�s for the HOM.  HOM damping is of fundamental importance and
has been incorporated into the SRF cavity design (TESLA 2000) From the results of
BBU simulations, it is also clear that HOM damping, while being very significant, cannot
substitute for intelligent lattice design for the ERL as a whole.  The latter can be reduced
in part to an optimization problem of the pass-to-pass horizontal and vertical beam-
transport matrix elements 12R  and 34R  along the SRF structure.

An analytical solution for the value of the BBU threshold current exists only for
very simple cases similar to the one just presented above.  It is necessary to use computer
simulation codes to determine the BBU threshold for an actual machine configuration.
Such a two-dimensional simulation code (TDBBU) has been developed at JLAB (Krafft
1987).  The problem of lattice optimization also allows analytical solution for only a
limited number of cases (Rand 1980) that did not include an ERL.  Computer
optimization routines were used in this work to obtain the desired lattice parameters by
adjusting the strength of quadrupoles in the SRF structure.  These two simulation tools
have been extensively used to obtain optimal linac optics design, and to test the suggested
simple guidelines (discussed below) for choosing linac and recirculating transport line
optics that should allow for a sufficiently high BBU threshold current in the ERL. These
simulations will be experimentally  tested in the Phase I ERL machine.

RF focusing in standing-wave cavities
In order to correctly simulate the transverse dynamics of the particles in the linac,

it is important to include the RF focusing that an electron experiences when it traverses
an RF cavity operated in an axisymmetric TM mode.  The RF focusing effect was
originally studied by Chambers (Chambers 1968) and later by Krafft (Krafft 1991) and
by Rosenzweig and Serafini (Rosenzweig 1994).  Following (Rosenzweig 1994), the
transport matrix for a pure π-mode standing-wave cavity for a particle run on RF-wave
crest is given by
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where 
i

f
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8
1= .  The expression (3.1.4-2) also describes the focusing (defocusing)

kick that the particle experiences at the entrance (exit) of the cavity due to RF fringe field
regions.  The sign of the focusing radial force due to RF edges is reversed when the
particle goes through energy recovery (running in the RF-wave trough).  We compared
the analytical expression (3.1.4-2) with numeric simulations for electrons on RF crest (in
trough) and found  good agreement for beam energies higher than 5 MeV.  The RF
focusing effect was implemented into the TDBBU simulations.

The effect of RF focusing on the BBU threshold current was found to be
significant.  The net effect of the SRF cavities on the transverse motion of the particles is
always focusing for both acceleration and energy recovery.  As a result, this additional
focusing facilitates the design of the linac optics and helps to suppress BBU instability.

Linac optics solution to suppress BBU instability
As discussed earlier, the analytical solution for the BBU threshold current in a

simple case of one recirculation and one HOM (3.1.4-1) suggests that if the ERL optics
can be designed so as to have the pass-to-pass matrix elements 12R  and 34R  small
everywhere in the SRF cavities then BBU instability will be suppressed. As pointed out
below, this statement represents a necessary, but not sufficient requirement for maximum
instability suppression in an actual recirculating accelerator.  Here, the pass-to-pass
matrix is defined as the beam-transport matrix from a given point in the linac to the same
point after recirculation.  In general, the ideal condition ( 03412 == RR ) cannot be
satisfied everywhere in the linac except in the limit of no acceleration (Rand 1980).  Yet,
we have found that it is possible to produce an ERL configuration which will have small
values of 12R  and 34R  (< 10 m) for a long SRF structure of several hundred meters.  It is
interesting to note that absolutely no external focusing is required in the linac to achieve
small values of 12R  and 34R  in this case, which corresponds to large β-functions in the
linac (the maximum value is approximately equal to the total length of the SRF
structure).  An example of the β-function in such a configuration, as well as 12R  values
along the linac, is shown in Fig. 3.1.4-1 (the vertical yβ - and horizontal xβ -functions,
and 12R  and 34R  were chosen to match since the RF focusing in the linac is radially
symmetric).  The injection energy was 410 MeV and the full energy was 5.01 GeV.  The
SRF structure was about 300 m long and consisted of 23 cryomodules, each providing
200 MeV of energy.  To obtain small values of 12R  ( 34R ), the pass-to-pass phase
advance, ψ∆ , has to be an integer multiple of π  throughout the linac.  This can be
achieved by adjusting optics in the turnaround arc.

Despite the fact that the obtained 12R  ( 34R ) values are small ( 9≤  m) throughout
the SRF structure, TDBBU simulations in the case shown in Fig. 3.1.4-1 for HOM data



Section 3: Vision of Phase II ERL

49

taken from 9-cell 1.3 GHz TESLA cavities (Sekutowicz 1994) yielded an instability
threshold current of less than 25 mA (all values of BBU current cited here are the current
in SR transport loop unless otherwise stated).  Such a low BBU threshold current can be
explained if one considers that small values of 12R  ( 34R ) for the pass-to-pass matrix do
not guarantee suppression of the instability since the same matrix elements may be quite
large for a transport matrix from cavity to cavity.  In other words, although the condition
discussed above may, indeed, suppress the coupling of a HOM in the same cavity on
successive passes it does not preclude the HOMs of two cavities in different parts of the
SRF structure to �talk� to each other, either on the same or on successive passes, thus
rendering the system unstable.  Indeed, one can write the following expression for R12 in
terms of the β-function and phase advance

( ) ψ
γ
β

γ
βγ ∆=→ sin12

f

f

i

i
ifiR . (3.1.4-3)

According to (3.1.4-3) the R12 of the transport matrix between different cavities
can be very large (on order of the β-function or even bigger).  For the example under
consideration, the phase advance in the SRF structure changes rather slowly and,
consequently, the absolute value of R12 between the first cryomodule on acceleration and
other cryomodules along the linac during energy recovery increases slowly, reaching
about 150 m in the last cryomodule.

These observations suggest the following guidelines for choosing focusing optics
in the linac:
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Fig. 3.1.4-1.  β-function in the linac for the case of a small R12 of pass-to-pass
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the right).  The injection energy is 410 MeV; the SRF structure is over 300 m
long, providing 4.6 GeV of acceleration to the beam.
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1) Minimize the β-function in the linac by adjusting the strength of the quadrupoles
and by matching the envelope of the injected beam.

2) Set the phase advance of the recirculating arc to minimize 12R  and 34R  of  the
pass-to-pass matrix.

Because of all the earlier mentioned complexities of transverse particle dynamics
in the ERL, the first task of minimizing the β-function in the linac is best achieved by
numeric optimization methods (for example, by employing a quasi-Newton method (Gill
1972)).

The results of such optimization for a 5 GeV ERL with a cavity gradient of 20
MV/m are presented in Figures 3.1.4-2 and -3. The injection energy is 10 MeV.  The 5
GeV SRF structure contains 30 cryomodules, and its length is about 400 m. The strength,
k  (where ( ) ( )ρBxBk ∂∂=  [m-2] and B and ( )ρB  are magnetic field and rigidity,

respectively), of a middle quadrupole of all 29 triplets (- ½ k, k, - ½ k; quadrupoles are of
the same 50-cm-length) is shown in Figure 3.1.4-3.  It can be seen from this figure that
triplets are set in such a way as to produce a nearly constant focusing length for the
quadrupoles in the end of the linac during the final stage of energy recovery.   In Figure
3.1.4-3 an output of a TDBBU simulation is shown approximately at the instability
threshold current of 205 mA, using the HOM data of Table 3.1.4-1.

Fig. 3.1.4-2.  β-functions in the linac for the case of a BBU threshold current of 230 mA.
SRF structure consists of 24 cryomodules; injection energy is 10 MeV; energy after
acceleration is 5002 MeV; dumped beam energy is 5 MeV.
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Fig. 3.1.4-3.  Strength k  in [m-2] of the middle quadrupole in a triplet along the
SRF structure corresponding to Fig. 3.1.4-5.
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HOM effect and frequency randomization
The parameters of ten HOMs included in the simulations are shown in Table

3.1.4-1 (Sekutowicz 1994). Note that this table presents computed values. Measured
values of some HOM Q�s of nine-cell TESLA cavities are ten times higher and would
limit ERL beam currents. HOM coupling and polarization control (see Section 5.2.3) will
be early development priorities for the Phase II ERL. That such improved coupling is
feasible is shown by the performance of the LEP and HERA cavities, e.g., see pg 373 of
(Padamsee 1998).   

Table 3.1.4-1.  TESLA cavity HOM parameters used in TDBBU simulations.

No. f (MHz) polarization R/Q [Ω] Q
1 1734 x 116.7 3400
2 1734 y 116.7 4500
3 1865 x 42.4 50600
4 1865 y 42.4 26500
5 1874 x 56.8 50200
6 1874 y 56.7 51100
7 1880 x 11.8 95100
8 1880 y 11.8 85500
9 1887 x 1.2 633000
10 1887 y 1.2 251000
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Fig. 3.1.4-5.  Conceptual layout of a two-pass 5 GeV
ERL
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Using Table 3.1.4-1, the BBU threshold is primarily determined by two modes
with the highest product of ( ) QQR ⋅  (table entries 5 and 6).  Including the other modes
into the simulations did not change the BBU threshold current by more than 5 mA, which
is the approximate accuracy with which the BBU threshold current was determined.  This
result suggests that these two modes are the ones that go unstable and that the coupling of
the other modes with these two is small.

All the instability threshold values cited earlier were determined for resonance
frequencies of the HOMs chosen to be random between f and f + 1 MHz to mimic the
expected frequency spread in the actual cavities.  It was also found that by increasing
frequency spread of the HOMs (random between f and f + A MHz, where A is the
frequency spread from cavity to cavity) in the cavities it is possible to increase the BBU
threshold current by a hundred mA or more (see Fig. 3.1.4-4).
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Multipass ERLs
It may be desirable for cost optimization reasons to design a multipass ERL.  For

a two-pass ERL (Fig. 3.1.4-5) each electron bunch traverses the 2.5 GeV linac twice on
crest before it is introduced with 180o offset in RF phase for two recirculations of energy
recovery.  Of course, the total length of SRF structure that a particle sees is the same as in
the case of one-pass ERL, assuming the same gradient for both scenarios.  While the half-
energy recirculating arc seems to provide additional leverage to transverse particle
dynamics, there is a serious additional constraint on the linac optics in the case of two-
pass ERL because the same optics in the linac section will have to provide adequate
focusing for electron bunches of four different energies.  Besides, a two-pass ERL must
be designed to have twice as high a BBU threshold current as in one-pass ERL to provide
the same beam current in SR transport loop.

Attempts to design two-pass ERL optics able to support 100 mA beam were made
by following the same guidelines as in the case of one-pass ERL, but with an additional
requirement of minimizing elements 12R  and 34R  of the pass-to-pass transport matrix for
each successive recirculation, for two recirculations separated by another one, etc. The
optimized linac optics allowed propagation of the beam envelope with a relatively small
β-function (< 70 m) in the SRF structure.  Nevertheless, the simulated BBU threshold
current was only 20 mA (actual current in the linac is four times that). This low threshold
is thought to be a consequence of the additional constraint on the linac optics to support
particles of four different energies, namely, that the quadrupole focusing turns out to be
limited in such a way that it allows slow variations of rather large β-function (50-60 m)
over almost the whole length of the SRF structure on two of the passes (second pass of
acceleration and first pass of energy recovery). A slowly changing large β-function
suggests a small phase advance, and as a result, 12R  and 34R  of the beam-transport matrix
from a particular cavity may become large over extensive distances in the SRF structure,
allowing strong interaction between the HOMs.

With a small SRF structure, such as the one in the envisioned 100 MeV Phase I
ERL, the BBU instability for a two-pass scenario is less threatening.  In this case, the best
obtained BBU threshold current was 85 mA.

Summary
Numerical simulations have shown that a sufficiently high (twice the considered

ERL current) multipass BBU threshold can be achieved in a one-recirculation, one-linac
ERL scenario, provided that HOMs suppression is adequate to ensure their parameters in
the same range as specified for TESLA 9-cell cavities.  The comparison of a two-pass
ERL vs. one-pass ERL indicates that a higher BBU threshold current can be achieved in a
one-recirculation, one-linac configuration.
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3.1.5 Transport Loop Design

The Phase II ERL is expected to be in the range of 5 � 7 GeV. However, for the
sake of calculation, the following discussion assumes a 5 GeV machine. This may be
done with little loss of generality. A conceptual layout of a 5 GeV ERL for a single linac,
one-recirculation scenario is presented in Fig. 3.1.5-1.  At this stage we will not be
concerned with the exact shape of the machine nor with details such as whether the
insertions devices (IDs) all point off to one side or to alternate sides of the ring.

 

Fig. 3.1.5-1.  Conceptual layout of 5 GeV ERL source.

The transport loop is the part of the ERL which transports the bunches from the
output of the linac back to the linac input. The transport loop performs the function of
hosting the SR IDs, dipoles and beam lines and returns the electron bunches to the linac
180o out accelerating phase. In addition, the transport loop has to meet the following
specifications:

1) For a given injection energy, energy losses due to SR from both the bending
dipoles and the IDs must be kept acceptably small, e.g., ≤ 5  MeV energy loss per
particle or 500 kW total power at beam current of 100 mA. If the losses are too
high, the bunches will have insufficient energy when recirculated through the
linac for energy recovery.

2) The transport loop has to be optimized so that the transverse emittance dilution is
small in comparison with emittance of the beam from the injector (≤ 2  mm mrad).

3) The energy spread growth in the dipoles, due to radiative processes, has to be
small enough to enable operation of IDs with a narrow photon spectral bandwidth.
The spectral bandwidth, λλ∆ , of an pN -period undulator is given by

p1 N=∆ λλ . Thus, the maximum tolerable beam energy spread for λλ∆  = 0.1
% is estimated to be 0.05 % for a 1000-period undulator, since radiation
wavelength from an ID is inversely proportional to squared energy of the beam,
cf. (3.1.5-4).

4) It is desirable to have adjustable 56R  in the turnaround arcs so as to perform
bunch compression / decompression, and to be able to preserve bunch length ( 56R
is an element of  the beam-transport matrix R  in TRANSPORT notation).

Energy Recovery Linac

from Injector to Dump

�  matching section
�  TBA cells
�  ID + matching optics + TBA
�  possible ID + matching optics
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5) From a BBU suppression point of view, an additional requirement for the whole
transport line (see section 3.1.4) , which is not difficult to meet, is that the
betatron phase advance, ψ∆ , of the recirculating arc has to be fixed to some
value determined by BBU simulations.

6) Since short pulses are desired, it is important to understand the effects of the
Coherent Synchrotron Radiation (CSR) which is produced when short bunches
traverse the arcs.

These concerns are addressed below.  Examples of the building blocks for the
first-order optics are also presented.

SR energy losses
Incoherent synchrotron radiation.  Radiative losses due to incoherent SR will
determine the minimum permissible bending radius of dipoles in the transport loop.  The
instantaneous radiation power, incohP , and energy, dU , radiated by one electron in one
revolution for an isomagnetic ring are given by  (Sands 1970)

2

42

0
incoh 3

2
4

1
ρ

γ
πε

ceP = , (3.1.5-1)

ρ
γ

ε

42

0
incohd 3

1 edtPU ∫ == . (3.1.5-2)

Here c is the speed of light; γ2mcE =  is the electron energy, m is  the electron mass;
112

0 m F 108542.8 −−×=ε  is the dielectric constant, and ρ is the bending radius of the
dipoles.  In more practical units, dU  and the total radiation power,  totd,P , for a circulating
beam current, I , due to incoherent SR from dipole magnets are

[ ]
4

d
[GeV]eV 88463

[m]
EU

ρ
= ,

 and [ ]d, tot dW [eV] [A]P U I= .

For undulators of total length uL , the radiated energy, IDU , per electron is
(Wiedemann 1995)

u
2

2
p

2

0

2

ID 3
LKeU

λ
γ

ε
π= , (3.1.5-3)

where pλ  is the undulator period length and K is the dimensionless undulator strength
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parameter: 0 p0.934 [T] [cm]K B λ= , where B0 is the undulator magnetic field strength and
λp is the magnetic period.  In practical units, IDU  and the total radiation power from IDs
are given by

[ ]
2 2

ID u2
p

[GeV]eV 725.69 [m]
[cm]

E KU L
λ

= ,

 and [ ] [ ] [ ]ID, tot IDW eV AP U I= .

To estimate the total radiation power from IDs, the following parameters will be
used: 22.1=K  and cm 7.1p =λ . The photon energy, 1E , at the fundamental frequency
emitted in the forward direction from an undulator is given by

2
2
1

2

p
1 1

2
K

hcE
+

= γ
λ

, (3.1.5-4)

where h is Planck�s constant.  In practical units,

[ ]
2

1 21
p 2

[GeV] 1eV 949.63
[cm] 1

EE
Kλ

=
+

.

Thus, 22.1=K  and cm 7.1p =λ  correspond to keV 81 =E .  Furthermore, let us assume
a total length of undulators, m 200u =L  (or about half the size of 5 GeV superconducting
RF structure with 20 MV/m gradient in RF cavities).  Then, the total incoherent SR
power in IDs is kW 187 totID, =P .  It seems reasonable to require that the radiation power

 totd,P  from dipole magnets should be approximately the same as  totID,P .  For a bending
radius m 30=ρ , the power of radiative losses in the bends is kW 184 totd, =P .  The total
incoherent SR power from bends and IDs becomes 371 kW. Obviously, larger radius arcs
would reduce the loss even further and more undulator length will increase the radiated
power.

Coherent synchrotron radiation. Formula (3.1.5-1) gives the instantaneous radiation
power due to incoherent SR in the dipoles.  There is also coherent SR (the wavelength of
CSR is z∆≥CSRλ , where  z∆  is a bunch length) in addition to incoherent SR if the
electrons are not uniformly distributed along the orbit.  Strictly  speaking, expression
(3.1.5-1) is true only for a uniform circular current, which does not radiate coherently
(Saldin 1997).   However, if the electron bunch length is close to or greater than the
transverse dimensions of the conducting beam pipe (such being the case in many storage
rings), or if the number of electrons, N , in the bunch is sufficiently small, CSR becomes
negligible.  The bunches in the ERL are short (the rms bunch length for the beam after
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the main linac is mm 7.0=lσ  or ps 3.2=tσ  -- see Section 4.2) and the number of 
electrons in the bunch is large (N = 4.8×108); therefore, CSR may be significant. 
 
 Schwinger (Schwinger 1945) found an expression for the instantaneous coherent 
radiation power, ( )NPcoh , from N electrons uniformly distributed over the length, l , in free 
space (i.e. in the case of no shielding by the conducting beam pipe, meaning that the 
bunch length is much smaller than the beam pipe dimensions): 
 

( )
34

2

22

0
coh

3
4

1






=

αρπε
ceNP N ,   (3.1.5-5) 

 
where ρα l=  is the angular interval occupied by the bunch.  In contrast, incoherent 
radiation is given by 
 
     ( ) NPP N

incohincoh = ,    (3.1.5-6) 
 
where incohP  is the incoherent radiation power of one electron given by expression (1). 
 
 Schiff (Schiff 1946; Nodvick 1954; Derbenev 19952) found an expression for 

( )NPcoh  of an electron bunch with a Gaussian distribution: 
 

( ) ( )
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where ρσσα l= , ( ) 35412.132 ≅Γ , and lσ  is the rms bunch length.  The ratio of ( )NPcoh  
(3.1.5-7) to incoherent ( )NPincoh  (3.1.5-6) is 
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,  (3.1.5-8) 

 
or in practical units for a bunch with charge bunchq : 
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Estimates for an rms bunch length of 0.7 mm, 77 pC bunch charge, and a bending radius 
of 30 m show that coherent radiation power from the dipoles is 4 % of the incoherent SR 
                                                 
2 Saldin, 1997,  has pointed out that Nodvick, 1954, and Derbenev, 1995 contain an error in their  
expression for the instantaneous CSR power from a Gaussian bunch. 
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power.  For compressed electron bunches with a rms bunch duration fs 100=tσ  this 
ratio becomes 3, i.e., the instantaneous radiation power is greater than the one determined 
by expression (3.1.5-1) and is mostly due to CSR. Shielding and limiting the length of 
transport of short bunches will ameliorate some of the CSR. Additionally, the 
assumptions used in deriving the formula for CSR may not be strictly applicable for the 
case at hand (e.g., see Sections 4.3.1 and 4.3.8). Experimental determination of the CSR 
effect will be a primary goal of Phase I. These estimates do suggest that extreme care will 
be needed in transporting short bunches. Further, the extent of short bunch transport may 
need to be limited, via use of compressors and decompressors, to only part of the 
transport arc.   
 
 Shielding by a conducting beam pipe reduces CSR.  Schwinger (Schwinger 1945) 
studied the shielding effect of two plane sheets of metal placed parallel to the plane of the 
orbit.  He found that the shielding effect from such two metal sheets will reduce CSR 
from a bunch with a uniform distribution by a factor of 
 

     
1 3

shielding 23
ak α
ρα

 =   
,  (3.1.5-9) 

 
where a is the distance between the sheets.  Expression (3.1.5-9) is obtained under the 
assumption that the size of the bunch is at least of the order of the plate separation.  If this 
condition is not satisfied, i.e., al <<  (as it is in the case of sup-picosecond bunches), 
then the shielding effect becomes very small and is not of significance.  For the 0.7 mm 
bunches, assuming a = 2 cm the shielding factor of CSR 34.0shielding =k .  Thus, the 
correction to the incoherent radiation power estimated using (3.1.5-1) and (3.1.5-2) 
becomes 0.34 4 % 1.4 %× =  for 0.7 mm bunches. 
 
 
Energy spread and emittance growth due to quantum excitation 

As an electron bunch travels through any bend (either a dipole magnet or an ID), 
it emits photons, which in turn causes energy fluctuations and excitation of betatron 
motion in the sections with nonzero dispersion. The result of such quantum excitation is 
energy spread and transverse emittance growth in the system.  In storage rings, the 
presence of energy supplementing RF structures result in damping of both energy and 
betatron oscillations caused by radiation fluctuations so that the ultimate energy spread 
and emittance are determined by equilibrium between quantum excitation and its 
damping.  In transport systems without energy feedback quantum excitation will lead to 
steady growth in both longitudinal and transverse (predominantly in the plane of bending) 
phase space area occupied by the bunch.  Quantum excitation rates for energy spread and 
transverse emittance were first studied by Sands (Sands 1970; Sands 1985) and are well 
known.  In all expressions given in this section only the quantum excitation due to 
incoherent SR is taken into account. 
 
Energy spread.   

An expression for the energy spread can be derived by noting that in the case of 
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SR the emission of successive quanta is a purely random process, which satisfies a 
Poisson distribution (or a Gaussian distribution in the limit of a high number of photons 
emitted per second).  The increase in rms energy spread, Eσ , is given by3 
 

( ) phphph
2
ph

2 dEENEdtE
!∫∫=∆σ ,  (3.1.5-10) 

 
where ( ) phphph dEEN!  is the rate of photon emission with energies ( )phphph , dEEE + . 
 
1) Energy spread in dipole magnets.  Performing an integration of (3.1.5-10) over the SR 

spectrum from a bend one can find energy spread along the path of length L 
(Wiedemann 1995): 
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σ " , (3.1.5-11) 

 
where xρ  and yρ  are bending radii in the horizontal and vertical planes ( 01 =yρ  for 
our case).  For an isomagnetic ring ( const== ρρx ) with total bend angle Θ  
( π2=Θ  for one recirculation), the energy spread becomes 
 

   
7

2 2 10
, d 2

[GeV] [rad]GeV 2.5964 10
[m] 2E

Eσ
ρ π

− Θ ∆ = ×  . 

 
Estimates show that for a transport arc made of dipoles with m 30=ρ , the energy 
spread increase due to incoherent SR quantum excitation becomes 

282 GeV 1025.2 −×=Eσ  after a full loop. 
 

2) Energy spread in IDs.  To obtain the energy spread from IDs one would have to 
integrate (3.1.5-11) over the radiation spectrum from an undulator.  Instead, for 
purposes of estimation, let us assume that all photons are emitted with the same 
energy 1E  given by (3.1.5-4) (i.e. only the fundamental frequency is important, which 
is generally true only for 1<<K ). With this assumption, incoherent SR-induced 
energy spread is given by a simple expression 
 

2
1ph

2
ID , ENE =∆σ .   (3.1.5-12) 

 
We will estimate the number of photons as 1IDph EUN = , with IDU  given by (3.1.5-
3).  Therefore, the energy spread can be estimated by using the following formula 
 

                                                 
3 There is no factor of ½ in formula (3.1.5-10) as appears in the expression for the energy spreading rate 
due to quantum excitation in storage rings.  This is because there are no synchrotron oscillations in the ERL 
turnaround arc (cf.  pg. 416 of Lee, S. Y. (1999). Accelerator Physics. NJ, World Scientific, NJ.  ). 
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4 2
2 2 13

, ID u3 21
p 2

[GeV]GeV 6.8914 10 [m]
[cm] 1E

E K L
K

σ
λ

− ∆ = ×  +
.

For undulators with K = 1.22 and cm 7.1p =λ  with a total length of 200 m, the
energy spread induced by incoherent SR is estimated to be

282
ID , GeV 1050.1 −×=∆ Eσ .

Thus, the energy spread due to quantum excitation by incoherent SR is estimated to be
very small.  The total energy spread from both dipole magnets and IDs is estimated to be

2 8 2
, incoh 3.75 10  GeVEσ −∆ = ×  ( keV 194incoh , =∆ Eσ  or 5

incoh , 109.3/ −×=∆ EEσ ; to obtain
the final energy spread one has to add these values in quadrature with the energy spread
from other sources).

Emittance growth.
The geometric emittance growth, ε∆ , due to quantum excitation is given by

(Wiedemann 1995)

( ) ( )∫∫=∆ phphph
2
ph22

1 dEsHENEds
cE

�ε , (3.1.5-13)

where the so-called �curly-H� is given by ( )[ ]221 αηηβη
β

+′+=H  with Twiss

parameters β, α, dispersion function η , and its derivative dsdηη =′ .  Emittance growth
takes place in the horizontal plane (the bending plane); vertical emittance growth is a
second order effect (that is 21 γεε =∆∆ xy ) and therefore will be ignored.

1) Emittance growth in dipole magnets.  Emittance growth due to quantum excitation in
the bends along a distance, L , is given by (Sands 1970; Sands 1985):
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In practical units for isomagnetic dipoles with total bend angle Θ, the emittance
growth can be written as

[ ] [ ]
5

11
, d 2

[GeV]m rad 2.0661 10 [rad] m
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EΘ Hε
ρ

−∆ = × ,
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=
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1 dssH
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H  is the average of the H-function in the dipoles.  For an
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optimized double bend achromat (DBA) lattice, also known as the Chasman-Green
lattice, the average of the H-function in the limit of small bending angle, θ , of each
dipole is given by

3

154
1 ρθ=H ,  1<<θ . (3.1.5-15)

H  is given by the same expression for an optimized triple bend achromat (TBA)
(or quadruple bend achromat, etc. (Lee 1996)) with θ  being the bending angle of
either outer dipole.  By relaxing the achromaticity requirement, one is able to design a
lattice with H  being equal to 3

1  of its value given by (3.1.5-15).  That additional

factor of 3
1  is of importance for storage rings, where H  determines the equilibrium

emittance, whereas in the ERL it only determines emittance growth due to quantum
excitation.  Therefore, in an ERL machine a TBA is a reasonable choice for a basic
cell in the turnaround arc.  Thus, in order to keep the emittance growth small after a
full recirculation loop (i.e., to 10 % of the proposed rad m 105.1 10−×  geometric
emittance), H  should be equal to 0.033 m, which can be easily achieved.

2) Emittance growth in IDs.  Instead of performing the integration in (3.1.5-13) we will
follow the same simple model we used earlier to obtain the energy spread from IDs.
With this assumption, the emittance growth in the IDs is given by

H
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2
1 σ

ε ==∆ . (3.1.5-16)

By noting that the dispersion function in an undulator with a sinusoidal magnetic field
( ) zkBzB pu cos=  (here pp 2 λπ=k , and z is the longitudinal coordinate) behaves

like

( ) ( ) 0p
u

2
p

cos11 η
ρ

η +−= zk
k

s ,

with 0η  introduced here to account for a possible departure from achromaticity in the
section where the undulator is located and uρ  is the minimum bending radius in the
undulator ( )Kkpu γρ = , one can find by straightforward calculation that
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Here *β  is the betatron function at the beam waist which is assumed to be exactly in
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the middle of undulator with length L.  If 0η  is on the order of a millimeter and *β  is

on the order of ten meters, H  can be estimated as 2

2*

γ
β KH ≈ .  For the case

under consideration m 103 7−×=H , and the corresponding emittance growth in the

undulators is rad m 10 16
ID ,

−≈∆ xε , which can be ignored.

Quantum excitation due to the incoherent SR does not significantly dilute the 6-D
phase space density of the beam in an ERL.  The situation changes when CSR can no
longer be neglected, as it is the case with sub-picosecond bunches.
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Fig. 3.1.5-2.  A TBA cell for an ERL recirculating arc: a) 056 =R ; b) cm 256 =R .

Fig. 3.1.5-3.  Matching of the β-functions from the linac to the TBA cell.
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Examples of optics for the turnaround arc in ERL
Fig. 3.1.5-2 shows a possible TBA cell for the ERL turnaround arc.  Each dipole

has a bending angle of °3 , m 30=ρ , and thus, the total bending angle per cell is °12 .
The cell length is 18.1 m, which corresponds to a radius of the recirculating arc of

m 4.86TBATBAarc ≈= θLR .  The cell is isochronous.  By changing settings of
quadrupoles one can change 56R  (Fig. 3.1.5-2b).  The H  value for such cell is

m 0036.0=H , which is much smaller than needed. For different quadrupole settings

H  changes, but within the acceptable range. For example, m 0091.0=H  for the case
of Fig. 3.1.5-2b.

The matching of the betatron functions is achieved with a series of quadrupoles.
An example of matching β-function from the linac (Bazarov 2001) to TBA is shown in
Fig. 3.1.5-3.  Similar matching sections, but with fewer quadrupoles, will be used with
undulators to optimize their performance.

CSR effect on emittance and energy spread in the bends
This section presents preliminary estimates of emittance and energy spread due to

CSR in the bends.  From expression (3.1.5-8) one can conclude that the effect is worse
for short bunches with high charge.  The choice of charge per bunch for the ERL (77 pC)
should alleviate the problem of CSR-induced emittance growth that one has to deal with
in most FEL projects with charge per bunch values ≥ 1 nC.  On the other hand, CSR-
induced emittance growth can constrain the production of bright sub-picosecond X-ray
pulses.

To illustrate the nature of the forces that arise in a bend let us consider the
analytical result for the electric field along the direction of motion found for a short,
uniform density line of charge undergoing circular motion (to the lowest order in ρ/x )
(Carlsten 1996):

( )[ ]
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γπε
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x
cr ur

,   (3.1.5-17)

here λ  is the current density; β  is the azimuthal velocity divided by the speed of light
(not to be confused with β-function used elsewhere in this note), x is the transverse
displacement of the observer location in the bend plane relative to the trajectory of the
source line, retr  is the vector from the source point (presently at angular position ζ) at the
retarded time to the observer location, retret r=r , retu  is the retarded velocity of that point
at the retarded time, ζ ′  is the retarded angle of the source point�s azimuthal position, and

fζ  and rζ  are the present azimuthal angles of the front and rear of the bunch
respectively.  While the first term represents the �usual space charge� force ( 2−∝ γ ) the
second and third terms are independent of energy.  The second term is known as
�noninertial space-charge� term (Carlsten 1996), and the third one as CSR term.
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Alternatively, in Ref. (Derbenev 1995; Derbenev 1996) this radiative interaction is
treated separately in its effect on longitudinal dynamics (radiative tail-head interaction
(Derbenev 1995) and transverse dynamics (radiative focusing (Derbenev 1996)).
Normally, one would have to use numerical computation in order to calculate the effect
on emittance and energy spread resulting from radiative microbunch interaction (for
example, see (Carlsten 1997; Dohlus 2000)).  We will use simple arguments here to
obtain rough estimates of the effect.

Longitudinal radiative interaction leads to an energy loss gradient along the
bunch, so that the bunch head particles get some excess of energy while the tail and
center part mostly lose the energy.  For a bunch consisting of N electrons with Gaussian
linear density distribution ( ) ( ) 22 2e21 ls-

ls σσπλ = , rms induced energy difference after
passing through a dipole magnet of length dL  is given by (Derbenev 1995)

( ) 3/22

d
2

CSR 22.0
l

e LNr
mc
E

ρσ
≈

∆
, (3.1.5-18)

er  is classical electron radius.  Since this energy spread and energy loss originate inside
the bends where the dispersion function and its derivative are not zero, there is a change
of particle angle (and transverse position)  due to induced energy spread, which can be
estimated as ( )EEx CSRd~ ∆′∆ θ , with CSRE∆  being either CSR-induced energy spread

(3.1.5-18).  The increase in normalized emittance ( 222
, xxxxxnx ′−′=≅ γγεε ) can

be estimated by using

d2
CSRlong

, ~ θσε
mc
E

rnx
∆

∆ , (3.1.5-19)

here 2xr =σ  is rms transverse bunch radius.  Expression (3.1.5-19) generally

overestimates the emittance growth, but it will be used here to represent the worst case
scenario.

The effect of transverse radiative microbunch interaction results in defocusing of
the particles at the head of the bunch and focusing of other particles.  The minimum
focusing length due to this effect is given by (Derbenev 1996)

3/1
d

3/53/4
rad

33.1 LNr
f

e

l
x

σγρ
≅ , (3.1.5-20)

with ratio of this focusing radiative force rad
xF  and the �usual space charge� force s.c.F

being equal to
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≅ . (3.1.5-21)

As this focusing force depends on the position along the bunch, the resultant normalized
emittance growth tr

,nxε∆ is of the order of:
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xnx θγβε , (3.1.5-22)

here max28.0 ... cc BBsmr = , with maximum centripetal field max
cB  due to transverse

radiative microbunch interaction calculated as 
l

c
Nec

B
ρσππ

µ
2
2

4
0max −= ; dB  is dipole field.

These formulae are obtained with the assumption that the bunch length lσ
satisfies conditions of a �thin� bunch and absence of beampipe shielding (b is beampipe
radius):

ρσρσσ /bblrr <<<< . (3.1.5-23)

We use these results as well as previously found CSR power losses to make some
estimates.  First, we notice that the energy spread due to CSR from a single dipole given
by (3.1.5-18) for our choice of parameters ( 8108.4 ×=N , m 30=ρ , m 57.1d =L ) is
very small; namely, for mm 7.0=zσ  energy spread becomes keV 4.0CSR =∆E , and for

mm 03.0=zσ  (100 fs rms bunches) keV 6.26CSR =∆E  .  This is to be compared with
CSR energy losses per dipole that are about 1.4 keV for mm 7.0=zσ , and 269 keV for

mm 03.0=zσ  (incoherent SR losses per dipole are 15.4 keV, and energy spread is 13.7
keV).  The emittance growth due to CSR-induced energy spread is correlated with a slice
position within the bunch and, thus, in principle can be minimized by proper optics
design (Emma 1997). Crude estimates show that the emittance growth caused by energy
spread due to CSR is negligible for longer bunches ( mm 7.0=lσ ),  whereas for 100 fs
rms bunches the worst case scenario is estimated by (3.1.5-19) to be 0.13 mm mrad
normalized emittance increase per dipole.  Furthermore, we estimate the radiative
focusing force by using (3.1.5-20) and (3.1.5-21).  m 103.1 6rad ×=xf  for 0.7 mm
bunches, and m 106.6 3rad ×=xf  for 0.03 mm bunches.  The ratio s.c.

rad FFx  is 0.2 and 1.6
for 0.7 mm and 0.03 mm bunch length respectively.  This indicates that the radiative
focusing is very small for the longer bunches, becoming the same order of magnitude
effect as the �usual space-charge� force for sub-picosecond bunches, � the force, which is
negligible at 5 GeV.

The CSR-induced effects for a case with lower beam energy, such as 5 MeV
injector for the Phase I ERL or 10 MeV injector for the full size machine, are likely to be
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more deleterious because of the smaller bending radii, larger bending angles and bigger
transverse bunch size.  The latter, however, may result in the breaking of condition
(3.1.5-23) where the model (Derbenev 1995) is no longer valid.  It was found that the
emittance growth due to CSR for short bunches with very large aspect ratio Ax

( lx xA σ= ) is not as severe as for the bunches of the same short length but with
smaller aspect ratio, as has been the experience at the IRFEL at JLAB (Douglas 2000 ).
The estimates of these effects at lower energies are presented in section 4.3.8.

To complete this brief discussion on microbunch radiative interaction, we
evaluate the effect in undulators.  First, let us estimate CSR-induced energy spread from
undulators.  We do so by using the results of (Saldin 1999).  For the same undulator
parameters that were used earlier, we find for the worst case scenario (i.e. fs 100=tσ ,
total undulator length 200 m) that the energy spread due to CSR is 7CSR

u 105.5/ −×=∆ EE .
The energy spread is very small and can be ignored.  As a result, the emittance growth
due to CSR-induced energy spread in undulators is expected to be small too, even in the
case of the short sub-picosecond bunches.

3.1.6. Single Bunch Dynamics

An intense bunch of particles traveling through an accelerating structure, excites
wakefields, which act back on the bunch itself. The longitudinal wakefields affect the
energy of the particles along the bunch, inducing a correlated energy spread. When a
bunch travels off-axis in a cavity, the transverse wakefields will deflect the tail of the
bunch away from the axis, resulting in an increase of the total transverse phase space area
occupied by all the particles in the bunch. Next we obtain estimates of the energy spread
and emittance degradation due to short-range wakefield effects.

Longitudinal dynamics
The energy spread within a bunch, induced by longitudinal wakefields, is

approximately equal to twice the average energy loss of a particle in the bunch:
2E eQk∆ =

�
, where k

�
 is the loss factor of the accelerating structures. To correctly

determine the steady-state wake for a long periodic array of cavities in the linac, the
longitudinal wakefields for the TESLA 9-cell cavities were calculated for up to 2 TESLA
modules, each containing eight 9-cell cavities, bellows and beam pipes (Novokhatski
1999).  The calculated loss factor as function of bunch length shows a dependence which
is much weaker than 1/ √σz , characteristic of  the single-cell behavior in the high
frequency regime. Therefore, the condition of an infinite periodic structure appears to be
relatively well fulfilled for the TESLA linac. For a Gaussian bunch of length σz =0.3 mm,
the calculated loss factor is 12.78 V/pC per cavity (Lcav = 1.038 m), and the induced rms
energy spread at 5 GeV is approximately σE/E ≈  3.76x10-5.

This correlated energy spread can be reduced by running the bunch at the optimal
rf phase. This is demonstrated to work well for the TESLA collider parameters (σz=0.3
mm), but it becomes less efficient for shorter bunches (TELSA 2001). Finally for the
ERL, one needs to ensure that the optimum RF phase for energy spread reduction is
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consistent with the RF phasing requirements imposed by longitudinal gymnastics needed
to obtain minimum bunch length at the undulators.

Transverse dynamics
When a bunch is injected off-axis, it performs a betatron oscillation about the

central trajectory. The particles in the tail of the bunch are resonantly driven by
wakefields excited by the particles in the head of the bunch. As a result, the amplitude of
the oscillation grows rapidly as the beam travels down the linac. This effect leads to a
tolerance on the allowed amplitude of the betatron oscillation. A simple estimate of the
effect may be obtained using the amplification parameter η (Ch ao 1980). For a bunch
with rectangular charge distribution and in the linear wakefield approximation, η is given
by,

0

0 0 0
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Lr N W
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γ
η

γ γ γ
 

=  −  
 ,

where k0  is the betatron wavenumber, W0 is the transverse wake function, re the classical
radius of the electron, L is the linac length and Ne  is the number of electrons per bunch.
The wake function W0  can be expressed in terms of the transverse loss factor k⊥  , as
W0=4 √π k ⊥ /Lcav  and provides a measure of the slope of the wake in the linear
approximation. The loss factor is equal to 18 V/pC/m for a 1 mm bunch (Edwards 1995),
and scales according to σz

1/2 . For an rms bunch length of 0.3 mm, W0 is equal to 7.7x10-3

cm-3. For betatron wavelength of 50 m and 4.8x108 electrons per bunch, η is equal to
1.3x10-2 .

In the limit of small η, the emittance degradation re, defined by ε f = ε0 re, where ε0
and εf are the emittances at the linac entrance and exit respectively, can be approximated
by (Bisognano 1999)

0 01
2e

n

xr η γ
π βε

= +

where x0  is the beam offset, β is the betatron function and εn is the normalized emittance.
Assuming that the beam offset is equal to the rms beam size at the linac entrance (which
is a rather pessimistic assumption), then the emittance degradation is approximately 0.2%
for the value of η calculated above.



Section 3: Vision of Phase II ERL   

 69 

 
3.1.7 Longitudinal Stability 

 
Energy recovered linacs and recirculating linacs in general, may also exhibit 

longitudinal multibunch instabilities. Such instabilities may be classified into two broad 
categories: (1) High average current instabilities that result from the interaction of the 
beam with the longitudinal Higher Order Modes (HOMs) in the cavity, and (2) Beam 
loading-type instabilities that result from the interaction of the beam with the 
fundamental accelerating mode.  Both types of instabilities can arise from energy 
fluctuations, which can couple either to energy apertures and cause beam loss, and/or to 
non-zero momentum compaction of the recirculator and cause phase oscillations. Both 
classes of instabilities have been studied previously (Bisognano 1988; Merminga 1996c; 
Merminga 1999). Instabilities of the latter category have been observed experimentally in 
the energy recovery experiment performed at Los Alamos (Wang 1987). 
 

Longitudinal multipass beam breakup can result from the following mechanism 
(Bisognano, 1988): Suppose there is an initial excitation of some longitudinal HOM. Let 
the bunches enter the cavity on the first pass perfectly spaced. On exiting the cavity, the 
energy of the bunches will be modulated by the mode. If the isochronicity of the 
recirculation optics on the second pass through the cavity is not perfect, either by design 
or due to an error, the energy modulation will be translated into a spacing modulation. 
This modulation will generate a side-band current whose frequency matches that of the 
exciting HOM. Thus, on the second pass, the resulting current can enhance the excitation 
of the HOM that created it. A feedback loop analogous to that which generates multipass 
transverse beam breakup is formed. A model for the instability for a simple one-cavity, 
two-pass configuration has been developed and a worst-case estimate of a threshold 
current has been derived:  

 
56

2
( / )

r
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m m m

EI
eR R Q Q k

=  , 

 
where Er is the first-pass energy, R56 is the momentum compaction of the recirculation 
arc, (R/Q)m, Qm and km are the shunt impedance, quality factor and wavenumber of the 
longitudinal HOM. Assuming R56=0.5m, Er=100MeV and one of the strongest monopole 
modes of the TESLA cavities at frequency 2.4517 GHz, R/Q=142.488 Ω and Q=2.5x105 
(TELSA 2001), the threshold current is approximately 225 mA. Note that this estimate 
provides only a magnitude of the effect due to the simplifications of the model. It does 
however point out that more detailed studies that involve all the cavities and the most 
important modes and their interaction should probably be carried out. The result of this 
study will be a specification on the damping of longitudinal HOMs and/or on the 
magnitude of the R56 of the arc.  
 

The second class of instabilities can arise from fluctuations of the cavity fields in 
the linac and can cause beam loss on apertures and phase oscillations. Beam loss can 
originate from an energy error, which shifts the beam centroid off its central trajectory 
and leads to beam scraping on apertures. Phase shifts can originate from an energy error 
coupled to the finite momentum compaction factor R56 of a non-isochronous arc. Both 
effects � beam loss and phase shifts � change the beam-induced voltage in the cavities 
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through the recirculating beam. Depending on the RF feedback characteristics (gain,
bandwidth) these changes can lead to unstable variations of the accelerating fields.

Stability analysis for small perturbations from the equilibrium has been performed
and a threshold current has been derived (Merminga 1996c),

56( / ) [ ( / ) ]
r

th
L x

EI
e R Q Q R kS L Cη

=
−

where S=sin(ψ1-ψ2) and C=cos(ψ1-ψ2) ,  ψ1 and ψ2 are the phases of the accelerating and
decelerating beams respectively, with respect to the cavity voltage, ηx i s the horizontal
dispersion of the arc and L is a loss coefficient which characterizes the amount of beam
loss. L=1 implies that 1 mm offset produces beam loss at the 10-3 level. Finally (R/Q), QL
and k=ω/c refer to the accelerating mode, and Er is the energy of the recirculating beam.
Note the similarity of this expression with the equivalent expressions for the longitudinal
and transverse HOM instabilities.

The analysis has been extended to include a detailed model for the RF feedback
controls, a more refined model for the beam loss mechanism, and details of some of the
cavity performance characteristics (Merminga 1999). This self-consistent model has been
solved numerically for the JLAB IRFEL and has been compared to experimental data
(Merminga 2000b), where quantitative agreement was established between the model and
the data. For the JLAB IRFEL parameters (5 mA of average current), the model predicts
that this interaction is unstable open loop, however, modest gains (DC gain of ~50) at
reasonable frequencies (1�3 kHz) are sufficient to stabilize the system. Clearly, at some
operating current the instability threshold is so exceeded that even the RF controls can
not stabilize the system. Equivalent simulations will be possible for designing the main
ERL accelerator, given the prior work. It is especially important to get a good
understanding of the beam loss mechanisms in an energy recovered linac from the Phase
I ERL work in order to make a final assessment of the instability in the Phase II ERL.

3.1.8 Higher Order Modes, Cryomodules, and Refrigeration

Higher Order Modes
High average current and short bunch length beams in superconducting cavities

can excite Higher Order Modes (HOMs) which, in addition to beam stability
consequences, could result in increased cryogenic load due to power dissipation in the
cavity walls. The power in HOMs, primarily longitudinal, depends on the product of
bunch charge, q, and average current, Iave, and it is equal to ave2qk I

�
 where k

�
 is the loss

factor of the superconducting cavity and the factor of 2 accounts for the two beams in the
main linac (accelerating and decelerating). The total power depends on the bunch length
through the loss factor. For the TESLA 9-cell cavities, the calculated loss factor is 10.5
V/pC per cavity for 1 ps bunch (TELSA 2001), therefore the power dissipated by the
beam for average current of 100 mA and 77 pC per bunch is 162 W per cavity. This
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amount of power is a factor of ~100 higher than the present specifications of the TESLA
cavities during collider operation. Modifications in the extraction of HOM power are
required in order to accommodate the increased power load.

The fraction of the total power that is dissipated in the cavity walls, Pc, is of
primary relevance as it can potentially limit the peak and average current due to finite
cryogenic capacity. The excitation of high frequency HOMs by the short bunches can
degrade the cavity�s quality factor Q0,  as Q0  ~ f−2  according to BCS theory, and result in
increased power dissipation. An analytic model has been developed (Merminga 2000a) to
estimate the amount of power dissipated on the walls. The model, which includes the
BCS scaling of Q0 with frequency and uses an analytic expression for the cavity
impedance in the high frequency limit, suggests that:

1. For 1 psec bunches, >90% of the power lost by the beam is in modes below 100
GHz, although frequencies in the THz range are excited. (Recall that bunch
compressors and decompressors will be used to produce the shortest bunches in
part of the transport arc, but the shortest bunches will not be allowed in the linac.)

2. The amount that is dissipated on the walls is a strong function of bunch length,
σt

−5/2 .
3. An effective Qext <2000, due to all coupling mechanisms, is adequate to ensure

that Pc remains a small fraction of the fundamental mode load.

Moreover, a �multiple reflection model� was developed, valid in the geometric
optics limit, where much of the relevant spectrum belongs. This model suggests that the
effective coupling due to beam-pipe openings has a Qext of order 100, suggesting that
most of the power will propagate along the structure and will be reflected at normal and
superconducting surfaces. A �photon diffusion model� developed at DESY
(Joestingmeier 2000) arrives at the same conclusion. In order to reduce the losses at
normal conducting surfaces at 2K and 4K, a special HOM absorber is foreseen in the
TESLA cavities (Joestingmeier 2000; TELSA 2001), which operates at 70K, where the
cooling efficiency is much higher.  The absorber consists of a pipe of absorbing material
mounted in a cavity-like shielding and integrated into the connection between two
modules. As the inner surface area of this absorber is small compared to that of all the
normal conductors on one cryomodule, the absorber has to absorb a significant part of all
the rf power incident upon it. Field propagation studies have shown that an absorber with
a reflectivity below 50% is sufficient for the TESLA operating conditions (Joestingmeier
2000; TELSA 2001). Theoretical and experimental studies carried out at DESY have
suggested that the required absorption may be obtained with ceramics like MACOR
(Joestingmeier 2000; Joestingmeier 2000) or with artificial dielectrics (Mikijeli 1993).

Finally the effect of losses in the frequency range beyond the threshold for
Cooper pair breakup (about 750 GHz) in superconducting niobium has been investigated
in (Brinkmann 2000). It was concluded that in a string of 9-cell cavities the temperature
rise of the inner cavity surface and the resulting Q0 drop are negligible.
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In summary, a modified HOM power extraction scheme is required in the TESLA
cavities of the main linac that can handle the increased HOM power levels of the ERL
compared to TESLA operation. In addition, cooled photon absorbers placed between
modules or perhaps between cavities will be needed to absorb the fraction of HOM power
that propagates along the structures. Evaluation of designs to accommodate these needs
will be a primary goal of the Phase I ERL.

Cryomodules
Extensive work on developing cryomodules for superconducting linacs has been

carried out as part of the TESLA development (TELSA 2001). We propose to use that
design with minor modification in the Phase I and II ERLs. Figures 3.1.8-1 and �2
illustrate the TESLA developments.

Fig. 3.1.8-1.  TTF cryomodule (with permission from DESY).
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Fig. 3.1.8-2.   TTF Cryomodule Cross-Section (with permission from DESY).

Refrigeration
Using currently achieved TESLA parameters and projected needs for the Phase II

ERL, the refrigeration power required at 2 K will be on the order of 10 kW, and 5 kW at
4.2K. Optimization of the overall design taking capital and operating costs into account
will be required for final determination of this number. The optimization process may
involve one or more recirculations. For comparisons the refrigeration plant for the 6 GeV
CEBAF accelerator is about 5 kW (at 5 recirculations).

3.1.9. RF Power, Coupling Optimization, and Stability

Efficient use of RF power and excellent stability of the beam are essential for a
successful ERL. Here we discuss these matters quantitatively beginning with the basic
dependencies of the linac cavity voltages.

The equation for the cavity voltage is (Krafft 1990)
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where  cV  is the cavity voltage, cω  is the angular frequency of the cavity resonance, LQ
and 0Q  are the cavity loaded and unloaded quality factors, +V  is the voltage of the
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forward going wave to the cavity, η  is the transformer ratio, β  is the coupling factor,
QR /  is the cavity shunt impedance, and BI  is the beam current. Calculating the incident

power utilizing the relation )2/()/( 0
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where cV  is the magnitude of the cavity voltage, 1BI  and 2BI  are the beam current on
the first and second passes through the cavity, 1ψ  and 2ψ  are the phases of the beam

referenced to maximum acceleration at 0=iψ , and 
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It can be shown that the optimized coupling and detuning are (Merminga 1996a)
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cavity multiplication factor (Krafft 2000c). In these equations I  is an rms  frequency
fluctuation integral giving the microphonic fluctuation amplitude
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and it is assumed in this calculation that the distribution of microphonic fluctuations does
not depend on the detuning choice.
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The equation for the optimal β  is understood as the condition leading to minimal
average reflected power. The first term gives the matching of the power to the beam load
and the second term gives the extra average power needed to control the microphonic
fluctuations. Clearly, 1→β  if  0→rmsω  and there is no beam load, because only 0P  in
power is needed to establish the field in the cavity. For finite rmsω , there is no benefit in
making β  smaller than the optimum, because additional power would be needed to
provide control against the increased sensitivity to microphonic oscillations at larger
loaded Q .

Using the parameters in Table 3-1, above, assuming that the energy recovered
beam is exactly 180 degrees out of phase with respect to the accelerating beam, and
assuming the microphonic detuning amplitude is 25 Hz rms, we find that the total
average power delivered by the klystrons must be 9.4 kW/cavity at a extQ  of 72.6 10× , as
summarized in Table 3.1.9-1. More interestingly, this analysis may be used to estimate
the power needed to overcome imbalances due to
(a) continuous beam loss between the first pass and second pass through the machine, and
(b) path length changes of the second pass beam away from 180 degrees.

The results are again summarized in Table 3.1.9-1. In order to stay within a
klystron power tolerance of  15 kW, it is necessary for the beam loss to be less than 0.3%,
and the path length error to be less than 0.5 degrees. There is good evidence at JLAB that
such path length stability can be achieved (Krafft 2000b). As a novel path length setup
diagnostic, it may be that it will be easiest, and most accurate, to determine the 180º
phase point of the second pass beam by RF power measurements. Accuracy at the 0.1º
level is possible, representing the best measurements done presently with the diagnostics
at JLAB.

Case Detuning ∆I/I Ψ1 Ψ2 P
Nominal 0 0 0 180 9.4
Current Error 0 0.0025 0 180 12.4
Phase Error 0 0 0 179.5 13.8

Table 3.1.9-1: RF system power requirements (kW/cavity)

The cavity fields will be amplitude and phase stabilized by RF control
modules as described below. A reasonable model for the requirements on the RF controls
is provided by the CEBAF at JLAB, whose beams are long-term stable to several times
10-5 in relative energy error. The requirements on the individual cavity field fluctuations
and amplitude fluctuations is given in Table 3.1.9-2 (Krafft 1987), where the corrected
energy drift is specified to be less than 10-4, somewhat less stringent than in the CEBAF
accelerator.
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Quantity Correlated Uncorrelated
Amplitude 1.1e-5 2e-4
Fast Phase 0.1 0.3
Slow Phase NA 2

Table 3.1.9-2: Amplitude and Phase Fluctuation Tolerances

Given a microphonic fluctuation level of 25 Hz (to be compared to a measured
fluctuation level of 3 Hz in the CEBAF cavities and around 7 Hz for TESLA cavities),
the overall gain of existing RF control modules should be sufficient to obtain the requisite
stability. See Section  5.2.5.2 .

Beam Loss
As noted previously in this section, the pass to pass beam loss must be under

0.3% in order that there be small additional load on the klystrons powering the
accelerator. In fact, because of machine protection issues, the beam loss should be
restricted to around 1 µA, based on CEBAF operations experience at several GeV. The
CEBAF Beam Loss Accounting system, is set up to turn the beam off if more than 2 µA
beam loss is detected (measured electrically) between the experimental halls and the
injector (Ursic 1996). A continuous loss of several kW (2 µA at several GeV) can be very
damaging to machine vacuum elements if the loss is concentrated, a circumstance that
may sometimes be unavoidable. A 1 µA beam loss specification was taken over to the
JLAB IRFEL, where beam trip monitors were calibrated to abort beam at 1 µA beam
loss. Because the IRFEL operates without tripping at a beam current of 5 mA, it is known
that 99.98% of the beam current is energy recovered in that device (Neil 2000). Another
factor of 20 is needed to ensure that 99.999% of the beam current is recovered in the
ERL.

There are isolated pieces of evidence that this accuracy in energy recovery has
been achieved in the JLAB IRFEL already, although a detailed measurement has not yet
been performed with the requisite accuracy (Neil 2001). A 1.1 mA beam was run for 1
hour followed by low duty factor beam for one half hour into an insertable dump.
Afterwards, a radiation survey was completed of both the beam dump and the beamline
around the energy recovered linac. The ratio of the dump activation to the integrated
residual beamline activation was about 20:1. If the beamlines were saturated by the high
duty factor beam, and one assumes that the dump activation is primarily from the low
duty factor beam, the ratio between the induced activity measured from 1.1 mA loss, and
that measured at the dump, had the beam been CW, is less  than 1 part in 40,000. The
continuous beam loss would have to be less that 25 parts per million, within a factor of 2
of the requirement. It is felt that there are many occasions when the IRFEL runs with
beam losses far below the 10 ppm requirement.

The beam loss is directly related to the efficiency of energy recovery (Krafft
2000c). In the general case where recirculation phases may be set up so that the injected
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beam actually delivers net power to the RF cavities, it is not clear a priori how the 
efficiency should even be defined. This problem has been analyzed in some detail with 
the following conclusions:  

(1) A facility multiplication factor can be defined, which is the ratio of the beam power 
after acceleration to the power needed to accelerate this beam. For an energy 
recovered linac the multiplication factor can be larger than one.  

(2) As calculated above, beam losses in an ERL tend  to cause an increase in the 
required RF power.  

(3) The ratio of the power required without losses to the power required with losses  
defines an efficiency with the correct behaviors. 

 
To illustrate the arithmetic, consider an ERL with the following parameters: gunV = 

500 keV, beamI = 0.1 A, injDC ,η = 0.5, injN = 4, RFDCDC −ηη = 0.35, 900/ =QR Ω , =injV  2 

MV, =injLQ , 22,000, injP ,0 = 50 kW, injck , = 1, 26=V  MV, 7106.2 ×=LQ , 0P = 7.2 kW, 

ck = 90, N =184, and all the ψ s = 0. Then inP = 5.1 MW, 2.3 MW from the injector RF 

and 2.8 MW from the linac, and beamP = 500 MW. The multiplication factor is 98. A 
410− current error on recirculation yields a 1.3% reduction of the multiplication factor. 

Our canonical 1 µA loss would give 99.87% �energy recovery efficiency�.  
 

It is advantageous to concentrate on ERL designs that maximize the system 
multiplication factor. Such a design is achieved by the obvious expedients of increasing 
the component efficiencies as much as possible, by minimizing the injector power 
needed, by choosing as low injector energy as possible, and by putting most of the energy 
gain on the most energy efficient converters in the injector. Also, it is clear that 
superconducting designs are to be preferred to normal conducting designs because the 
multiplication factor will be higher; 0P  for superconducting cavities is much lower than 
for normal conducting cavities. 
 
3.1.10.  Ion Effects 

 
 As the quasi-continuous electron beam in the ERL has negative average space 
charge, positive ions generated by ionization of the background gas in the beam vacuum 
enclosure by the electron beam will tend to collect inside the electron beam, acting to 
neutralize the average space charge. There are electron beam dynamical effects 
associated with the collected ions, and such ion trapping phenomena have been studied in 
electron storage rings for a number of years. In storage rings, a primary effect of the 
accumulated ions is the betatron tune shift resulting from the accumulated ion space 
charge. Such ion effects become significantly more important in storage rings as the 
beam current approaches and exceeds 100 mA. 
 
 Ion trapping effects must be anticipated when the continuous duty design current 
of the ERL approaches values of 100 mA. In an ERL, the collected ions affect the beam 
in a way somewhat different that in a storage ring, as there is no parameter equivalent to 
the betatron tune shift. Instead, the beam transverse match will tend to wander away from 
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the design values as the ions accumulate, leading to beta-function and spot size changes,
most particularly, in the undulators producing the end-use x-rays (Raubenheimer 1995).
Because the undulators will be in places where the beta-function is minimum, largely
independent of the beam matching conditions coming into the undulators, the time-
dependent effects observed by the end users as the ions accumulate are expected to be
small. Because the electron beam resides in the accelerator for a time small compared to
typical growth times, and because the electron beam is dumped after a single pass, the
possibility of ion cloud instability is small (Raubenheimer 1995). Therefore, it is
anticipated that ion effects will have less deleterious effects in the ERL as compared to a
storage ring. As additional evidence, it is a fact that in both the JLAB CEBAF machine,
and in the JLAB ERL-driven IRFEL, it has never been necessary to correct any machine
optical elements due to the presence of ions, or to implement any ion clearing scheme,
even though it is known that ions should accumulate in both of these beams.

There have been two basic methods of combating ion trapping effects in storage
rings, both of which are available for use in an ERL, should the need arise: high voltage
electrodes for clearing away the accumulated ions, and the imposition of �clearing gaps�
in the beam current of the circulating beam. In the former solution, the ions are not
allowed to accumulate within the beam path because they are drawn away physically,
whereas the second solution relies on the fact that a positively charged ion cloud is
unstable in itself without the presence of the electron beam. It is shown in Section 4.3.2
below that ion clearing in the injector, the most difficult case, can be accomplished with a
several microsecond beam gaps spaced at one second intervals, a beam current pattern
that it is straightforward to implement on the laser. The resulting RF transient can be
controlled by feed forward. For more detail see section 4.3.1.

3.1.11 Insertion Devices

X-ray undulators are the insertion device of greatest interest for the ERL machine
as they are the technology of choice for making ultra-high brilliance x-ray beams.  They
have been generally fabricated from permanent magnets and can be built with low phase
error so that even long arrays are practical.  The technology of making and tuning
undulators is well developed and we plan to take advantage of current developments in
the field at the time of actual ERL machine construction.

In the next sections we briefly review
1. the types of undulators needed for the ERL,  and
2. the current progress in relevant undulator design for storage rings and FELs

that is related.

Types of undulators need for ERL
Short period and short gap permanent magnet based undulators will be the natural

choice of ID for the ERL machine.  Most of the x-ray interest is in the 5 to 25 keV region,
so undulator periods of several cm length are relevant.  Although one can imagine many
types of specialty undulators, two IDs that seem to be suitable for much of the suggested
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science of a Phase II ERL are an undulator  of  25 meter length (segmented, 1470 periods
of 1.7 cm) and a 2 meter undulator (1.7 to 3.3 cm period length of 118 to 61 periods
respectively).  The 25 m long ID is picked in order to significantly increase the brilliance
and flux of the ERL when compared with conventional storage rings (see section 2.2).

The second, shorter length ID is of particular interest to the x-ray microprobe
community where transverse electron beamsizes can be less than 7.5 microns FWHM in
both planes perpendicular to the electron trajectory.  By highly demagnifying this source,
a fantastic microbeam of ultra small dimension can be obtained.

The rms transverse beam size in the ERL for the 2 m long undulator is 3.2
microns (see Table 2.3.3-1). Having a small round beam in the ID will be highly
desirable for further demagnification by optics to reduce the image of the source by
factors of 500 to 1000. This is the basis of hoping to reach x-ray beam sizes in the few
nm range, if perfect enough optics can be obtained.  For instance, with a perfect zone
plate, a 7.5 nm FWHM beam could be made.

One of the important related design issues for IDs is the appropriate machine
energy.  The ERL source naturally makes lower emittance beams (inversely proportional
to energy) as the machine energy goes up. But higher machine energies involve higher
capital and operating costs. The appropriate machine energy for a Phase II ERL will
therefore depend on the emittance which can actually be achieved out of the photogun
and maintained in the ERL. Determination of the achievable emittance is, again, a prime
motivation for the Phase I ERL R&D program.

Current progress in undulator design
Three areas of recent insertion device developments have been identified by

Ingold (Ingold 2000) :
1) Short period devices with gaps below 10 mm may be used to enhance the

brilliance and to increase the emitted photon energy.
2) Variable polarization devices may be used to address science requiring specially

polarized x-ray beams.
3) Long, segmented undulators with strong focusing are important for single pass,

high gain FELs.

It is particularly developments in (1) and (3) that are most relevant for ERL
machines.

The status of IDs for high energy storage ring sources such as the APS, ESRF,
and SPring 8 can be found in references (Chavanne 1996; Chavanne 1998; Gluskin 1998;
Kitamura 2000). The progress at these machines has recently led machine designers to
lower energies for new machines such as DIAMOND and SOLEIL with very high
performance undulators.  Methods have been found to quantify and control phase errors
to less than 2.5 degrees rms so that nearly theoretical performance can be obtained on the
higher harmonics.  Undulators can operate in the vacuum as well if needed to reach to
higher energies.  The Swiss Light Source will be depending on the 9th or 11th harmonic
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of a small gap in vacuum undulator to reach 13 keV for x-ray crystallography (Ingold
1999).

Segmented undulators are in use at SPring8 and on the Tesla Test Facility
(Pfluger 2000) and have been designed for the LCLS XFEL (Tatchyn 1998).
Segmentation gives better control of conventional manufacturing methods and allows for
installation of beam position monitors and focusing between the segments.  This
technology is evolving quickly as well and looks very promising for the Phase II ERL
machine.  Other technologies that may be important are vacuum chambers with 5 mm
gap, such as have been developed by APS, and possibly far into the future:
superconducting undulators with very short periods.

Although these developments in undulator design are promising, considerable
design work needs to be done well in advance of specifying a Phase II ERL. For instance,
the precision in the construction of undulators will have to improve to fully take
advantage of the high brilliance electron beams that the ERL machine will be able to
produce.  At first look, one might say that the Spring8 undulators are 25 m long and so
are the ones for the ERL, so just use Spring8 technology.  But the phase errors of the
undulators that are tolerable for Spring8 are of the order 8 to 10 degrees.  Most likely -
and this is where a sensitivity study needs to be made - the phase errors will have to come
down to 1 to 2 degrees on each pole, similar to what is specified for the Swiss Light
Source. But the Swiss Light Source undulators are relatively short. There will need to be
considerable R&D on reducing the phase errors of long undulators to optimally utilize the
beams possible from an ERL source.

Another area which will require attention during Phase I is methods of producing
long in-vacuum undulators at reasonable cost. Precision undulators of many thousands of
poles will be very expensive unless new technologies can be brought to bear on ID
design. Cost will be a key issue.  In the absence of well thought through demonstration
projects, there is concern that the largest single cost component of a Phase II facility
might be the undulators.  It will be important in setting vendor specifications to
quantitatively specify how ideal the periodic B fields of the undulators must be and to
figure out how to reasonably achieve these specifications.  This part of the R&D will
require close collaboration during the Phase I period with scientists at current 3rd
generation machines, such as APS, ESRF, and Spring8, to  refine these methods to make
them work on an ERL machine. A cost analysis study should be undertaken to identify
the most economical approach to this problem.  As part of the engineering work,
magnetic designs (peak field, period length, tolerable quadrupole and sexupole field
errors) will be determined.  Engineering work will also proceed on design of a magnetic
unit cell with computer codes which will be verified in stages of prototype construction
followed by experimental measurement of the as-produced field properties. Long, in-
vacuum undulators will almost certainly be segmented, and advance design work on the
best way to assemble and phase segmented undulators will need to part of the design
work.
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A further area requiring considerable advance design work is to determine what
kind of IDs will be needed for optimal use of the properties of an ERL as the feasibly
attainable machine characteristics become clear during the course of the Phase I
development. This will involve use of  programs like SXW from the ESRF to critically
examine tradeoffs between brilliance, undulator length, source size, etc.  For instance, a 2
m long undulator with a 1 m beta may be close to the design of an optimal source for
microdiffraction, but other experiments that desire brilliance and a lot of flux may prefer
the 25 m long undulators with a larger source size.  These preferences are evident now,
but they need to be placed on a firmer scientific and engineering footing before
specifying a final ID plan for a Phase II ERL.

One further idea should be noted with regards to undulators in an ERL machine.
As discussed by J. Als-Nielson at the ERL Science Workshop (Als-Nielson 2000) with a
round (as opposed to a pancake shaped) source one is no longer limited to diffracting in
the vertical plane as we currently do in storage ring sources, but we can diffract
horizontally as is currently done for neutron diffraction.  Beam lines can be built on a
�spokes around a hub� model and heavy apparatus such as furnaces and dewars can more
easily be scanned in angle without having to work against gravity.  All that is required is
to rotate the ID magnets 90 degrees to what is currently done on storage rings.  This,
again, points to the need to think though the design of a Phase II ERL well ahead of time
and to avoid the temptation to simply extrapolate from existing storage ring designs.
Design workshops involving the larger x-ray community will be key to developing the
new ideas needed for a Phase II ERL facility. Hosting these workshops will be an
essential task during the Phase I period.

3.1.12 Design Considerations for ERL X-ray Optics

We divide the discussion on ERL x-ray optics into three broad categories:
1) heat load specific issues,
2) preserving the intrinsic brilliance and transverse coherence, and
3) challenges associated with temporal properties of ERL beams.

Heat load tolerant optics design
The concerns about heat loads on the x-ray optics are also concerns for the

existing 3rd generation machines and, certainly, for the planned 4th generation machines.
Table 3.1.12-1  gives a comparison of heat loads expected from the ERL and from
undulators now installed at SPring-8, both at 8 keV.



Section 3: Vision of Phase II ERL

82

Table 3.1.12-1 Heat Loads at ERL and SPring-8

25m ERL undulator @ 5.3GeV SPring8 undulators @ 8GeV&100mA
operation:          100 mA   10 mA  ID length:  25 m     4.5 m

Power (kW) 33.9 3.4      31.2    15.7

Power/Area (W/mm2) 2600 260     4568    1830
   @ 20 meters

Based on the time-averaged power and heat load tolerance, optics designs that
work successfully at SPring8 should also work at the Phase II ERL. At present, published
reports (Yabashi 1999; Ishikawa 2001)  are available on the performance of the SPring8
standard high heat load (asymmetric-inclined) crystal monochromator and 4.5 meter
undulator, where measurements indicate a specific flux of 5x1010 photons/second/mm2 at
10 keV and 1 km from the source. This is about 25% of the flux expected for perfect
optics. Assuming that the deviation is due to heat loading implies that  the heat load issue
is far from completely solved.

One should also consider �non-thermal� effects on optics associated with
instantaneous power. Mills (Mills 1999) has examined such concerns by comparing
expected pulse width and fluence from FEL sources to results obtained in studies of
lattice damage in short pulse laser experiments. The LCLS XFEL is predicted to produce
2x1012 photons at 8 keV per 230 fsec. pulse. Given the source parameters (see Table
3.1.12-2), this corresponds to a fluence of 40.3 Joules/cm2 at 50 meters. After factoring in
x-ray absorption, Mills (Mills 1999) concludes that non-thermal damage should not occur
in diamond optics and may not occur for silicon. In comparison, the ERL would produce
300 fs pulses with a fluence at 50 meters of 7.2(1.6) x10-6 Joules/cm2 in high flux (high
coherence) mode. This much lower value is however not the whole story since Mills
considered pulses from the FEL operating at 120Hz, while the ERL duty cycle is planned
to be higher then the LCLS by 107. However, if non-thermal damage can be ignored, as
anticipated, then we need consider only thermal (equilibrium) effects of power and then it
is safe to return to our comparison with SPring8.

We are unaware of published reports on the optical performance of components
on the SPring-8  25 meter undulator beam line. This is not surprising, since this undulator
only recently went into operation. The magnitude of the problem will become clearer
after more operating experience is gained with this device.

Preserving x-ray beam brilliance and transverse coherence.
Transverse coherence is preserved by eliminating the distortion of the wave-front

in passing through beamline components, such as x-ray windows, monochromators, and
focusing devices (mirrors, refractive lenses, phase plates, etc.) An upper bound on wave
front distortion can be estimated by reference  to beam characteristics for the ERL (along
with comparable sources) listed in Table 3.1.12-2.
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In high coherence mode the Phase II ERL beam spot size at 50 meters is
dominated by the angular size of the source. If portions of this beam deviate in angle, the
spot size will enlarge. For instance, an average slope error on reflecting surfaces of 3
microradians should add angular size, in quadrature, enlarging the beam by √2 from 311
to 440 microns. State-of-the-art slope errors (rms) in mirror manufacture stand at or
below 2 microradians (Freund 1999) (surface roughness is now also below 2Ǻ rms);
however, thermal distortions can cause considerably larger slope variation.

A second, closely related criterion of perfection for x-ray optics involves
preserving transverse coherence. The source size and wavelength together define an angle
(see (Shen 2001), pg. 5) within which the wave front has a well defined phase (points on
the wave front have a definite phase relation). At 8 keV for the ERL this angle is 5.3
microradians, so distortions on this order will render the beam incoherent.

25m ERL undulator @ 5.3GeV        SPring8        ESRF, 200mA,6GeV    LCLS/SASE,15 GeV

    operation: 100mA 10mA        ID length: 25m         5m undulator 100m undulator

source size (µm)
horizontal 103   24.5 890 879 78
vertical 103   24.5 22.8 13.9 78

source diverg. (µrad)
horizontal 9.1     6.2 37.4 ` 26.8  1
vertical 9.1     6.2   4.3 10.4  1

beam size at 50 m (µm)
horizontal 466.5   311            2071            1603 93
vertical 466.5   311  216 520 93

average brilliance 
p/s/.1%bw/mm2/mrad2 1.3e22    5.2e22 2.2e21 3.1e20  4.2e22

% beam coherence 0.52    20 0.14 0.14  100

Table 3.1.12-2 shows that the horizontal source properties of the ERL in high
coherence (10mA) mode result in a beam smaller than storage ring sources, and
comparable to the XFEL. (In contrast to these sources, horizontally flattened storage
ring sources require that for maximum brilliance the optics operate in vertical
scattering geometry. The ERL can have round electron beams which allow the
undulator and/or scattering plane for the optics to be rotated by any angle about the
beam direction without loss of brilliance. (Polarization factors alter this slightly.)
Assuming beam divergence orthogonal to the scattering plane is preserved through
optics, then brilliance preserving optics for SPring8 with the 25m undulator should
also work at the ERL. Another way of saying this is, based on source phase space, the
level of perfection (in terms of slope error) for the ERL optics is comparable to that
for SPring8.



Section 3: Vision of Phase II ERL

84

Early results from measurements at the SPring8 1 km long beamline BL29XU
give a practical indication that transverse coherence can be preserved through beamline
optics. First reports on diffraction enhanced imaging and topography (Yabashi 1999)
dramatically illustrate two facts: problems with storage ring stability affect these
measurements, and if monochromatic images are taken through a fast shutter (to mitigate
beam motion) excellent phase contrast is visible over an area as large as 10 mm by
10mm. This implies that the x-ray beam transport has preserved the expected beam
coherence. (Note that the coherence angle for the SPring8 4.5m undulator, which is the
source in question, should produce a coherent spot at 10 KeV and 1 km that is 5.85mm
high by 0.07mm wide. The fact that good phase contrast is observed in diffraction
enhanced images suggests that the �coherence angle� is not the limitation for this
technique.)

Challenges associated with the ERL temporal properties
What is known on how  x-ray optics preserve the temporal properties of ERL

beams and conversely how do very short pulses affect the throughput of optics? There are
several aspects to the question. The first concerns a relation between pulse length and
Bragg reflectivity. When the x-ray pulse length (in space) is smaller than the extinction
length in a perfect crystal (or the absorption length in mosaic crystals) simulations (Wark
1994) predict that integrated reflectivity will be reduced from conventional values. This
effect, if true, would be very significant for mosaic crystal optics and for perfect crystal
near-back reflection analyzers used in high resolution inelastic scattering. A 300 fs pulse
from the ERL is about 90 micron long and this may be compared to perfect crystal
extinction lengths that range from 5 to 100 microns, but  the pulse is measured along the
incidence beam direction while extinction is measured normal to the Bragg planes, so
reflectivity reduction may be sensitive to angle of incidence.

This effect can be thought of as a �response time� of the crystal to x-rays. It is
being studied as a means to filter out extremely short fluctuations in source intensity, but
may ultimately limit the delivery of short pulses (Shastri 2001). For  a practical set of 111
silicon optics,  Shastri and Mills calculate the added temporal spread to be less than 5 fs.
For higher order reflections and narrower energy bandwidths, this number can stretch out
to many 10s of femtoseconds. The situation for mosaic crystals can be much worse
because reflectivity is limited by absorption in the material.

Another issue that will need to be addressed when optimizing x-ray optics for
short pulse beams concerns the distortion, in space and time, of pulse shape in the process
of scattering (Tatchyn 1999). If a beam wavefront is not specularly reflected by an x-ray
optic, then the shape of the front (and pulse) will emerges from the reflection having
suffered a linear transformation (mixing of position and time) in shape. This will tend to
broaden the time width of pulses and would be particularly significant when time
resolution is paramount and for optics such as asymmetric-inclined crystal
monochromators and zone plates. Issues pertaining to the x-ray optical effects of very
short x-ray pulses are an area of great current interest for which the community at large
has practically no experience. It will begin to be explored in the next few years by the
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appearance of ways of generating fast (if relatively low intensity) x-ray pulses
(Schoenlein 2001) and by the R&D efforts of  the XFEL activities. We plan to be
involved in these  new developments and to collaborate with colleagues doing
experimental work at other facilities in order to gain expertise in this emerging area.

To summarize, considerable advance development work on x-ray optics will be
needed to make optimal use of ERL beams. The slope errors on the current generation of
cryogenically cooled silicon optics are barely adequate for 3rd generation sources
(Bilderback 2000).  Most likely slope errors will have to be improved by factors of  2-10.
Mirror optics will need a similar improvement.  The very high specific heat loads
expected from an ERL are also beyond the present state of the art. One possibility is to
develop cryogenically cooled diamond crystals of higher perfection than are presently
available. Another is to investigate fabricating isotopically pure top layers of some of the
silicon optics to obtain a 60% higher thermal conductance than the current generation of
optics (Ruf 2000). Extensive computer modeling of thermal loading will be needed to
develop x-ray optical components to deal with the very high specific heat loads expected
from long undulators on a Phase II ERL. Another area which will require considerable
thought and planning is optimal optics to preserve the temporal characteristics of very
short x-ray pulses. Since all of these x-ray optical developments will take time and will
affect the projected cost of a Phase II ERL facility, it is important to begin this advance
planning during the Phase I period.
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4.  Motivation for the Phase I ERL
4.1 Why is a Phase I ERL Needed?

Considerable investigation of the accelerator physics issues involved will be required and
technological advancements attained in order to achieve the flux, brilliance, and time structures
that appear to be possible with the ERL. Accelerator physics issues revolve largely around
emittance production and preservation and have implications for all parts of the accelerator, from
the laser to the gun itself to the capture section, the main linac and the transport lines and
undulators.  Technological issues center on cathode longevity and high gradient CW operation of
superconducting cavities well beyond current standards and the very high efficiency energy
recovery demanded for economical and stable operation.  In addition, diagnostics and beam
control for such a bright and high power beam will also be  significant challenges.  Given the
large number of parameters needing to be pushed beyond current levels, a prototype in which
most of these parameters can be demonstrated is essential.  Fig. 5.1-1 shows the prototype
concept which we are hereby putting forward to make this demonstration.

Accelerator Physics Challenges
In order to achieve the goal of 2 µm normalized emittance or less in the undulators for x-

ray production in a robust manner, it will be necessary to achieve 1.5 µm or less out of the
injector and less than that from the gun.  Thus, space charge emittance compensation (Carlsten
1989) of a high order must be achieved at the low energy end where the beam is most vulnerable
and effects of RF focusing, non-inertial space charge and coherent synchrotron radiation
emittance dilution (Rosenzweig 1994; Carlsten 1995; Braun, et al. 2000) must be strictly
minimized.  These are matters under active research in the accelerator community and no
completely reliable computer codes for calculating these effects are as yet available.  Measuring
these effects and benchmarking codes will be an essential feature of the accelerator physics
program of the Phase I ERL herein proposed.  Wake fields in the cavities and beam lines will
also present a challenge to emittance preservation and are also, but to a lesser extent, still
research topics in the field to be explored in the Phase I study.

Another topic of great importance, related to the above, is that of halo formation on the
beam and how to control and remove it.  With such a high power beam, halo and its loss to the
walls will be inimical to stable operation and high efficiency of the energy recovery.  Prediction
and measurement of halos at various positions in the loop will be an important datum in design
of a full scale facility.

Accelerator Technology Challenges
The photoinjector source is at the heart of the facility since it determines the maximum

achievable flux and brilliance. Various source technologies are being studied for their potential
suitability for an ERL aimed ultimately at x-ray production.  Initial surveys and calculations (see
sections, below) convince us that the DC, laser excited photocathode is the most likely to be
successful.  Selecting the optimum cathode material and assuring adequate operating life under
high current operating conditions present significant challenges that must be surmounted early
on.  Minimization of dark current while permitting operation at the highest possible cathode
voltages will require developments in insulators,  corona ring materials and forms and the
maintenance of extreme vacuum conditions.
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The superconducting capture section of the photoinjector will also require much
development.   The need to minimize emittance-diluting asymmetries while coupling 500 kW to
the beam in a flexible way so that RF focusing and RF bunching can be accomplished without
destroying space charge compensation are far more demanding than in any existing system.  The
Phase I ERL must demonstrate robust operation of this element of the system.

The main linac posited for the Phase II ERL works at levels far beyond existing
technology.  The economic optimum seems to indicate that 20 MV/m or less is a desirable
operating gradient.  This gradient has been routinely achieved in pulsed operation and relatively
small average beam currents.  It must be demonstrated that the needed gradients and Q values
can be maintained under the needed CW, high current operating conditions.  Further, in order to
avoid emittance dilution from beam break up driven by higher order modes in the cavities, one
will have to achieve heavier higher mode damping than is now the case in superconducting linear
accelerator structures, yet this must be done without compromising the achievable Q and
gradient.  Not only must the higher modes be more heavily damped but, because of the CW
operation and the consequent significant power in these modes,  they must be extracted from the
low temperature with high efficiency.  This demands not only innovations in the off-beam-line
HOM couplers but also development of on-line absorbers to catch the HOM power that
propagates down the beam line, i.e., absorbers that have the absorbing element operating at a
relatively high aperture.  Careful measurements, using the prototype, will be needed to assure
that these criteria can be met and maintained under operating conditions.  Economy of operation
in the main linac will also be helped by being able to operate at very high external Q values,
thereby minimizing the reserve klystron power needed.  The challenge here is the microphonics
inevitably present in the system.  Development of an active feedback tuning system that can
operate under the full dynamic range of beam currents and cavity gradients must therefore be a
priority for development with the Phase I ERL as well. The degree of required vibration isolation
must also be determined.

An important feature of the ERL is the possibility of providing sub-picosecond bunches
to the undulators.  Avoiding the severe wake field consequences of such short bunches in the
injector and linac requires that the short bunches be obtained at the highest energy by magnetic
compression.  The accelerator physics and technology of effecting this without undue damage to
the beam properties is beyond today�s state-of-the-art and will require exploration on the Phase I
ERL before one can design the needed system for a full scale facility with confidence.

Measuring the beam properties with the accuracy needed in the face of the enormous
flowing beam power will require non-intercepting methods that are robust and easily read out for
tuning and feedback control.  Optical methods analyzing incoherent and coherent synchrotron
radiation picked up at various stations around the loop are promising (Lai 1998; Shintake 1998)
but will need demonstrating in this very low normalized emittance context.  Likewise, measuring
halo in the presence of such high power flow will be difficult. Easily repeated methods for doing
so must be developed as tuning and diagnostic tools.

Phase I ERL Parameter Goals
To achieve the above goals it will be necessary to prototype the source and other injector

components at full scale, given the uncertainties, the accelerator physics considerations, and the
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several technological demands beyond today�s state-of-the-art.  Demonstration of acceptable
energy recovery efficiency requires a full ERL configuration.  Beyond that, one must be able to
probe the beam break up threshold for the type of cavities planned for the facility and this
requires sufficient length of cavity that build up of any instability can be seen.  With these
considerations in mind we propose a Phase I ERL prototype with full beam power from the
injector, 100 mA CW at 5 MeV, to avoid excessive space charge dilution during the bunching
process.  A 100 MeV energy for the main linac of the Phase I ERL appears adequate for a good
evaluation of the BBU, as discussed in sections 3.1.4 and 4.3.5.  Demonstration of sub-
picosecond bunch lengths also needs to be an important goal of the prototype and magnetic
compression and de-compression sections are a feature.  As achievement of 20 MV/m gradient
and possible periodic restoration of the gradient capability are also essential. A pulsed power
processing capability will be a part of the Phase I ERL, as will the instruments needed to verify
achievement of the important desiderata and to serve as control elements where required.  We
estimate that designing and developing of components and operating the Phase I ERL for
measurements and demonstrations will be a 4 � 5 year process.

It is worth noting that most of the challenges which would be resolved on the Phase I
machine cannot be resolved at existing machines. Thus, for example, no photoinjector exists
anywhere which is adequate to investigate the crucial issues of emittance preservation at the
requisite emittance and currents. Likewise, the merging sections of the ERL cannot be
adequately emulated without first constructing a suitable photoinjector and superconducting linac
operating at higher gradients than is now the practice. The stringent HOM couplers and
absorbers do not exist and will require extensive use of a superconducting linac, which, itself,
has to be custom made. And thus it goes for most of the other parts of the Phase I ERL as well.
And, of course, the most important lessons will be learned from the interactions of the various
parts of the ERL. In conclusion, adequate exploration of the challenges presented by ERL
technology will require the construction of  a machine specifically for this purpose.

4.2       Phase I ERL Parameters

In order to address the above issues a prototype (e.g., the  Phase I ERL)  is required.  Its
design must accommodate demonstrations and measurements of the needed beam qualities and
phenomena of concern.  Accordingly we propose to construct a full energy recovery circuit
including injector, linac and return transport line together with the beam manipulation and
measurement equipment necessary for exploration of all anticipated operating modes of an
eventual facility.  The proposed injector is essentially that required for a full scale facility to be
able to demonstrate the needed current, lifetime and emittance capabilities.  The linac is likewise
intended to be a short section of the linac structure needed for a full facility, allowing evaluation
of all the relevant technologies and long enough to explore instability thresholds and anticipated
adiabatic damping of the emittance adequately.  A module consisting of 5, 1m sections and
capable of producing 100 MeV total has been selected. The reason for selecting 100 MeV is to
verify that adequate energy recovery and beam stability are possible with bunches whose
energies differ by a large factor. A 100 MeV linac and a 5 MeV injector provide an energy ratio
of 20, which was deemed large enough to investigate beam physics issues. The optics of the
return transport are modeled after the optics scheme appropriate for the full facility.  In the
prototype each focusing element is individually powered for  full flexibility in the optics as
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needed to investigate the important dependencies of emittance and BBU phenomena.   The
resulting physical object is described in chapter 5 with the planned layout displayed in Fig. 5.1-1

In laying down the appropriate parameters for a prototype aimed at exploring the
important accelerator issues it is useful to make reference to the recent energy recovery linac
driver for the JLAB IRFEL.

The JLAB IRFEL has demonstrated energy recovered beam recirculation at the highest
average current to date, 5 mA (Neil 1998, Neil 2000).  This is the first in a series of devices
intended ultimately to achieve 1 MW IR beam power.  25 � 100 MW of circulating electron
beam power will likely be required thereby necessitating use of SRF technology.

The technology used for the IRFEL builds on that used for the JLAB main high energy
accelerator, CEBAF with the additional complexity that the recirculation transport optics must
accommodate several percent energy spread in the beam emerging from the IRFEL wiggler.  The
main beam parameters for the Jefferson Lab IRFEL driver are 40 MeV, 5 mA average current,
67 pC bunch charge and 75 MHz bunch repetition rate with a normalized emittance of  5 � 8
mm-mrad.

           Table 4.2-1 provides detailed parameters for the Phase I ERL. Points in common with the
IRFEL:

(1) Most importantly, the charge per bunch is very comparable to that in the IRFEL. The higher
average current in the Phase I ERL derives from filling every RF bucket in the accelerating
wave. Therefore, one would expect that the single bunch collective effects will be similar to
those in the IRFEL.

(2) The SRF accelerating frequencies are very comparable.
(3) A single accelerating and single decelerating pass is used on both devices, and a similar low

energy electron injection scheme is used in both devices.
(4) The energy and physical size (of several 10s of meters) of the two devices are very similar;

the Phase I ERL achieves roughly twice the beam energy of IRFEL, and roughly one-half
the energy of the next IRFEL being built at JLAB, the IRFEL upgrade.

Points of departure for the Phase I ERL are:

(1) Significantly enhanced cavity performance. The expected gradients and unloaded Qs are
roughly a factor of 2-3 beyond the performance in the IRFEL. This situation is partly the
result of improvements in cavity production since the IRFEL was completed.

(2) The higher average current yields a larger excitation of the High Order Modes (HOMs) of
the accelerating cavities. This situation has implications both for beam stability against
multipass BBU instability and for cooling of the HOMs.

(3) For higher brilliance, the beam emittance must be smaller for ERL than in the IRFEL. This
has necessitated a distinctly different design for the ERL injector.

(4) Because there is no IRFEL interaction, the beam energy spread in the Phase I ERL should
be smaller than in the IRFEL (IRFEL interaction increases energy spread in the IRFEL by
about factor of 5 (Douglas 2000)).  The maximum energy spread in the Phase I ERL will be
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comparable to that of the IRFEL energy spread when the FEL is turned off (rms 0.2 %) to 
allow for a bunch compression. Therefore, an adequate momentum acceptance of the 
transport loop required for the Phase I ERL will be a factor of 4-5 smaller than that of the 
IRFEL. 

(5) In order to push the RF efficiency up, it is advantageous to run the loaded quality factor of 
the fundamental mode up to around 2.6E7 for the cavities within the energy recovered loop. 
The RF control problem becomes more difficult as the frequency tuning width of the 
fundamental mode is reduced.  

(6) The injector RF systems will operate on such wide resonances (Qext =104), that it is planned 
to run all non-recovered injector cavities from a single klystron.  

(7) The Phase I ERL beam dump is an order of magnitude larger than that for the IRFEL. 
Table 4.2-1. Phase I ERL Parameters 

 
Parameter Value 

  
Main Linac  

Max beam energy [MeV] 100 
Max average beam current [mA] 100 
Bunch charge [pC] 77 
Max bunch rep. Rate [MHz] 1300 
Operating frequency [MHz] 1300 
Transverse emittance (normalized, rms)  [mm-mrad] ≤ 2 
Longitudinal emittance, rms [keV deg]  20 
Bunch length range, rms [ps, post compression] 0.1 � 1 
Bunch length in linac, rms [ps] 3.2 
Energy spread rms [fractional] 1E-4 to 4E-3 
Beam loss goal [microamp] <1 
Number of cavity units  5 
Cavity length [m] 1.04 
Number of cells per cavity 9 
Number of HOM couplers 4 
Operating gradient [MV/m] 20 
Power per cavity to fields [kW] 8.0 
Qo [goal] 1010 
Qext  2.6 ⋅ 107 
R/Q, fundamental, per cavity unit [ohm] 1036 
R/Q, HOM s See Table 3.1.4-1. 
BBU threshold, calculated [mA] <200> 
k| | [V/pC] @ 0.7 mm rms bunch length 10.3 
HOM power per cavity at 100 mA beam current [W] 162 
HOM extraction efficiency goal [%] 95 
Linac cryomodule dynamic heat load [W @ 2K] 240.4 
Linac cryomodule dynamic heat load [W @ 4K] 10 
Linac cryomodule dynamic heat load [W @ 77K] 135 
Static heat load of cryomodule [W @ 2K] 29 
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Static heat load of cryomodule [W @ 4K] 10
Static heat load of cryomodule [W @ 77K] 29
Distribution heat load [W@2K] 2W
Distribution heat load [W@77K] 20W
Refrigerator peak power [W@2K] 500
Refrigerator duty factor for peak power delivery 8 hours continuous/day
Lorentz detuning [ ( )2Hz/ MV m ] 1

Microphonic detuning [Hz rms] 25
Number of klystrons 5
Power rating per klystron [kW] 13
Amplitude control [fractional, rms] 1 ⋅  10-4

Phase control [deg., rms] 0.5

Injector
Beam Energy [MeV] 5-7
Max average beam current [mA] 100
Bunch charge [pC] 77
Longitudinal emittance, rms [keV deg] (correlated)  40
Bunch length, rms [ps] 2.3 to 3.2
Beam power [kW] 500
Number of accelerating cavity units 5
Number of cells per cavity unit 3
Power per cavity [kW] 100
Number of power couplers per cavity 1
Number of HOM couplers per cavity 2
Voltage per cavity [MV] 1
Amplitude control [fractional] 5⋅ 10-3

Phase control [deg. rms] 0.5
Qo 5 ⋅  109

Qext 3 ⋅  104

Dynamic heat load 5 cavities [W @ 2K] 13.2
Dynamic heat load for all injector cavities [W @ 4K] 18
Dynamic heat load for all five cavities [W @ 77K] 300
Static heat load of injector cryomodule [W @ 2K] 11.4
Static heat load of injector cryomodule [W @ 4K] 2.5
Static heat load of injector cryomodule [W @ 77K] 18
Distribution heat load [W@2K] 2W
Distribution heat load [W@77K] 20W
Alpha x, alpha y  �5, -5
Beta x , beta y [m] 3, 3
Injector beam dump capability [kW] 500

Photocathode Gun
Voltage [kV] 500
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Max average beam current [mA] 100
Bunch charge [pC] 77
Transverse emittance, norm., at cathode, rms [mm-mrad]  0.5
Longitudinal emittance, rms [keV deg]  4
Bunch length, rms [ps]  17
Bunch rep rate at 100 mA [MHz] 1300
Bunch rep rate at reduced beam current [MHz] Multiples of 260 up to

1300
Beam pulse length range [ms] 2 - ∞
Drive laser power, 780 nm [W] 10
Modulation frequency [MHz] up to 1300
Cathode spot size, rms [mm] 1-3
Gun beam dump capability [kW] 50

Return Transport System
Energy range [MeV] 50 � 100
Continuous path length adjustment range [cm] 8
Clear physical aperture, beam chamber [inch] 1.88
Clear physical aperture, magnets [inch] 2.25
Multipole content of magnetic fields (integrated), each multipole* <10-3

Average residual gas pressure at full beam [Torr] 10-8

Residual gas pressure outside cryomodule ends, valves closed [Torr]
See �Vacuum Equipment�

10-9

Residual gas pressure in insulation vacuum space, warm [Torr]
See �Vacuum Equipment�

10-4

Magnetic strengths and lengths �Optics Parameter List�
Regulation of magnetic element currents (except steering correctors) 10-4

Regulation of steering corrector currents 10-3

Linac exit beam dump capability [kW] see�RF Beam Dump Scheme� 600
H,V correctors 0.2 m long, [T] 10-2 max

Infrastructure
Electric Substation addition [MVA] 2
Evaporative cooling unit [MW] 2
Demineralized water evaporation rate [kg/s] .75
LCWS circulation rate @ 20 ° F rise [GPM] 600

* Measured at 2/3 radius of the magnet aperture.  In the case of a dipole, measured on a circle of
diameter = magnet gap, centered on the central axis of the dipole.
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4.3 Phase I ERL Accelerator Physics & Technology Issues and Experiments
4.3.1 Coherent Synchrotron Radiation and Non-inertial Space Charge

When a beam is bent in a dipole magnet, it radiates electromagnetic radiation. At
wavelengths longer than the bunch length, the electrons in the bunch radiate coherently, i.e. with
a power proportional to the total charge in the bunch squared, as opposed to the linear growth
with charge for the incoherent radiation. Because of the fact that the energy loss within the bunch
is not uniform for realistic bunch distributions for this coherent synchrotron radiation (CSR), and
because the radiation occurs at positions where the transverse dispersion function does not
vanish, it is possible for an effective emittance growth to arise in going through a beam bend
(reviewed in (Li 2000)).

Similarly, it has been known for a number of years that the space charge interaction from
a bending beam can be a source of emittance growth in a bending beam (Talman 1986; Lee
1990; Carlsten 1995). Estimates based on these references indicate that the CSR effect is greater
than this effect for the anticipated Phase I ERL parameters. Estimates of the emittance growth
due to the effects of CSR are discussed in detail in Section 4.3.8 below. In this section we
concentrate on the prototype experiments that should be done to quantify the effect of CSR.

In the Phase I ERL, there are two primary bending regions where CSR might occur: the
injector merge and the 180 degree bends. For the injector merge, because there are beam
diagnostics already planned for characterizing the injector, there will be a measurement placing
an upper limit to the emittance growth generated by the CSR effect in the injector merge. A
much more quantitative measurement, which addresses the CSR effect in a more isolated way, is
to measure the beam emittance before and after the first 180 degree bend, and measure the
dependence of the emittance growth on such parameters as bunch length and beam charge.
Likewise, for diagnostic purposes, one will directly observe the long wavelength emission and
correlate the intensity and spectrum of this radiation with changes in the beam parameters (Krafft
1995; Krafft 1997; Wang 1997)

Such measurements and correlation studies have been attempted previously (Braun,
Chautard, et al. 2000), but with agreement with theory at the factor-of-two level only. Re-
examining this problem in the ERL prototype will provide information not only useful to
designing the subsequent Phase II machine, but may provide better answers on the CSR
emittance growth measurement problem. The reasons are that the starting emittance in the ERL
should be much smaller than in the other measurements to date, and because confusing space
charge effects will be minimized, thereby making for a cleaner experimental situation.

4.3.2 Ions in the Phase I ERL Injector

Ions generated by beam-gas collisions can become trapped in the negative potential of the
beam. The ion density in the beam increases until it is stabilized by neutralization in the beam
potential. These trapped ions can cause beam emittance increases, betatron phase shifts, and a
broadening of betatron phase distributions, and collective instabilities and lifetime reductions in
storage rings. Linear theory is used to estimate:
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a) the minimum atomic mass expected to be trapped in the ERL 5 MeV, 100 mA injector,
b) the ionization time for H2, and
c) the induced change in the focusing of the electrons. If gaps in the bunch train are to be

invoked as a clearing mechanism, the gap length is estimated as 2/fp, where fp is the ion
plasma frequency.

The condition for trapping in the linear theory is (Baconnier 1985):
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where  Atrap is the minimum atomic mass that is trapped, I is the average current, ∆L is the
separation between bunches, σx ,y the rms beam sizes, me and mp the electron and proton mass
respectively and IA = (re/ec)-1 ≈  17045 Amperes is the Alfven current.

In the ERL injector with average beam current I=100 mA, bunch separation ∆L=23 cm,
σx=670 µm and σy= 950 µm, the minimum atomic mass that is trapped is (Atrap)x = 7x10-5 and
(Atrap)y = 5x10-5 . In a typical vacuum, ions can be found with atomic masses ranging from 1 to
44. Therefore ions, in particular ionized background hydrogen, will be trapped in the prototype
injector.

The accumulation of ions continues until the defocusing force due to ion space charge in
the drift region is strong enough for the stability limit to be reached. The limiting ion density di at
the center of the bunch in this equilibrium accumulation limit is given by (Baconnier 1985):
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where re is the classical radius of the electron. For the ERL injector parameters, di = 5.24x108

cm-3  .

The time to reach equilibrium is given by the neutralization time:
n mτ βτ= ,

where τ m  is the ionization time (time it takes for one electron to create one ion), given by
1

( )m
m md c

τ
β σ

= ,

where dm  is the residual molecular density (m-3), σm the ionization cross section for molecule m
(m2) and βc is the velocity of the electron beam. The number density of the residual gas
molecules, dm , is related to the gas pressure P and temperature T via the ideal gas law:
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,

where G=Rg
-1 = 9.656x1024 is the inverse of the ideal gas constant, Rg.
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The ionization cross section depends on the molecule of the residual gas and on the
velocity of the ionizing particle. A theoretical expression for the ionization cross section has
been derived by Bethe and is given by (Baconnier 1994),

2 2
2

2 2 2
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      = − +     −      
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and M2 and C are experimentally determined coefficients.  For H2 , M2 = 0.5 and C = 8.1, at 5
MeV (γ=9.7847) the ionization cross section for H2 is 19x10-24 m2. For P=10-10 Torr, dm =
3.3x1012 m-3 (at 20o C) and the neutralization time for H2 is 50.5 sec.

The accumulated ions will introduce extra focusing forces on the electron bunches and
they will change the total effective transverse betatron phase advance of the electrons. The phase
advance change caused by the accumulated ions in the full-neutralization limit is given by:
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A simpler formula, valid for the case of a round beam with εx =εy  and βx  = βy averaged over the
lattice, is:

                                                          
round
beam

ions 2
x

A N

I
I

ν β
ν ε
∆  =  

 .                                            

For the ERL injector, assuming an injector length of 3 m and an rms normalized emittance of
εN=1.5 mm mrad, yields 8.5/ =∆ νν . Requiring that the phase advance change be under 0.1 as
the neutralization builds up means that the time between the clearing gaps should be 50 sec/58,
or 0.86 sec.

If gaps in the bunch train are used as a clearing mechanism, one can conservatively
estimate the needed gap length by setting it equal to 2/fp where fp is the ion plasma frequency.
From the expression,

2
2 4
p

e n
m

πω =  ,

where n is the maximum ion density di = 5.24x108 cm-3/58,  and m is the mass of the ion equal to
2x1.6661x10-24 gr for H2, one finds that ωp = 2.8x106 rad/sec or fp = 0.45 MHz. Therefore, the
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gap length should be approximately equal to 4.5 µsec. This beam modulation can only be applied
to the photoinjector.

4.3.3 Gun Performance

There are two key electron gun issues to be addressed in the Phase I accelerator.  The first
is a demonstration that we can achieve the anticipated photocathode operational lifetime in high
average current operation at full gun voltage.  The second is a demonstration that the beam
emittance is as small as indicated by the modeling codes and the calculation of the thermal
emittance at the operating wavelength.

Experience at JLAB indicates that the cathode operational lifetime is limited only by ion
back bombardment.  This implies that a reduction in the vacuum pressure in the cathode-anode
gap region would give a corresponding increase in the cathode operational life.  This correlation
has been observed in the JLAB electron guns, but their average current is significantly below the
100 mA requirement of the ERL.  The vacuum pressure in the JLAB guns is close to the
measurable limit with present technology.  We plan to demonstrate a cathode lifetime at the full
100 mA average current which is as good as presently achieved in the best JLAB electron guns �
above 2 x 105 coulombs/cm2 for a 1/e reduction in the cathode quantum efficiency.  The gun
design will incorporate the very best vacuum practices to achieve the lowest practical base
pressure.  We will also include measures to reduce the field emission from the cathode electrode
and its support structure to a very low level, so that any vacuum pressure rise caused by electron
stimulated desorption by the field emitted electrons is negligible at the full gun voltage.

The thermal emittance of the cathode is a calculated number, based on the results
measured by Dunham (Dunham 1995).  The growth of this emittance under the influence of
space charge forces is modeled.  We will conduct emittance measurements to verify that the
modeling code (Young 2000) correctly predicts this space charge emittance growth, and to verify
the Dunham results in the small space charge limit.  Emittance measurements at low space
charge will be made by observing the electron beam size at three different locations downstream
of the gun anode.  These measurements will be made in a dedicated beam line setup, prior to
connecting the gun to the remainder of the injector.  For the full average current emittance
measurements, the duty factor of the beam will be reduced to 1.0% or lower by controlling the
laser beam incident on the photocathode.  We will use the �pepper pot� or multislit method to
measure this emittance.   We will also verify that the measured emittance does not depend on the
duty factor over the range used for these measurements.

We will also measure the dark current from the unilluminated photocathode.  This dark
current may result from some combination of thermionic and field emission from the cathode.
When illuminated, the cathode may produce halo electrons from regions at larger radius than the
illuminated spot.  If the magnitude of this dark current or the halo is problematic for operation of
the full accelerator, we will eliminate it through the use of scrapers.

There are other issues that may be investigated as time and resources permit.  These
issues are primarily relevant to future ERL applications, rather than the Phase I accelerator.  For
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example, if a suitable gun high voltage power supply is available, we will explore the emittance
with higher gun voltage and/or higher cathode field strength.  The effects of cathode cooling on
the basic thermal emittance may be investigated, though this might be more easily done with a
smaller, dedicated test gun.  We may investigate the issue of the optimal cathode electrode shape
to provide focusing which would ease the use of multiple beam spots at the photocathode.  This
latter problem could likely be resolved with a code like MAFIA (MAFIA, v4.00), however.

We emphasize that the primary issues for gun tests with the Phase I accelerator are to
establish the cathode operational lifetime at full average current and gun voltage; to verify that
the thermal emittance is in agreement with the Dunham experiment; and to benchmark the code
describing the space charge related emittance growth.

4.3.4 Injector Performance

The emittance and bunch length are the key beam parameters provided by the full
injector.  As in the case of the gun tests, measurements of these key properties will be conducted
in a dedicated beam line, prior to connection of the injector to the main accelerator.  The
emittance will be determined either by measuring the beam size at three suitable locations, or by
a �pepper pot� or �multislit� method.  In these latter types of measurement, a small, emittance
dominated beamlet is extracted from the space charge dominated beam for measurement.  For
high average current emittance measurements, the beam duty factor will be reduced below 1%
by modulating the laser beam illuminating the photocathode.  We will verify that the measured
emittance does not depend on the duty factor over the range used for these measurements.  The
correct focusing conditions to accomplish optimal emittance compensation will be explored.  We
plan to illuminate the cathode with a laser beam having a Gaussian transverse profile truncated at
±1σ, and a Gaussian longitudinal profile.  We will verify by measurement the improvement that
transverse truncation at ±1σ provides.  We will also verify the absence of dark current and/or
halo at unacceptable levels.

Methods for measuring emittance and bunch length at full average current are discussed
in Section 5.2.5.3.

4.3.5 Linac Transverse Stability

BBU instability in the Phase I ERL
The accuracy of the predicted BBU instability thresholds for a Phase II 5 GeV ERL is

contingent upon the trustworthiness of the TDBBU codes.  One of the important tasks to be
accomplished with the 100 MeV, 100 mA Phase I ERL is exhaustive calibration of the TDBBU
simulated results against experimentally obtained instability threshold data.  Therefore, it is
desirable to design the Phase I ERL with the capability of changing the instability threshold to
verify the code�s predictions.

Because the linac in the Phase I ERL will consist of only one cryomodule with five 9-cell
TESLA cavities, and because the RF focusing at a 5 MeV injection energy is  very significant,
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no external focusing in the linac is either possible or needed.  Instead, the turnaround arc can
provide the necessary leverage to manipulate the properties of the pass-to-pass matrix properties
in the linac.

Results of TDBBU simulations for experimentally obtained values of Q's of the nine cell
TESLA cavities (TELSA 2001) indicate that BBU threshold for Phase I ERL will be in
convenient range to enable BBU experiments.  By adjusting the betatron phase advance of the
recirculating arc, the threshold can be varied from 220 mA to 70 mA.

Multibunch BBU Experiments
A series of beam experiments is proposed for the Phase I ERL in order to

a) Study multipass beam breakup instabilities,
b) Verify the predictions of the numerical code TDBBU (Krafft 1987), and
c) Uncover any trapped modes in the RF cavities.

The tests are extensions of previously performed or proposed experiments (Campisi 1999) and
will be considerably more sensitive in the present configuration.

Three experiments are proposed. In the first experiment we will attempt to induce BBU
instabilities in the accelerator by lowering the final beam energy, and varying the optics in the
recirculation arc.

In the second experiment we plan to measure the beam transfer functions in the
recirculating mode. These measurements can be performed at beam currents lower than the
threshold current, yet lead to clear if indirect estimates of the instability threshold in the event
that the first experiment does not yield a direct observation of the onset of instability. Such
measurements require modulation of the current moment I∆x (or ∆y) at the HOM frequencies or
subharmonics. The modulation can be achieved in several different ways. We plan to employ
four separate techniques, to achieve independent confirmation of the threshold estimates.

The first method, employs modulation of beam displacement at constant current (Sereno
1994). The basic RF measurements use a broadband RF kicker to excite the beam. The detection
of the modulation can either be done with one of the SRF cavities� field probe, or by a dedicated
broadband pickup beam position monitor.

The second method consists of injecting RF power at selected HOM frequencies in an
unpowered cavity with an external broadband generator and exciting a TE111 mode around 1.6-
1.7 GHz, as described by Lyneis (Lyneis 1983).

The third method uses beam current modulation at static displacement and the fourth
requires tuning of the relevant HOM frequencies of an unpowered cavity to match a resonance
condition with the bunch repetition frequency (Fartoukh 1998; Fartoukh 1998b; Fartoukh
1998c).
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In the third experiment, we plan to measure the spectrum of the RF power emerging from
the linac cavities as a function of charge-per-bunch and bunch length. Such measurements will
proceed in parallel with the wakefield studies discussed next.

 Effects of Wakefields on Beam Quality
To independently confirm the effect of longitudinal and transverse wakefields on beam

quality, we propose to vary the bunch length and charge per bunch and measure the energy
spread and emittance growth after the main linac. In addition to obtaining direct experimental
evidence on the beam quality degradation due to wakefield effects, we will also be able to
benchmark the numerical code (Krafft 1989) we use to calculate the magnitude of these effects.

4.3.6 RF Stability

The purpose of these experiments is to measure the effect of beam loading on the quality
of cavity gradient and phase regulation and to verify that RF controls are stable under heavy
beam loading (injector) or nearly no beam loading (main linac). Further, direct measurements of
the amplitude and frequency content of the microphonic noise present in the system will be
conducted. An external Schottky diode with DC-block may be used to measure gradient
fluctuations independently of noise generated in the electronics of the control modules
(Merminga 1993). The spectra of the gradient fluctuations will be obtained at different beam
currents (0, 25, 50, 75, 100 mA) and compared. Furthermore, the integral of the rms gradient
error signal will be calculated and the relative rms amplitude error will be extracted. This
measurement can then be compared to the required specification for gradient stability.

4.3.7 Higher Order Mode Cooling

HOM Measurements in the ERL
Higher Order Mode frequencies and Q�s up to twice the fundamental mode�s frequency

will be measured in all the injector and linac cavities, after their final installation in the
accelerator. The data will be compared with bench measurements and with the results of
simulations.

Measurements of HOM power dissipation
Several experiments will be performed in order to
a) Experimentally determine the loss factor of the TESLA cavities;
b) Experimentally study the dependence of the HOM power dissipated on beam

parameters; and
c) Identify the fraction of dissipated power that is extracted by a filter to room

temperature, the fraction of power that propagates down the beam pipe and the
fraction of power that is dissipated in the cavity walls.

The fraction of power that is dissipated in the cavity walls is of greatest concern, because
it could potentially impose limitations on the maximum average and peak currents due to finite
cryogenic capacity. As shorter bunches excite modes of higher frequency, and the surface
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resistance of the superconducting cavities varies quadratically with frequency, according to BCS
theory, the quality factor Q of the cavity could deteriorate and the amount of power dissipated in
the walls would increase (Merminga 2000a). Therefore, it is of importance for this amount of
power to be quantified and its dependence of beam parameters determined.

TESLA cavities have filters to extract the HOM power to a load at room temperature,
therefore the total integrated power can be measured with a bolometer, and its spectrum, up to
tens of gigahertz,  can be measured with a spectrum analyzer at the room temperature output of
the HOM filter cable. Furthermore, one might be able to identify the amount of power the beam
loses in selected, individual modes by measuring the external Q of the filter for those modes.

Calorimetry may be used to measure temperature rise of the He bath, by measuring the
increase in the He-mass flow. However, this method is not very sensitive (sensitivity of a few
Watts) and may only be used in extreme circumstances.

      To measure the amount of power that propagates down the beam pipe, thermometers will
be used in absorbing ceramic materials placed between cavities to dissipate HOM power. One
can increase the sensitivity of this measurement by thermally floating the ceramic (no thermal
ground) and measuring its temperature rise (diagnostic mode). During operation the ceramic can
be thermally anchored to the appropriate temperature, by reconnecting the thermal ground.

All the measurements described above will be repeated at different values of charge per
bunch, bunch repetition rate and bunch length. A number of scaling relations should be verified
experimentally. These include the high frequency behavior of the longitudinal loss factor and the
dependence of power dissipated in the walls.

Increased sensitivity of these measurements may be obtained by enhancing the Qext of
selected modes. There are various ways to achieve this, for example, by modifying the HOM
filters, or by directly injecting power in the frequency of the mode (Lyneis 1983). In fact, in the
case of TESLA cavities, this can be done in a straightforward way because the HOM filters can
be used as the input device as well. Provisions should be made that some of the filters should be
equipped with high power rating cables, so they can also be used to inject power into a mode, in
addition to extracting power.

4.3.8 Emittance Preservation in the Phase I ERL

As the ERL will depend critically on the emittance of the electron beam out of the
photoinjector, it will be essential to numerically model and then experimentally measure the
emittance that might be achieved. In this section, initial numerical injector simulations are
presented and longitudinal phase space manipulations are discussed.  Coherent synchrotron
radiation (CSR) effects on the transverse emittance in the ERL prototype are also estimated. The
section is lengthy, but understanding emittance preservation is absolutely key to the ERL
concept.
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In the first part of this section the simulations of particle dynamics performed  with
PARMELA (Young 2000) are presented. Of course, numerical simulations are always subject to
assumptions and limitations. In our case, the simulations of the injector were performed without
the envisioned sextupole / linearizer correction of the particle distribution in longitudinal phase
space. A final design incorporating these second order corrections will require several  iterations.

In the second part of this section simulations of longitudinal dynamics of the whole
machine with a simple model are presented.  Longitudinal dynamics here is treated separately
from transverse dynamics, and corrections to the transverse emittance resulting from the CSR
effect in dipole magnets for short bunches are made a posteriori. Independent treatment of
longitudinal dynamics is well justified for the bunches with the aspect ratio A small: 1<<γA
(γ  is relativistic Lorentz factor; zrA σσ=  with rσ  and zσ  being the transverse and
longitudinal rms dimensions of the bunch).  This is, indeed, the case everywhere in the Phase I
ERL with the exception of the gun�s photocathode, so the effect of transverse particle dynamics
on longitudinal dynamics is generally small.  The transverse motion exhibits a more dramatic
dependence on longitudinal bunch parameters, in particular, on the bunch length at picosecond
lengths. At low energies in the injector, short bunch lengths influence transverse motion  (via the
�usual space-charge� force -- radial repulsive force acting on a bunch moving along a straight

line � which is proportional to 
r

zq
σγ
σ

2~ , where q is a charge per bunch), the  CSR microbunch

interaction, and CSR energy losses.  Although some estimates of transverse emittance dilution
due to CSR are presented, a more rigorous treatment of the effect by using particle tracking
codes that include radiative processes is desirable, and will be one of the early Phase I tasks.

In principle, resistive-wall wakefields and CSR change the particle distribution in the
longitudinal phase space.  These effects may become important, especially if one is striving to
obtain very small longitudinal emittance (on the order of ten keV-deg), which requires
cancellation of correlated longitudinal emittance growth.  CSR and wakefields produce
correlated changes in the longitudinal phase space particle distribution, or change the �curvature�
of phase space distribution, which can be locally removed by using nonlinear momentum
compaction, 566T , or a third harmonic linearizer.  In the simple model used in this work to
represent evolution of the longitudinal phase space in the ERL machine only the most important
effects are taken into account: 1) RF standing wave curvature; 2) momentum compaction, 56R ;
and 3) nonlinear momentum compaction, 566T .  CSR and wakefields effects on longitudinal
dynamics are ignored.

Units
The quoted normalized transverse rms emittance is in mm-mrad.  The longitudinal rms

emittance is in keV-deg, where �deg� stands for 1 RF degree.  The relations between different
units for longitudinal coordinate of a particle are as follows: 1 RF deg = rf1 (360 )f  = 2.14 ps =

( ) rf/ 360β λ−  = β64.0−  mm with cv=β  being the ratio of particle velocity, v, and the speed
of light, c, rfrf fc=λ , GHz 3.1rf =f ; where a minus sign represents the fact that the front
particles have smaller values of the longitudinal coordinate in units of ps or RF deg than the
particles at the back of the bunch, as opposed to a longitudinal coordinate in mm.
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Transverse emittance compensation in the injector
The understanding of the emittance compensation technique has evolved from Carlsten�s

original paper on the subject (Carlsten 1989) to the so-called �invariant envelope� concept of
(Serafini 1997).  To understand the idea of emittance compensation (Fig. 4.3.8-1) one should
notice that the resultant transverse emittance is, in fact, a projection of the phase space areas
occupied by each slice (of length small compared to the total bunch length) along the bunch.
While the emittance of each slice is essentially a constant (determined by thermal emittance from
the photocathode), the projection of the phase space area occupied by all such slices can grow
significantly because each slice experiences different repulsive space charge forces.

The beam is space charge dominated in the gun, where the projected emittance grows
quickly due to different expansion rates of various slices. The growth of a slice is a function of
space charge density, which is greater in the center of the bunch than in the tails of the bunch.
Most of this emittance growth is correlated and can be removed by introducing a focusing kick
with a properly tuned solenoid lens which will, after a drift of proper length,  cause different
slices of the bunch to line up in the transverse phase space due to space charge forces, resulting
in a small projected emittance of the whole bunch.  To avoid further dilution of the projected
emittance one has to follow the solenoid with an accelerating structure (booster), so that the
minimum emittance is reached at a higher energy where the space charge force is sufficiently
suppressed.

The best emittance compensation results are achieved when one is able to meet the
following conditions:

1) A uniform transverse particle distribution (and consequently a uniform laser light
intensity profile on the cathode) yields better result than a non-uniform distribution, for
the reason that the radial space charge force in this case exhibits linear dependence with
radial coordinate r. This condition, leads to a better cancellation of the correlated
emittance growth due to the space charge.  A truncated Gaussian distribution ( σ1± ) was
found to be adequate for an effective emittance compensation.

2) It is important for the beam to be fairly laminar in the transverse plane.  This implies that

r′ r′ r′ r′

 r  r  r r

A

B
A

B

a) c) d)b)

Fig. 4.3.8-1.  Transverse phase space plots schematically showing the emittance
compensation technique (Carlsten, 1989).  a) initial phase space with small emittance at
the gun; b) phase space after transport to the solenoid lens, showing the growth of the
projected emittance due to the different space charge defocusing force at the bunch
center (A) and the tails (B); c) the phase space distribution has been rotated by an
external focusing kick; d) phase space after a drift behind the lens, showing the
projected emittance reduction due to the different expansion rates of points A and B.
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in the transverse plane trajectories do not cross each other.  Such crossovers (see Fig.
4.3.8-2a) lead to bifurcations, which result in increased emittance and halo formation.

3) It is desirable that in the longitudinal dimension different slices do not mix with each
other (longitudinal crossover, see Fig. 4.3.8-2b).  Longitudinal crossovers may happen
when a bunch that has a curved longitudinal phase space distribution undergoes magnetic
compression.  The longitudinal mixing of the slices, if it happens at low energies, can
considerably affect transverse motion and hinder emittance compensation.

Fig. 4.3.8-2.  Transverse and longitudinal crossovers.  a) transverse phase space diagram
showing crossover being formed when converging particles cross the r′  axis while
transforming to diverging particles; b) longitudinal phase space diagram showing the
mixing of different slices as the bunch with curved longitudinal phase space distribution
undergoes compression.
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Fig. 4.3.8-3.  Various parameters vs. longitudinal position in the injector with 5
one-cell SRF capture cavities.  Locations of cathode, anode, solenoid and cavities
are shown.  a) kinetic energy; b) transverse emittance and bunch size (the envelope
includes 90 % of the particles); c) bunch length and energy spread. The ripply line
at the bottom shows the RF cavity positions.
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Fig. 4.3.8-4.  Formation of the
halo at the entrance of the first
cavity. The arrows show
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Fig. 4.3.8-3 shows an example of PARMELA simulations for a 5 MeV injector.  The
laser pulse is assumed to be of Gaussian shape with 8 RF degφσ =  or ps 17=tσ  ( φσ  and tσ
stand for bunch length in units of RF deg and time respectively).  The transverse profile of laser
light intensity on the cathode is a truncated Gaussian ( rσ1± ) with mm 1=rσ .  The charge per
bunch is 77 pC which corresponds to 100 mA average current at  a 1.3 GHz repetition rate.  The
DC gun provides 500 kV, with the anode being 5 cm away from the cathode, the electric DC
field at the photocathode is 10 MV/m. Thermal emittance in these simulations is set to zero
(thermal emittance for GaAs photocathodes, assuming a uniform transverse laser light

intensity distribution, is given by 2
GaAs

th 2 mc
Er=ε , where r is the spot radius, GaAsE  is thermal

energy for GaAs: meV 50GaAs <E  (Sinclair 2000), 2mc  is the electron rest energy;  for a spot
size radius r = 1 mm, the rms thermal emittance is 16.0th =ε  mm-mrad).  In our case the
correlation between the thermal and the space charge induced emittances is small (verified by

simulations), so the total emittance is given by s.c.
2
th

2
s.c. εεεε ≈+=  for ths.c. 2εε ≥ .

As can be seen in Fig. 4.3.8-3, most of the space charge induced emittance growth is
removed at about 2.5 m from the photocathode ( ≈s.c.ε  0.3 mm-mrad)1.  One could argue that by
changing the solenoid setting it should be possible to move the minimum in the dependence of
emittance vs. position further downstream, to the entrance of the main 100 MeV linac, to
circumvent further emittance degradation after the minimum shown in Fig. 4.3.8-3.  However, it
was found that the high accelerating gradient of one-cell cavities (about 8 MeV/m)  precludes
one from doing so without the beam being overfocused due to strong RF focusing (Helm 1969),
especially from a transverse kick at the entrance of the first cell due to RF fringing fields.  The
focusing length of this kick (both in vertical and horizontal) can be estimated as cm 252 ≈′γγ ,
where γ ′  is accelerating gradient in the cavity divided by electron rest energy.  To avoid a
transverse crossover, the bunches have to be tightly focused at the entrance of the first cavity so
that the repulsive forces due to the space charge partially counteract RF focusing.  If the solenoid
field is decreased so as to move the minimum in the dependence of emittance vs. position further
downstream, the bunch radius at the entrance of the booster is increased, the beam becomes
overfocused, and the halo forms.  Besides, the halo forms at the tails of the bunch even in the
case of Fig. 4.3.8-3 because the tails experience the same amount of external focusing but a
weaker space charge repulsive force to counteract its action than the center of the bunch (see Fig.
4.3.8-4).  It is possible to reduce the fraction of the particles, which form the halo, by 1) making
the longitudinal particle distribution more uniform, 2) applying weaker external focusing to the
beam in the injector.  The first solution suggests stacking laser pulses to produce a more uniform
temporal laser profile at the photocathode, while the second option suggests a lower accelerating
gradient in the capture cavities.

                                                
1 In principle, by increasing the energy gain from the booster one can �seal� this small emittance and decrease
considerably space charge forces so that the crossovers discussed here become unimportant.
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Fig. 4.3.8-5.  Betatron functions in the main linac during acceleration.  Locations of the SRF
cavities are shown.  Here, �good matching� corresponds to Twiss parameters from the injector

5=xβ  m, 2.5−=xα , and �bad matching� corresponds to 6=xβ  m, 2−=xα  (the betatron
function is about 60 m at the exit of the linac).

Injector and merger simulations
The injector and merger design has to perform the following functions: transverse

emittance compensation, longitudinal phase space manipulations, and matching of betatron
functions to the entrance of the main linac.  SRF cavities in the main linac operate at a high
accelerating gradient (20 MeV/m); therefore, a 5 MeV bunch experiences strong RF focusing in
the beginning of the linac.  To keep the betatron function small in the linac, it is necessary to
introduce quickly diverging bunches with a small beam envelope at the entrance of the main
linac (see Fig. 4.3.8-5). It is also possible to run the first cavity in the linac at lower gradient to
mitigate RF focusing.
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Fig. 4.3.8-6.  The section of injector between the booster and the main linac.  A-Q1,
A-Q2, A-Q3, A-Q4 are quadrupoles, A-D1 is sector magnet, A-D2 is magnet with
pole-face rotation (-21°  for both planes).
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Fig. 4.3.8-7.  Axial electric field profile in a 3-cell cavity.

One possible version of the merger is shown in Fig. 4.3.8-6.  The section of four
quadrupoles provides the matching of the betatron function.  Three 15° -dipole magnets serve to
introduce the beam to the main linac.  The bending section is achromatic.  Two outer dipoles are
identical sector magnets and the center dipole has a pole-face rotation (-21°  for both planes).  It
is possible to construct an achromat from three identical sector magnets; however, the distance
between the magnets would have to be 3.6 m for 15° -dipole magnets, i.e. pole-face rotation
introduces additional focusing and allows a more compact bending section.

Space charge forces are not negligible for tightly focused bunches at 5 MeV. Therefore,
space charge has to be taken into account in order to determine correctly the required quadrupole
strengths for matching of the betatron functions.

The accelerating gradient in the cavity is 2.89 MV/m, which corresponds to an energy
gain of 1 MeV per cavity for ultrarelativistic electrons. The cavity geometry and axial electric
field profile are shown in Fig. 4.3.8-7.

PARMELA simulation results and the injector layout are shown in Fig. 4.3.8-8 and
4.3.8-9, where the charge per bunch is 77 pC.  In the case of no compression (Fig. 4.3.8-8) the
emittance at the entrance of the main linac is 9.0=xε  mm-mrad and 5.0=yε  mm-mrad.  With
bunch compression (Fig. 4.3.8-9) the calculated emittance after the injector is 4.2=xε  mm-
mrad and 2.1=yε  mm-mrad.  The longitudinal emittance is 330 keV-deg and 100 keV-deg
without and with compression, respectively.  The longitudinal phase space distribution after the
injector for both cases is shown in Fig. 4.3.8-10. Note the deformation of the phase space
distribution due to substantial bunch compression at 5 MeV in Fig. 4.3.8-10b.

It is worthwhile making the following comments about these PARMELA simulations:

1) It was found that point-to-point space-charge calculations in PARMELA do not correctly
represent emittance compensation processes for a moderate number of macroparticles (≤
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5000).  Mesh space-charge calculations in PARMELA seem to represent transverse
dynamics more correctly.

2) The SCHEFF subroutine in the version of PARMELA used here assumes that the
electron bunch cross-section is nearly circular, which may become a poor approximation
in the sections with nonzero dispersion and with realistic β variation.  A better routine
should include the possibility of calculating space-charge for bunches with elliptical
cross-section (Koltenbah 1999).  It is indicated in (Koltenbah 1999) that PARMELA
with this circular algorithm of the SCHEFF subroutine overestimates the emittance
growth due to space-charge in the bend plane by 30-40 %.

3) The optimization of external focusing settings of the simulations presented in Fig. 4.3.8-
8 and 4.3.8-9 is by no means exhaustive.  The solenoid setting was optimized with fixed
values of the laser-irradiated spot size at the cathode, position of the solenoid, position of
the booster, etc.  According to emittance compensation theory (Serafini 1997), matching
the beam into the accelerating structure to �invariant envelope flow� condition assures
(normalized) emittance damping in the accelerating structure.  One can notice that it is,
in fact, the case of Fig. 4.3.8-3b, but not that of Fig. 4.3.8-9b.  The condition of such
correct matching requires that a beam entering the booster should have initial beam size
given by ( ) γγσ 032 IIr ′=  with vanishing divergence, where I is the peak bunch
current, 170 =I  kA, and γ ′  and γ are the normalized booster gradient and energy at the
entrance of the booster, respectively.

4) There is no chopping of the bunch tails � such chopping will improve both transverse
and longitudinal emittances, since the particles in the tails of the bunch are scattered
considerably in the phase space in comparison with the particles in the center of the
bunch.

The presented simulation results, although still being far from optimal, indicate that a
bunch of desired high quality from the injector should be possible with DC gun. Exploring these
computations experimentally will be the first priority for the Phase I ERL project.
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Fig. 4.3.8-8.  Various parameters vs. longitudinal position in the injector with 5 
three-cell SRF capture cavities (no compression).  Locations of cathode, anode, 
solenoid, cavities, quadrupoles and dipoles are shown.  a) kinetic energy; b) 
transverse emittance and bunch size (the envelope includes 90 % of the particles); c) 
bunch length and energy spread; d) betatron and dispersion functions (dashed lines 
show betatron functions in the achromat section). 
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Fig. 4.3.8-9.  Various parameters vs. longitudinal position in the injector with 5
three-cell SRF capture cavities (compressed by a factor of 6).  Locations of cathode,
anode, solenoid, cavities, quadrupoles and dipoles are shown (see Table 4.3.8-2).  a)
kinetic energy; b) transverse emittance and bunch size (the envelope includes 90 %
of the particles); c) bunch length and energy spread; d) betatron and dispersion
functions (dashed lines show betatron functions in the achromat section).
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Longitudinal phase space manipulations
Achieving small longitudinal emittance presents no lesser challenge than achieving small

transverse emittance, especially when both are to be achieved at the same time.  The following
simple model was adopted to represent longitudinal phase space evolution:  The beam from the
gun was considered to be essentially monoenergetic (zero longitudinal emittance), so that the
resultant longitudinal emittance is completely correlated (i.e. can be removed in principle) and
arises from �curvature� of an infinitely thin distribution in the phase space.  �Active� elements
that change the longitudinal phase space distribution are drift (for nonrelativistic electrons), the
accelerating structure, and linear and nonlinear momentum compaction ( 56R , 566T ). The SRF
cavity is treated as a sequence of finite-length monoenergetic drifts (half the RF wavelength)
interleaved with impulsive kicks in energy (Douglas 1999).  The energy kicks are intended to
simulate the effect on the beam of a single cell of the cavity.  The bunch itself is represented by
19 macroparticles, which at the cathode have different phases from φσ3− to φσ3+  with a step of

3/φσ  (here φσ  is the laser pulse rms duration in RF deg) with each having a statistical weight

proportional to ( )22 2exp φσφi− , where φi is the phase of a macroparticle at the cathode (Gaussian
distribution). The  rms longitudinal emittance, zε , is determined as usual:

222 WWz φφε −= , (4.3.8-1)

where φ  and W  are macroparticle phase and kinetic energy, and �  represents the average
over the ensemble of macroparticles.  Each macroparticle is traced individually according to the
following transformation rules for longitudinal phase space coordinates φ  and W :

1) In a drift of length L, coordinates after the drift 2φ , 2W  are related to those before the
drift 1φ , 1W  as

rf12 ωφφ
v
L+= ,

(4.3.8-2)
12 WW = ,

where v is the macroparticle velocity, and rfω  is the fundamental angular frequency.

2) In an energy kick from a cell with energy gain amplitude E∆  and phase offset φ∆

12 φφ = ,
(4.3.8-3)

)cos( 112 φφφ ∆+−∆+= EWW ,

where φ  is the phase of central macroparticle.
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Fig. 4.3.8-10.  Longitudinal phase space distribution after the injector.  a) no
compression (see Fig. 4.3.8-8), rms longitudinal emittance is 331 keV-deg; b)
compression to 1.4 RF deg rms bunch length (see Fig. 4.3.8-9), rms longitudinal
emittance is 98 keV-deg. (Note horiz. scale change.)

3) In a bending system with path length L for the central macroparticle and nonzero values
of 56R and 566T , the transform is given by

( )2
56656

rf
12 δδωφφ TRL

v
+++= ,

(4.3.8-4)
12 WW = ,

where ( ) ppp −=δ  is the momentum deviation of the trajectory from that of the central
trajectory.

All other processes that may influence longitudinal dynamics are presumed to be small
and are neglected (space charge, CSR, wakefields).  It appears from PARMELA simulations that
space charge becomes significant in longitudinal dynamics for shorter bunches ( 2 RF degφσ ≤ )
in a 5 MeV merger (cf. Fig. 4.3.8-10 b).  However, this simple model will be used here to
illustrate longitudinal beam dynamics in the machine.  Quantitative agreement of this simple
model with PARMELA simulations is within a factor of 1-2 for the injector (the model
overestimates longitudinal emittance), which is primarily due to a crude representation of the
first three-cell cavity with only 3 kicks while the beam is not yet ultrarelativistic.
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RF-induced curvature in the longitudinal phase space 

When a monoenergetic beam goes through a linac, longitudinal phase space adopts a 
cosine-like shape according to (4.3.8-3), and the longitudinal emittance zε  is no longer zero.  It 
is straightforward to calculate emittance growth due to the RF curvature for an ultrarelativistic 
bunch with Gaussian longitudinal distribution after a linac run off-crest with phase offset φ∆ : 
 

  
2 22 2

,rf 1 [1 (cos 2 )( 1 )]
2z
E e eφ φσ σ

φ φ φε σ σ φ σ− −∆∆ = − + − ∆ − + ,   (4.3.8-5) 

 
where φσ  is the bunch length in rad, E∆  is energy gain from the linac when run on crest.  For 

0=∆φ  (on crest operation) and 1<<φσ , the expression becomes 
 

     3
rf, 2 φσε E

z
∆≅∆ ,    (4.3.8-6) 

 
or in more practical units 
 
   [ ] 3

,rf keV deg 0.2154 [MeV] [deg]z E φε σ∆ = ⋅ ∆ . 
 

For example, the emittance growth due to RF-induced curvature for a bunch with 1.4 RF 
deg rms length (the case of Fig. 4.3.8-9) will be 59 keV-deg.  The phase space distribution after 
the injector has C-shape, while the main linac tends to introduces �the top of cosine�-shape.  In 
this case the resultant emittance can be found by adding injector emittance (100 keV-deg) and 
RF-induced emittance from the main linac (59 keV-deg) in quadrature, i.e. 116 keV-deg.  The 
longitudinal phase space distribution will assume the form depicted in Fig. 4.3.8-11 (space 
charge effects seen on Fig. 4.3.8-10 b are not shown). 
 
 

Fig. 4.3.8-11.  Example of longitudinal 
phase space after the main linac.  The linac  
is run -10º off-crest. Estimated  emittance 
based on PARMELA results is 120 keV-
deg. 
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Correction of longitudinal phase space
Since longitudinal emittance is proportional to the bunch length it is beneficial to have as

short bunches in the linac as possible.  The lower limit on the bunch length appears to be 1-1.5
RF deg for a 10 MeV injector and 1.5-2 RF deg for a 5 MeV injector. The reasons for these
limitations are the space charge and the shortest allowable bunch in the linac, given the higher
order modes excitation problem.  Thus, the emittance increase due to RF-induced curvature is
about 70 � 170 keV-deg in the Phase I ERL  and 1100 � 3600 keV-deg in  the Phase II 5 GeV
machine.  It is possible to remove most of this emittance growth by 1) nonlinear momentum
compaction 566T  (sextupole correction), or 2) an RF structure that operates on the third harmonic
frequency � 3.9 GHz (linearizer).  Calculations made with the simple model and possible
scenarios of longitudinal phase space manipulations are presented next.

Sextupole correction
If the curvature of the longitudinal phase space distribution was not removed after the

booster and the bunch was consequently compressed in the injector, the phase space will look
similar to that of Fig. 4.3.8-11 and sextupole correction in the recirculating arc of the prototype
will not remove most of the emittance growth.  This implies that sextupole correction has to be
introduced in the injector (at least for the Phase I machine; in the Phase II machine most of
longitudinal emittance growth will be from the main linac and not the injector).  Also, by looking
at (4.3.8-4) one notices that the 566T  correction requires energy-position correlation in the bunch,
i.e., off-crest running (which is also required for further bunch compression in the recirculating
arc).  Such off-crest running produces a rms energy spread ( 1]rad[ <<φσ ) of

)1(2cos1(
2

2
rf, φφ σφσσ −∆−∆= E

E . (4.3.8-7)

The larger the phase offset φ∆  in the accelerating structure, the smaller the value of 566T  which
will be needed to correct longitudinal phase space distribution, but the greater the energy spread,

rf,Eσ , will be.  In practical units for small angles 1]rad[ <<∆φ  , the energy spread can be written
as

[ ] 2 2
,rf keV 0.2154 [MeV] [deg] [deg] 2 [deg]E E φ φσ σ σ φ= ⋅∆ + ∆ .

Thus, for the Phase I machine ( 5.1=φσ  RF deg), the smallest rms energy spread from the main
linac, which corresponds to its operation on crest (no longitudinal phase space correction), is 50
keV; if the linac is run 7°  off-crest energy, the  spread becomes 320  keV.  For the Phase II 5
GeV machine, the smallest rms energy spread ( 1=φσ  RF deg in the linac) is 1.1 MeV for an on-
crest operation, and 15.2 MeV for a 10°  phase offset.
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100 MeV Phase I Machine. Fig. 4.3.8-12 depicts a possible scenario of longitudinal phase
space evolution for the prototype obtained with the simple model outlined earlier.  Here, the 566T
correction is sufficient when applied only in the merger.  Because of this fact, operating the main
linac off-crest does not significantly change the longitudinal emittance.  The longitudinal
emittance after the main linac is estimated to be 20 keV-deg.  The required values of R56 and T566
in the injector for the length of merger corresponding to the design of Figure 4.3.8-6 are 3.5 cm
and 64.7 cm,  resp. The needed value of R56 will be produced through adequate control of the
dispersion function in the bends, or, alternatively, by adjusting the path length in the merger. 566T
may be introduced by either sextupoles or by pole-face shaping of the dipole magnets.  The
particular final design issues require further studies.

CSR in thePhase I ERL
Incoherent synchrotron radiation in the Phase I ERL is very small and does not effect

particle dynamics in the machine.  CSR, on the other hand, is independent of beam energy and its
effect on the machine performance has to be studied. The CSR energy loss, Ud, per electron in a
dipole magnet of length, Ld, and bending radius, ρ, the energy spread, ∆Ud, due to the tail-head
radiative microbunch interaction for a bunch with a Gaussian temporal distribution are estimated
using the following formulae (Nodvick 1954; Derbenev 1995):

Gun
Booster

Merger (T566 correction)

100 MeV Linac
Arc

a)

b) c)

Fig. 4.3.8-12.  Possible longitudinal phase space evolution in the prototype with T566
correction in the injector.  The booster is run -28°  off-crest, the main linac is run -5°
off-crest.  In the merger L = 5.2 m, R56 = 3.5 cm, T566 = -64.7 cm.  Average bunch
kinetic energy W, energy rms spread σW,  bunch rms length σφ and emittance εz values
are given.
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   [ ] 1/3 d
4/3

[deg][pC]eV 198 [m]
[mm] 360d

z

qU θρ
σ

=
°

,   (4.3.8-10) 

   [ ] d4/3 2 /3

[pC]eV 19.8 [m]
[mm] [ ]d

z

qU L
mσ ρ

∆ = , 

 
where q is the charge per bunch, and dθ  is the dipole bending angle.  The total CSR  power loss 
is given by [ ]CSR dW [eV] [A]P U I= ⋅ .  The formulae are correct in the absence of beampipe 
shielding: 
 
     ρσ /aaz << , 
 
Where a is the beampipe aperture.  The beampipe shielding coefficient can be crudely estimated 
by the following formula 
 

α
α

R
ak

23

31

shielding 



= ,   (4.3.8-11) 

 
which was obtained by Schwinger for two parallel infinite conducting metal sheets separated by 
distance a (Nodvick 1954). The formula for the CSR-induced energy spread also assumes �thin� 
bunches and that the dipole length, Ld, is greater than a so-called �overtaking length� Lo: 
 
     ρσσσ /rrz >> ,    (4.3.8-12) 
 
     od LL ≥ , 
 
where the �overtaking length� is given by ( ) 3/12

o 24~ ρσ zL .  If od LL < , then the energy spread 

is lower than that of expression (4.3.8-10) by the additional factor of ( )2
od / LL  (see (Carlsten 

1995; Derbenev 1995) for details). 
 
 To correctly estimate the effect of CSR on transverse emittance one has to calculate the 
variance of transverse coordinate x∆ and divergence x′∆ according to (Emma 1997) : 
 

  
2

16CSR

2 )( 




=∆ ∫ ds

ds
d

sRx δσ
,  

2

26CSR

2 )( 




=′∆ ∫ ds

ds
d

sRx δσ
 

     
 
where the )(16 sR  and )(26 sR  transfer matrix elements are from the point of energy loss to the 
end of the bending system, and δσd is the energy spread increment due to CSR at a given 
location in the bending system.  Deferring this kind of calculation to the actual design activities 
of the Phase I machine, here we estimate the CSR emittance using the conservative formulae of 
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(Carlsten 1995; Derbenev 1995), despite the arguments made in (Emma 1997) that such 
treatment may overestimate the CSR-induced emittance in the bending system.  The direct 
transverse effects of the microbunch radiative interaction (Derbenev 1996) are found to be small 
in the prototype and are neglected here.  Table 4.3.8-3 shows rough estimates of the CSR-
induced transverse emittance growth. 
 

It can be seen that for 2=a  cm, 1=ρ  m there is no effective suppression of CSR due to 
beampipe shielding for bunches with 8.0≤zσ  mm.  For the bunch length 7.0=zσ  mm, we find 
that the energy loss by one electron per recirculation would be 31 keV or 3.1 kW of radiation 
power.  The numbers for a 1.5 RF deg rms bunch is 20 keV and 2 kW, respectively.  Table 4.3.8-
4 summarizes CSR power losses in the Phase I ERL.  Please note that these estimates assume 
that the condition (4.3.8-12) of �thin� bunches is met.  In reality, this condition may be easily 
broken in the Phase I ERL dipoles, where the dispersion function has large values and the bunch 
has large horizontal size because of energy spread (Shibata 1994; Douglas 2000a; Douglas 
2000b).  In this case the results of Tables 4.3.8-1 and 4.3.8-2 may significantly overestimate the 
effect of CSR on transverse emittance and energy loss. Quantitative measurement of these effects 
and their functional dependences will be a major priority of the Phase I ERL study. 

 
 
 
Table 4.3.8-1.  Estimates of CSR emittance growth in different parts of the Phase I ERL, 
assuming no beampipe shielding and �thin� bunch (4.3.8-12). 

Machine Part W (MeV) θd (deg) ρ (m) σz (mm) ∆εx, n (mm-mrad) 

Merger 5 15 1 0.96 0.7 0.4 0.6 
Arc TBA 100 60 1 0.96 0.7 1.4 2.1 
Chicane 100 20.5 1 0.03 16 

 
 
 
Table 4.3.8-2.  CSR power in different parts of the prototype, assuming no beampipe shielding 
and �thin� bunch (4.3.8-12). 

Machine Part W (MeV) σz (mm) PCSR (kW) 

Merger 5 0.96 0.7 0.1 0.2 
Arc TBAs 100 0.96 0.7 1.6 2.4 
Chicanes 100 0.96 → 0.03 2×14 
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5 Technical Description of the Phase I ERL 
5.1 Overall Machine Layout 
 An overall layout of the Phase I ERL is shown in Figure 5.1-1. A more detailed drawing 
is available at http://www.lns.cornell.edu/~draft/colleague-access.html. Technical discussion of 
the various subsystems and components of the machine are described in the next sections, below.  
 

The layout is based on a minimal arrangement necessary to accomplish the experimental 
investigations intended for the Phase I ERL, as described in Section 4. It consists of  a 
photoinjection stage which inserts bunches into the main linac at a slight angle. The remainder of 
the machine is designed with flexible optics for the study of  emittance preservation, coherent 
synchrotron radiation effects, magnetic compression to very short bunches, etc. Overall 
considerations were that the legs of the loop must be long enough to accommodate the merging 
in and out of the injected and spent beams and the matching optical elements that go with this 
function.  The joining legs needed to be long enough for the Triple Bend Achromat (TBA) optics 
with flexibility for manipulating the transport matrix elements for the various needed studies. 
While it is possible to fold the spent beam line with a U-turn as the emittance preservation is no 
longer an issue, calculations needing to be verified indicate that one must bend the input beam 
only very gently to avoid CSR degradation of the emittance.  The latter extends the footprint of 
the machine considerably. 
 
 

Figure 5.1-1. (next page) Overview of the Phase I ERL.
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5.2  Technical Systems 
5.2.1 Electron Source 
 
 

We will employ a DC photoemission electron gun as the electron source for the 
prototype.  This source has three major elements - the DC electron gun structure; the 
photocathode; and the laser which illuminates the photocathode.  Each of these elements is 
described, below, along with the reasons for choosing a photoemission type gun. 
 

The primary reasons for choosing a photoemission gun are the high beam brightness 
provided by a photoemission cathode, and the great flexibility in beam time structure which 
results from coupling a linear photoemitter with the ease of generating optical pulse patterns with 
lasers and electro-optic components.  The principal reason photoemission cathodes produce high 
beam brightness is that these cathodes can support very high instantaneous current density.  In 
addition, certain photocathodes provide very low thermal emittances.  We have selected this type 
of cathode.   
 

The first point to realize in using a photoemission cathode is that for the ERL application, 
the photocathode must offer a high quantum efficiency.  For any linear photoemitter, the 
following relation is true: 
 

 [ ] [ ] [ ] [ ]nm
mA W . . %
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λ
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 This expression can be integrated over time to give an equivalent relationship between 
the bunch charge in nanocoulombs and the laser pulse energy in microjoules.  There are three 
families of high quantum yield photoemitters: the alkali antimonides; the alkali tellurides; and 
the III-V semiconductors.  The first two of these families have positive electron affinity, while 
the third has negative electron affinity.  We will discuss the importance of this distinction later.  
In table 5.2.1-1 we give for each of these three cathode types the typical operating wavelength 
and the product of laser power and quantum efficiency necessary to support the 100 mA average 
current requirement of the ERL. 
 
 

Table 5.2.1-1  Photocathodes 
 
Cathode Type Typical Operating 

Wavelength [nm] 
P x Q.E. product to 
support 100 mA [W - %] 

Alkali Antimonide (K2CsSb)                    527                  23.5 
Alkali Telluride (KCsTe)                    266                  46.6 
NEA semiconductor (GaAs)                    780                  15.9 
 
 
 
 



Section 5:  Phase I ERL Technical Desctiption          

 129 

It should be noted that in Table 5.2-1 it is assumed that every laser photon and every 
photoemitted electron is useful.  Thus, the laser power must be provided with the correct time 
structure (i.e. suitably short duration optical pulses at a 1300 MHz repetition rate).  In addition, if 
a Gaussian transverse laser profile is truncated to provide a more uniform spatial profile, more 
laser power will be required. 
 

Photocathodes of each type with initial quantum efficiencies of 10% or greater have been 
made.  Thus, to produce 100 mA electron beams for the ERL, lasers delivering several watts 
with appropriate time structure are necessary.  Presently, only one laser has demonstrated the 
necessary optical power and RF time structure.  This is an optically pumped Ti:sapphire laser 
which is locked to the accelerator RF by gain modulation.  The gain modulation is produced by a 
simple diode laser driven at a subharmonic of the fundamental accelerator frequency.  At JLAB, 
a laser of this type has produced 2.5 W of near infrared light at 499 MHz.  It is practical to 
produce the same optical power at 1300 Mhz (Hovater 1998).  A version of this laser has been in 
routine service on the CEBAFaccelerator since August, 2000.  This laser has proved 
exceptionally stable in operation.  It has no active feedback loops to stabilize any parameter - 
including the cavity length.  We anticipate that with straightforward development, a laser of this 
type providing 10 W at 1300 MHz and 780 nm will prove practical practical.  We also note that 
high average power amplification of a high frequency optical pulse train from a Ti:sapphire laser 
has been demonstrated at the 5.77 W level (Liu 2000).  Because of its long wavelength, this laser 
is only suitable for driving a GaAs photocathode. 
 

No photoemission electron source delivering 100 mA average current for operationally 
useful periods of time has ever been demonstrated.  A 433 MHz RF gun with an alkali 
antimonide photocathode has produced 32 mA average current (128 mA instantaneous current 
with 25% duty factor) with a cathode operational lifetime of about 2 hours (Dowell 1993). The 
JLAB IRFEL operates a GaAs cathode in a ~335 kV DC gun and delivers 5 mA average current 
with long cathode operational life (Sinclair 1992; Engwall 1997; Siggins 2000). The JLAB 
nuclear physics injector operates with GaAs cathodes, and has shown reproducible cathode 
lifetimes of 2x105 Coulombs/cm2. The cathode lifetime is limited only by the effects of ion back-
bombardment. Clearly operational lifetime improvements of about an order of magnitude are 
desirable for the ERL application. The approach for achieving this is detailed, below. 
 
 The thermal emittance of the beam produced by a photoemission cathode is an issue of 
fundamental importance in applications such as the ERL.  The normalized rms emittance of a 
beam produced by photoemission from a uniformly illuminated spot of radius r is: 
 

 εn ,rms = r
2

Ethermal

mc2 , 

 
where Ethermal is the effective thermal energy of the emitted electrons.  In the case of a thermionic 
emitter, the above relation is known to give a good description of the normalized emittance.  In 
this case, Ethermal  = kT, and T is the physical cathode temperature. 
 
 For the GaAs photocathode, Dunham et al. have reported measurements of Ethermal for 
several wavelengths (Dunham 1995).  They demonstrated that for a range of wavelengths close 



Section 5:  Phase I ERL Technical Desctiption          

 130 

to the fundamental absorption edge of GaAs, Ethermal was about 35 meV (n.b. room temperature is 
25 meV).  Measurements of similar quality for the thermal emittance of alkali antimonide and 
alkali telluride cathodes have not been reported.  Ethermal values between 200 and 600 meV have 
been reported for alkali antimonide cathodes, and between 200 and 300 meV for alkali telluride 
cathodes.  However, these numbers are not based on measurements as careful as those of 
Dunham et al. 
 
 It is clear that the basic thermal emittance of the GaAs photocathode is significantly 
superior to the alkali antimonide and alkali telluride photocathodes.  This is a consequence of the 
fact that GaAs is a negative electron affinity photoemitter, while the other cathodes have positive 
electron affinity.  The negative affinity and relatively low optical absorption of the GaAs 
photocathode allow photoexcited electrons to relax to the bottom of the conduction band prior to 
emission.  In the case of positive electron affinity cathodes, electrons must be emitted prior to 
relaxation to the conduction band minimum.  To obtain a high quantum efficiency with the 
positive electron affinity photoemitters, the photon energy must be several hundred meV above 
the work function.  Thus, one expects the photoemitted electrons to have an effective thermal 
energy of this order.  It is worth noting that in the future, the thermal emittance from GaAs 
photocathodes might be further reduced by lowering the cathode temperature.  While the thermal 
emittance at reduced temperature has not been measured, the energy spread has shown the 
expected narrowing at low temperature (Feigerle 1984; Drouhin 1985). 
 
 In any high brightness, bunched-beam electron source, it is important that the external 
field applied to the cathode be large compared to the fields generated within the bunch itself. The 
fields within the bunch cause bunch lengthening, energy spread, and transverse emittance 
growth.  In the case of a DC electron gun, the static electric field at the cathode produces a 
surface charge density on the cathode.  The condition that the external field be large compared to 
the self field of the bunch requires that the charge per unit area extracted from the cathode in a 
single bunch be small compared to the charge per unit area stored at the cathode surface by the 
applied field.  The allowable thermal emittance of the beam determines the maximum radius of 
the illuminated area on the cathode, and thus directly determines the cathode electric field 
required.  In this respect, the GaAs cathode, with its small thermal emittance, permits a large 
illuminated area on the cathode, and thus the lowest cathode field requirement. 
 

In a DC electron gun, the maximum field strength that can be supported on the cathode is 
limited by field emission from the cathode electrode structure and its supporting elements.  This 
emission has three detrimental effects.  First, field emitted electrons may strike the ceramic 
insulator that holds off the gun high voltage and thus build up a concentration of charge within 
the insulator.  If this charge is not drained off, the field strengths created may become large 
enough to cause a mechanical �punch through� of the ceramic, creating a vacuum leak.  Second, 
field emitted electrons striking the vacuum walls cause desorption of gases, which may either 
chemically poison the cathode, or provide a source of ions which damage the cathode through 
ion back bombardment. Third, some field emitted electrons can form dark beam contrast and 
halo in the accelerator. 

Two recent advances allow a much higher field strength to be used in DC electron guns.  
The first is the discovery that the uniform implantation of the ceramic insulator with metal ions 
creates a uniform sheet resistance on the implanted surface.  This sheet resistance can be made 
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appropriate to drain off the charge delivered by field emission.  This technique has been very 
successfully applied on the DC photoemission electron gun of the JLAB IRFEL. (Liu 1997). The 
second and more recent advance is the discovery that metallic electrodes implanted by nitrogen 
ions show dramatically reduced field emission.  Test electrodes have been operated with uniform 
DC fields of 30 MV/m over a 100 cm2 area, and showed field emission currents between 0.5 and 
1.8 pA/cm2.  These tests were done with high voltage (125 kV), finite gap (4 mm), and for 
extended duration (~ 8 hours/test) (Sinclair 2001). These results give confidence that a DC gun 
structure operating with a cathode field of 15 to 20 MV/m can be reliably operated. 
 

In the JLAB GaAs photoemission guns, the cathode lifetime is limited only by ion back 
bombardment.  The ion back bombardment flux is directly proportional to the average beam 
current and to the vacuum pressure in the cathode-anode gap.  Thus, rather than quoting a 
cathode operational lifetime in terms of clock hours, it makes much more sense to quote the 
lifetime as the number of coulombs delivered per unit illuminated area.  The injector of the 
JLAB CEBAF accelerator was designed to minimize the vacuum in the cathode-anode gap.  
Initial operation of the 100 kV electron gun in this injector gave cathode 1/e lifetimes of over 104 
coulombs/cm2 (Sinclair 1999) .  Two of these guns are now in routine operation.  As the vacuum 
conditions have slowly improved with time, the operational 1/e lifetime has steadily improved, 
and values above 105 coulombs/cm2 are now standard.  Presently, the vacuum in these guns is 
predominantly hydrogen, with a small amount of methane.  The pressure, as measured by an 
extractor gauge, is in the mid-10-12 torr range.  Further vacuum improvements are practical, and 
can be expected to provide further increases in cathode operational lifetime. 
 
 One advantage of DC photoemission guns is the relative ease with which excellent 
vacuum pressures can be produced.  In contrast to the RF gun, the DC gun has no restrictions on 
the materials which can be used for the vacuum walls; no restriction on the geometry of the 
vacuum walls, and no practical restrictions on the size and location of ports in the vacuum 
chamber.  In RF guns, the vacuum walls must be made of high electrical conductivity metal; they 
must have a size and shape restricted by the need to create a resonant cavity; and they may only 
have ports located symmetrically with respect to the beam axis and of a size limited by the RF 
frequency.  These restrictions make it much more difficult to achieve a truly excellent vacuum 
pressure in a RF gun.  It should be noted that the cathode degrading effects of ion back 
bombardment are likely to be significantly less in an RF gun.  However, all high quantum 
efficiency photocathodes are highly sensitive to chemical poisoning by certain chemically active 
gases (e.g. H2O, CO2). When operated with high average power, as would be necessary in any 
RF gun for the ERL application, it is generally noted that the vacuum pressure rises, and this is 
likely to impact the cathode lifetime adversely.  Finally, it should be noted that to date, all high 
quantum efficiency photocathode RF guns have shown reduced cathode life in an operating RF 
cavity. 
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Parameters for a DC photoemission gun with a GaAs cathode to deliver 100 mA average 
current at 1300 MHz for the Phase I ERL. 
 We assume that we must deliver a rms normalized thermal emittance of ≤ 0.5 µm.  We 
further assume that the effective cathode temperature is 51 meV, a value conservative by a factor 
of over 1.4 based on Dunham�s measurements.  This allows us to use a cathode radius of 3.16 
mm.  We choose a 2.5 mm radius, giving a cathode illuminated area of 0.196 cm2.  We assume 
that we achieve the demonstrated 1/e operational lifetime of 2x105 coulombs/cm2, to give 0.393 
x 105 coulombs cathode 1/e life.  We assume an initial cathode QE of 10% at 780 nm, and 
assume that we begin with a laser able to deliver 2 W to the photocathode, and with appropriate 
1300 MHz time structure.  The laser beam will be truncated at ±1 σ transversely, so it will 
provide about 3 W of raw power in a Gaussian beam profile.  Since we need 15.9 W-% to 
maintain the necessary 100 mA, we have a factor of 1.26 excess laser power, allowing us to 
operate for 0.2296 e-folding times.  This will deliver 9x103 coulombs, or 25 continuous hours at 
100 mA before the cathode is unusable.  If we assume that we have a cathode of 2.5 cm 
diameter, and plan to use six separate 5 mm diameter spots, well away from the edge of the 
cathode, we could in principle operate for nearly 150 hours before needing to take some action to 
restore the cathode.  At JLAB, we have been able to almost completely repair the QE damage 
from ion back bombardment by a heat treatment and cathode reactivation � a process conducted 
in situ in the electron gun, and requiring a few hours. 
 
 At 1300 MHz, each bunch contains 77 pC.  With a cathode illuminated spot of 0.196 cm2, 
this corresponds to a surface charge density of 3.92 µC/m2.  To establish this charge density 
requires a cathode field strength of only 0.443 MV/m.  Based on the very promising field 
emission developments noted above, we plan to operate the DC gun initially at or above 10 
MV/m at the cathode � a factor of 22.6 above that necessary to establish the surface charge 
density.  Thus, the effects of space charge on the bunch as it traverses the gun structure are  
expected to be tolerable.  This example illustrates that it is quite plausible to operate a DC 
photoemission gun with a GaAs photocathode to meet the performance required by the ERL 
prototype, using parameters which have all been demonstrated in practice. 
 
 
5.2.2  Injector 
5.2.2.1  Booster & Control 
 
 The booster subsystem of the overall photoinjector performs the function of accelerating 
the bunches from the electron source to relativistic speed (e.g., 5 MeV) with minimal emittance 
dilution. The booster calls for five 3-cell cavities, each providing one MV acceleration. The 
values quoted in the parameter list (section 4.2) are estimates based on an initial design; final 
design values will be completed during the early engineering stages of the Phase I  project. We 
anticipate the need to open the beam pipe aperture to achieve stronger coupling necessary to 
deliver 100 kW of beam power per cavity.  Injector cavities will be built with the same 
technology as for the main linac cavities. Each cavity will be equipped with a high power input 
coupler, two HOM couplers on each end, a beam line HOM coupler on each end, integrated 
helium vessel, mechanical and piezo tuners.   
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The input couplers for injector cavities must deliver 100 kW each.  With TTF couplers 
successfully tested to 1.5 MW traveling wave power at one percent duty factor (TELSA 2001), 
we anticipate using  the basic TTF input couplers design for ERL injector cavities with 
modifications to improve cooling and implement variable coupling  An empty symmetrizing 
coupling port will be added to the cavity to avoid dipole kicks.  
 

The injector cavity parameters are given in Phase I ERL Parameter List (Section 4.2). An 
injector cavity concept is shown in Figure 5.2.2.1-1.  

 
 

5.2.2.2. Merging Optics 
 

The merging optics comprise 4 quadrupoles and three dipoles.  The quadrupoles are 
needed for matching the injector lattice functions into the main linac.  The beam dump optics is 
the mirror image of the injection merge except for the beam dispersal lenses needed to minimize 
the beam power density at the dump.  Preliminary merger layout and quadrupole specifications 
are presented in section 4.8.8. 
 

The primary criterion for the merging dipoles is that their bending angle be as small as 
practical to minimize the influence of CSR on the beam emittance.  The quadrupole and dipole 
fields and lengths are given in Table 5.2.4-1 and the needed quality in the parameter list for the 
Phase I ERL to be found in section 4.2.  Note that the technical parameters are modest so that 
these magnets can be ordered from industry as required. 
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Figure 5.2.2.1-1.  Layout of the injector. From left to right: The high voltage supply is connected 
by an insulated conduit over the shielding wall to the laser driven photocathode assembly. This 
feeds the cylindrical SRF booster linac which is connected, via electron optics to the main ERL 
linac (not shown). 
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5.2.3  Main Linac 
5.2.3.1  SRF Cavities and HOM Structures 
 
General remarks 

Rapid advances in the performance of superconducting cavities have made RF 
superconductivity a key technology for accelerators fulfilling a variety of physics needs: high 
energy particle physics, nuclear physics, neutron spallation sources, storage ring light sources 
and free electron lasers.  New applications are forthcoming in each of these arenas.  New areas 
are also opening up for radioactive  isotope accelerators,  as well as muon sources for neutrino 
factories and the muon collider.   
 

More than one kilometer of superconducting cavities have been installed in accelerators 
around the world providing more than 5 GV of acceleration. For a review, see (Padamsee 1998).  
The two largest installations are CEBAF at JLAB and LEP-II at CERN.   Over its operating 
period starting in 1995, CEBAF has upgraded the in-line accelerating gradient from the design 
value of 5 to 7.5 MV/m.   From 1996 to 2000, LEP upgraded operating gradients from 6 to 7.5 
MV/m.  Eight cavities prepared for the IRFEL at JLAB operate at 12 MV/m.  

 
Considerable gradient advances have been made in anticipation for the needs for TESLA 

(TeV Energy Superconducting Linear Accelerator).  Niobium cavities now routinely exceed 25 
MV/m.  Improved understanding of the physics of RF superconductivity, together with 
technology advances are responsible for increases in performance.  Cornell has been the home 
for many of these developments.  The original CEBAF cavities were Cornell designs. Presently, 
CESR operates entirely with SRF cavities. In the formative stages of the international TESLA 
collaboration, three 5-cell 1300 MHz cavities were built at Cornell and tested to accelerating 
fields of 26 - 28 MV/m.  (Figures 5.2.3.1-1, 2, 3 & 6  are all, with permission, from the TESLA 
Technical Design Report (TELSA 2001)). 
 

All the techniques used at Tesla Test Facility (TTF) will be adopted to achieve the 
highest possible gradients to provide adequate performance safety margin.  Briefly, these 
techniques include the use of high purity niobium (RRR > 600), eddy current scanning to 
exclude defects from starting material, chemical etching for removing surface defects, high 
pressure rinsing and clean room assembly to avoid field emission.  In case of accidental dust 
contamination due to final cavity assembly into the cryomodule or the accelerator, high pulsed 
power processing will be available for ERL and the prototype.  This capability puts special 
demands on the input coupler (see input coupler section below).  
 

For the TTF more than 50 1-meter long cavities were fabricated at various companies, 
prepared at DESY and tested to gradients above 25 MV/m.  Figure 5.2.3.1-1 shows the results 
for one production series.  Each cavity (Figure 5.2.3.1-2) is a one meter long 9-cell unit, RF 
frequency 1300 MHz. Twenty-four of these cavities were installed at TTF in three cryomodules  
and operated with beam at an average gradient of 20 MV/m.  The highest average accelerating 
gradient measured for a complete module was 22 MV/m.  The TTF linac has been operated for 
more that 5000 hours.   
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Figure 5.2.3.1-1: TTF cavity results (TELSA 2001). 

 
 
 

Based on these successes, both the Phase I and the Phase II ERLs will be centered on 
TESLA SRF technology.  There will be some significant differences, however, and these will be 
discussed by comparison to the TESLA design.  For example, TESLA is envisioned as a pulsed 
machine with one percent duty cycle.  Because of  x-ray user requirements, the ERL will run 
CW.  SRF cavities excel in applications requiring continuous wave (CW).   However, for high 
gradients, a major impact of the CW choice is that refrigeration becomes a significant cost 
component.  Another important difference is that each cavity will be powered by individual 
klystrons to control accelerating and energy recovering beams in precise balance.  Powering by 
individual klystrons allows the flexibility to operate each cavity at its highest gradient to make 
up for cavities that run at lower gradients.  
  
 

With  our tight coupling to the TESLA community, we aim to take advantage of cost and 
performance improvement programs from cavity to cryomodule including RF control and 
operating systems.  For example, one promising possibility is  seamless Nb cavity production; 
another is electropolishing to replace standard dunk chemical etching procedures. Also, there 
have been major developments in digital RF control systems with feed-forward techniques.  
 
Linac Cavities 

The TESLA cavity is a 9-cell standing wave structure of one meter length, fabricated 
from sheet niobium by sheet metal forming and electron beam welding techniques (Fig. 5.2.3.1-
2). The cavity is reinforced with Nb stiffening rings to reduce Lorentz Force detuning. The RF 
magnetic field in the cavity interacts with the RF wall current to result in a Lorentz force which 
causes a small (µm) deformation of the cavity shape that shifts the resonant frequency.  Each 
cavity has a coaxial RF input power coupler, pick up probe to monitor the field level, HOM 
couplers to extract the beam induced HOM power, and a coarse mechanical tuning system 
augmented by fast piezoelectric fine tuner.  As discussed in the HOM sections below, it will be 
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necessary to increase the number of HOM coupler ports at each of the cavity from one to two.  
Niobium-Titanium end flanges with surface hardness equivalent to stainless are welded at beam 
ports and coupler ports.   O-ring type aluminum gaskets provide superfluid He seals.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.2.3.1-2. TTF 9-cell 1300 MHz cavity (TESLA 2001) 
 

 
 
 
Injector Booster Cavities 

The injector needs five 3-cell cavities, each providing one MV acceleration, chosen to 
keep the beam power delivered by the input coupler to be 100kW.  These cavities will be fully 
designed during the prototype engineering stage.  We anticipate the need to open the beam pipe 
aperture to achieve stronger coupling necessary to deliver 100 kW of beam power per cavity.  
Injector cavities will be built with the same technology as for the main linac cavities. Each will 
be equipped with a high power input coupler, two HOM couplers on each end, a beam line HOM 
coupler on each end, integrated helium vessel, mechanical and piezo tuners.   
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Input Couplers 
 

 
Fig. 5.2.3.1-3. TTF Input coupler, latest design (TELSA 2001). 

 
The input coupler (Fig. 5.2.3.1-3) is of coaxial design chosen to be insensitive to 

multipacting resonances.  Stainless steel inner and outer conductor pipes are plated with 10 - 20 
µm copper to minimize both conduction losses and RF losses.  Alumina windows are coated with 
titanium-nitride to reduce secondary electron emission.  Possible multipacting in the window 
region can be suppressed by a 5 kV bias,  successfully used at CERN.  Bellows in the inner and 
outer coaxial line allow for a few mm motion between the 2 K cold mass of the cavity/helium 
vessel and vacuum vessel.  
 

The coupler is designed in two sections to keep the cavity clean and to protect against 
window failures.   The cold section of the coupler is mounted on the cavity in a clean room and 
closed by a cold ceramic window.  The warm section is sealed against the air side by a second 
ceramic window.  The  transition from coaxial to waveguide is evacuated by  an additional 
vacuum system.   The coupler is equipped with standard diagnostics for vacuum, gas species, 
temperature and light monitoring.  Vacuum and light levels can be used to trip the RF in case of 
an arc.   
 

Couplers have been tested at TTF to transmit up to 1.6 MW  for 0.5 ms pulse length and 
in the traveling wave mode (TELSA 2001).   For the ERL  the required power capability is 15 
kW in CW and 1.5 MW in pulsed mode for high pulsed power (HPP is used to process the 
cavities � see below).   
 

For the injector cavities the couplers must deliver 100 kW each.  An empty symmetrizing 
coupling port will be added to the cavity to avoid dipole kicks. With TTF couplers successfully 
tested to 1.5 MW traveling wave power at one percent duty factor, we anticipate using  TTF 
input couplers for ERL injector cavities.   
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The  dynamic heat leak of the TTF coupler at 100 kW  CW is expected to be less than 
one watt at 2 K.  The heat load to the  5 - 8 K cold gas intercept is expected to be less than 5 watt 
per coupler, and 250 W at 70 K.  From TESLA studies, the design static heat loads of the input 
coupler are 0.06 watt at 2 K,  0.5 W at 5 K, and 6 W at 70 K per coupler.   
 

To minimize RF power for the ERL, the input coupler Qext  will be 2.6x107 as compared 
to Qext = 3x106 for  TTF which is designed to be matched to TESLA beam power.  The 
coupling change is easily accomplished by attaching the coupler in a position slightly withdrawn 
from the cavity.  The design of the coupler allows Qext to be increased by a factor of 6 in situ.  
This will  facilitate HPP to eliminate field emission that may arise from accidental 
contamination.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.2.3.1-4.  High Pulsed Power Processing (HPP) improves gradient of deteriorated cavity by 
eliminating field emission  (Crawford 1995). 
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Studies at Cornell show that it is possible to eliminate field emission and improve the 
cavity Q by applying short pulses of high peak power (HPP).  Figure 5.2.3.1-4 shows results on a 
5-cell 1300 MHz cavity which was processed to 90 MV/m peak electric field using one MW 
pulses of 200 µsec width (Crawford 1995).  Extensive HPP studies show that to operate field 
emission free at Eacc = 20 MV/m it is necessary for the cavity to reach Epk = 80 MV/m during 
pulsed processing.  Figure 5.2.3.1-5 shows the pulsed field level accessible with 1.5 MW and 
250 µs pulse length.  Clearly the Qext needs to be variable.  The TESLA input coupler design 
has a built in adjustability of a factor of 6 and can be  augmented by another factor of three by 
the use of three stub wave guide transformers present in the RF distribution system.   
 
 

 

Fig. 5.2.3.1-5.  Peak electric field reachable with 1.5 MW of RF power 
and pulse length of 250 µs as a function of the setting of the input 
coupler Qext.  HPP experience shows that after reaching 90 MV/m 
peak field, a cavity will operate free of field emission at Eacc = 22.5 
MV/m. 
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HOM  couplers 
Higher Order Modes (HOMs) are extracted via  couplers mounted on beam pipe sections.  

Cavity end cells are slightly asymmetric to push low group velocity HOMs towards cavity end 
cells.  The two polarization states of dipole modes require two orthogonal couplers.  The TESLA 
cavity has one coupler (Fig. 5.2.3.1-6) on each side of a cavity mounted orthogonal to each other.  
A tunable 1.3 GHz notch filter suppresses power extraction from the accelerating mode to less 
than 50 mW at 23.4 MV/m.  TTF tests have shown this design is well cooled  and insensitive to 
bombardment from field emission electrons and x rays.  
 

Bench and beam measurements show that most modes have Q values between 104 and 
105 (TELSA 2001).   ERL and its prototype will use two HOM couplers at each end of the cavity 
to ensure adequate damping of dipole modes as well as efficient extraction of monopole modes.  
Furthermore, one or more of the cells in each 9-cell structure may need to be polarized 
(Padamsee 1991) to get best coupling to dipole modes.  This is accomplished by introducing a 
slight (5%) azimuthal asymmetry in the cell shape.   
 

 
Fig. 5.2.3.1-6.  The TESLA HOM coupler (TELSA 2001). 

 
 

At 100 mA average beam current the HOM power excited by the beam will be much 
higher in ERL (162 watt/m) than in TESLA (2 watt/m). We anticipate that 5% of the HOM 
power will be deposited at 2 K.  HOM couplers will extract the other 95%.   A large fraction of 
HOM power will be in modes above the cut-off frequency of the beam pipe (3.2 GHz).  At 0.3 
mm bunch length for TESLA, the anticipated fraction is 0.5, but for 0.7 mm bunch length in 
ERL, we expect less HOM power  propagating out the beam pipe.   To intercept this power there 
will be special beam-pipe HOM absorbers consisting of a pipe of absorbing material integrated 
into the connection between adjacent cavity units.  HOM power dissipated in these beam pipe 
absorbers will be intercepted by a stream of cold gas at 70 K.  Candidate absorber materials are 
silicon carbide in an aluminum nitride matrix, a ceramic, like MACOR, or ferrite as used in 
CESR superconducting cavities.  
 
 
Tuner 

The Phase I and Phase II ERL  injector cavity tuners will be based on the TESLA design.  
The TESLA tuner is driven by a stepping motor with gear box and double lever arm.  The tuning 
range is ±300 kHz with resolution of 1 Hz.  The 9-cell cavity tuning coefficient is 315 Hz/mm.  



Section 5:  Phase I ERL Technical Desctiption          

 142 

A piezo electric fine tuner augments the mechanical tuner to help compensate Lorentz force 
detuning and counteract microphonics.  Piezoelectric compensation of Lorentz force detuning 
has been demonstrated to 100 Hz in pulsed operation at TTF (TELSA 2001), but will need 
further development for routine operation in the ERL. 
 
 
5.2.3.2  RF Power System 
 

The peak RF power needed for one superconducting cavity depends on the gradient, 
loaded Q (QL), intrinsic Q (Q0) and the detuning tolerance from microphonics.  At the TTF the 
maximum peak to peak microphonics observed was 10 Hz. Figure 5.2.3.2 -1 shows the RF 
power required to achieve 20 MV/m in the presence of detuning extent of 15 Hz and 25 Hz. If 
we choose a conservative detuning value of 25 Hz, the optimum Qext will be 2.5 x107 and the 
power required is 8 kW per cavity. With 20% for control margin and waveguide losses plus 
allowance for phase drift (see Table 3.1.9-1) a 13 kW klystron is needed.  
 

For the Phase I ERL we need the additional reserve to allow for good phase and 
amplitude control.  Due to possible large fluctuations in beam loading we need flexible control 
over amplitude and phase, and large reserve power.  The baseline tolerance on cavity amplitude 
is 10-4 and on the phase is 0.5 degree. 
 
 

 
Fig. 5.2.3.2-1. RF power requirements as a function of QL for two different detuning tolerance values. 

 
 

Using one klystron per cavity will provide the greatest simplicity of operation, the best 
RF stability, and the greatest flexibility for continued operation in the event of a single RF 
failure. A circulator and full power load will be installed on the output of each klystron to protect 
the klystron from reflections.  One HV supply will power several klystrons.  In the RF power 
distribution system, phase shifts due to thermal expansion will be compensated by wave guide 
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transformers installed between circulator and cavity.  These provide  ±50 deg phase adjustment, 
as well as impedance matching for Qext adjustment over a factor of 10.  Experience at TTF 
shows a 20% variation in Qext setting; an adjustment method is necessary.  Each tuning stub is 
equipped with a motor controlled by the low level RF system.  The stub tuner can also be used to 
reduce the effective Qext by a factor of 3 for HPP.  
 

The injector calls for a total of 500 kW of CW RF power. Development proposals for the 
needed tube are in hand.  
  

The RF system must be robust against variations in system parameters such as beam 
loading and klystron gain.  The major sources of field perturbations that must be controlled by 
low level RF system are  fluctuations of cavity resonance frequency due to mechanical 
vibrations, gradient dependent Lorentz force detuning, and fluctuations of beam loading caused 
by inadequate balance between accelerated and energy recovering beams. Slow changes can be 
corrected by the mechanical tuner, while fast changes must be taken care of by amplitude and 
phase modulation of the incident RF power.  Feed forward is added to improve regulation, as for 
example to compensate Lorentz force detuning while ramping up the cavity field.  
 

The low level RF system is modeled after the TTF digital system and includes low RF 
power control circuitry, tuner control and RF interlocks. The system controls the amplitude and 
phase of the fields and protects the cavity and klystron from fault conditions.  In TTF, using 
feedback and feed forward the rms errors in amplitude are less that 1x10-3 and 5x10-2 degrees in 
phase for pulsed operation. Repetitive components of residual fluctuations are dealt with by 
adaptive feed forward. The CW conditions in the machine will ensure adequate performance. 
 

RF system interlocks protect against consequences of RF window arcs, RF window 
overheating, RF coupler multipacting, RF breakdown, low cryogen level, tuner position error, 
bad cavity vacuum, cryogen pressure error and similar phenomena. 
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5.2.4   Transport System 

 

The ERL is essentially a transport line between source and dump, making provision for 
the necessary acceleration and deceleration (treated under 5.2.2 and 5.2.3), beam confinement 
and central orbit needed to serve the experimental functions of the machine.  The magnetic 
elements of the transport line comprise mostly dipoles and quadrupoles with a few sextupoles for 
chromatic corrections.  The layout of the elements is displayed in Fig. 5.1-1.  The beta-functions 
and dispersion is shown in Figure 5.2.4-1.  High momentum acceptance (≤ 2 %) of the transport 
line is required to accommodate bunches run substantially off-crest in the main linac, which are 
necessary for successful compression to sub-picosecond bunch lengths.  TBA sections, and 
quadrupole telescopes with a sufficient number of lenses to manipulate dispersion and betatron 
functions will provide the necessary flexibly for study of various emittance dilution effects as 
well as matching between the various sub-systems.  The work on the final complete transport 
line design is in progress and will be completed during the early engineering stages of the Phase 
I  project. 
 
 
5.2.4.1  Magnet System 
 

Table 5.2.4.1-1 contains the principal magnet parameters.  Note that the strengths are 
modest so that standard iron and copper construction techniques will suffice.  Field quality and 
stability requirements are given in the parameter list, (see section 4.2).  These requirements are 
also well within the range of standard technology.  For example, standard electron storage ring 
requirements are typically an order of magnitude more demanding in field quality and 
comparable in stability needs.   
 

Fig. 5.2.4-1.  An example of beta-functions and dispersion in the Phase I ERL 
from the point of injection to the dump. 

0

5

10

15

20

25

30

35

40

0 10 20 30 40 50

position (m)

be
ta

-fu
nc

tio
n 

(m
)

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

di
sp

er
si

on
 (m

)

beta x
beta y
eta x



Section 5:  Phase I ERL Technical Desctiption          

 145 

Steering corrector magnets are needed for precise control of the orbit position in the 
transport lines and must be placed often enough to allow centering in the focusing elements.  The 
needed strength is given in the parameter list, (see section 4.2).  Window frame construction of 
combined horizontal and vertical steering units will suffice. 
 
The double chicane array of dipoles in the return leg of the transport line will be used as a bunch 
compressor and de-compressor  for the study of very short bunches. 
 

 
Table 5.2.4.1 � 1 Optics Parameter List  

Notation: 

Q � quadrupole : length; k = (B0/a)(1/ρB) 

D � dipole magnet: Bend radius; Bend angle 
     1st pole rotation angle; 2nd pole rotation angle 
 
A � Merger (kinetic energy = 5 MeV) 

 A-Q1 : 15 cm; 0.99 m-2 

 A-Q2 : 15 cm; 0.48 m-2 
 A-Q3 : 15 cm; 3.26 m-2 
 A-Q4 : 15 cm; -7.66 m-2 
 A-D1 : 1 m; 15 deg 
    0 deg; 0 deg   � sector magnet 
 A-D2 : 1 m; 15 deg 
    -21 deg; -21 deg 

kinetic energy = 100 MeV 
 A-D3 : 20 m; 1.5 deg 
    0 deg; 0 deg   � sector magnet 
 
 
C � matching section to / from TBA (kinetic energy = 100 MeV) 

 C-Q1 : 15 cm; -16.02 m-2 
 C-Q2 : 15 cm; 6.37 m-2 
 C-Q3 : 15 cm; 14.07 m-2 
 C-Q4 : 15 cm; -17.66 m-2 
 
D � isochronous triple bend achromat (TBA) (kinetic energy = 100 MeV) 

 D-Q1 : 15 cm; 19.90 m-2 
 D-Q2 : 15 cm; -9.49 m-2 
 D-D1 : 1 m; 60 deg 
    0 deg; 0 deg   � sector magnet 
 
E � straight section in the recirculator (kinetic energy = 100 MeV) 

 E-Q1 : 15 cm; -9.20 m-2 
 E-Q2 : 15 cm; 8.81 m-2 
 E-Q3 : 15 cm; 3.18 m-2 
 E-Q4 : 15 cm; 14.47 m-2 
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 E-Q5 : 15 cm; -15.08 m-2 

Chicane 
 E-D1 : 1 m; 20.49 deg 
    0/20.49 deg ; 20.49/0 deg  � rectangular magnet (35 cm long) 
 E-D2 : 1 m; 40.98 deg 
    20.49 deg ; 20.49 deg   � rectangular magnet (70 cm long) 
 
F � achromat to the dump (kinetic energy = 5 MeV) 

 F-D1 : 50 cm; 90 deg 
    0 deg; 0 deg   � sector magnet 
 F-Q1 : 15 cm; -5.39 m-2 
 F-Q2 : 15 cm; 16.50 m-2 
 
 
5.2.4.2  Vacuum System 
 

The transport line beam pipe is a 5 cm inner diameter stainless steel tube with some 
rectangular sections in dipoles where dispersion widens the beam.  While a residual gas pressure 
of 10-8 Torr will suffice over most of its length there are three particularly sensitive locations 
requiring substantially lower pressure: The photogun, the main linac cryomodule and the injector 
cryomodule.  
 

In the main runs, lumped ion pumps will suffice to maintain the needed pressure.  As 
shown in the layout Fig. 5.1-1 each section has a metal seal valve for roughing down using a 
portable turbo station with leak detector as well as metal sealed, RF shielded beam line valves 
for section isolation.   
 

In the vicinity of the photogun the pressure requirements are particularly stringent to 
avoid gun poisoning and special measures are called for (see  section 4.2.1).  Near the 
cryomodules it will be necessary to maintain pressures below 10-9 Torr to avoid breakdown 
enhancement due to adsorbed gas in the superconducting cavities.  There, closely spaced ion 
pumps plus NEG pumping units will be used to maintain sufficient pumping speed for H2 as well 
as the gases pumped well by the ion pumps. 

 
 
5.2.4.3  Feedback Systems 
 

In order to achieve high average brightness from the undulators, it is necessary that beam 
position and angle fluctuations at the undulator be smaller than the beam size and angular size, as 
computed by the emittance. There is relatively little decrease in the brilliance as long as the rms 
position fluctuation is smaller than 10% of the beam size, and the rms angle fluctuation is less 
than 10% of the angular beam size. Quantitatively, this means that the position fluctuation should 
be at the 5 micron level, and the beam angle fluctuation should be less than 1 µrad. 
 

The position fluctuations in the JLAB CEBAF beam and the JLAB IRFEL have been 
measured. In the IRFEL case, the uncorrected fluctuation level is several hundred microns in 
position and about 10 µrad in angle, the noise being concentrated in the first three harmonics of 
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line frequency. Similarly, in the CEBAF machine the uncorrected position fluctuation level is 
about 100 microns rms. At the beam delivery points in CEBAF a 2 kHz sample rate feedback 
system is installed which corrects the position fluctuations to about 10 micron rms and the 
angular fluctuations to 1 µrad (Lebedev 1999; Krafft 2000) at 10-100 µA beam current.  
 
The VME-based feedback system utilizes CEBAF standard input/output control computers and 
signals from the standard beam position monitoring system. Because the ERL will operate at 
currents approaching 100 mA, and therefore the BPM signals will be much higher, it is 
anticipated that no new developments will be required to use feedback to achieve the stability 
required to maintain the brilliance. It is further anticipated that a similar feedback system will be 
installed and tested on the prototype. 
 
 
5.2.4.4  Beam Dump 
 

After deceleration, the low emittance beam will emerge from the main linac section with 
about 500 kW.  While defocusing the beam with permanent magnet lenses will help to lower the 
power density, it is likely that the density will be too high for absorption of the energy in a 
standard collector.  For this reason we anticipate use of a beam excited decelerating length of 
copper L-band accelerating waveguide to convert beam kinetic energy to field energy which can 
be easily dissipated in the water cooled waveguide walls.  The decelerator section can then safely 
be followed by a standard klystron type collector to dissipate the remaining beam kinetic energy.  
 
 
5.2.5  Controls and Diagnostics 
5.2.5.1  Operational Control 

 
The functions of the control system are to set the operating point of all controllable 

elements in the Phase I ERL, to monitor the various sensors and provide the operations and 
machine physics staff with information in a useful form on the current state of the accelerator, 
and to archive and retrieve historical data.  
 

The Phase I ERL control system design is based on the EPICS architecture.  Originating 
at the Los Alamos and Argonne National Laboratories, EPICS is a toolkit of software 
components and corresponding device interfaces. It forms the basis of the system that provides a 
connection between the operators in the control room and the accelerator hardware. To reduce 
the software effort, whenever possible the control system will, in addition to utilizing higher 
level EPICS software components, incorporate software and design elements from control 
systems at other facilities (and, in particular, JLAB). 
 

The control system will consist of three primary workstations for operation, 
experimentation and software development. One of the workstations will act as a server for the 
remote IOCs (input/output controllers), providing their bootable code images. There will be 6 
IOCs. One will be dedicated to RF control; the other 5 will be geographically distributed and 
handle control and monitoring of nearby equipment. The number and types of control points are:  
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  RF System 
10 - RF Drive Power (input /output) 
10 - RF Drive Phase (input /output) 
10 - Cavity Field (input /output) 
10 - Cavity Phase (input /output) 
 

  Beam Instrumentation 
 20 - BPM (input ) 
 5 - Bunch Length (input ) 
 5 - Beam Size (input ) 
 5 - Beam Phase (input ) 
 5 - Beam Intensity (input ) 
 
  Magnet Supplies 
 30 - Quadrupole Current (input /output) 
 20 - Dipole Current (input /output) 
 20 - Horizontal Steering (input /output) 
 20 - Vertical Steering (input /output) 
 
  Vacuum 

8 - Pressure (input) 
1 - RGA (input) 
10 - Ion Pumps 
7 - Gate Valves 
 

  Machine Monitoring 
70 - Thermometer (input) 
3 - Flow Meter (input) 
5 - Halo Monitor (input) 
10 - Refrigerator (input) 
 
 

5.2.5.2  RF Control 
 

The ERL RF control system is modeled after the digital system now being employed in 
the TESLA system (Simrock 1999). Digital I/Q detectors are used for the cavity field probe 
signal and the incident and reflected waves.  The RF signals are converted to an intermediate 
frequency of 250 kHz and sampled at a rate of 1 MHz (i.e. two consecutive data points describe 
the I and Q of the cavity field).  The I and Q components are multiplied  by 2 x 2 rotation 
matrices to correct the phase offsets and to calibrate the gradients of the individual cavity probe 
signals.  The vector sum (in the case of the injector cavities) is calculated and corrected for 
systematic measurement errors.  Finally the set point is subtracted and the compensator filter is 
applied to calculate the new actuator setting (I and Q control inputs to a vector modulator).   
 

In the ERL injector cavities, with the relatively low loaded Q, microphonics and Lorentz 
force detuning are not expected to be issues. The primary  issue will be beam loading control. If 
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feedback control is to be used for beam loading corrections, then the integrator pole should be set 
so that the loop gain is 1 at approximately 1 kHz, given that the cavity bandwidth is at 
approximately 10 kHz. Therefore the feedback gain at 10 Hz will be limited to ~100, which 
could be inadequate unless beam current fluctuations are sufficiently small. The magnitude and 
frequency spectrum of the beam current fluctuations must be measured and understood in order 
to determine whether feedback is adequate or whether feed-forward must be added. Feed-
forward (together with a klystron linearizer) for beam loading control could be implemented with 
the use of a beam current measuring device that feeds the signal directly into the feed-forward 
block. Feedback could be used in addition to correct slow drifts such as thermal fluctuations. 
This scheme is envisioned for both the injector and the main linac cavities. Finally, RF voltage 
turn on in the main linac cavities, at the nominal gradient of 20 MV/m with loaded Q at the 107 
level, is challenging due to Lorentz force detuning which is expected to be equal to several 
cavity bandwidths. Piezo tuners will be stepped at a rate consistent with the rise time of the RF to 
compensate for the cavity detuning. The operation of the linac RF systems will be highly 
automated by the implementation of a finite state machine which has access to high level 
applications including the adjustment of the loop phase, calibration of individual cavity gradients 
(in the main linac) or vector sum (in the injector), frequency and wave guide tuner control and 
exception handling. The elements of the systems are shown in Figures 5.2.5.2-1 to -4.  
 
  

 
 
Figure 5.2.5.2-1: Digital RF control system concept for injector cavities.  One klystron will feed 
several cavities. 
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Figure 5.2.5.1.-2:  Digital RF control system concept for main linac cavities.  One control system 
is needed for each cavity.  
 

 
Figure 5.2.5.2.- 3: Low level digital RF control system components and layout for injector 
cavities. 
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Figure 5.2.5.2.- 4: Low level digital RF control system components and layout for main linac 
cavities. 
 
 
5.2.5.3  Diagnostics 
 

The function of the Phase I ERL is to measure the influences of source characteristics, 
space charge, coherent synchrotron radiation, single bunch and multi-bunch wake effects (BBU 
thresholds), HOM extraction efficiency and other emittance dilution effects. Adequate 
diagnostics for measuring these effects play a central role in the outfitting of the Phase I 
machine. In addition, appropriate operational control of the system also demands corresponding 
instrumentation with ability to monitor and log key variables.   
 
 
5.2.5.3.1 Variables to be Measured and Logged 
 

A list of variables to be measured and logged follows. The asterisk (*) indicates the 
signal is to be logged. The number in parenthesis is the number of monitoring points in the 
machine: 
 
 
Thermometers (70)* 
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BPM (20) 
Bunch Length (5) 
Beam Size (5) 
Beam loss monitors 
RF Drive Power (10)* 
RF Drive Phase (10)* 
Cavity field (10)* 
Cavity Phase (10)* 
Beam Phase (5)* 
Beam Intensity (5)* 
Vacuum Pressure (8)* 
RGA (1) 
Flow meters (3)* 
Halo monitor (5) 
Q-pole currents (30)* 
D-pole currents (20)* 
H-steering currents (20)* 
V-Steering currents (20)* 
Refrigerator temperatures and pressures(10)* 
Gun voltage (1)* 
Gun current (1)* 
Gun solenoid current(1)* 
Laser pulse length 
Laser power (1)* 
Laser rep rate and time pattern (1)* 
 
 
5.2.5.3.2 Performance Evaluation 
 

In order to understand the influences mentioned above, beam and cavity signals need to 
be measured at each stage of the beam path, gun exit, capture section exit, main linac entrance, 
main linac exit and at several points along the return path.  Particularly important will be the 
transverse and longitudinal beam distribution functions needed for emittance and bunch length 
determination. 
 
 
Transverse Beam Distribution 
 In general we will need nonintercepting methods of determination owing to the very high 
power and power density of the beam at full current.  For crude measurements at very low 
average beam intensities, fluorescent screens will be provided for tune-up and trouble shooting.  
For halo analysis at all beam intensities,  wire scanners followed by bremsstrahlung detectors 
will be used.  
 

 At high intensities and at energies well below 100 MeV, microchannel  residual gas ion 
profile monitors based on microchannel plates will be used (Krider 1989; Zagel 1997).  The ion 
current collected from a 10 cm length of beam line at full current will be about 30 pA.  If the 
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gain of the microchannel plate is 5000, which is reasonable, then the output current onto the 
collector strips will be about 0.2 µA giving considerable dynamic range.  In this regime the beam 
sigma are of order 1 mm in size so that achieving sufficient resolution will not be difficult. 

 
 For energies ~ 100 MeV, synchrotron radiation image formation on a CCD device can 
give adequate resolution.  At 100 MeV and 1 m bending radius εc = 2.2 eV or ~5600 Å.  Taking 
synchrotron light of the right polarization in a 10% band about 10,000 Å and forming an image 
will yield a resolution of about 10 µm (Hofmann 1998) to be compared with the approximately 
200 µm beam size at the entrance to the TBA beyond the main linac.  This method will be used 
in the return line to observe emittance dilution engendered by CSR should it be significant. 
 
 
Longitudinal Beam Distribution 

The bunch length will vary by large factors in passing from the gun, through the capture 
section and into the main linac and then through the bunch compressor in the return leg of the 
path.  The bunch length will be several 10�s of ps out of the gun.  At that stage, a sampling 
oscilloscope connected to the BPM will give adequate measurement of the bunch longitudinal 
shape.  After bunching, it is anticipated that we will be operating with bunches of 2 to 5 ps 
sigma.  In this regime, a far infrared (FIR) spectrum of the CSR emitted in a dipole can be used 
to measure the longitudinal distribution function (Lai 1998).  In the section between bunch 
compressor and decompressor, the bunch length may be one tenth of that outside.  The FIR 
spectrum can also be used but with optics suited for the shorter wavelengths. 
 
 
 
Impedance Influences 

It is expected that the main source of impedance will be the main linac  and the most 
important consequence the possible support of BBU and the conversion of beam kinetic energy 
into electromagnetic energy potentially to be deposited at low temperature.  Other effects to be 
examined are single bunch wakes and their potential for energy spread enlargement and bunch 
tilting which can result in projected emittance enlargement. These latter can be measured via 
beam size measurements vs. bunch current in regions of high beta and high dispersion 
respectively and with the streak camera sliced image of the beam in synchrotron radiation. 

 
Measurement of BBU threshold may be straightforward if the threshold is below the 

operating current of 100 mA.  By lowering the beam energy by a factor of 2, we can increase our 
range somewhat.  If these are not sufficient, a transfer function measurement using a broad band 
kicker and sensitive pickups can extend the range considerably (Sereno 1994). 

 
Another important measurement will be the assessment of HOM power deposited at low 

temperature.  A global measurement by calorimetry on the main linac cryostat will be carried out 
as will an inventory in which the power and power spectrum of the HOM coupled out by the 
HOM couplers and  the total power coupled out by HOM beam line absorbers.  In the case of the 
HOM couplers bolometry and spectrum analysis can be used.  In the case of the beam line 
absorbers, individual thermal loops for these devices will be used so that sensitive calorimetry 
will be possible. 
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5.2.5.3.3 Operational Diagnostics 
 
Beam Position and Optical Function Measurement 
 To assure the possibility of observing very high frequency beam motions there will be 
broad band BPM�s placed frequently around the circuit.  In most places these will be of the four 
button, HOM damped, equally spaced azimuthal type (Hinkson 1998) such as used in CESR 
(Billing 1993).  At the 100 MeV peak beam energy minimum beam sizes will be in the 200 
micron range so that resolutions of, say, 20 micron will normally be sufficient.  As one of our 
purposes is to demonstrate fine control of beam position in selected places, however, some 
BPM�s will be outfitted with electronics capable of micron resolution and stability (Palmer 
2001).  These can then be used as pickups for a feedback system, the H and V correctors being 
the feedback transducers.  The BPM�s will be used not only for centering the orbit but also for 
measuring the optical functions and correcting them (Rice 1998).  Dispersion can be determined 
by varying the linac phase and thus the beam energy and measuring beam displacements around 
the circuit.  
 
Beam Current 
 It will be important to measure the beam current in several places.  Stainless steel 1300 
MHz cavities, temperature regulated and calibrated by Faraday cup at low current can be used 
for comparison.  A �DC Current Transformer� can be used for absolute measurement of the 
average current.  
 
Phase Transfer Monitor 

In order to achieve maximum performance in the main linac, one needs to be sure that the 
longitudinal phase space has been properly manipulated during the bunching process. The 
bunching process is optimized when both linear and parts of the non-linear distortions in 
longitudinal phase space are properly measured and corrected. In the CEBAF nuclear physics 
accelerator and the JLAB IRFEL such measurements are accomplished with the phase transfer 
monitor system (Abbott 1992). 
 

Fundamentally, the phase transfer monitor system includes:  
(1) a longitudinal pickup that produces an RF wave that is highly sensitive to the time-of-

arrival of beam bunches; 
(2) A mixer that is operated as a precision phase detector, 
(3) A phase modulater that acts to change the RF phase of  the beam formation region with 

respect to all other RF phases in the accelerator; and  
(4) Data acquisition and display hardware and software.  

 
Through such measurements, which are roughly the longitudinal equivalent to measuring 

the longitudinal dispersion and longitudinal chromaticity, one may  
(1) Determine the proper beam recirculation phase with high precision; 
(2) Calibrate the phases and amplitudes of the RF cavities in the bunching regions of the 

accelerator; 
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(3) Verify that the longitudinal setups in the accelerator correspond to performance 
calculations; and  

(4) Monitor day-to-day changes in the accelerator due to thermal drifts and similar phenomena. 
 

This final application is especially important in the machine commissioning phase, where 
obtaining information on RF drifts is particularly important for stabilizing the performance of 
the accelerator in the long term. The systems installed on CEBAF and the JLAB IRFEL have 
performed at very high precision with far smaller beam current than will be present in the ERL. 
Some detailed applications of the phase transfer systems at JLAB are discussed in (Krafft 1995; 
Piot 2000). 

 
For the Phase I ERL, we expect to build one fundamental mode pickup cavity for testing, 

and the mixer and modulation hardware. Time-of-flight information can be obtained from the RF 
signals of any BPM, with the disadvantage during the Phase I machine that the signal levels will 
depend on the beam position, a situation that will be unacceptable for normal operations in the 
Phase II machine. 
 
 
5.3 Phase I  Infrastructure                                                                 
5.3.1 Building.   
 

The site selected for the Phase I ERL is the existing HV Laboratory building that is 
located about 1 mile from the main campus and from Wilson Laboratory.  This building has been 
used by Cornell Engineering faculty members to investigate high voltage engineering issues. The 
building contains about 9,000 sq ft of space on the ground floor level.  The limited office space 
in the building is supplemented by the office space available in a 10� x 50� trailer attached to the 
back of the building.  Space at the site is tight for the task, but workable. We have very recently 
become aware of the possibility of a slightly larger site which may become available when the 
present tenant relocates. We will continue to evaluate this alternative site, should it become 
available, to see if it is advantageous. In the mean time we are assured of the availability of the 
HV laboratory. The layout of the Phase I ERL in the HV laboratory building is shown in Figure 
5.3.1-1.   
 

Although the Phase I ERL is only a 100 MeV machine, at 100 mA this still is beam 
power 10 MW. The refrigeration, RF system and beam dump will also dissipate significant 
power, necessitating a 2 MW evaporative cooling unit, as well as an adequate electrical feed 
substation. Moreover, 0.1 A @100 MeV is sufficient to produce copious neutrons if the beam 
strikes matter; therefore, safety considerations require heavy shielding. A large cryogenics/He 
refrigeration/compressor unit is also required.  
 
 

Figure 5.3.1-1. (Next page) Layout of the Phase I ERL on the floor of the HV Lab 
building. 
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5.3.2  Cryosystem 
 

The cryogenic system for the ERL machine is designed to supply 500 watts of cooling at 
2 K to support operation of the machine for up to 8 hour running period at full heat load.  It must 
then be subsequently operated in a recovery mode to refill the liquid helium reservoir in a 16 
hour long recovery period.  Thus the cryogenic system will be able to support full machine 
operations an 8 hour period each 24 hour day.  This combination has been chosen to provide the 
lowest cost system, while allowing a sufficiently long run of operation for the machine to assume 
steady state conditions for a reasonable period of time.  
 

Figure 5.3.2-1 shows a schematic outline of  a closed circuit helium system that starts 
with helium stored under pressure in a 15,000 gallon, 250 psig tank.  The cooling system is built 
around a refrigerator cold box that continually produces liquid helium into a 2,000 liter liquid 
helium dewar that is a part of the system.  The estimated warm gas liquefaction capacity of the 
refrigerator is 90 liters/hr.  (This is the capacity based on liquification of warm helium gas feed 
from gas storage with no refrigeration loads present.)  Refrigeration at the 80 K level is provided 
by liquid nitrogen from a 6,500 gallon LN2 tank located outside the building.  An expansion 
engine operating  between 18.6 and 1.15 atmospheres provides the refrigeration at the 10 K level.  
Colder refrigeration at 2 K is provided by Joule-Thompson expansion.  The 2K cold stream feeds 
two cryomodules, one for the injector and one for the linac.   
 

A few numbers can be given to help illustrate the capability of the cryogenic machinery.  
During ERL operations, liquid helium is withdrawn from the storage dewar at a rate of 24 g/s.  
During the recovery phase, an estimated 2.7 g/sec of liquid helium is used to hold the SRF 
cavities at 4 K while the liquid helium in the dewar is refilled.  As with most of these complex 
refrigeration systems, most of the power consumed in the plant must be dissipated as heat from 
the compressors, etc.  The total horse power of all the compressors and motors is 1,120 HP.  The 
cooling water flow rate expected is 277 gallons/min with a 20 F temperature rise.  This power 
will be dissipated into an evaporative cooling tower. 

 
The TTF 8-cavity cryomodule (see Figure 3.1.8-2) static heat load was measured to be 

4W at 2K, 13W at 4.5K, and 78W at 70K. We adopt the same numbers for both the ERL main 
linac cryomodule and the injector booster cryomodule. The total heat load for the Phase I ERL, 
including overhead, is 400W at 2K and 240W at 4.5K. Since the Phase I ERL is primarily a 
machine studies entity, the dynamic heat load (260W) will not be present all the time. In the 
interests of cost, a duty cycle of 33% will be used: During the 16 hours when the beam and RF 
are off, the refrigerator will fill a 200 liter storage dewar. 
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Figure 5.3.2-1. Schematic outline of the closed circuit helium system for the Phase I ERL. 

 
 
5.3.3  Electrical Power 
 

The power required by the Phase I ERL, given safety factors, is 2 MW. This will entail 
running 2000 ft. of new utility line to the nearest adequate electrical feed. Building transformers, 
switch-gear and primary panels and sub-panels will be installed to handle the power. Power will 
distributed by new feeders and conduit to the laboratory equipment, and new convenience 
receptacles and new lighting will be installed. 
 
 
5.3.4  Evaporative Cooling Tower 
  

An evaporative cooling tower will be installed to provide up to 2 MW of process cooling.  
This facility will house pumps, water sump, treatment equipment and controls in a building 
which is under the cooling tower.  
 
 
5.3.5  Air Conditioning 
 

The HV Laboratory is presently not air-conditioned. While extraordinary thermal 
stability is not expected to be required for the Phase I ERL, large thermal excursions on the 
support stands would result in unacceptable misalignments. We estimate that a temperature 
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stability of ± 2 C will be adequate. Accordingly, the building will be outfitted with 50 tons of 
refrigeration using direct expansion cooling with an air handler to be mounted outside the 
building or on the building roof. 
 
 
5.3.6 SRF Infrastructure 
 

Newman laboratory has extensive infrastructure for research, and development in RF 
superconductivity as well as for production, preparation and testing of superconducting cavities. 
These facilities have been used to build the prototype SRF cavities for CEBAF and TESLA, as 
well as for all the cavities that currently power the present storage ring at Wilson Laboratory 
(CESR).   
   

Cavity production facilities include a 100 ton press for deep drawing niobium cavity 
cells, digital control milling machines for precise die machining, an electron beam welder large 
enough for TESLA scale cavities, and a large UHV furnace to purify cavity half cells at 1400 C.  
 

Cleaning facilities include open and closed cavity etching systems that can handle 
TESLA type cavities, high purity water rinsing systems, and high pressure (100 atmospheres) 
water rinsing.  There is a class 100 clean room for cavity assembly, and a smaller, class 100 area 
for attaching cavities to test set ups.  There are several portable clean room set ups for critical 
assembly.  We are in the process of procuring a 1000 sq ft Class 100 clean room. 
 

Test setups include three radiation shielded pits, two of which can accommodate 1300 
MHz cavities, several cryostats, and cryostat inserts to test cavities from 200 MHz to 3000 MHz, 
several 200 watt cw power sources and a 1.5 MW pulsed klystron for high pulsed power 
processing. 
 

High power testing capabilities exist for windows at 500 MHz and HOM loads at 2450 
MHz. 
 

Research facilities include a rapid thermometry system for studying single cell 1500 MHz 
cavities, field emission apparatus, and a dedicated scanning electron microscope with energy 
dispersive analysis for element identification installed in a class 1000 clean room.  
 
 
5.3.7  Ancillary Infrastructure 
 
 The ERL project is a cooperative venture between the Laboratory for Nuclear Studies 
(LNS) and the Cornell High Energy Synchrotron Source (CHESS). The LNS built and operates 
the 10 GeV synchrotron injector and CESR, a major high energy physics machine 0.8 km in 
circumference. CHESS built and operates 12 x-ray beam lines on CESR and is one of 5 major 
hard x-ray facilities in the U.S. Collectively, the LNS and CHESS employ about 200 people, 
including a full range of vacuum, electronics, machine shops and shop personnel necessary for 
an operation of the scope of CESR/CHESS. The Phase I ERL, which is expected to occupy 
roughly 15 people, is relatively minor by comparison. In addition, we have full access to the 
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resources of Cornell University, one of the nation�s major science and engineering research 
universities, with additional shop capability and an extraordinary range of expertise. The 
ancillary infrastructure at the LNS, CHESS and Cornell University is adequate for the project 
being proposed. 
 
 
5.3.8  Safety Systems 
 The Laboratory of Nuclear Studies and the Cornell High-Energy Synchrotron Source are 
located on the Cornell University Campus.  Even though the Phase I ERL machine will be in a 
separate building located about a mile from the main campus, it too will operate under Cornell�s 
Health and Safety Policy:  �Cornell University strives to maintain a safe living, learning, and 
working environment. Faculty, staff, students, and other members of the Cornell community 
must conduct university operations in compliance with applicable federal, state, and local 
regulations, University Health and Safety Board requirements, and other university health and 
safety standards.�  As part of the implementation of this policy, the University has a Department 
of Environmental Health and Safety.  Their staff provides substantial support to the Safety 
Programs of our laboratories. 
 

The LNS operates with both a Safety Committee and a Safety Director.  The Safety 
Director screens new installations and apparatus for compliance with health and safety 
regulations, for conformance to any safety standards that might apply, and for protection from 
any hazards these do not adequately address.  Depending on the scale of the project or nature of 
the hazard, the Safety Committee or an ad hoc committee may be asked to conduct a formal 
review.  Representatives from the Department of Environmental Health and Safety are invited to 
most Safety Committee meetings and reviews.  CHESS has its own Safety Committee.  The 
laboratories share portions of Wilson Laboratory and have fully coordinated safety programs.  
This includes participation of safety personnel of each lab in reviews of hazards in either lab. 
 

The principal areas where ERL must be examined for safety are radiation and cryogenic 
safety. 
 
 
5.3.8.1  Radiation Safety 
 

Cornell University is licensed by the New York State Department of Health, by authority 
of 10NYCRR, Part 16 to operate the accelerators that make up and fill CESR.  The University 
Radiation Safety Committee and the Cornell Radiation Safety Officer prepare and enforce rules 
that implement the requirements of these regulations. Radiological monitoring of CESR is done 
by employees of the Laboratory of Nuclear Studies and reviewed by Cornell�s Department of 
Environmental Health and Safety.  The laboratory�s radiation safety program is administered by 
a laboratory Radiation Safety Officer, a Radiation Safety Technician and other laboratory 
personnel as needed and is reviewed by the LNS Safety Committee. 
 

Cornell has an aggressive ALARA (As Low As Reasonably Achievable) program that 
seeks to minimize exposures to occupational workers (with an investigation trigger of one-tenth 
the whole-body dose allowed under federal and state regulations). The radiation badges worn by 
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LNS and CHESS personnel at the existing CESR facility show exposures much lower than 
ALARA levels and nearly all are less than the dose limits for the general public (<100 
mrem/year). 
 

The practices now in place at CESR/CHESS will be extended to the ERL. The radiations 
from the ERL are synchrotron x-rays formed in the bending magnets and electromagnetic shower 
products, such as gammas or neutrons, from lost particles either from circulating beam or the 
injector.  
 

A system of shielding, gates and light beams isolate the high radiation areas from the rest 
of the facility.  Entry can only be made by a system of access keys which, in hardware, either 
disable all or parts of the accelerator or enable local area monitor trip circuits (depending on the 
location of the particular area).  Keys can only be released by the ERL Operator.  Electronic 
radiation monitors are placed near the shielding around the perimeter of the ERL.  Neutron and 
gamma levels are continually recorded by a computer.  Hardware interlocks in each monitor trip 
the accelerator or injector if either level exceeds a threshold (usually 2 mrem /hr.)  Inspection of 
similar graphs of the CESR machine history of similar monitors show average rates much less 
than the trip levels.  Radiation survey badges are also placed around the building to monitor 
integrated doses near the accelerator.  Personnel will wear radiation monitoring badges in 
monitored areas.  All of the radiation levels from outside the controlled access areas are planned 
to be less than 2 mrem in one hour and less than 100 mrem/year. 
 

In summary, we know how to safely operate the existing 5.3 GeV, 800 mA (electron and 
positron beams) CESR facility and this experience will be applied to the proposed 100 MeV, 100 
mA ERL machine in an appropriate manner. 
 
 
5.3.8.2  Cryogenic Hazards 
 

The installation of superconducting RF system in the experimental hall raises the 
question of the safe use of liquid cryogens.  Because of cryogens ability to displace air in a 
relatively limited volume, their use in a small space must be implemented with great care. 
 

There are several precautions that will be observed. Supply rates and local inventories 
will be hardware limited to necessary amounts.  The machine area will have a high ventilation 
rate to replace any accidental release of cryogens with fresh air. However, all normal exhaust of 
evaporated cryogens will be through an exhaust line out of the building.  All reasonably 
anticipated events that might result in a venting of a cryogen will be engineered to vent outside 
the building.  This would include quenches, simple vacuum failures, simple operational errors, 
warm ups.  This will be accomplished by having a set of pressure relief systems that discharge 
into an appropriately sized and engineered vent line (which might also be the exhaust line).  
These measures are beyond the active or passive operational controls that serve to limit quench 
conditions or overpressures. 
 

There will be a Safety Review of the detailed plans to ascertain that the final installation 
will be safe.  
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