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1 Foreword

1.1 From the Chair

Weiren Chou, Fermilab
Mail to: chou@fnal.gov

The InternationalCommittee for Future Accelerato(6(CFA) met on February 22
22, 2013 at TRIUMF, Vancouver, Canad#@ier Oddone, Fermilab Director and ICFA
Chair chaired the meeting. This meeting was preceded by a joint ILC Steering
Committee (ILCSC) and Linear Collid&oard (LCB) meeting earlier on February 21
in the same place.

This meeting was a milestone on the long road towards the next big accelerator in
our field1 the International Linear Collider (ILC). The ILC GDE, led by Barry Barish
from Caltech, has completeits mission by delivering &echnical Design Report
(TDR) to the ILCSC. The TDR includes a cost estimate for a 500 Ggy) (Bear e+e
collideri US$ 7.8 billion plus 23 million persemours. The TDR has been reviewed by
outside experts and is currgntinder revision. The official release of this document is
scheduled during the LP2013 conference in June 2013 in San Francisco. Meanwhile, the
ILCSC was replaced by a new ICFA panel, the Linear Collider Board (LCB). The LCB
consists of 15 members, 5 eaftbm the three region$ Asia, Europe and North
Americal and is chaired by Sachio Komamiya from Tokyo University. Under the LCB,
there is a Linear Collider Directorate, which has a director (Lyn Evans from CERN), a
deputy director (Hotoshi Murayama frorBNMU), and three associate directors (Mike
Harrison from BNL for the ILC, Steinar Stapnes from CERN for the CLIC and Hitoshi
Yamamoto from Tohoku University for physics and detectors). The main goal of this
new organization is to turn the ILC from a papexcmneinto a construction project in
the next several years, with the CLIC as an option for higher energy (> 1 TeV). At this
moment, Japan is a strong candidate for hosting the ILC. The Japanese HEP community
has proposed to build a 250 Ge\(f linear ere- collider as the first stage of the ILC
to serve as a Higgs factory. The cost of such a machine is about 70% of a 500 GeV
machine.

In Evan® article in Section 2.1, he emphasize h ahe mdin thrust of the effort
must now move to a diplomatic campaig convince governments to participate in the
construction of a firstate laboratorg ( f or. t he |1 LC)

Tatsuya Nakada from EPFL gave a report on a draft ofEil®pean Strategy
Updatedor particle physicsT h e d r aBEutopedoakyg ®rwardito proposal from
Japan to discuss a possible participation construction of the ILC in Japan.

As Oddoneretires as Fermilab Director and ICFA Chair on JuB013 the ICFA
approved a proposal that the incoming Fermilab Director will become the ICFA chair
for the remainder of Pierdéds term, which end

Several ICFA panels presented reports at the meeting. | gave a report on behalf of
the Beam Dynamics Panel about the panel activities in the past year. One important
activity was the organization of an ICFA workshopn Acdelerators for a Higgs
Factory: Linear vs. Circula0 ( HF2012) , which took place fr


mailto:chou@fnal.gov

1C

2012 at Fermilab. http://conferences.fnal.gov/hf20}2At this workshop various
proposalswere presented and discusgbdt claim to be able to reach theequired
energy and luminosity of a Higgs factory: a linede ecollider, either cold or warm
(e.g., xband), a circular '& collider; a muon collider and a photon collider. The
workshop compared the pros and cons of these candidatek/itom the accelerator
point of view but did notecommend angpecificmachine, whichs only possible with
further physicsinput Also it is not excluded that multiple facilities may be required to
complement one another in addressing the entiredtireaf Higgs physics. The
comparison included:

U physics reach

U performance (energy and luminosity)

U upgrade potential

0 technology maturity and readiness

U technical challenges requiring further R&D
Cost was not included because it was too early for summgarison at this stagé
summary report has been published and can be found in Séctidhis newsletter.

In 2012, our panel organized two Advanced Beam Dynamics Workshops (51
ABDW on Future Light Sources FLS201®larch 59 at lab, USA; 53¢ ABDW on
High Intensity High Brightness Hadron Beams HB208@pt. 1721 in Beijing, China)
and three minivorkshops Breakdown Science and High Gradient Technalogyril
1820 at KEK, JapanHigh Order Mode Diagnostics and Suppression in SC Cayities
June 2827 at theCockcroft Institute, UK; andDeflecting/Crab Cavity Applications in
AcceleratorsJuly 1213 in Lanzhou, China).

In 2013, the BD paneheld a miniworkshop BeamBeam Effects in Hadron
Colliders March 1822 at CERN, Switzerlancand will organize the 53¢ ABDW on
Energy Recovery Linacs ERL20Q1Sept. 913 at BINP, Russias well asthe mini-
workshop Space Charge 2012\pril 15-19 at CERN

The BD panel also published three issues of@#A Beam Dynamics Newsletier
2012: No. 57 edited by YCai (SLAC, USA), No. 58 by E. Metral (CERN, Switzerland)
and No. 59 by J.M. Byrd (LBNL, USA).

The Eighth International Accelerator School for Linear Collideil be held from
December 4d 15, 2013 at Antalya, Turkeyhe Institute of Accelerator Techlogies
(IAT) of Ankara University will be the host of this school.
(http://www.linearcollider.org/school/201)3Please see Sectior2or the details.

The editor of this issue is Dr. George Neipanel merber and a senior scientist at
JLab, USA. George collected2lwelllwr i t t en articl es FELn t he
Oscillators 6 These articles give a comprehensiv
free electron laser, a rapidly growing field in aecator science and technology. In this
issue there are also three workshop reports (Part A andKBEIfO13 USR2012, one
recent PhD thesis abstract (F. Antoniou of National Technical U. of Athens) and ten
workshop and event announcemen8LAC Summer Sobl, 53 ICFA ABDW
ERL2013, | CALEPCS2013, COOL613, SRF2013, S
LER2013and PSTP201R | thank George for editing and producing a newsletter of
great value to our community.
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1.2 From the Editor

George R. Nell
Thomas JeffersoNational Accelerator Facility

Mail to: neil@jlab.org

For this 68 Issue of the Beam Dynamics Newsletter | have selected FEL
Oscillators as a special focus topic. This may seem a little odd at first given the huge
advances made by SASE FEL amplifiers in the last few years with breakthrough
performance in peak brightreeachieved in the-kay region. This will continue to be a
major push at a number of facilities internationally in the years to come. Nonetheless
the role of ICFA is to try to remaime step ahead with forwattinking studies. The
idea of using theantinuous or long macropulse beam from a superconducting linac to
provide a repetitive source of gain for amay oscillator is intriguing because it could
provide singlemode narrowband output at an average brightness significantly
exceeding the SASE stems of today. Use of such a system for scientific studies is
explored in this newsletter as well as practical considerations for building such
machines. To provide a connection to existing technology | have accepted a few
papers on the technology ofisting or nearer term FEL oscillators operating in longer
wavelength regimes. These FELs are even now providing a fertile ground for scientific
discovery in a range of condensed matter science.

The bulk of the papers in this volume were contributesktiaon presentations at a
workshopsponsored by Pohang Accelerator Laboratory, Postest, at the POSCO
Interndgional Center in Pohang, Korea, Februarylb4 2 0 1 3 , Scientd Qutiobke d A
and R&D Issues for an-Ray Free Electron Laser Oscillator (XEB)0 . -ddye t wo
workshop featured lively exchanges on the applications of such an advance as well as
serious discussions on the required technological developments to ensure snoccess.
Sectiors 5.1 and 5.2, Workshop and Conference Reportsof this nevsletter you will
find a summary of the workshop in two parts. Firstsbenceapplications of such an
oscillator and then the technological considerations of imgilduch a machine are
summarized in the XFELEZD13 Workshop ReporParts A and BFurtherdetails on
those subjects can be found in the contributed papers to this volilma&Vorkshop
organizers also did an excellent job of letting the attendees enjoy Korean food and
culture. | am grateful toht organizers of that workshoploohyun Yoon, Chair of
Physics Department, POSTECHJloohyun Cho, Director of Pohang Accelerator
Laboratory and Kwang-Je Kim, Chair of Program Committeéor permitting me to
solicit contributions for this newsletter An additional workshop report comprises
Section5.3, Workshop on Accelerator R&Dbf Ultimate Storage Rings

The first groupof contributedpapersto this newslettepresents the range dfie
scientific opportunities possible with the development of an XFELO. Wevataran
Introduction to the Xray FEL Gscillator byKwang-Je Kim who has worked hard to
develop and promote the idea. The first application papigis Resolution Inelds
X-ray Scattering byClement Burns, followed by a study of New Science in-rdy
Photon Correlation Speoscopyfrom Laurence Lurio. The next topic presented by
Paul Evanshighlightsthe NanomateriaPhotonicStudiesthat would be enabled by this
development. MdRRbauer Science and Nuclear Quantum OptickirgyEvers is a
perspective on exciting new science enabled by tightiness of such sows. Studies
of the capabilityfor Nuclear Resonanbcattering aregiven a thorough treatment by
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Ralf Rohlsberger. Finally, the exciting prospédor a NuclearResonanc&tabilized
XFELO for Fundamental Physics and Precision Megiplby Bernhard Adams and
Kwang-Je Kim rounds out the application talks for this source.

Technical feasibility discussions then take the foW#e treat thecritical issue of
technical feasibility d X-ray Cavities for FELO in a paper byY u r i Shvydodko
followed by a discussionfahe nanopsitioning approacin Nanopositioning Stages to
Enable XFELO OpticsMounting and Manipulation Capabilitigss Deming Shu An
update on th&RL performance advances liye Budker teann the BudkerINP FEL
Facility 1 Current Statusnd Future Bspects is contributdaly O. A. Shevchenko

Papers not presented at the XFELO Workshap appropriate to this discussion
include A Program for OptimizingSRF Linac Costs¢rucial for XFELO designijs
submittedin an original submission byTom Powers Michelle Shinn contributes
Simulationsof a FEL Oscillatorbased on the JLab ERiepresentingan intermediate
step between existing FEL oscillator operation and our aspiratiadghe xray region |
am grateful to all theontributors for their work in providing an excellent discussion on
the topic of FEL Oscillators.

2 Linear Collider s

2.1 From the Linear Collider Director

Lyn Evans
Director of the Linear Collider Collaboration
Mail to: lyn.evans@cern.ch

(Repr i nt eCINewslinekwhamch 7, 2013 with authoro

Let me take this opportunity to acknowledge the enormous achievement of the very
small GDE team, led by Barry Barish. They have producedT#whnical Design
Report (TDR), which has been favourably reviewed by an independent expert
committee. The TDR also contains a detailed cost estimate which has also been
independently reviewed and has proved to be robusste e Barryés Corner
detail on the cost review.would also like to acknowledge the work of the physics and
detector community, led by Sakue Yamada. They are in the process of finalising the
Detailed Baseline Desig{DBD) report.

The mandate of theinear Collider CollaborationL{CC) is strongly supportk by
the recent update of the proposed European Strategy for Particle Physics (still to be
endorsed by t he CE RKERNXSbhouldundeitake deskgmostudi€s fot C i
accelerator projects in a global context, with emphasis on prptoton and elecbn-
positron highenergy frontier machines. These design studies should be coupled to a
vigorous accelerator R&D programme, including hifigld magnets and higgradient
accelerating structures, in collaboration with national institutes, laboratories and
universities worldwide.

For | Thee, is di strong scientific case for an electpwsitron collider,
complementary to the LHC, that can study the properties of the Higgs boson and other
particles with unprecedented precision and whose energy can bedgoyr The
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Technical Design Report of the International Linear Collider (ILC) has been completed

with large European participation. The initiative of the Japanese particle physics
community to host the ILC in Japan is most welcome, and European groupsgare e

to participate. Europe looks forward to a proposal from Japan to discuss a possible
participationo . The next step in developing a wor
process which is now underway. Hopefully the result of these discussions will lend as

strong support to the ILC from the US HEP community as has been shown by the
European Strategy Group.

The new structure of the LCC Directorate is very light. Hitoshi Murayama will be
my deputy, who will mainly be responsible for explaining the scientifée dar the ILC
to governments and the public. Steinar Stapnes will continue in his role as Director of
the CLIC effort and Mike Harrison will take over the ILC. Hitoshi Yamamoto, as
Detector Director, will take on the difficult task of bringing the expental
community together so that they are capable of building two-states-art detectors.
Regional representation and coordination will be strengthened by appointing regional
members (of the directorate?) for Europe and the Americas. For the moment it
considered that the representation from Japan is adequate and regional advice will be
sought case by case as the ILC project develops.

The GDE has left the ILC in very good shape. Although continuing R&D is still
needed to try to further reduce the carstl to prepare for a possible construction project,
the main thrust of the effort must now move to a diplomatic campaign to convince
governments to participate in the construction of a-fatg laboratory that will further
t he worl doés aading ihe findamental naturedoénmatet.

2.2 Eighth International Accelerator School for Linear Colliders

Lyn Evans (LCC/CERN)WeirenChou (Fermilab), Omer Yavas (Ankara U.)
Mail to: lyn.evans@cern.glthou@fnal.goyyavas@ankara.edu.tr

We arepleased to announce tBgghth International Accelerator School for Linear
Colliders. This school is a continuation of the series of schaligh begarsevenyears
ago. The first school was held in 2006 at Sokendai, Japan, the second in 2007 at Erice,
Italy, the third in 2008 at Oakbrook Hills, USA, the fourth in 2009 at Huairou, China,
the fifth in 2010 at VillarssurOllon, Switzerlangthe sixth in 2011 at Pacific Grove,
USA, and the seventh at Indore, Indide school is organized by thenear Collider
Collaboration (LCC including ILC and CLICand the International Committee for
Future Accelerators (ICFA) Beam Dynamics Panel.

The school this year will take place Antalya, Turkeyfrom December 4o 15,

2013. It will be hosted by the Institute of Accelerator Technologies (IAT) of Ankara
University. The school isponsored by a numb of funding agencies and institutions
including the U.S. National Science Foundation (NSF), Fermilab, SLAC, CERN, DESY,
INFN, IN2P3, CEA, CPAN, KEK, IHEP and RRCAT.

The 11-day program incluels8-1/2 days of lecturesin excursion, aite visit and an
examination The firstthreedays will be an introductory course with an overview of
proposed future lepton colliders (ILC, CLIC and the muon collides) well as
introductions to linac basics and beam instrumentafidms will be followed by two
elective carses, one on accelerator physics and the other on RF technolagyin
parallel for 6 days. Each student is required to take the introductory course and one of
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thetwo electives. A complete description of the prognaith soon be publishedn the
schod web site fwww.linearcollider.org/school/201B/ There will be homework
assignments and a final examination but no university credits

We encourage young physicists (graduate students, post ddeibwals, junior
researchers) to applWe welcome those physicists who are considering changing to a
career in accelerator physics. This school is adopting-depth approach. Therefore,
former students are welcome to apply if they have a compelling reason to do so. The
school will accept a mamum of 60 students from around the world. Students will
receivefull or partialfinancial aid covering their expenses for attendirgiuding travel
There will be no registration fee. Each applicant should complete the online registration
form (which carnbe found on the school web site) and submit a curriculum vita as well
as a letter of recommendation from his/her supervisor (in electronic form, either PDF or
MS WORD). The application deadline islyJ20, 2013. For more information, please
contact: Dr. Avni Aksoy, Ankara University, Institute of Accelerator Technologies,
06830, GO | ,arke\e telepAondc98-81234851377, ext. 5016, mobile: +90
5333827864, fax: 90-312-4847456, emailics2013@ankara.edu.

Organizing Committee
Lyn Evans(LCC/CERN, Chair)
Alex Chao (SLAC)
Hesheng Chen (IHEP)
Weiren Chou (ICFA BD Panel/Fermilab)
Paul Grannis (Stony Brook Univ.)
P. D. Gupta (RRCAT)
Mike Harrison (BNL)
In Soo Ko (PAL)
Shirrichi Kurokawa (KEK)
HermannSchmickler (CERN)
Nick Walker (DESY)
Kaoru Yokoya (KEK)
Curriculum Committee
Weiren Chou (Fermilab, Chair)
William Barletta (USPAS)
Alex Chao (SLAC)
Jie Gao (IHEP)
Srinivas Krishnagopal (BARC
Carlo Pagani (INFN/Milano)
Joerg Rossbach (DESY
HermannSchmickler (CERN)
Nobuhiro Terunuma (KEK)
Kaoru Yokoya (KEK)
Local Committee
Omer Yavas (IAT Ankara UniversityChair)
Avni Aksoy (IAT, Ankara University
Ozlem Karsli (IAT, Ankara University)
Sinan Kuday (IAT, Ankara University)
Suat OzkorucuKIgIAT & S. Demirel University)
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3 Theme FEL Oscillators

3.1 Introduction to an X-ray FEL Oscillator

KwangJe Kim
Argonne National Laboratory, Argonne, IL 60439, USA
Mail to: kwangje@aps.anl.gov

3.1.1 Introduction

A hard xray freeelectron laser in oscillator configuratdran FEL oscillator
(XFELO)d will produce highly stable xay beams of ultrligh spectral purity and
high average brightness, offering unique scientific opportunities complementary to
those providd by highgain xray amplifiers. The xay optics issues for the oscillator
cavity are challenging but appear feasible. An XFELO is -agied for an energy
recoverylinac (ERL) employing a cw superconducting linac. A supesyfacility can
be envisaged in which XFELOs are combined with a-gagim amplifier, possibly with
harmonic generation, producingray beams of extraordinary capabilities. In addition,
by stalilizing the xray cavity relative to a narrow nuclear resonance, the XFELO
output can be made to exhibit sharp comb structure as in alowdaa optical laser. A
nuclearresonancestabilized XFELO may offer exciting opportunities in areas outside
of tradtional xray physics, such as developing aftay time/length standard and
studying fundamental questions in quantum mechanics and gravitation. This workshop
is to explore the scientific opportunities for an XFELO and technical challenges for
realizing themachine.

3.1.2 An X-Ray FEL in Oscillator Configuration

The recently successful LCLS [1] is the firstay freeelectron laser operating in a
selfamplified spontaneous emission (SASE) mode [2,3], in which the gain is so high
that the initial spontaneous emas is amplified to intense, quasoherent radiation in
a single pass. Higbgain XFELs are currently under vigorous development; several
additional facilities are under construction, the-sekkding scheme has been developed
successfullyto improve the émporal coherence [4,5hnd a largescale soft x-ray
facility utilizing seeded higigain devices is in the conceptual design ph&keAn x-
ray FEL oscillator (XFELO) [7,8] is a qualitatively different device from higin
singlepass xray FELs, and ths promises to further enrich the era oy FELSs.

3.1.2.1 FEL Oscillator Principles

An oscillator FEL is a lowgain device and was successfully operated [9] soon after
the invention of the FEL concept [10]. Since then, several devices around the world
have beermoperated for many years in the UV and lower photon energy regions, where
low-loss, normatincidence reflectors and accelerators meeting the required beam
gualities are readily available [11].

The principle of an FEL oscillator is illustrated in FigureElectron bunches from
an accelerator (normally an rf type) pass through an undulator located inside@ high
optical cavity. The spontaneous emission pulse from the first pass is reflected back into
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the undulator by the cavity mirrors. In the second pgsspontaneous emission pulse
meets the second electron pulse at the entrance of the undulator. The radiation pulse out
of the undulatorin the second pass consists of spontaneous emission from the first and
second pass as well as an amplified part. grbeess will repeat if the roustdp loss is

smaller than the gain. The amplified part increases exponentially as the pass number
increases. At high intreavity power the gain starts to decrease, and the system
eventually reaches a steady state whengtie becomes just enough to replenish the
loss. Part of the cavity loss appears as the useful FEL output power.

/ Electron Bunch
Linac / Dump

Undulator |

[\
THTT] I

Optical Cavity Mirrors -

:

Optical Pulse J
(

Figure 1: FEL oscillator principle

A subtle but important phenomenon is the lethargyd 1t fact that the later part
of the optical puls receives more gain since the gain is due to the electron beam
developinga density modulation and it takes time for the initially-rnadulated
electron beam to develop modulation. A consequence of this effect is that the electron
bunch spacing does noeed to be exactly the same as the renipdtime of the
radiation pulse; the cavity length should actually be slightly shorter than that determined
from the synchronism condition, and there is a little room around the optimum de
synchronism. The rounttip time of the pulse envelope is in general different from the
roundtrip time of the phase, the latter being determined essentially by the cavity length.
This fact will be important later when we discuss a nualespnancestabilized
XFELO in section 1.5.

Temporalcoherence in an FEL oscillator is achieved by the gain narrowing as well
as filtering by the cavity mirrors if they are of a narrband type.

An FEL oscillator can operate in pulsed accelerator as long as the duration of the
macrepulse is longer than the time to reach steady state from the initial spontaneous
emission regime. With a cw accelerator, however, the oscillator can be maintained at a
steady state, a desirable mode of operation since it provides higher stability and higher
average power.

Finally we note that an FEL oscillator is inherently more stable than a gagke
amplifier since the circulating intr@avity at any time is evolde from the initial
spontaneous emission by interacting with many previous electron bunches.
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3.1.2.2 X-ray Cavity Configurations

The concept for an XFELO that uses crystals as-ltms reflectors was first
proposed in 1983 [7], at the same time that thhayxSASEwas first proposed in the
West [B]. However, the concept did not receive its due attention until a recent, detailed
study showed that an XFELO would be feasible with-lotensity, ultralow-emittance
electron bunches contemplated for ERLSs [8].

The basicinsight realizing a higi® optical cavity in the hard-say region is to note
the high reflectivity of the Bragg reflection within the narrow Darwin width. Both
aspects are importanthigh reflectivity has high Q and narrow Darwin width for
efficient spetral filtering.

The simplest configuration is illustrated in Figure 2, consisting of two Bragg
crystals at neanormal incidence configuration and a grazing incidence, curved mirror
for controlling the transverse mode shape.

e

undulator m
m X-rays
| N l A )

Figure 2: A basic scheme for optical cavities for an XFELO that is not tunable.

The tuning range of the twerystal scheme is severely limited because the grazing
angle of incidence at the curved mirror should be kept to less than a few mrad for high
reflectivity.

Tunable cavity configurations were invented more than forty years ago [13]. Figure
3 shows a tunable founrystal scheme adopted for an XFELO [14]. Here, the four
crystalsdé Bragg angles are changtepdath n uni sc
length by a coordinated translation of the crystals. The foystal scheme also allows
the use of one crystal material for all spectral regions of interstimportant
advantage since we can then choose diamond, taking advantage of its excellent thermo
medianical properties, as will be explained later.

More agile schemes are possible by employing more crystals [15].

undulator / — (\X X-rays

="ty
gw @ ? C

Figure 3: A tunable cavity configuration in terms of four crystals.
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3.1.2.3 Major Parameters andPerformances

The major parameters of an example XEEsystem from reference [16] are listed
in Table 1. The electron beam parameters considered here are relatively conservative.
XFELO parameters with higher beam qualities, lower bunch charge, and lower electron
beam energy may also be feasible [17]. ®ELO operation with Braggeflectors
will be difficult below 5 keV due to the enhanced phatsorption in the crystal and
above 20 keV due to the small crystal bandwidth. Although the-diystal
configuration is tunable over a wider range, the prdctimaing range for a specific
Bragg plane is limited to 2 6% because the angular acceptance can become smaller
than the xray beam divergence at lower Bragg angles. We note that a few % is in fact a
huge tuning range in view of the very narrow bandwaftk10’.

The profiles of the radiation output near the energy of 14.4 keV are shown in Figure
4 [16]. In panel (a) the output radiation power as a function of time is indicated in red,
with the electron beam current envelope in green for referenqeanki (b) we plot the
corresponding output spectrum with a red line, showing that the spectral FWHM is
approximately 1.8 meV, corresponding to a relative FWHM of ~1.3°% Note that
this bandwidth is much narrower than the reflectivity width of the @reystals (the
blue line). The spectral profile is roughly the Fourier transform of the electron current
profile. These steady state profiles are reached after 1000 passes.

Table 1. Major Parameters

Electron Beam

Energy 51 7GeV

Bunch charge 2571 50 pC
Bunch length (rms) 0.17 1 ps
Normalized rms emittance 0.2 0.3 mmmrad
Energy spread (rms) 2x10"

Bunch repetition rate

~ 1 MHz (constant)

Undulator

Period length ~2cm
Deflection parameter K 1.01 1.5
Total length 307 60 m

Optical Cavity

Configuration

21 4 diamond crystals and focusing mirrors

Total roundtrip reflectivity

> 85% (50% for 106A peak current)

XFELO Output

Photon energy coverage

51 25 keV (plus the third harmonic)

Spectral purity

17 10 meV (10°7 107 in relative BW)

Coherence

Fully coherent transversely and temporally

X-ray pulse length 0.17 1.0 ps
Tuning range 21 6%
Number of photons/pulse ~ 10

Pulse repetition rate ~1 MHz

Peak spectral brightness

10°1 10* ph/[s*mnf*mrad™(0.1% BW)]

Average spectral brightness

10°°1 10°° ph/[s*mnf*mrad®™(0.1% BW)]
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Figure 4: (a) The red line plots the temporal power profile of the XFELO output at
14.4keV, showing peak powers ~ 2 MW, the electron beameatiis shown as a green line.
(b) Spectrum of the XFELO output as a red line. The FWHM ~1.8 meV is much narrower than
that of the crystal reflectivity, shown in blue.

3.1.3 Scientific Applications

An XFELO may be regarded to be a more natural extension ahitidegeneration
x-ray sources compared to the highin devices. Currently the APS, one of the
brightest sources in the hareray range, produces 3photons per second in the meV
bandwidth, which will be increased a millidold by an XFELO. Inelasticx-ray
scattering and nuclear resonance scattering techniques, which are currently limited by
the available flux in the desired bandwidth, can be revolutionized by an XFELO. Hard
x-ray imaging will be feasible with nanometer resolution using multilayee llanses
that require an xay bandwidth of less than 0 The intensity of an XFELO will also
enable hardxay photoemission spectroscopy for tinesolved study of Fermi surfaces
in bulk material. The temporally coherent photons at an average rHi photons per
second will be a game changer feray photon correlation spectroscopy.

Some o f t hese applications wer e di scuss
Opportunities with an XFELOO held at the A
May 5, 2010. Mee science cases are presented during this workshop. This issue of the
ICFA Beam Dynamics Newsletter contains papers from the 2010 workshop as well as
this workshop.

3.1.4 Accelerator System

At the level of an individual bunch, the electron beam charactensticsred for an
XFELO (Table 1) have already been demonstrated, for example, by the LCLS
accelerator system in its leeharge mode [18]. Producing uli@v emittance bunches
at a constant and high repetition rate is a challenge currently being actidebssed
by several research groups, in particular those pursuing anbBsdd light source
[19,20]. These studies indicate that an injector with the bunch characteristics of Table 1
and a repetition rate in the MHz to GHz range is feasible. A varietyprbaches based
on laserdriven photocathodes employing either a DC voltage [19,20] or a low
frequency radio frequency (rf) cavity [21] are in various stages of development.

The main accelerator for an XFELO should be of a cw superconducting type to
accanmodate a constant bunch repetition rate, with one or more recirculation paths to
save cost. An XFELO is therefore a natural fit for a GV ERL-based light source
facility. Various technical issues on ERL accelerator systems have been addressed in
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the proceedings of ERL workshops, including the design of-bigrent, lowemittance
injectors; beam mergers for the recirculation loop; cw superconducting linacs; and
recirculation optics that preserve the electron beam quality [22].

The KEK-JAEA collaboration plans to construct a doep ERL with a 3GeV
superconducting linac in the first step. An XFELO operation is envisaged in the second
step by adjusting the rf phase of the recirculation path to double the final enerdy to 6
GeV, as shown in Figure 5 [23]. Note that energy recovery is not necessary for an
XFELO due to its low average current.

Recirculation path
® 5

Main LINAC
(Energy recovery) XFEL-O
(Future upgrade)

. ®
Injector — — p

RF a2\ A A
ol’o\ o,/ o'\o0, o @ R
. &\ = -t

' Beam
dump

RF source

Electron

Gun
High voltage
Laser
power supply

Photo
-cathode

RF source  Cryogenic

for injector system

Figure 5: XFELO plan for the future KEKIAEA 3-GeV ERL (courtesy o6. Sakanaka).

A pulsedsuperconductinginac such as that being used for the European XFEL can
operate an XFELO in a pulsed mode [24]. The macropulses in this linad Znmmasl
long, accommodating 1002000 micropulses at aNIHz repetition rate, sufficient to
drive an XFELO to saturation level

3.1.5 X-ray Optics

A comprehensive discussion of theay optics for an XFELO and recent progress
can be found in Yuri Shvyddédkods article i
give a brief summary.

Diamond is a material whose superb physical qualities well suited for an
XFELO cavity: high mechanical hardness, high thermal conductivity, high radiation
hardness, |l ow thermal expansion, and c¢hemi
reflectivity is predicted in xay Bragg diffraction, higher thathat from any other
crystal due to the uniquely small ratio of the extinction length to the absorption length.
The issue then is whether synthetic diamond crystals of sufficient size (active volume
~1 mn?) and crystalline perfection required for high refieity can be manufactured.
Working with several crystal growers, we found that modern techniques can groew high
guality diamonds containing defeftee regions suitable for an XFELO. Experiments
with 13.9keV and 23.7%keV x-ray photons have establishetlat the predicted
reflectivity greater than 99% at near normal incidence is feasible [25, 26].

Temperature gradients that lead to gradients in the crystal lattice spacing can
diminish thereflectivity. The simulation shows that the radiation heat loadyred by
an XFELO requires that the diamond crystal be cryogenically cooled to a temperature
TO 100 K. I n this case, the diamond has s

L
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that the crystal temperature becomes homogeneous before the subsequeanh radiat
pulse arrives. Low temperatures are favorable because diamond has an unmatched
thermal diffusivity and an extremely small coefficient of thermal expansion for

T < 100K as measured recently [27].

High radiation hardness is another desirable featudgaofiond. The power density
incident on diamond crystals in the XFELO cavity is ~ 4 kWfywhich is about 30
times higher than that of the undulator radiation used to test the first crystal at the APS.
While it is encouraging that the APS crystals havevisad one year of operation
without an apparent decrease in performance, additional studies should be performed to
understand the degree of irreversible radiation damage in diamond and how this damage
affects its reflectivity.

Deviations of the crystadnd focusing mirror surface from its ideal will disturb the
x-ray wavefront, producing mode distortions and leaiggle scattering. For diamond
crystals, the surface error heighttshould be a fraction of theray wavelengthimes
the difference of thendex of refraction from unityi nSinceti rfor hard xrays is of the
order of 1, the tolerance ofi Hs about a micron, which should be achievable. The
tolerance of the grazing incidence mirror on the height error (contributing to diffusion)
isabouti tO 1 nm, while the tolerance on figure
is about 0.1 pr. These tolerances are tight but are current state of the art.

The requirements to stabilize the crystals and the mirrors in the cavity are
stringen® better han 10nrad (rms) angular stability andm (rms) positional stability.

The nulldetection feedback technique employed at the Laser Interferometer
GravitationalWave Observatory (LIGO) can stabilize several optical axes with a single
detector and thereforgppears to be a promising approach. A pilot experiment with a
high-resolution, sixcrystal xray monochromator at the APS Sector 30 beamline
succeeded in achieving an angular stability of 13 nrad (rms) [28]. We will need to
improve the scheme to meet tKEELO requiremen a multipleaxis system with
better than 1rad stability.

The stages for optical elements need to be precisely engineered to enable
manipulationsne et i ng t he tight tolerances. These i
article in thisICFA Newsletter [29].

3.1.6 Nuclear-ResonanceStabilized XFELO for Fundamental Science

Since the XFELO output pulses are essentially copies of a singlecavity pulse
circulating inside the xay cavity,the output pulses can be coherent with each other if
the cavity length can be held fixed. The output spectrum then consists of a comb of
sharp lines spaced at about 10 neV from each other. If left to itself, however, the cavity
length will fluctuate, andtber phase errors will also accumulate, so the comb lines will
be effectively broadened up to their spacing, and-jiése coherence is lost. This can
be prevented by locking the cavigngthto an external reference to obtain an inter
pulse coherenceommensurate with the stability of that reference. A convenient
external reference is nuclear resonances. Thus we will refer to such an extreme
stabilized device as a nuclaasonancestabilized XFELO, or NRXFELO [30, 31].

The output of anideal XFELO at a fixed location consists of pulses that are
identical but displaced in time. The electric field of thth pulse as a function of time
can be written as
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En(t) — e'i'/"f:El_(t aTe) Kt _nD .

HereA(t) is the radiation envelope, e is the XFELO frequency in the middle of
its bandwidth,T. = L / c is the rounetrip time of the EM field in the cavity, antk is
the electron bunch spacing. The above equation is in accord with the discussion in
section 1.1.2.1, namely, that the phaseamce per period i3; while the envelope
advance per period i&. (We are neglecting here the small index of refraction during
the FEL interaction.)

Thetolerance on electron bunch spacings not as stringent since it appears in the
field enveloperather than in the phase. A detailed analysis shows that the fluctuation in
Te should be much less than the electron bunch length, a requirement for an XFELO
without NRS stabilization.

On the other hand, the fluctuation in cavity length gives rise toufition in comb
lines. Thus the cavity length fluctuation should be much less than the FEL wavelength.
Although very stringent, the desired stabilization appears to be feasibléebylack
system referenced by, for exampl&se nuclear resonance, sinte resonance width
and the comb spacing is comparable (~ 10 neV). The feedback principle is illustrated in
Figure 6 and works as follows. The comb line moves one comb spacing if the cavity
length changes by one FEL wavelength. With one of the comb dvertapping with
the °’Fe resonance well inside the FEL bandwidth, the cavity length is scanned by one
wavelength (~0.8 A) and held fixed where the fluorescence signal is maximum. Note
that it is not necessary to identify which comb line overlaps witmtioéear resonance.

It is only necessary that one of the lines does overlap, and we are keeping that line at

that position.
‘ int. -106modes

E R 4 }-m
14 neV *14.4 keV

\/\ detectors
14.4 keV emission
6.4..7.1 keV Fe K fluorescence

Figure 6: Schematic of the cavitgtabilization scheme. A nucleesonant sample (hetée)

is placed into the XFELO outpuand the nuclearesonant and i§hell electronic fluorescence

are monitored as functions of cavity tuning with a piezoelectric actuator. A feedback loop keeps
one of the ca. fdongitudinal modes of the XFELO on resonance with the sample.

Realizing an NRXFELO appears to be within the current state of the art, at least
with >’Fe resonance. Extending the stabilization to narrower resonances by an order of
magnitude may also be feasible. NRBELOs for even narrower resonances will be
quite challenging butvorthwhile as they provide new scientific techniques hitherto not
available in hard xay wavelengths. The principles and applications of MRE&LO
are discussed in greater detail in another paper in this issue of the ICFA Newsletter [31].
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3.1.7 Conclusions

The accelerator technology for an XFELO is essentially available in view of the
recent advances in connection with various future light source projects. Recent
advances in xay optics towards realizing an-ray cavity meeting the XFELO
specifications are @ouraging. The output characteristics of an XFELO are
complementary to those of higfain type xray FELSs, thus enriching the era of hard x
ray FELs. It might also be feasible to stabilize an XFELO cavity using the narrow
nuclear resonances, vastly extendi the coherence length with fundamental
applications outside the traditional realm efay physics.
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3.2 Scientific Opportunities for High Resolution Inelastic X-ray
Scattering with an XFELO Source

Clement A. Burns
Western Michigan University, . of Physics, Mail Stop 5252
1903 W. Michigan Ave, Kalamazoo, MI, USA 49008
Mail to: clement.burns@wmich.edu

3.2.1 Introduction to InelasticX-ray Scattering

Scattering measurements have provided much of the microscopic information that
we have about a variety of systems. In particular, these measurements have helped
determine the excitation spectrum for phonons, magnons, excitons, band transitions, and
plasmans. Scattering studies have helped explain phenomenon as commonplace as heat
transfer in solids, and as exotic as superfluidity. Due to the wide variation in the energy
and momenta of these excitations, a variety of probes such as visible hglys, x
neutrons, and electrons are needed. Fig. 1 shows a schematic picture of some of the
different probes and the approximate range of energies and wavevectors which they can
access. For certain combinations of wavevectors and energies, inelastiscattang
(IXS) is the only suitable probeGood overvievg of using IXS to study electronic
excitationsaregiven in the recent book by Schilkdg and the review article by Ament
et al.[2] An overview of the use of IXS to study phonons is given by KrischSatite.

[3]
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Figure 1. Energy and momentum space for different scattering techniques.

As Fig. 1 shows, IXS offers the ability to probe a variety of excitations at moderate
energies and high momentum transfgthat cannot be studied with other taiues.

For instance, light scattering with an energy of ~ 1 eV has a maximum momentum
transfer of about fem; this is much smaller than a typical Brillouin zone boundary
which is ~18/cm. While neutrons can reach highgrvalues, they have only an
extremely weak coupling to electronic excitatigd$ and are therefore not ideal probes

of these excitations. IXS is complementary to electron scattering; it probes the bulk,
and thus is not sensitive to surface effects which are seen in electron scatt¥fng

also allows studies of materials under a wide range of conditions (e.g., liquid and high
pressure states) that are difficult to study with electron scattérivgyability to focus

the xray beam to ~10 micron spot size allows the study of samgiehare too small

for techniques such as neutron scattering.

Since inelastic xays can probe a wide range of energy and momentum values it
would seem that IXS should be a widely used probe. However, the scattered intensity is
very weak, and it is only in the last decade with the use of third generatiayn x
syncthrotron sources and synchrotron insertion devices that there has been sufficient
intensity to make these experiments viable. With these new sources, inelesyic X
scattering has begun to attack a wide variety of problems in systems including liquids,
liquid metals, glasses, polymers, high temperature superconductor parent compounds,
and ladder compoundg.-3] IXS hashelpedsolved some long standing questions (e.g.,
fast sound in watgs]) andenabled new areas of studyll of the third generatiox-
ray synchrotron sources have multiple bdaras dedictedto IXS.
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3.2.2 Description of InelasticX-ray Scattering

The typical scattering event involves an incomingay with a welldefined energy,
momentum, and polarizatioghw,k, ,(J) which scaters into a new state described by

(hw; k. ,0). The energy loss of the-ray photon isqgE = hw - hw, while the

wavevectotransferis q = hk; - hkj. The differential scattering cross sectitm second
order in perturbation theory for energies nesesonance is defined by the equaféh

o Briiie 8 a gAML ERE

d’s
dw, dW

whererg?= 7.95 x 10°° cn? is the Thompson cross section for an electi@tands for
theincident xray, f is the finalx-ray, Eg is the ground state energy of the atons, the
intermediate statem is the mass of an electron and the summation is over intermediate
states.

The second order term provides a negligible contribution unless the incident energy
hwy is equal to the difference in energies of the ground state and one of the excited states
E. In this case the denominator becomes small and the second order term becomes
significant. This is called resonantray scattering, and will be discussed in detail
below. It is important since the scattering cross section is often greatly increased for
this type of scattering.

For nonresonant scattering, the process is very weak, and camabgzedusing the
first Born approximation. Nonrrelativistic xrays (thatis Ej << 5x10° eV) have a
scattering cross sectiavhich can be relatefi’] to the dynamic structure factsfqg,w)

d’s 5 0
eyl A 951—8( , 1a) 2)

The dynamic structure factor is related to the dielectric response function of the medium.
The dynamic sucture factor can be related to the imaginary part of the dielectric
response function using the fluctuation dissipation thedm

_ 9
Sam =,z imle(q, w)"*] (3)

le

Hereb is 1kT ande s the charge of an electron. Information about the real part of
the dielectric function may also be determined using the KraKrersig relationship,
assuming that the data is accurate enough over a wide range of frequencies. Note in
particular that te scattering cross section will show peaks where the real part of the
response function becomes small.

3.2.2.1 Non-resonant IXS

Unless the incident-ray energy is near an absorption edge -remonant scattering
dominates and IXS can be used to determin@yin@amic structure factor shown in Eq.
(3). For this case, IXS is in principle able to observe a wide variety of electronic
excitations in the system. This scattering typically has saomalls sectionsincethe
electrons of interest aresuallyvalence eletrons, which are only a small percentage of
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the total number of electrons except in materials with low atomic numi8osoften
only low Z materials, for which large volumes can be studied, are suitable for study.

In addition to the ability to study ettronic excitationspjonresonaninelastic xray
scattering is widely used to measure phonon properties. The basic principle is the same
as has been described above. In order to get the energy resolution needed (on the order
of 1-2 meV) it istypical to usehigh order reflections ohigh quality crystals, which
necessitates higher incident energies, on the order of 20Highfer energy gives large
penetration into the sample. Recentipwever,another scheme that works at lower
energies has been devig@d, which is currently being implemented at the Advanced
Photon Source and at the National Synchrotron Light Sourc&€hB higherenergy
resolution requiredor phononseduce allowable xray bandwidth, and so the incident
flux is much lower. However, since the phonons involve the motion of all the electrons
(and not just the valence electrons) there is still a significant signal.

3.2.2.2 Resonant Inelastic Xay Scattering(RIXS)

RIXS has become amportant technique for studying the electronic excitations
over the last decadaer sa Resonant inelastic-pay scattering (sometimes calleeray
resonant Raman scattering) occurs when the incident energy is tuned to the energy of an
atomic transition (asorption edge). For our purposes, this wilpically be the
excitation of a core electron with an energy on the order of keV. The first
measurements of this effect were carried out by Sgatdsand Eisenburger, Platzman,
and Winick[11]. Equation Ishows that when the incident photon energy is equal to the
energy difference between states, the second term can become large. In this case an
electron is promoted from a core state to a state at or above the Fermi surface. The final
excited state is tmefore similar to the final state found in Rm@sOnant scattering.
However, the intermediate state involves the system with a core hole in it, and this hole
interacts with the rest of the system through the coulomb interaction. These interactions
can case additional effects such as the excitation of eledioda pairs (shakeup).

For resonant scattering, the simple relationship between the scattering cross section
and he dynamic structure factor (E8) is no longer valid. As a result, the detailed
explanation of these measurements is more complicated. However, there are many
experimental advantages including the following

1) Scattering intensities for inelastic events increase greatly for resonant scattering,

often by one to two orders of magnitud8ince the weak scattering rate is the
greatest disadvantage of inelasticay scattering, resonant enhancement is a
useful tool.

2) This technique can be used to determine whether the electronic transition is a

dipole or quadrupolar transition.

3) The techigue is element selective, that is one can study excitations involving

one particular element in a crystal by choosing the appropriate atomic resonance.

4) Different intermediate states couple differently to different final states, allowing

different excitatbns to be emphasized.

5) Magnons and their dispersion can be measured.

3.2.3 Advantages of anX-ray Free Electron L aserOscillator (XFELO) Source

While IXS has become a useful technique for studies of electronic and vibrational
states of matter, it remains a fHimited technique. Typically, scans last for hours, and
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a complete characterization of a material at a given set of conditions (pressure,
temperature, etc.) may take several days.proposed XFELO sourcfl2] would
provide an enormous increase in scattgsignal over current sources and therefore be

of great benefit to the technique. We discuss the advantages of an XFELO source for
mediumandhigh resolution studies below.

3.2.3.1 Medium Resolution Masurements

Measurements of the electronic excitations are critical for understanding the
properties of virtually all materials, and a wide variety of probes (Raman, optical
absorption, EELSphotoemissiongtc.) are used for this work. IXS is in principle an
excellert probe of the electronic excitatis as well, but is limited bw count rates
and few available beamlines. A typical medium energy resolution IXS measurement
will have a flux~ 10" photons/second, and an energy resolution of 100 mel. Th
lower resoldion, compared to the phonon measuremergsused to increase the
incident fluxto compensate for the lower cross sections

Electronic excitations of interest may have count rates of 0.25 counts per second or
lower. Low count rates are often on top ofasge background signal from elastic
scattering, adding to the time required to take data. An XFELO IXS spectrometer with
10 meV resolution would provide an increase in resolution of a factor of 10, and also an
increase in fluxby a factor of~500 over cuent instruments. These improvements
would have a profound influence on studies of electronic excitations in condensed
matter. An XFELO source would enable important studies including:

1) Rapid RIXS scans as a function of incident energy, scattered energy, and
wavevector. Currently the large number of different variables makes RIXS
measurements quite time consuming.

2) Studies of the evolution of electronic excitations as a function of yreess
small samples.

3) Studies of surface electronic excitations. Currently techniques to study such
excitations require high vacuum, but IXS is capable of studies under liquid or
ambient conditions.

4) Direct measurement of excitations across a supercondugéip. This would
allow for determination of the nature of the superconductivity in many systems.

5) Nonrresonant inelastic-ray scattering on systems of interest. Currently, the
signal rate for nomesonant IXS studies is small and measurements are only
possible on low Z materials. With an XFELO source the electronic structure of
many materials of interest in physics, biology, geology, and materials science
would be observable. Most importantly, the scattering could easily be compared
with theoretical modls. Currently most work uses RIXS due to its higher count
rate, but theoretical modeling is more difficult due to the effects of the
intermediate state.

3.2.3.2 High ResolutionMeasurements with an XFELO

Phonon spectra from a sample will often take dayscdlection. Currently, most
third generation sources operate at an energy resolution of ~1 meV with an incident flux
of approximately 2 x 1Dphotons/second in the appropriate energy bandwidkh.
XFELO would provide 18 photons per pulse, and a repetitiate of about 1MHz.
This is an improvement in incident flux by a factor of over.10To put this in
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perspective, a series of measurements which required a day to measure could in
principle be carried out in under a second. This would enable a largbenwof
possible studies. First, small samples or samples that were rapidly changing in time
could be studied. This opens up the possibility of studying the evolution of excitations
in rapid phase transitions. Perhaps importantly, it would be possible to further
monochromatize the beam to allow for higher resolution studies. There are a large
number of important scientific questions which require improved resolution. Some
examples include the following:

1) Studies of lhe excitation of water in restricted geometries, which are important
for many industrial and biological systems.

2) Studies of liquids at intermediate energy and momentum scales. Liquids are
known to undergo a transition in their sound speeds from low to dsgh
function of momentum transfer, but it is difficult for current and planned sources
to study this change.

3) Studies of the excitations in biological systems. There is great interest in the
dynamics of biological systems, but such systems require wagn@solution to
study. For instance, studies of the excitations in DNA in solution [13] are of
great interest, but the excitations are difficult to distinguish from the elastic
background. Also, the enormous number of biological systems and the wide
variety of conditions they exist in makes it important to be able to study the
systems rapidly.

4) Studies of the surface phonons [14] offer the exciting possibility to access
changes in vibrational modes under realistic conditions; currently, the surface
probessuch as He scattering require ulligh vacuum. IXS is not limited to
these conditions; however, a large improvement in signal rate is needed to make
this a useful probe. Buried interfaces can also be studied in a similar fashion.

3.2.4 Summary

IXS is a valable probe whose usefulness is mainly limited by curreai»sources.
An XFELO would allow a gain in resolution of a factor of 10 withc@ncurrent
improvementin flux by a factor of ~500 for medium resolution studies. For high
resolution work, thélux gain would be ~10 These improvements would turn a useful
technique into one of the most powerful probes of condensed matter systems.
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3.3 Prospects for New Science Using -Kay Photon Correlation
Spectroscopy at an XFELO

Laurence Lurio
Department of Physics, Northern lllinois University, DeKalb, IL 60115
Mail to: llurio@niu.edu

Coherent xray scatteringprovides information on equilibrium dynamicsn
condensed matter which ot normally availablefrom scatteringperformed usingan

incoherent beam.Consider thex-ray scatteringintensity, | (Q) , from a mateal of
electron densityr (r) given by;

Q) ~ i € 7o (T +Ti) £(F)drdr . 1)
HereQ=k, -k , with k the wavevector of the incoming or outgoixgays In a

scatteringexperiment withan incoherent beantheintensity at the detector represents
the sum ovescattering frommany incoherent regions within a sample.thiscase it is
appropriate to make the replacement in(&pof

re(r+) 4 )iV( & F) ifr)) gif). 2
The xray scattering intensity can then be used to obtain the average spatial
correlation function. This quantity does not change in equilibrium and thus it does not
give any ifformation about equilibrium dynamicd-or the situation of coherentray
scattering, the replacement of the exact density distribution with the density correlation
functiong(r) is no longer appropriate. In this case, the avesag#iering pattern is the
same as the incoherent scattering, but a speckle pattern is superimposed on the

scattering. The speckles result from coherent interference over the full extent of the
sample. An example of speckle from a region of coherettesicg is given in Figl.
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Figure 1. Speckle pattern resulting from the illumination of a silica aerogel by a coheraynt
beam.

The speckle pattern produced using coherematys providesnformation about the
exact configuration of the density within the sample at a specific moment in time,
than the average density distributiomhe speckle pattern will fluctuate in tinwghen
the density distribution is changing in time,. Measwats of the rate of fluctuations

a speckle at a particular wavevec@rgives information about the dynamics within tt

sample with the corresponding wavevector. This provides information on stru
fluctuations of the deity about its equilibrium configuration which can be difficult
obtain via other methods. It can also providégueinformationaboutnon-equilibrium
systems, such as fluctuationsoab a quasequilibrium state. XPCS can yield
information regarding awide range of dynamics including diffusion, line
susceptibilities, the approach to equilibrium and glassy behaviour.

As an example ohow a typical XPCS measurement is carried out, con:
measurements of thlynamics of a colloidal suspension usingC&(see for exampl
Lurio et. al. [1]). Figure 2 shows a schematic of scattering from a suspensi
particles undergoing diffusive motion. The scattering from each of these particle
interfere at theoosition of the detector with a relative phase depending on its pos
As these particles move, their relative phases will change, and the intensity
scattering pattern in the detector will fluctuate with time.

Detector

Incident EM Wave

Figure 2. Schematic of scattering from a suspension of particles undergoing diffusi
motion.
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Thenormalized intensityntensity correlation function at a given scattering vectc
Q, is defined by
S )= (HQUI@Qt +1))

2\ 2 3
9,(Q.¢ <|(Q,t)> 3)

Here, tis the time of the first intensity measurement and is the time of the secon
measurement. This correlation function can be related to the intermediate sc:

function f(Q,¢) of the sampleia:

0,@Q.1)=1 + &1 Q, )7} @

Here b is the contrastof the incident beam. The intermediate scattering functic
defined by f (Q,#) = S(Q }/ § Q0), with
S(Qt) :ivﬁa@“" i (7,0 (Fi, § FTdr . (5)
r

e

For the case of Brownian motion in a dilute suspengtmnintermediate scatterir
function takes the particularly simple form

f(qt)=e® (6)

Here D =k,T /6p MRis the diffusion constant of the particles, witlthe viscosity,R
the particle radiusT the temperaturandk,Bol t zmannés const a

72 nm Latexspheresn glycerol at-25C as a function of wavevector are shown in fig
3. Figure4 shows the decay rate of the correlation function vs. wavevecidre

exponential fom of the decay functions and tig¢ dependence of the relaxation tim

both indicate that the measured XPCS follows the theory of Brownian motion
accurately.
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Figure 3. Intensity correlation functiong, as a function of wavevector for particles o
radiusR .
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Figure 4. Measured relaxation time obtained from exponential fits togt/(€),¢) as a
function of Q using eq.(6).

A summary of various techniques for measuring dynamics in condensed
physics has been made by Dierk&rand later updated by Brian Stephenstral.[3]
and G. Gribeeét. al.[4]. XPCS at third generatiosynchrotron sources is unique in
ability to measure dynamics at length scales smaller than can be accessed witt
light andtime scaledonger than can be resolved with neutron scattering or inelas
ray scattering. Some representative eplas of XPCS experiments are given belc
In the small wavevector regime Gut. al. [5] obtained microsecond dynamics frc

capillary waves atQ~10*nm*. In the large wavevector regime, atomic Sc

dynamics were measured by Leitredr al. [6] in CuAu alloys. Howeverdue to the
weaker scattering at larger wavevectors, the measured time scales viereange of



34

hours. At intermediate scales, colloidal dynamics have been measured at milli
dynamics in the range @~ 0.01 nm'’ to Q~ 0.1 nm*%. It has not been possibl

however,with third generation sourcés simultaneousl! look at the interesting regim
of short times and small length scales so as to obtain overlap with techniques :
inelastic xray scattering or neutron spin echo.

Studies of potential science at recent SASE free electron laser s¢Birdesve
indicated that with the increase in instantaneous brightness achievable at these
XPCS should be able to measutgnamics intothe picesecond regime and tht
overlap with inelastic xay scattering and neutron spin echeasurementsThis opens
up awide range of new science studies such as measurements of atomic di
dynamics of polymers in the Rausse regime, dynamics of biomaterials in water,
dynamics at the atomic scale, dynamic critical behaviour, dynamics of liquid surfe
shortwavevectors and dynamics of magnetic materials. Using heterodyne techni
is also possible to measure velocity fields in mateffls Thus XPC&at XFEL
X F E L O 6 provideaan important windown nanofluidics.

An XFELO source would have several distinct advantages over current
generation sources for performing traditional XPCS measurements. The beam
fully coherent in the transverse direction. This yields the maximum possibiesic
andalsot he | east sample damage. Curren
flux of order 7& 1'Dphotons/s as compared with current values®f1°(hotons/s.
This increase in coherent flux wilhcreasethe range of length scales and time sci
which can be studiedVhile the average brightness of an XFELO is comparable tc
of current XFELs the megahertz timing of the pulse structure allows measuremt
dynamics in the microsecond to millisecdimde ranges.

Considerthe dynamics of colloidal particles diffusing through a fluid. For sphe
particles of radiusR the scattering cross section goes as the square of the vc
s ~R°.  For constant vame fraction of particles, the number of scatterers scall
N~R* and thus the totatross sectiomill go ass ~R®.  The relevant time scafer
dynamicsis the time required for a particle to diffuse over its own radidsch for
Brownian motiorscdes ast ~1/R. The signal to noise rati®\R is given by*°

SNR~7 ¥? s R7° (7)

Hence the length scales accessible with XPCS should scale roughly as

Ry =% ®)

An increase ofl(°in flux should allow a decrease of the smallest measurable
particle by a factor 060, assuming all other conditions are comparable. Thus, for
example, current studies of millisecond dynamics of 100 nm particles in glycerol could
be extended to microsecond dynamic® oin particles. This would allow study of the
anomalous thermal condtivity recently found in nanofluid suspensions by Eastman
and collaboratorfl1].

One may alsowant to look at faster dynamics without changing the particle size.
For example, it would be useful to extend current studies of diffusion of colloidal
suspensions in glycerol to diffusion of similar size proteins in aqueous suspension. The
change from kycerol to water would yield a consequent decrease in viscosity of a factor

of 10*. This measurement would require an increase in flux of only a factor of 100, and
should be easilfeasible for an XFELO sourc&or identical valuesf wavevector and
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scattering cross section, dynamics should be measurable at a fab@tiofes faster
than currently possibleDynamics at very fast times at@weverultimately limited to
the picosecond regime due to the pussructure of the source and also limited by the
availability of fast area detectors; currently limited to ms time scales.

The | ongitudinal coherence of XFELO®OGS
from current third generation sources. The lamdjnal coherence length is defined by
the energy bandwidth of the source as

L °/(E/ B. ©)

Here E is the energy andE the bandwidth. The longitudinal coherence length of
current ¥ generation undulators iproportional tothe number of periods in the
undulatorE/DE °N. For a typical APS undulatoN =72 yielding L °10nm. For
small angle scattering these short coheeglengths can be acceptaliibe longitudinal
coherence length caalso be incresed by using a monochromatesi-111 gives

L ~1mm. For an XFELOE/DE °10'yielding longitudinal coherence lengtion the

scale of milimetersThe | onger coherence I ength of
thicker samp#s can be used even in the wide angle scattering regime. Furthermore,
heterodyne measurements, in which the scattering from a sample is mixed with a
reference signal, would become much easier, since the source of the reference signal
must be held within @ longitudinal coherence length of the sample.

Even if there is sufficient-xay flux to measure sample dynamics with XPCS it may
not be possible to measure samples if the damage from-idne beam destroys the
sample during the measuremeduirrent XRCS measurements are close to the threshold
of damage so it is a serious concern whether the higher fluxes available at an XFELO
would make measurements impossibléhe relevant quantity to consider when
evaluating damage is what is the minimusray exposte required for a specified value
of the signal to noise ratio (SNR). Consider a sample which has a correlatiof) jime
The intensity measured within this time will add coherently, while integration over
times longer thad__ will only decrease the noise in quature. Thus we expect for a

corr

measurement of total timg, . that
SN R~ f I]eas -I(-)OIT (10)

The damageD, on the other hand, will scale Bs- fTneas This implies that if one

tries to make up the SNR for shorter correlation times by measuring longer, then sample
damage will be a limiting factoflThe sample damage can be significantly reduced
however, by movinghe sampleto fresh spotsluring the meagement. The rate at
which the sample can be moved is limited by the condition that the exposure time for

any given spot must be longéhan the expected correlation tinfig, . If we move the
sample to a fresh spot on a time saaleghly of orderT__ then the damage at each

corr
spot is given by~ T andthus, thefaster the dynamics of the sample, the less the
damage from xays This conclusion relie®n the availability of a large sample so that
many fresh spots can be exposed. The experimental station must also be equipped with
a sample translator that can reposition a gamon microsecond time scales.

X F
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Furthermore, this analysis assumes, that sardpinage is due to ionization and does
not consider thermal loading.

In the traditional mode of performing XPCS the scattering pattern is read out as a
function of time, which requires fast detector. An alternative to performing XPCS
from a sequencefondividual intensity measurements is to use a split pulse scattering
method. In this scheme, a short pulse is split using crystal optics into two pulses with a
time delay set by an optical path length difference. These two pulse each scatter from
the ample yielding speckle patterns which are simultaneously recorded on an area
detector. If the sample configuration has not significantly changed during the interval,
then the two speckle patterns will add together and the net contrast will be equal to the
contrast obtained for each speckle pattern alone. If, however, the sample moves within
this interval the speckle patterns will differ and the net contrast of the resulting sum will
be lower. Thus, by measuring the contrast of the speckle pattern astiarfof time
delay, one can obtain the correlation function for dynamics fastetthlatetectorcan
be read The largest time delay that can be measured in this scheme is set by the largest
path length difference that can be practically obtainedanbéam splitter. To give a
sense of scale, & =3mm path length difference corresponds to a time delay of
DI 2 /c 10ps.

As has been noted by Stephensinal. [3] and Gribelet. al. [4] a significant
limitation to this beam splitting method is the need to have sufficient flux in a single
pulse to create a measurable speckle while at the same time not havingrséflux
within a single pulse so as to destroy the sarbgleverheating it The required flux
per pulse depends on the atomic number of the safipdend on the number of atoms

scattering coherentlyMc,r. They find, for example, that for XFEL value$ 10
photons/crypulse, and at energy of 8 keV, there is sufficient flux to measure samples
down to values df1___ ~10. For a XFELO, the expected pulse intensity is three orders

corr
of magnitude less. However, sintte increased longitudinal coherence length makes a
monochromator unnecessary, the effective flux delivered to the sample is only a factor
of 100 less. In this case the, XFELO cannot measure down to as siva]|, aslO,

but would be ableto measure dynamics from larger scattering regions of size
M_,. ~100C. However, sample heating sets limits on the maximum intensity per pulse

corr
that can be delivered. Under the assumptions used in the studies of Stegtealsdn
wouldonly be possible to employ the greater f
XFELO, for atomic number less than around I6hus t he advantage of
an XFELO would only be realized for relatively low Z materials.

The analyses used by Stephmmst. al.and Gribekt. al.assume that only a single
pulse with be used for a measurement. In fact, as long as the sample can be moved
between pulses in order to expose a fresh spot, it should be possible to average a large
number of measurements tdget from different pulses. Assuming, for example, that
one were willing to expend 100s total integration time on a measurement, and that the
pulsg4 repetition rate was 1MHthe signal to noiseatio could be increased by a factor
of 10".

There are, asistussed above, a wide range of measurements, which would become
possible if a XFELO were available. Here we discuss mutativeexperiment as an
example of the kinds of new physics which could be studied. Studies of colloidal
diffusion of systems suchs Latex in Glycerol have formed one set of important
results from third generation based XPCS studies. It would be extremely useful to
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extend such measurements to the biological regime, which would allow measurements
of the diffusion of proteis through aqueous suspensi@ne biologically relevant
colloidal system is the lens of the eye, which contains a mixture of three types of
proteins called crystallins. The concentrations of these proteins within the eye lens are
close to those at which the proteins undergo a liglads transition in their dynamics.

XPCS studies of dynamics of elgns crystallins could provide information on the
viscoelastic properties of the lens and on the causes of presbyopia, a disease which
leads to a stiffening of the lens with age. Previdusamic light scattering results by
Giannopoulou et. a[12] were able to measure the dynamics of this system for a range
of protein concentrations spanning the glass transition. However, ligterstgis not
able to probe dynamics at length scales corresponding to thgiotem spacing, and
thus cannot explore the microscopic origins of the glass transition in these systems.
Current XPCS measurements at sector 8 of the Advanced Photore $ane probed
the dynamics in the glassy phd8g but the intensity of current sources is not sufficient
to explore dynamics in the fluid phas&n XFELO would provide sufficient flux to
measure the dynansicof this system through the glass transition and thus provide
important insight on the microscopic origins of the glass transition.

Finally, we consider some of the requirements for an XPCS beamline which would
be located at an XFELO.

1) Energy. There are two important considerations. First the energy must be high
enough to permit diffraction at atomic length scales. However, broad range
tunability is not generally required. The other major consideration for the energy
of the beamline is xay damage and heatingAs one goes to higher energies,
the xray absorption decreases BS up until the point whereCompton
scattering becomes more importamergy loss mechanisrf@ne problem with
going to too high an energy, however, is the difficulty in stopping tnayx
beam in a detector. Thus, one needs to make a compromise between detector
efficiency and sample absorption. Based on experience with current detectors,
XFELO erergy of around 17 keV would be a good compromisetween
absorption, Compton scattering and detector efficiency. Whidd also allow
comparisorof scattering resultwith the Mo tube lineat17.4 keV.

2) Optics. The beamline optics must preserve the oaiee of the beam. This
mandates that beamline should have the minimum amount of optical elements.
However, focusing optics will probably be necessary in order to shape the
coherence area of the beam and in order to optimize the speckle size in the
detecor. Those elements which are required should be either highly polished (if
used in reflection) or of extremely uniform density at the microscale if used in
transmission.

3) Mechanical stability. XPCS measurements will be extremely sensitive to
vibrations ove time scales and length scales comparable to those expected for
the sample motion. Thus a highly stable vibration free experimental platform is
essential.

4) Single pulse optics If single pulse speckle measurements are to be performed
then it will be necssary to design a beam splitter with a variable delay path.

5) X-ray camera with microsecond readout In order to measure pulsepulse
correlation functions it will be necessary to capture scattering images with a
time resolution comparable to the pulsad@pg.
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In conclusion, an xay free electron laser oscillator would have many properties
which would benefit xay photm correlation spectroscopy. Teeincludecomplete
transverse coherenaextremely long longitudinal coherendegh average intengiand
very short pulse structure XPCS measurements could take advantage of the three
orders of magnitude increase in average coherent flux, allowing access to a wide range
of new systems. In particular, it may become possible to study biological dgniamic
agueous suspension. The pulse structure could be used to measamecd on the
picosecond scaleFinally, in order to take advantage of such a source, new beamlines
would have to be designed which could perform sample measurements at the
microsecad time scales.

| would like to thank Brian Stephenson and Alec Sandy for helpful discussions and
Janae DeBartolo for the use .¢18)] some figure

References

1. L. B. Lurio, et al., Phys. Rev. Le®&4, 785 (2000.

2. S. DierkerJuly (1995).

3. B. Stephenson, S. Mochrie, M. Sutton, K. Nelson, F. Sette, G. Ruocco, S. Dierker, S.
Sinha, and D. Schneider, CLS The First Experimentgdited by S. L. A. Center
(Stanford University, Stanford, 2000).

4. G. Grlbel, G. B. Stegnson, C. Gutt, H. Sinn, and T. Tschentscher, B2, 357
(2007).

5. C. Gutt, T. Ghaderi, V. Chamard, A. Madsen, T. Seydel, M. Tolan, M. Sprung, G.
Gribel, and S. K. Sinha, Phys. Rev. Leit. 076104 (2003).

6. M. Leitner, B. Sepiol, -M. Stadler, B. Pfau, and G. Vogl, Nature Materi@|s717
(20009).

7. G. Griubel, A. Robert, D. L. Abernathy, In, (eds.), E. T. U. International, and
Symposium, inEighth Tohwa University International Symposjuedited by M.
Tokuyamaand |. Oppenheim, 1999), p. 158.

8. J. Debartolo, N. Karunaratne, J. Berry, C. DeCaro, L. Lurio, and G. Thurston.

9. S. Busch, T. H. Jensen, Chushkin, and A. Fluerasu, Eur. Phy26,J5%& (2008).

10. 'P. Falus, L. B. Lurio, and S. G. J. Mochrie, J. Synch. R3253 (2006).

11.J. A. Eastman, S. U. S. Choi, W. Y. S. Li, J.L. Thompson, Appl. Phys. [£8{t718
(2001).

12. A. Giannopoulou, A. J. Aletras, N. Pharmakakis, G. N. Papatheodorou, and S. N.
Yannopoulos, Journal of Chemical Physi@¥ (2007).

13. J. Debartolo, Nahern lllinois University, 2010.



3¢

3.4 Opportunities for a Free Electron Laser Oscillator in
Nanomaterial Phonon Characterization and Complex Oxide
Dynamics

Paul G. Evans
Materials Science and Engineering
University of WisconsirfMadison, Madison, WI 53'8) USA
Mail to: _evans@engr.wisc.edu

3.4.1 Introduction

The developmenof a transforrdimited hard xray free electron laser will create a
large number of opportunities in the materials science and condensed matter physics of
emerging electronic materials. The key characteristics of such a source are a narrow
energy bandwidit, on the order of 1 meV or less, and sftuttation highrepetitiorrate
pulses with excellent shab-shot reproducibility.[1] The pressing need for new
characterization techniques can be illustrated using two specific problems: (i) the
challenge of chacterizing the dispersion of phonons across the entire Brillouin zone in
nanomaterials and (ii) the problem of characterizing the dynamics of complex oxides in
large norequilibrium electric fields. The unique features of aray freeelectron laser
oscilator will allow recent theoretical developments in both of these areas to be
connected with experiments for the first time.

3.4.2 Nanomaterial Phonon Characterization

Using size effects and heterogeneous interfaces to manipulate the dispersion of
phonons in nawstructures allows separate control of vibrational and electronic degrees
of freedomin thermoelectric and higtemperaturenanonaterials.[2-4] The novel
mechanical and thermal properties arising from the small size of nanostruateares
fundamentally diflerent from the properties of bulk materials of the same composition.
The potential to engineer the thermal properties of nanostructures is only beginning to
be explored because tlappropriateexperimental probes for atorascale vibrational
phenomena imanomaterials do not yet exist.

Among the parameters that can be used to manipulatéhénenal propertieof
nanostructureare boundary conditionsjzedependentorce constants, scattering rates,
surface and interface roughness, surface atom eféaadsglectrorphonon coupling[2]
Despite the importance of thesHects their roles in defining largscale properties are
relatively poorly knownSimulations, for example, are based on mechanical analyses or
molecular dynamics simulations using bullstic constants or empirical potentidls
without experimental evidence thttese can be used at the nanos¢alé] The effects
of individual parameters are difficult to disentangle because lumped materials properties
such as the thermal conductivitgmend on all of them simultaneouskrray scattering
techniques enabled by a transfelimited x-ray laser will allow researchers tsolate
specific effects associated with phonon confinemelaird xray scattering is an ideal
way to probe phonons becaubard xrays couple directly to the positions of core
electrons via diffraction, and via elastic or inelastic scattering.

The most important nanomaterials for thermoelectric devices are based on inorganic
semiconductorsSi nanowiresfor examplepromiseto have lower thermal conductivity
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than bulk Si, which in turn raises the figure of merit ZT of thermoelectric dey&;&$.

In a broader sense, Si nanostructures exhibit effects pertinent to other nanomaterials in
which phonoamediated thermal transpaetfects are important, including ceramics and
semiconductors such as ZnO and-Mll compounds. Effects linked to phonon
confinement in such systems are predicted to reduce the thermal conductivity of
composite materials for thermal barrier applicati¢8k.

The range of phonon frequencies and wavevectevantto the development of
optimized thermal properties defined by the fundamental phenomena of thermal
conductionAs in bulk insulators and semiconductors, the thermal conduction at modest
temperatres in normetallic nanomaterials is mediated by acoustic phonons with low
frequencies[9,10] In addition to the lovenergy modes relevant to transport in bulk
materials, recent calculations suggest that higher frequency modes may also be
important in naowires as a result of increased boundary scattering ofvi@vglength
modes.[11] The discreteness arising from confinement modifies both the phonon
dispersion and transport phenomefma. extremely small wires, quantized thermal
conductance can limit theonductance of wires to a value proportional to the number of
available phonon modeg$l12] The relevant acoustic vibrational modes have been
difficult to probe with traditional scattering, spectroscopy, and mechanical techniques.

It is possible to probéie vibrational properties dfulk materials via two different-x
ray scattering techniques: thermal diffuse scattering (TDS) and inelastycscattering
(IXS). Both allow the phonon dispersion to be determined quantitatively across the
entire Brillouin one. Recentdvances in synchrotronray optics and experimental
facilities now allow TDS to probenanostructures using tightly focusedray beams
[13] But the future of this approach at storapg-based synchrotron radiation sources
may likely be limited by the indirect way that phonon energies must be deduced in TDS
experiments, and the marginal flux provided these facilities.

Inelastic xray scattering experiments are even more limited by the flux provided by
storagering based sources. The quariita interpretation of IXS experiments is far
more straightforward than TDS measurements. For bulk diafsadtured
semiconductors, for example diamorjd4] IXS has yielded quantitatively reliable
results for over a decade, but requires samples with volumes aimior more. It has
proven difficult to extend IXS techniques beyond this scale because synchrotron
sources provide insufficient flux in theits1l meV bandwidth required to capture the
phonon phenomena illustrated in Figure 1. Radiation from 4@ freeelectron laser
oscillator will be essentially completely monochromatic in this bandwidth regime and
will thus allow experiments to proceedtlvifar smaller sample volumes, commensurate
with the volume of nanowires and other structures can realistically be produced using
lithography. The high monochromatic flux of afmray freeelectron laser oscillator will
place it in a unique part of parametgpace and allow revolutionary probes of the
vibrational properties of nanomaterials.
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Figure 1: Phonon dispersions calculated by Bedateal [6] for (a) a Si nanowire with a square
cross section measuring 6 atoms along the edge bulk Si and (b) Hutk &iference, 1 meV is
equivalent to a frequency of approximately 4 THz.

3.4.3 Dynamics inComplex Oxides

Recent developments inray optics, scattering techniques, and epitaxial growth
now make it possible to understand the properties of complex oxideatmrsulin
regimes for which there have previously been no experimental teatslamentally,
studies of complex oxides under high electric fields and at short timaddress the
challenge of understanding the functional properties of materials at the& awate in
highly nonequilibrium environmentg15] Recent results have shown, for example, that
a very large strain of more than 2%n extremely large elastic distortiooan be
developed in ferroelectrics in response to applied electric fiflé$.First-principles
predictions are now appearing in the literatigghat are not testable using other
techniques.[17,18] The responses of complex oxides to applied fields involve
significant changes in structure that range from transitions of the cryssgtogror
magnetic phaseasin multiferroics [19] to the motion of magnetic or ferroelectric
domain walls.[20,21] The structurabistortion associated with response to applied
fields makes xay scattering probes an excellent match for problems in it fn
addition, complex oxides provide the ideal model systems for the development of new
x-ray scattering techniquespplicable to other material€ontinuous and reversible
control of the properties of complex oxides has been demonstrated in only a fe
instancesFor example, the large carrier concentrations induced by a gate electric field
can lead to electronic or structural phase transitions, but this approach can be applied
only to materials integrated into fiekgffect transistors[22] Alternatively, the biaxial
strain in epitaxial thin films grown on a piezoelectric substrate can be continuously
varied by distorting the substrate, but the magnitude of the variation in strain that can be
induced by the bulk substrate is typically limitedon the order of 0.1%423-25]

The results oftructural studies of complex oxideancbe compared directly with
predictions emerging from firgirinciples theoeretical studie§.he precision with
which firstprinciples theory can be applied to the +emuilibrium properties of
complex oxides is rapidly improving thanks to of recently discovered methods for
working with electrically polarized materials in density function theory (DFT)
calculations.[26,27] There hagecentlybeen a series of very rapict\elopments in
first-principles theory techniques that allow the properties of materials in large electric
fields to be studied using DF[18,28] These discoveries have resulted in the capability
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to perform simulations under mechanical and electrical dawyn conditions that
account for the stresses present in epitaxial thin fil2g5.

The present synchrotrdsased approach to the use efay scattering to probe the
dynamics of complex oxides shown inFigure 2(a). Theop electrodaised to apply an
electric field across a planar thin filabsorbs a negligible fraction of the intensity of the
incident and diffracted beams at the harthyx photon energies of-B keV used in
these diffraction experiment€Extensive studies of thefundamental propertiesf
ferroelectric thin filmshave been based on the use of electric fields provided by thin
film capacitors[30-32] For example hte shift in the diffraction pattern of a BiFe@in
film during a 12 ns electric field pulse, measured using this technigiegure 2(b),
allows the piezoelectric properties to be readily determii3&d.

X-ray freeelectron laser oscillators promise to provide the picosedonation
pulses and total flux necessary to extend scattering techniques to the fundamental
timescaés of piezoelectricity and structural phase transitions. The combination of a
high repetition rate, excellent pulsepulse stability, and monochromaticity will allow
diffraction and scattering experiments to be conducted on complex oxides driven in to
non-equilibrium states and will fundamentally address the challenge of connecting
theoretical developments with experiments.

(b) electric field 1.09 MV/icm

0 MV/icm

(@)

Conducting probe

Focused incident x-ray beam

Diffracted x-ray beam
to detector

Zone plate

two theta

Pt top electrode

Thin film/superlattice sample
SrRuQ; bottom electrode
SrTiO; substrate

- 18 20
time (ns)

Figure 2: (a) An in situ xray microdiffraction probe for complex oxide capacitors. (b) Fime
resolved diffraction from an epitaxiBiFeQ; thin film, acquired with photon energy 10 keV.
The 2y angle of the BiFegxthin film is decreased by piezoelectric electric expansion during the
12 ns electric field pulse, from P. Chenal, [33].
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3.5 MoRbauer Science and Nuclear Quantum @tics with X-ray
Free Electron Laser Gscillators

Jorg Evers
Max Planck Inst. for Nucl. Phy., Saupfercheckweg 1, 69117 Heidelberg, Germany
Mail to: joerg.evers@mpihd.mpg.de

3.5.1 Introduction

MoRbauer science is a mature field with a multitude of diverse applicagicinsely
pursued mostly at synchrotron sources all over the world. Next to interest in its own
right, it acts as an important tool in numerous other disciplitle3 he improvement of
existing and the development of new techniques involving MoRbaueri rarde
therefore highly desirable. Novel light sources will provide a higher average flux of
resonant photons, and thereby facilitate the implementation of more advanced and
potentially photon hungry methods. A broad class of experiments is expectecttly dire
benefit from this, e.qg., if a better monochromatization of the incident radiation becomes
feasible.

But next to the improvement of the average resonant flux, also a qualitatively
different class of new experiments will become accessible, as the nomie=monant
photons per pulse is increased from less than one at typical synchrotron sources by
several orders of magnitude. As a consequencelimesr and quantum effects with x
rays can be exploited, fueling the field ofay quantum optics. In thelfowing, it is
argued that for the purpose ofray quantum optics, the-ray free electron laser
oscillator (XFELO) is superior to competing light sources, including the prospected
seeded freelectron lasers (SFEL).
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3.5.2 Nuclear Quantum Optics

3.5.2.1 Motivation

From the visible frequency range, it is well known that it is mandatory to exploit
coherence, nonlinear ligimatter coupling, and quantum effects to unleash the full
power of all possible and desired techniques and applications for a given target system.
For example, coherent and nlimear spectroscopy methods can lead to orders of
magnitude improvement of the signal rate and better separation from the background
compared, e.g., to linear absorption spectroscopy. Quantum effects promise an
improvement, ., of the spatial resolution achieved with light beyond classical limits.
The feasibility of such methods, however, is essentially determined by the availability
of suitable light sources. This has motivated the development of a large variety of lasers
across a broad range of the electromagnetic spectrum. For a long time, higher photon
energies were largely excluded from this development, and consequeimdy, X
guantum optics mostly remained a field of theoretical interest. But recent experimental
progress indicates that staté-the-art and upcoming light sources will lead to a firm
establishment of quantum optical methods in thrayregime with MéRbauer nuclei
and other target systems alike [2].

3.5.2.2 State of theArt

Current progress in M6Rbauer scietm@ards xray quantum optics is driven by the
exploration of the border region between visible quantum optics @ay science. By
now, a number of archetype quantum optical schemes could successfully be
implemented with MéRbauer nuclei in theray regine. Among the prominent
examples are the observation of the cooperative Lamb shift [3] or electromagnetically
induced transparency (EIT) [4,5]. In particular the latter is of importance, as the
establishment of EIT often is regarded as a clear proof ofj¢heral suitability of a
given system for quantum optics. At the same time, EIT is the foundation for many
advanced applications. Also the possibility to dynamically control the-tigtiter
interaction has already been demonstrated, e.g., by rapid switchapplied magnetic
fields [6], or by dynamic modifications of the sample geometry [7]. Quantum
mechanical aspects have been touched in first experiments -ray photon
downconversion [8]. From these examples it is obvious that M6Rbauer science and x
ray science as a whole can profit from wedtablished ideas developed in the visible
frequency range.

But it is important to realize that this knowledge and technology transfer also works
in reverse. In none of the above examples, the experimental sacoss from a simple
transfer of setups from the visible frequency range to #tey/ xange. For example, EIT
could be observed with twievel nuclei and a single-pay laser field, despite the fact
that usually two individually controllable laser fieldsd thredevel atoms are required.

This became possible due to a novel method of nuclear state engineering basag on x
waveguides. The nuclear switching required a controlled rotation of a huge magnetic
field (~33T) on an ns time scale, which usually iery challenging. For this, the
hyperfine field in specific host materials was exploited. These and other obstacles were
therefore overcome by inventing novel experimental techniques, geared towards the
specific properties and requirements of Mo3baueyxscience. Going one step further,
recently, secalled spontaneously generated coherences (SGC) could be observed in
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MoRbauer nuclei [9], which are coherences between nuclear states induced by the
interaction with the environmental electromagnetic vactiefd alone. Such SGC have
been theoretically suggested for a broad range of fascinating applications, for example,
as they can lead to a suppression of spontaneous emission. But their experimental
exploration so far was hindered by fundamental restnstalso in the visible domain.
Again, a novel setup based on polarizatitmpendent engineering of lightatter
interactions with xray waveguides and cooperative effects in large ensemble of nuclei
enabled the observation and study beyond current cdpebih the visible frequency
range.

Many of these new ideas and techniques developed -fay >quantum optics
potentially can be ported to other frequency ranges. MéR3bauer nuclei thus form a novel
platform for quantum optics with unique properties,ite benefit of quantum optics as
a whole.

A second major ingredient to-ray quantum optics with MoRbauer nuclei is a
suitable theoretical modelling. It is likely that a number of interesting quantum optical
effects are hidden in the vast multitude of expents already performed with
MoRbauer nuclei. But for the purpose of developiagyx quantum optics, this is of
limited use, if these effects are not unambigously identified and characterized. Usually,
rather different methods are used in visible quandpitics and MoRRbauer science. For
example, whereas the -salled master equation as the equation of motion for the
system density matrix is ubiquitous in visible quantum optics, the -figtiter
interaction with nuclei is often treated as a scatteringlpm@bRecently, a quantum
optical model based on master equations and tvalged inputoutput formalism could
be developed for large ensembles of nuclei embedded iranwaveguide [10]. In the
respective limits, it gives results analytically equivdléo those from the previous
modelling approaches. But on the one hand, it enables one to clearly identify all
physical processes contributing to the system dynamics. On the other hand, it goes
beyond previous models, as it encompasseslinear lightmatter interactions and
treats the light field quantum mechanically. As a first application, the quantum optical
modelling could be used to quantitavely identify the contributions of SGC in the nuclear
scattering signal [9].

3.5.2.3 Significance of thelight Source

A key feature of MoRbauer nuclei is their small line width. The most commonly
used’’Fe has a natural line widtih of about 5 neV, which is tiny compared to the
smallest bandwidth achievable with presday synchrotron (SR) or free electron laser
(FEL) saurces. As a consequence, most photons form aresmmant background, out
of which the signal typically consisting of only few photons per shot has to be extracted.
In particular, all synchrotron based quantum optical experiments with Mé3bauer nuclei
so fa have in common that they effectively operate on the single photon level. From the
viewpoint of quantum optics, e.g., synchrotron radiation (SR) facilities provide weak
classical light fields, with less than one resonant photon per pulse on average. By
registering only the successful photon detection events in the experiment, essentially a
postselection to singkghoton input pulses is achieved.

Counterintuitively, this apparent restriction to low photon numbers is the reason
why quantum optical experiemts could be performed with SR at all. This can be
understood as follows. One of the most important resources for quantum optics is
atomic (or nuclear) coherence, i.e., a fixed phase relation between different
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atomic/nuclear states. For example, in El®herence between two ground states is
established. Because of the fixed phase relation, the two excitation channels from either
of the two ground states to a common upper state can destructively interfere, such that
no light is absorbed. The sugleneratedransparency is perfect only if the coherence
between the two nuclear ground states is complete. This coherence is imprinted on the
the matter by the temporal (or longitudinal) coherence of the applied light fields. While
SR as a whole usually has verwléemporal coherence, a single photon resonant with
the nuclei within a SR pulse is temporally coherent, as evidenced by the fact that it can
interfere with itself in the time domain. Therefore, quantum optical methods
successfully could be implemented piés the fact that the SR as a whole has low
temporal coherence.

This picture changes if a light source provides many resonant photon per pulse, as it
will be possible with novel source types such as the SFEL or the XFELO, see Table 1.
These compress thghotons in a given shot into a smaller energy bandwidth and thus
naturally increase the number of resonant photons per shot available for experiments
with MoR3bauer nuclei. The temporal coherence of the light source then determines,
whether the different earresonant photons within a given light pulse can interfere
among each other. This temporal coherence is related to the line width of the light
source, i.e., the spectral width around the resonance frequency. A finite line width acts
as a source of decetence in quantum optics, limiting the amount of matter coherence
which can be established. As a direct consequence, for example, perfect transparency in
EIT is only achieved if the line width of the light source is small compared to the line
width of theatoms/nuclei.

While XFELO and SFEL promise a similar average resonant flux and a similiar
number of resonant photons per pulse, the XFELO is expected to achive smaller
bandwidths than that of the SFEL. This is due to the different structure of the XFELO
pulses: Rather than having a smooth frequency distribution of a certain bandwidth as
the SFEL, it consists of a number of phasberent modes. While the SFEL will still
have a bandwidth considerably larger than the nuclear linewidth, an individual mode of
the (stabilized) XFELO can achieve bandwidths which are below the natural linewidth
of the nuclei. In this sense, the XFELO is superior to SFEL sources, since it does not act
as a source of decoherence due to limited temporal coherence.

Apart from this adantage of a narrow line width, the XFELO also promises to
achieve a high stability in terms of skotshot intensity and timing fluctuations, which
will be beneficial in particular for schemes exploiting dAmear lightmatter
interactions, dynamical ctmol of the lightmatter interaction, or synchronization to
other light sources.

Table 1: Comparison of expected performance of synchrotron radiation (SR), seeded free
electron lasers (SFEL) [11], and theay free electron oscillator (XFELO) [12].

Parameter SR SXFEL XFELO
Bunch separation 200ns 200ns( unch) 1 e¢s
Avg.Fl ux (ph 5x 10 2x10° 3x10°

Fluence (p 10? 6x10° 3x10°
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3.5.2.4 Future Perspectives

Next to the existing experiments discussed above, a number of perspectives for
nuclear xray quantum optics have been developed [2]. Broadly speaking these can be
devided into applications of coherence, quantum effects, or enhanced control of nuclei.

A number of schemes have been suggested related to the dynamical control of the
intermediate nuclear excitation state, thecatbed nuclear exciton. Such excitons could
be steered without any material motion, or spectrally manipulated, e.g., to enhance the
lightmatter interaction [13]. Building up on the dynamical switching of the-hgatter
interaction demonstrated in [6], alternative switching setups can lead to improved
photon storage [14]. Also a control of nuclear branching ratios is possible, with
apdications, e.g., in the selective population of specific nuclear target stajes [15

Using suitable dynamical switching, also single photon entanglement inrdne x
range has been suggested [16]. Quantum light could also be provided by down
conversion [ A true xray single photon source would enable the exploration of
guantum mechanical aspects of lighatter interactions in the-pay range. After initial
proof-of-principle experiments close to visible counterparts, it has been suggested that
for certin applications xay implementations could be superior to setups in the visible
frequency range, in particular due to the potentially much higher photon detection
efficiency of xrays, the low background at higher photon frequencies, as well as the
large photon momentum. Current experiments have already demonstratedrthat x
guantum optical systems are exceptionally clean, in the sense that essentially no
decoherence perturbs quantum mechanical coherence and interference phenomena [9].

The increased nubper of photons per pulse expected in XFELO or SFEL also
allows reaching the strongly ndimear regime. A rough estimate based on the Kerr
nonlinearity enhanced by EIT shows that already in this conceptionally rather simple
system, the nctinear phase sfii is expected to be of a similar order than the
corresponding linear phase shift [4].

Further exploration of xay quantum optics is facilitated by the implementation of
advanced nuclear level schemes. By exploiting the magnetic substructure togdther wit
the polarization of incident and detected light, a large variety of complex and
dynamically controllable level schemes can be achieved [9,10]. A suitable polarimeter
operating at tha’Fe resonance frequency with exceptional polarization purity is already
operational at synchrotron radiation facitility [17]. A large number of mutually coherent
photons could also be used to form several independently controllable control fields,
rather tlan the single incident beam available to preskyt experiments. This would
further enrich the range of accessible level schemes.

Finally, also a number of more speculative butféching proposals for -ray
guantum optics have been raised. EIT togethith the related reduction of the group
velocity of an incident light pulse could be used to implement optical analogues of
phenomena from general relativity, such as even horizons [18,19]. Also interferometric
setups to explore the boundary between igraand quantum mechanics have been
suggested, as summarized in the contribution of B. W. Adams in this newsletter.
Nuclear forward scattering across a large number of macroscopically separated target
foils could also act as an experimental platform tdystguantum transport [20]. Alse X
ray optomechanics has been suggested as a promising avenue, in particular in view of
recent proposals to address fundamental questions with nanomechanical resonators [21].

Despite these ideas, in particular in comparismrvisible quantum optics,-ray
guantum optics still appears largely unexplored both theoretically and experimentally at
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this point. Nevertheless, the existing experimental progress together with the
improvement in source quality expected from SFEL and R@&-Enake it very likely

that eventually quantum optical ideas will play an important role in all areagayf x
science.

3.5.3 Perspectives for M6l3baueiScience

Next to the development ofray quantum optics, novel light sources will also lead
to a revolution inmore traditional applications of Mdl3bauer science [19]. All of the
methods presented below require a large flux of resonant photons, and many in addition
benefit from improved temporal coherence. Methods have been suggested to generate
tunable light withsubmeV energy resolution based on MoéRbauer nuclei [22]. This
would be of considerable interest, e.g., in the study of solid state excitations, such as
nontequilibrium lattice dynamics. Next to the high energy resolutionsoate position
sensitivity coutl be achieved by selectively doping parts of the sample SR or
>’Fe. Due to the long signal tail of photons scattered off of the narrow nuclear
resonance, an effective separation of signal and background is achieved. Using double
pulses, pumyprobe &periments with high spatial, frequency and temporal resolution
can be realized. It has also been suggested that the scattering function S could be
measured with positierand time resolution over a large parameter range in the time
domain, based on MoRbaunuclei [23]. High time resolution can also be achieved by
rotating nuclear targets, which convert the time coordinate into a spatial coordinate.
This "nuclear light house effect” has been demonstrated already in proof of principle
experiments [24].

In view of the greatly improved average flux of resonant photons, the substantially
improved possibilities to focus and monochromatize the incident light, as well as
advanced detection schemes, it is clear that Mo3bauer science as a whole will benefit
from novel monochromatic sources of light, opening access to a whole range of new
applications.
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3.6.1 Introduction

The proposed Xay freeelectron laser oscillatdiXFELO) will open up completely
new possibilitiesn the field of nuclear resonant scattering (NRS) with qualitively new
applications in manfields of the natural sciences. This is maitlieto the enormous
spectral fux of 10 ph/sec/neVanticipated at such a machine in the regimeastih¢
rays. For comparisorat existing &' generation synchrotron radiati sources this value
is about fve orders of magnitude lowedfrom his comparison ahe it becomealready
clear that an XFELO will allow for experimenthat are completely impossible at
exisiting sources. An an XFELO, there are more outstarioygerties that render such
a device even more attractive for applications of NRS. Thoseaptle lateral
coherence of the radiation that will enable one to perform focusing with spot sikes in
range of a few 10 nm and b) the short pulse duratiaime regime of a few ps that
faciltitates the study of timeesolved processes mon-equilibrium dynamics. While
those propertieare also available at 'conventional' harday XFEL facilites, it is the
intrinsic meV energypandwidth of an XFELO that makes is particularly attractive for
NRS because it obviates theeed for extra meV monochromatattsat would be
required at an XFEL. Combining all thepeoperties of an XFELO, one arrives at
applications of NRS in many areas of the natural sciémeare hardly possibly with
any other technique. Some of them will be discussed here indatai

1) Dynamical properties of aficially structured mateals on mesoscopic length
scalesvia inelastic xray spectroscopy witheV resolution

2) Exploring the dynamical origin of friction

3) Non-equilibrium dynamics with nanometer spatial resolution via inelastic
nuclear resonargcattering in pumyprobe experiments

4) Nuclearqguantum optics

3.6.2 Dynamics of Artificially Structured Materials

The artificial structuring of condensed matter on (mesoscopic) length scales
between 1 nm and a femm offers outstanding possibiliseto obtain materials with
tailored functionality. Examples are nanocomposites consisting of metals and polymers
or hybrid materials made of crystalline and amorphous phases. In all of these cases the
material properties strongly vary over short lengthesgathus affecting propagating
excitations like phonons and leading to new dynamical properties that have no
counterpart in homogeneous bulk materials. As illustrated in Fig. 1, the phonon
frequencies of mesoscopically structured materials are subdtastialler than those
of crystalline materials and the first Brillouin zone extends to much smailalugs.

As can be seen in the phasmace diagram in Fig. 1, a great part of the corresponding
range in phase space is not covered by existing methadsglgaded areas).
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Figure 1: Left: Materials structured sructured on mesoscopic length scales betwaearid a
few mm like phononic crystalsd] exhibit vibrational excitations in the range betwe®V and
meV. Right: Overview of methods for probing sedithte excitations via inelastic scattering or
correlation techniques. The shaded areas indicate the range of (energy, momentum) as well as
(space, time) coordinates covered by the respective teehriiga hatched rectangle displays
the regime in phase space that can be coveregWyesolved spectroscopy at an XFELO as it
will provide access to a regime that is not covered by any of the other techniques. (EELS =
electron energy loss spectroscopy)RXS = (Xray) Photon Correlation Spectroscopy, IXS =
Inelastic Xray Scattering, INS = Inelastic Neutron Scattering, NRS = Nuclear Resonant
Scattering).

While vibrational spectroscopy in tieV range is typically done via Brillouin light
scattering, thexr is currently no such technique available ferays. This is, however,
highly desirable, because visible light scattering is restricted due its small penetration
depth in opaque materials and its limited range of momentum transfers. For the
determinationof the phonon density of states of mesoscopic structures (dimension L),
the full g range up tofL has to be accessible.

The best energy resolution that is currently achieved by-stdlee art inelastic x
ray spectrometers is about 1 meV. This is not sufficient to analyze the dynamical
properties of mesoscopically structured materials as those shown in Fig. 1. For that
resson it is necessary to develop a new type of spectrometer thatcallows for an energy
resolution in themeV range. Such a resolution can be achieved by employing the
nuclear lighthouse effect at the 14.4 keV resonanc®’Rs [1,2]. Nuclear resonant
scattemg from a sample rotating with frequencies up to 7008Ceads to angular
deflection of the resonantly scattered radiation, tlextracting ameV wide bandpass
out of the incident beam [3].

The deflected radiation can be energetically tuned over seweNlby transverse
displacement of the rotor relative to the beam [3]. The layout of a corresponding
spectrometer is shown in Fig. 2. The proof of principle of this approach has been
demonstrated in a recent experiment at the ESRF, where a photontluxt df s* at
the sample position could be reached at an energy resolution of aboel3This
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photon flux is still not enough for routine inelastic scattering experiments. If operated at
an XFELO, however, one expects a photon flux of 53 at thesample position, so

that IXS experiments witlmeV resolution become truly feasible. Since the radiation
was monochromatized via nuclear resonant scattering, the inelastically scattered
radiation can be analyzed via a nuclear resonant scattering proctssaasin Fig. 2.

In operation, this type of spectrometer can cover a range in phase space that is marked
by the purple rectangle in Fig. 1.

TFe analyzer foil —y—

energy scan by transverse . \

displacement sample

rotor

APD detector
array

beam from
XFELO

[
. —
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Figure 2: Stheme of a spectrometer fimeV-resolvedinelastic xray spectroscopy based on the
nuclear lighthous effect. The bearitom the XFELO passes®&e containing rotor thas
spinning at a frequeny of several 10 kHz. A slit selects the red shadeaf thetimespectrum
that serves then as the primary beaaident on the sample. The eneafithe defleatd
radiation can be tuned over several nigMransversely displacing thetor. At an XFELO one
obtains an incident flux at the sample positiomlodut 16° s* thatopens a new regime of IXS
experiments witmeV energy resolution.

3.6.3 Exploring the Dynamical Origins of Friction

Energy dissipation due to friction amounts to economic losses of more than 10
percent of the gross national product of the industrialized nations. A fundamental
understanding of the frictional processes, resulting in the ssistlof reducedriction
materials would thus have an enormous economic impact. Despite great advances in the
measurement of frictional forces on the atomic scale, the mechanisms of frictional
energy dissipation, however, are not resolved to date. Frictiefficients between two
materials are still empirical quantities. The reason for the lack of understanding in this
field is the fact that the contact region between two materials is hardly accessible to a
direct study. This region can be efficiently @stigated by using a focused beam of hard
x-rays from an XFELO, as shown in Fig. 3. The combination of -hegllution
inelastic nuclear resonant scattering with structuradyxprobes allows one to identify
the dynamical origins of friction with very Higspatial resolution. Such studies will
eventually reveal the mechanisms of energy dissipation on length scales from
macroscopic to nanoscopic dimensions that are indispensable to understand and prepare
materials with tailormade frictional properties.
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The key element for understanding friction in the real world (on macroscopic scales) is
the knowledge about the vibrational properties on all length scales of the material. Once
this is known, one can establish a model for the dissipation of energy al@s®y the
channels and how they are excited. Particularly exciting are the answers to the
following questions:

a) How can the structural properties of thin films (metallic, polymer,
nanocomposites) be modified to obtain materials with significantly reduced
friction ? Is there 'superlubricitylso at mesoscopic length scales

b) What is the spatitemporal dependence of energy dissipation during sliding
friction ? What happens during diffart phases of stieklip motiorf?

c) What are frictional properties of magnetic sisds and how do they gkend on
the magnetization sté®eApparently, this field is completely unexplored up to
now.

S

L ~
| L
~—

focusing x-ray
optics

Figure 3: Left: Micro- and nanofocused beams of hardhys from an XFELO will be used to
selectively investigate the contact area (blieMeen two materials that slide relative to each
other. Right: By deposition of isotopic probe layers in selected depths or decoration of the
contact region with isotopic nanoparticles the frictional dynamics can be studied with very high
spatial resolutin.

3.6.4 Nuclear Inelastic PumpProbe Experiments

A unique future application of inelastic nuclear resonant scattering will be the field
of time-resolved (norequilibrium) lattice dynamics: Since the incoherent signal reflects
the phonon occupation numbat the very moment of excitatiadhis method is very
suitable to be applied in punrgrobe experiments, as sketched in Fig. 4. A pump pulse
creates a high occupation number of phonamgre the coupling mechanism is crucial
for the spectral distribution of thghonons and their corresponding lifetinfesimple
heat pulse will create thermal phonons with lifetimeshm ps range or below. Highly
monochromatic phonons with lifetime$ several 100 ns can be created by coupling the
laser pulse tampurity resonanes that decay via electronic relaxation [Bhe decay of
such norequilibrium phonon states provides valuabiéormation about the thermal
transport properties of the sample.

The spectral and temporal evolution of these phonon states can be detamined
follows: If for a fixed time delayjtbetween pump and probe putke photon energy of
the probe pulse is varied around the nuclear resonance, one obtains a snapshot of the
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phonon spectrum that has developed during this time inté@wathe other handuning
the time delay between the pump and probe mtigefixed offresonance xay energy
allows one to monitor the time evolution of particular vibrational statesg the meV
beam from an XFELO, it will be possible to study requilibrium latticedynamics on
a ps time scaleAn immediate application will be the study of the dynamics of-heat
transfer on nanoscopic length scales, for example.

Due to the isotopic sensitivity of the absorption process an extremely high spatial
resolution can be obtaad by the use of probe layers, making this technique a rather
unique application of the XFELO.
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Figure 4: Inelastic nuclear resonant scattering in a pyorgbe arrangement. If a pump pulse
hits the sample at a tiniet;, thex-ray pulse probes the phonon states that have developed
during the time interval between pump and probe pulse (Figure taken from [6].)

3.6.5 Nuclear Quantum Optics

Quantum optics is a very rich and wide field [7] that is dominantly attached to the
regime of vgible light due to the availablity of tunable shpulse laser sources.
Quantum optical experiments in theay regime, however, are scarce mainly due to the
fact that he photon number degeneracycohventional synchrotron radiation sources is
well bebw 1. For a recent review, see, e.g., ref. [8]. This situation will significantly
change with the advent of sources like the XFELO that is expected to provide more than
10° photons per mode of the radiation field in one pulse. This is particularly agtract
for the field of NRS, as resonant MOssbauer nuclei constitute almost ide&vsto
systems that form the basis for many quantum optical phenomena [9]. Some of these are
already observable at the singleoton limit. Those are the cooperative optical
phenomena like superradiance and effects that are associated with it like the collective
Lamb shift [10] and electromagnetically induced transparency [11]. It will be extremely
interesting to explore these phenomena at higher photon number degeneréusgs as
are provided by sources like the XFELO. This will allow one to enter the regime of
nonli ear quantum optics with potential applications for new -hégolution

spectroscopies that are unthought of today but will be at the frontier of science in the
future.
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3.6.6 Conclusion

Nuclear resonant scattering and spectroscopy have benefitted greatly from the
evolution of synchrotrofbased photon sources over the past decades. Given a boost of
several orders of magnitude in spectral flux as expected at an XFELO reairtpa
existing sources, it is anticipated that completely new research areas will open up for
nuclear resonant scattering techniques. A selection of them has been discussed in this
article without the claim to be comprehensive. More potential areas béamms are
discussed, e.g., in [12].
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3.7 Nuclear-ResonanceStabilized XFELO for Fundamental Physics
and Precision Metrology

Bernhard W. Adams and Kwalg Kim
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Mail to: adams@ps.anl.gov

3.7.1 Introduction

X-ray quantum optics (XQO) is an emerging field offering perspectives ranging

from fundamental physics tpractical application$l]. It builds upon the much more
mature field of Avisibledo quantum optics |
below [2]. Nonetheless, there is considerable new territory to be explored due to the
different ways that e\scale otons and kelscale photons interact with matter. Most
guantumoptical experiments require light sources of very high coherence and stability,

as well as a wide range of intensities. The XFEB@®] can met these requirements by

stabilizing the cavity riative to an external, absolute reference. Nuclear resonances are
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well suited for precision references because they typically occur inrdnewavelength
region and are exceedingly sharp due to the relative isolation of nuclei from
environmental perturtti@ns [7]. The most widely known nuclear resonance is that of
>’Fe at 14.4 keV with a natural linewidth of about 5 neV.

When comparing different-kay sources for their coherence and stability properties,
there is a clear progression from tubes to storaggs to xray highgain, singlepass
free-electron laserg8,9], to seltseeded SASEXFELs (SSSXFEL) [10,11] to the
XFELO, and, finally,to the nuclearesonancestabilized XFELO[12], which we will
refer to as NRSXFELO in this text. Contemporary st@@ring sources emit-xays into
hundreds or thousands of transverse modes, and, depending on the monochromator,
typically thousands of longitudinal modes. The mode degeneracy, i.e., the number of
photons per mode ifypically about 0.11.0. SASE XFELs enti about 1&* i 10"
photons into a single transverse mode and hundreds of longitudinal modessesiaty
will reduce the number of longitudinal modes to a few, or even one, but some intensity
fluctuations will remain. However, there will be no coherebetveen pulsesA self
seeded SASE XFEL (SSSFEL) can provide temporatoherege for pulses shorter
than a few tens of fs

The output from an XFELO consists of pulses transmitted though the optical cavity
each time the circulating, int@avity pulse hg one of the Bragg crysg&hhich is thin
to transmit a few percent of the intavity pulse. Each XFELO ¢put pulse is fully
coherent transversely as well as tempoéaklyso-called transforrimited pulse in the
visible-laser community. An XFELO pulseontains about fphotons, smaller by three
to four orders of magnitude compared to SASE. However, the XFELO repetition rate is
much higher, and the intensity stability between pulses is also much higher than SASE,
even with selseeding.

A distinguishing feature of the XFELO is that, due to the pulse recirculation, the
output pulses can be coherent with each attte cavity length can be held fixedhe
output spectrum then consists of a comb of sharp lines spaced at, typically, 10 to 20 neV
from eah other. If left to itself however,the cavity length will fluctuate, and other
phase errors will also accumulate, so the comb lwiksbe effectively broadened up to
their spacing, and intgyulse coherence is lost. This can be prevented by lockag th
cavity length to an external reference to obtain an-jpiése coherence commensurate
with the stability of that referenceA convenient external reference is nuclear
resonances, hence NREELO.

3.7.2 The Comb Structure of an XFELO and Tolerance Requirements

Consider andeal XFELO in steady state. Electron bunches arrive at a constant
interval T, and meet the xay pulse circulating in the optical cavity at the undulator
entrance. We write the electric field, say at just outside the cavity, of one of the output
pulses, call it theth pulse, as

E () =e"= X9 . (1)

Here ¥reL is the fequency in the middle of the XFELO bandwidth ahd) is the
envelope functionwhich we assume to be a Gaussian of rms widfealed att =0.

The (-1)-th pulse is from the intraavity pulse after circulating times and its wave
form is therefore displaced byroundtrip periods. However, we should pay attention
to the fact that the rounttip periods of the pulse envelope and the pulse phase are in
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general different. The rourttip period for the phase is g by-rph =T, + M w

whereT; = L/c is the round trip time of the phase in the absence of the FEL interaction
and Df is the phase delay due to the index of refraction of the FEL intergddtsdn
The latter in radians igpproximately equal tthe value of theincrementalgain, which
is small (<0.2) angto the first order, independent lebth T, andT,n. We will therefore
neglect it and simply writ&,, = T in the following. The roundrip periad of the pulse
envelope is the same as electron bunch spaGimgsteady state operation and should
be slightly longer thafi. to compensate for the lethargy effect arising from the fact that
the later part of the-ray pulse receives more amplificatifl¥]. For FEL gain to be
effective, we must require

T-T. <s. (2)

We now see that the electric field of thib pulse is given by
En('[) = g 'Melt "To) At - n-D_ (3)
The electric field for the sum (N pulses in frequency representation is
E(w) = N te a E()
rpl 4)

:3@' exp@n(wT, -we T, T) fiate™ = A

0
- &p

The second factor in the above gives the FEL speemmatlopewhile the first factor
gives rise to a comb structure for lafgewith teeth located at

T-T
W= W ‘*T < %n;n & 1°2.° (5)

e e

Note the similarity of Eqg. (5) with that occurring @nmodelocked optical laserlp).

For the nuclearesonance stabilization to work, the fluctuation in frequency due to
fluctuations in cavity length and electron bunch spacing should be smaller than the
comb spacin@” / T.. To see what this condition impliesve introduce a very laeg
integerngg, as follows:

e = ©)
Then Eq. (5) can be written as
_ 2p
W= We "?(n HFEL)' (7)

e

The tolerances on the fluctuationsd and U J are determined by the following
condition:

T

c

|d4”F det -2 %r?(n HFEL) ﬁ (8)



56

This leads to two conditions. First

7w =T %Caﬁzﬁ’ Zp 4 )
Tc Tc /FEL Tc /FEL

Herel Ls the cavity length fluctuation. Second,

art d. (n- S |s

e (- )| < [l e ij :

e st ‘% (10)
a(n-ne) 1|y,
S, S 4

In the abovel, is the rms FEL bandwidthil, = (T./ 2") Uy is the corresponding spread
of the combline numbers. In the last step, we used the fact&hét = 1/2 for a
Gaussian coherent pulse. The last inequalifggn(10) is not difficult to satisfyfor C
<< 0.5 ps, we can sét TO5 fs and|(ni nee) / Gy | O, ar@thel LHS of the last
inequalitybecomesess than 19.

The fact that the tolerance tme electron pulse period ahe spectral comb is much
morerelaxed compared to that ¢ime phase periodould have been anticipated frahe
fact thatthe electron pulse period enters in the pulse envelope ratherthigulse
phase, adescribed b¥qg. (3).

3.7.3 Cavity Stabilization

3.7.3.1 Schematic

In a specific XFELO example withnal = 90-m roundtrip cavity, the comb lines
are spaced &fE = 14 neV from each other. A singleray pulse has an rms duration of
about(; = 500 fs corrgponding to the transfordimited FWHM energy bandwidth of
1.6 meV. If the cavity is left unstabilized, then thermal drift, seismic and instrumental
vibrations, as welas FEL-intrinsic noise changes the phase relationship between pairs
of subsequent pulses, and the modal comb will broaden the comb lines, as discussed
above, until the entire 1-®eV spectrum becomes effectively continuous. The line
broadening can be raded drastically by locking one of the spectral teeth in the comb
to a nuclear resonance. Figuteshows schematically how the cavity stabilization is
done: a nuclearesonant sample (hef&e) is placed in the XFELO output beam, and
the resonance fluoresnce and inneshell electronic fluorescence at 6 and 7 keV are
monitored as a measure of how close one of the XFELO longitudinal modes is to the
resonance.
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Figure 1: Schematic of the cavitgtabilization scheme. A nuclesgsonant sample (hetée)

is placed into the XFELO output, and the nuclegonant and ¥shell electronic fluorescence
are monitored as a function of cavity tuning with a piezoelectric actuator. A feedback loop
keeps one of the ca. ®l@ngitudinal modes of the XFELO on resonamdth the sample.

The comb lines shift by one comb spacing if the cavity length changes by one
XFELO wavelength. Therefor¢he xray fluorescent response can be maximized by
scanning the cavity length over the resonance wavelength (0.86XFey with a
piezoelectric actuator on one of the cavity mirrors. Once the maximum resenance
fluorescent response of the NR sample is found, a feedback loop can maintain it. Figure
2 shows this response over a cgléngth scan of one wavelength for the cases
Gr/n =1,2,..5. Forideal bandwidt® =4.7 neV andl = 300 ns,GT / 7 =2.14.Even
taking into account some inhomogeneous line broadening to about &neVi, =3.64,
andthe fluorescent response can resolve thad mode spacing of tiéRSXFELO.
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Figure 2: Signal contrast over a cavitgngth scan of one-say wavelength

The sample in Figre 2 should be sufficiently thick to intercept enough photons for
a strong signal, yet still optically thisnoughto suppress superradiant line broadening.
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At an optical thickness of 0.1 and*thotons per pulse in $@ngitudinal modes (teeth

of the comB, the sample will absorb about 100 photons per pulse and will emit close to
that number into @ as 14.4keV photons (a fraction of aboul%), and Fe fluorescence
(89%). In order to measure the fluorescent response at an accuracy of 1%, one then
needs tocollect the signal from 100 pulses (assuming Poisson statistics). At a pulse
repetition rate of 3 MHz, this means that the signal can detect deviations from the
resonant condition at frequencies uggo~ 30 kHz.

Several approaches for feedback making o$ the fluorescence signal will be
possible. One approach is the raditection feedback technique employed at the Laser
Interferometer GravitationdVave Observatory (LIGO) in which the fluorescence
signal is processed while one of the XFELO Bragg merie given a smatkhmplitude
oscillation[16]. The method was successfully tested in a pilot experiment with a high
resolution, sixcrystal xray monochromator at APS Sector [3F]. Another approach
is to use the signal from multiple longitudinal mod®s moving several samples at
velocities in multiples of about 0.3 mm/s. As is well known in the Md&ssbauer
spectroscopy community, this velocity introduces a Doppler shift equal to the\14
mode spacing. With this technique, one can both increase trad stggngth, and thus
improve the bandwidth of the feedback loop, and avoid theDuopplershifted mode
altogether to leave it for experiments with stabilized radiation. Furthermore, samples
can be Doppleshifted to frequencies slightly above and belowesonance to obtain
sign information for the feedback loop by taking the difference of their signals. This is
shown schematically in Rige 3.

nt. intensity /
T 14 neV

b 3 meV

XFELO ‘ ‘

- - application sample
i staggered velocities at rest

Figure 3: Usingthe Doppler shift on multiple sampl@sft) to increase the signal strength and
(right) to obtain a sign signal for the feedback in addition to the
maximum signal.

3.7.3.2 Sources ofPhaseNoise

There are several sources of phase noise that can degrade the lines of the output

comb. Most types of phase noise occur while the Hcdiraty pulse circulates in the x

ray cavity, from the fluctuation of the mirror position, the fluctuation in the gagntolu

the fluctuation in thelectronbeam parameters, etc. These phase noises are additive and
lead to phase diffusion, resulting in spectral broadening as will be discussed shortly.
Phase fluctuation occurring in transit through the outcoupling crysthldanng the
delivery to the sample will not, in general, be additive. fddditive phase noise gives

rise to a reduction in the coherent part of the signal. Here, we will assume that such
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noises can be controlled to an acceptable level and will not esrtbein furtherWith
additive phase noise, timeh pass electric field in E¢3) is modified to

En(t) —gVn el M) Kt _n'D ’ (11)
y =B 1. (12)

k=0

Here f, is the random phase picked uptfa kth pass. Assuming th#tis a Gaussian
random variable with an rms averagend thateachf, for different passs ofk are
independent, the average of the phase factor becomes

<e‘ Wn > =g ns?/2. (13)

Sincen & t / T, for the nth pass, we see that the radiation frequency becomes complex,
with an imaginary part given k¥ / 2T (here we simplify the time interval &when it

is not necessary to distinguihandT,), giving rise to a Lorentziaspectral shape with

the half width

G, $s2/2T, (14)

asdiscussedby Lax[18] in the analysis o& noisedriven harmonic oscillator.

In the above we have not taken into account the slow fluctudtiahstay constant
over several periods. It can be shown that the slow fluctuatitmsbe taken into
account by the substitution

s?- g°= $§ R ,53F ’s... (15)

Hered, is the rms value of the fluctuation that stays constant@periods. The sum in
the above extends = gmax= 1 / (rsT), Wherefrg is the bandwidth of the feedback
system controlling the fluctuation.

Let us considerspecific sources of additive noise. First, there is spontaneous
undulator emission, which is segposed on the radiation from the FEL gain process.
The spontaneous power emitted into one transverse mode is aBafttthé FEl-beam
power itself, corresponding té°~10%. From Eq. (14), withT=300 ns, the
corresponding spectral width is about'i@V.

Next, there are cavityength fluctuations due to seismic vibrations of the mirror
mounts. This has been studied in detail in the context of -iateeferometric
gravitationalwave detectors[19]. The seismic motion amplitude exhibits strong
frequency dependence, as expressed by the empirical formula for spectral power density

D[] _ . ,&80Hz 0 | 16
DIz 0 Fr 9 () 4o

The fluctuations that remain constant for the duratiogToWill come from frequency
nearf ~ 1/ (qT). The fluctuation from alfrequencies over an interval frofjto 1/ T is
then
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(q+DT (17)

Requiringd to be about 0.1l |~ 1% of the xray wavelength), we obtaifg ~ 8 kHz,

i.e., below the feedbadkop bandwidth determined above. Great care musaken,
however, to keep vibrations from equipment and machinery below the natural seismic
level.

Heat load from xay absorption in the cavity mirrors couples to mechanical motion
through thermal expansion. This requires detailed engineering studies, avhictot
available at this time. Nonetheless, a few design guidelines may be mentioned: at
cryogenic temperatures the thermal expansion of diamodda#ically reducedo the
10° / K level [20, 2]. Heat conduction is greatly improved by the use ofoisioglly
pure diamond, as is standard in the electronics industry. The heat load is pulsed at 3
MHz, and therefore mechanical resonances should be kept far from this frequency. That
leaves only lowefrequency vibrations due to an envelope of the pulsed ntensity.

Fluctuations in electron beam parameters will also contribute to the phase
fluctuations through fluctuation in FEL gain. These effects are expected to be small but
need further analysis.

3.7.4 Applications

3.7.4.1 Time and Length Standard

Nuclear resonates are typically extremely sharp and thus hold great potential as
time and length standards. An NEFFELO would be an intense source of very
narrowband radiation for use in metrology. Thetope*Sc with a 13°-eV linewidth
of a resonance at 12.4 ke\Vobuld match the natural linewidth of an XFELO with the
above parameters for an accuracy of’L@nd other isotopes, such’d%h (39.8 keV,
1.35¢10"° eV) may improve this even further. This is several orders of magnitude
better than current atomic clackTo fully make use of such an ufstable xray
reference, one has to tie theaays to opticaWwavelength standards. This can be done
interferometrically, as first proposed by Shvyd'@®2]. In that concept, a pair of
sapphire crystals forms a FaHPgot interferometer simultaneously forrays and for
visible light. To count xay fringes, the fluorescence response of resonant nuclei would
be monitored, which respond only to a narrowband section of a potentially much
broader incident spectrum fromge.a synchrotromadiation source. In a cifiong scan,
about 18 x-ray fringes and 1{bptical ones are counted. To reach an accuracy tf 10
corresponding to the natural linewidth ¥fFe, one would then have to interpolate
10*-fold for the xrays, and10’-fold for the optical interference, i.e., measure the
intensities in steps of the order of fon.

An NRS-XFELO offers a way of achieving the same accuracy with significantly
relaxed requirements on the resolutiday. scanning a standing-ray wave oer a
distance of, say, 10 m, an accuracy of4€an be reached in steps oftGn, i.e., by
interpolating 16fold and 16-fold between xay and optical fringes, respectively. The
highly collimated, singldransverseanode output of an XFELO is neededlfis scheme
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to eliminate geometric path errors over themi@can range. In order to avoid jumping
of modes leading to misounts of fringes, nucleaesonant cavity stabilization of the
XFELO is required. Furthermore, with isotopes exhibiting narrowsorr@nces than
*’Fe, the cavity stabilization is essential to keep the radiatielesonance all the time,
and not just a fraction statistically proportional to the ratio of resonant linewidth to
cavity-mode spacing (here, 14 neV).

Figure4 shows a possie implanentation with an assembly of tworay-focusing
Fresnel zone plates and a single nucleud’é embedded in a host crystal of light
elements (diamond or beryllium metal) traveling along at@ng standingvave field
generated by baeteflection of the output from an NRXFELO. The distance of this
assembly from the badleflecting mirror is measured optically to ¥0m, which is
possible with commercial heterodyne interferometers. Thénéaftl zone plate focuses
the incident beam to 50 nm, atieé righthand one reollimates it and then focuses the
returning beam. With an absorption cross section 6f 17 [7] and a flux of 16
resonant photons per pulse repeating at 3 MHz, a siffggenucleus in that focus will
absorb a fewhousandhotors per second for aasonably strong signal. Using a single
nucleus eliminates inhomogeus broadening, which is especially important for
isotopes narrower than’Fe. Sparse sampling using f@eisting knowledge of the
resonant wavelength can be employedignificantly reduce the number of fringes to
be counted.
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Figure 4: Schematic depiction of how to probe a mdtekilometerlong x-ray standingvave

field while comparing to an optical length standard. Two Fresnel zone plates generat® a 50

x-ray focus that travels along the standing waves. A sifigienucleus in thiocus senses the
standingwave intensity through resonance fluorescence.

For narrowetiline isotopes, the scan could be extended to cover, say, 1 km. As long
as the cavity stabilization is maintained, the signal from the ndmanucleus is of
the samerder of magnitude (some percent fractiot 9fas that fron?’Fe.

3.7.4.2 CoherentControl in Quantum Optics

In quantum optics, light is used to control matter, and the-hattkin of the matter
on thelight is measured. Xays can significantly expand the scagesuch experiments,
making use of the different types of matlight interaction (xrays interacting with
innershell electrons and nuclei rather than valence electrorgy xphotons
approaching the paproduction energy, andpays carrying significatly higher photon
momentum than e¥cale photons). Especially attractive for quantum optics is the use
of nuclear resonances because these offer cleahetwbinteractions with very little
decoherence from coupling to other degrees of freedom. One weay abserve
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spontaneously generated coheref#. Most experiments require wellefined light
matter interactions strengths. For example, coherent population tragm@feyu(ses to
generag 50% superposition states, mpulses for full transfer from gund to excited
state) is achieved by light pulses of a carefully controlled intetigiy integral, and
with carefully defined tuning relative to a resonance. Evidently, theXRRLO is an
ideal radiation source in such experiments. Examples are givkae mext two sections.
See also the article by Jorg Evers in this issue.

3.7.4.3 Matter-wavel nterferometry

Atomic and molecular mattevave interferometers have become a standard tool of
guantum opticsand are used in experiments ranging from studies of funuame
physics to precision measurements of magnetic or gravitational fields. In a reversal of
roles compared to optical interferometers, laser standing waves act as beam splitters and
mirrors through the transfer of pairs of photon momenta by absorptiondne wave,
and stimulated emission from the other. A limitation in these experiments is the
relatively small photon momentum at the eV scale, which makes it impossible to
spatially separate interfering beams for realistic beam velocities (m/s) andextissss
(submm). This will be quite different with-rays[24]. For example, the recoil veliy
of a>’Fe nucleus after absorption of a &eM photon is 42 m/s. It is thus easy to
achieve large opening angles between the arms of a matterinterferometer and
explore macroscopic distances of gravitational or other resoisfftieg fields. One
may also think of placing a shielded region containing a vector potential inside the
interferometer, similarly to experiments exhibiting the AhareBotam effect.

A very interesting possibility would be to realize a regeptioposed experiment to
explore the linkage of quantum physics and gravitati@3]. In this proposal, the
interfering matter has a builh clock that measures the proper time afgaae through
the interferometer arms. If the two arms are at different gravitational potentials, then
which-way information may be extracted by reading the clock, and this should reduce
or eliminate the interferendeinge contrast. Such an experiment htigoe realized
using an NRXFELO and molecules with two or more resonant nuclei. The nuclei fulfil
the dual roles of taking up large momenta fromay standing waves and as bt
clocks. Making this work without incurring whieliay information in the lasence of
gravitational reeshift requires some careful design.

A possible realization may be as follows in a combined matsee and Ramsey
interferometer as illustrated in Figure 5\ beam of molecules containing twdSc
atoms in the nuclear grounth&e g enters an-say standing wave tuned to the intensity
of ap/2 pulse from &°ScNR-XFELO. Momentum is exchanged by photon absorption
or stimulated emission. Several processes, all dogun quantum superposition can
lead to a net momentum transté zero, one, or two photon momenta in wssparated
beams. In addition to the beam separation of the matiee interferometer, the
guantum superposition of doubékited and doublygroundstate molecules also is a
Ramsey interferometer, i.e., a cloibgking at about 18 Hz. The next standing wave
acts as a reflector in the matteave interferometer while maintaining the quantum
superposition of doublgxcited and doublygroundstate molecules Finally, a third
standing wave acts as a recombiningrhesplitter of the mattewave interferometer
and an interrogator of the Ramsey interferometer. The outcome after this pulse depends
on the dynamiphase evolution between the preparation and interrogation pulses, i.e.,
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the propettime including gravitatinal redshifts. An NF&-XFELO is essential for this

to maintain coherence over the entire time of the experiment from preparation to
interrogation. Furthermore, the meV bandwidth covers the range of recoil Doppler
shifts. However, the line spacing of themtb must be chosen carefully to make a
Dopplershifted molecule match a line in the comb.

ow L ]
Rarnsey L L - se it
E:iplizﬂ: " inlerrogatlion

splilling

Figure 5: Schematic of a combined matigave and Ramsey interferometer with resonant
nuclei. A beam of molecules with two resonant nuclei in their ground states (black) enters the
first standing wave, which is tuned to providg/2 pulse for each of the two nuileaving
each of them in a superposition of ground (black) and excited (green or red) states (Ramsey

state preparation). Photon absorption and stimulated emission also lead tatunotnansfer,

and thus a separation of beams. Qhlysemolecules in whih two absorption/stimulated

emission events have taken place are sidosingly-excited molecules continue on the dashed
path and are discarded.

iGreeno and Aredo are the same excited
colors serve only to clarify ghdirection of momentum transfer. In the next standing
wave an exchange of two photon momenta reflects the beams. Molecules taking up one
or no net photon momentum are discarded. The third standing wave serves as both the
analyzer of the mattewvave interérometer and the interrogator of the Ramsey
interferometer.

3.7.4.4 Decoherence irMesoscopi®Quantum Physics

An experiment currently underway has the goal of understanding quantum
decoherence in mesoscopic ca$26]. There is reason to believe that there is a
transition of the character of decoherence as one goes from the microscopic world to
that of realsized cats, or other macroscopic entities, and that this goes beyond the
simple argument of multiplicity of degrees of freedom. The experiment aims to trap
glass spheres of about 100 nm diameter in a laser standing wave, where dielectric forces
push the glass towards the intensity maxima. The spheres are then to be cooled to the
vibrational ground state in the trapping potential without necessarily being caéid wit
respect to their internal degrees of freedom. The wavefunction of themQgbject
then has a size of a few 100 nm, corresponding to the wavelength of the light. When the
trapping potential is turned off, this wavefunction can spread out over timeseA la
pulse focused into this wavefunction can either lead to light scattering, thus localizing
the glass sphere, or it can miss the sphere. In the latter case, the sphere then exists in a
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guantum superposition state of being to the left or the right dfothes, and this will

lead to interference in the further evolutionra§s can be focused much tighter than
visible or UV light and can thus be used to probe the earlier time scales of the quantum
evolution of the mesoscopic object. For this, one would auggass sphere with a
nanoparticle of nuclearesonant material, such #&e, and an NRKFELO tuned to this
resonance. If the focusedrays produce resonance fluorescence, the nanoparticle and
thus the surrounding sphere are localjzegterwisethey ae not.

3.7.5 Summary

A cavity stabilized XFELO using nuclear resonance, N{EELO, will vastly
improve its coherence properties of an XFELO and thus its science reach. Realizing an
NRSXFELO appearsto be within the current statef the art, at least with®>’Fe
resonance Extending the stabilization to narrower resonarimean order of magnitude
should also be feasibleNRSXFELOs for even narrower resonances will be quite
challenging but worthwhile as they provide new scientific techniques hitherto not
available in hard xray wavelengths, with applications in fundamental physics asgch
guantum gravityand the study of how decoherence emerges in mesoscopic systems

3.7.6 Acknowledgments

We would like to thank Jorg Evers for helpful discussions on quaofptioal
appications of the XFELO. This work was supported by the U.S. Department of
Energy, Office of Science, under Contract No-RE02-06CH11357.

3.7.7 References

=

B.W. Adams,C. Buth, S. M. Cavaletto, J. Evers, Z. Harman, C. H. Keitel, A. Palffy, A.
Picon, R.Ro6hlIsberger, Y. Rostovtsev, K. TamasakuMod. Opt. 60,21 (2013).
M.O. Scullyand M.S. ZubairyQuantum Optics(Cambridge University Press, 1997).
R. Colella and A. Luccio, Optics Comm. 50, 41 (1984).
K.-J . Ki m, Y. Shvyd®odko,Lettalloj 248302 (RE@8B). ¢ h e , Phys. I
K-J. Kim and Yu. V. Shvydobko. Phys. Rev. ST |,
R. R. Lindberg et al., Phys. Rev. ST Accel. Beams 14, 010701 (2011).
H. FraunfelderThe Mossbauer EffeaiW.A. Benjamin, New York, 1963).
R. Bonifacig N. Narducci, and C. Pellegrini, Opt. Commun. 50, 373 (1984).
P. Emma for the LCLS Team, Proc. of the 2009 Part. Accel. Conf., TH3PBIO1, p. 315
(2011).
. G. Geloni, V. Kocharyan, and E.L. Saldin, J. Modern Optics 58, 1391 (2011); G.
Geloni, V. Kocharyan,ad E . L. S-effective way to @rbansetthe capabilities
of the LCLS bal8%AugusteQlo. DESY 10
11.J . Amman et al ., -sBebDiegnmoanhart Xag freeeclne cotfr osne lIfaser |,
Nature Photonics 6, 693 (2012); doi: 10.1038/nphotor2 2&D.
12. B.W. Adams and KJ. Kim, in preparation.
13. C. A. Brau,Free-Electron Lasers(Academic Press Inc., 1990).
14. H. Al-Abawi et al., Opt. Commun. 30, 235 (1979).
15. S. T. Cundiff and J. Ye, Colloquium: Femtosecond Optical Frequency Comb, Rev. of
Modern Physicg5, (2003).
16. We thank Stan Whittcomb for discussions on this topic.
17. S. Stoupin et al., Rev. Sci. Instrum. 81, 055108 (2010).

©COoNoOA~WN

=
o



68

18

19

20.
21.
22.
23.
24.
25.

26.

3.8

.M. L ax, NCl assicalsusdiasamed. oNoi s$é€atoarsedfP
(1967).
.P. Saulson, http: // cgwa. phys. utbdu/ Files/Events/ 29 630_ Saulson_ 0614

Vibration_Isolation.pdf

S. Stoupin and Yu. V. Shvydodko, Phys. Rev.
Yu. V. Shvydodéko, Phys. Rev. B 83, 104102 ( 2
See also Y.V. Shvydoéko, these proceedings.
Y. V. Shvyd k X¥-Ray Optics(Springer Series in Optical Sciences, 2004).

K. P. Heeg, HC. Wille, K. Schlage, T. Guryeva, D. Schumacher, I. Uschmann, K. S.

Schulze, B. Marx, T. Kampfer, G. G. Paulus, R. Rohisberger, and J. Evers,
iSpontaneous!l y GietheXratye Re@d hhmer, @dncseusbmi t t ed

G. Huber, B. W. Adams, i n ATESLA Techr
http:/tesla.desy.de/new_pages/TDR_CD/PartV/xfel.pdf (2001).

M. Zych, F. Cost a, | . Pi kovski, anda C. Br uk
witness of general relativistic proper ti me
O. Romerelsart, A.C. Pflanzer, F. Blaser, R. Kaltenbaek, N. Kiesel, M. Aspelmeyer,

and J. I . Cirac, ALarge Quantum s-mgerr posi ti

sized object, dO7ROBOAGS (201R)e Vv . Letters

Feasibility of X-Ray Cavities fa Free Electron Laser Oscillators

Yur i Shvydoéko

Advanced Photon Source, Argonne National Laboratgonne, IL 60439, USA

Mail To: shvydko@aps.anl.gov

Abstract

X-

ray free electron laser oscillators (XFELO) will produce fully cohererdys

with record spectral purity and average brightness in the haey xegime from
é5keV toé 25keV. Feasibility studies of-ray cavities for XFELOs are reviewed here.

We d
prese

isaiss optical schemes of theray cavities as well as technical challenges, and
nt results of experimental and simulation studies. The results show that the

technical challenges are demonstrably solvable. No principle obstacles have been
detected yethat would hinder the feasibility of the XFELGray cavities.

3.8.1 Introduction

An x-ray FEL oscillator (XFELO) is predicted to producerays with
unprecedented spectral purity and average brightness in the hard regim&Skayd
to € 25keV [1-4]. Two techndogies are of critical importance for the realization of the

XFEL
at a

O: first, an ultralow-emittance injector producing low intensity electron bunches
constant repetition ratel MHz, and, second, a stable, ld@ss xray cavity

consisting of Bragg baeteflecting crystals and curved grazimgidence collimating
and focusing mirrors.

XFELO x-ray cavities are closed leless circuits for xrays, comprised of Bragg
reflecting diamond crystals as primary mirrors combined with granicigence curved
focushng and collimating mirrors for transverse mode profile control. The main
challenges for the XFELO cavities are: achieving diamond crystals and grazing
incidence mirrors with high reflectivity and low wavefront distortions; stringent
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tolerances for angulaspatial, and heat load stability of the optical elements; and
radiation damage of optical elements.

The feasibility of the xay cavity, and thus of the XFELO in general, was
guestioned by experts, b e&}. dnutlseeframmwork oft he mi r
R&D started at Argonne National Laboratory in 2008, the main technical challenges,
including the mirrors issues, have been addressed.

Non-tunable and tunable-pay cavities have been proposed for the XFEL2[ 6].

In both cases, the main components are Bragg reflecting crystals and -gnaiddegce

focusing and collimating mirrors. There are two main requirementeetogtical cavity

and its components. First, the FEL gain should overcome the-tdprahvity loss. As

a result, the cavity loss should not be more than 20%. This means that each element, the
crystals and mirrors, should feature more than 96% reflgctiwiith minimum

wavefront distortions. Second: the cavity elements have to be stable. In particular, the
relative angular stability of tma(ms),ystal sb
the spatial stability better thane3m ( r ms ) , aatude vdriitiens onetlmp e

crystals (expressed in the units of the photon energy variations) should be less than a

few meV, sometimes less than a few tenths of meV. These requirements determine the
milestones for the R&D program on the feasibility of theagbtcavity, which includes

four main components: (i) study of the availability of kiyality crystals of high

reflectivity; (ii) feasibility of grazingincidence mirrors withM0.1e r ad ( r ms) sl o]
error; (iii) stabilization of the optics components (alag, spatial, temperature); and (iv)

damage of the optics components by XFEL-€ayx beams.

The paper presents an overview of the solutions or approaches to the solutions of the
principle problems.

3.8.2 Optical Schemes of XRay Cavities

3.8.2.1 Two-Crystal Cavity

X-rays
S \
- M, undulator —_ \S
2¢ — [T T T gt — H A\ A
Vy e R = ,
/ij Ml 2
Q
B ‘
‘ | L ) .
| S :

Figure 1: Scheme of an-ray cavity with two crystals at neaormal incidence. The grazing
incidence mirror M collimates the xay beam, while Mfocuses xays onto the electron
bunche in the undulatorZ]. This cavityconfiguration has a very restricted range of tunability
because of the smal lélgwadzi ng angle of ir

The basic configuration of an XFELO cavity is shown in BEigAn x-ray pulse
about 1ps (rms) long is storedhian optical cavity consisting of two crystal Bragg back
reflectors A and B, and grazingcidence mirrors M and M. Each time the pulse
arrives at the undulator entrance it meets an electron bunch, and they travel together
through the undulator leading &an amplification of the xay pulse. The pulse energy
increases exponentially as the pass number increases, assuming that the FEL gain can
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overcome the rounttip cavity loss. Eventually, the gain decreases due to nonlinear
effects, and the FEL reachestaady state when the gain balances the I8 Pne of

the crystals is made thin so that a frac#ob26 of the intracavity power is coupled out
as the output power.

The grazingncidencecurved mirror M collimates the xays radiated from the
undulator to almost parallel beam impinging upon the backscattering crystals, and thus

ensures the maximum crystal refl &awadvity.
is chosen for high mirrareflectivity. Crystals are oriented so that the incident and exit
Xx-rays at each crystal form the samg, angl e

normal to the reflecting atomic planes. The angles of incidence and reflection are equal.
Ellipsoidal grazingincidence mirror M closes the loop of the-pay path and focuses x

rays onto the electron bunehin the undulator. The focal length of mirrdvly andM,

has to be carefully chosen to control the intracavity mode profile and optimize the
coupling of the xay and the electron beam8].[ Line M;M, passes through the
XFELO undulator. The length of the pathMiM; is large, meh larger than the
undulator length, which is typically 50. In examples considered in the following

L& 100m. This value also determines the round trip flight timgc®0.66e s and
minimal repetition raté 1.5MHz of the electron bunches.

The mirror is olented so that the incident and exirays are symmetric to the
nor mal of the mirror surface. The grazing
The photon energifi s det er mi n e &= BysingBHer,§gtle Blaggw
energy, the energyf @hotons reflected at normal incidence from the atomic reflecting

planes with the Bragg diffractiovector®@ The angl e of 1incidence

to the Bragg anglegg="/ 21 U. The Eoanhomeemdragmyged by ct

which is accomplished by changing the distahcend reorienting the crystals to
maintain Bragg reflection. However, the tuning range in this configuration is restricted

by the requirement that the grazing angle of inciddghee2 U on t he mirror
smaller than the critical angle., of total reflection. For photon enerdsé 10keV,

typically . © 1-3 mrad. This requirement turns out to be too strict to allow practically
interesting tuning ranges.

M;

undulator 1 X-rays
FAG T ‘ pur—
J:,B\b _____M2 % TR H” s A

«_‘71_* 2 ]

D e |

F

\‘\‘\\7 :q_>‘ / G

i s &
Figure 2: A scheme of fourcrystal (A,B,C, and D) xay optical cavity allowing a broad
range of energy tuning assuming that the focusing elements are the ellipsoidal vhiraois
M, used as collimating and focusing elements.
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3.8.2.2 Tunable Four-Crystal Cavity

An x-ray cavitythat is tunable over a broad energy range can be constructed by
employing a fouicrystal configuration or more than fearystal configurations, as was
proposed by Cotterill almost 40 years ad@o §]. Figure2 shows how this could be
adopted for the XFELOZ]. Four identical crystals A, B, C, and D are placed at the four
corners of a trapezoid, so that theays propag® along the zigzag path. The function
of the grazingncidence mirrordM; andM; is the same as in the case of the-twystal
cavity in Fig.1. To change the energy ofray photons trapped by the cavity, the angles
ofincidence U for all/l four crystals have to be
crystals A and D as well as of the mirrors are fixed for convenience, so that the lengths
L,L § a @ dre agnstant. The positions of crystals B and C are changed tothdjust
same angle U for all cryst@FsandSdtheUdeépende
determined by the requirement that the rotnma path length for x rays in the cavity is
constant, i . e. independent on U.ngBhese derg
on photon energy are derived ifj.[The lengthL of the path AD is long, about 100
for examples considered in RE?]. The fourc r y st al geometry require:
equivalent crgtal configuration is used in the-soa |l | ed (-erysial+xyay f our
monochromator, and therefore, its theory was applied to describe the-sasgle
spectral properties of the cavity (see, e9.f¢r references andetails).

3.8.2.3 Tunable Multi-User Compact Cavity

|
> C2 (a‘) Lz C5
- e
C - _+vi c
"ol CRL, undulator CRL, °
H
y
C C
/ 2 by |, i
C %G
C R ° < Ce
E r |
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Figure 3: Schemes of a sigrystal norcoplanar xray cavity with crystals (orange blocks) set
into Bragg reflections with Bragg ang@=65 [6]. (a) Top view. (b) Side view. If the Bragg
angle changes Q=75 (crystals new positions are shown as gray blocks) the energy of photons
circulating in the cavity changes BY6%. A constant time of flight is ensured by changing the
longitudinal size othe cavityL, keepingL pandG constant. [{G=0.5m, thenH=0.38m, and
HO6 =0m.8 4

The tunable cavity shown in FiB.is not compact. Its lateral siZe is almost as
large as the siz& along the undulator. A tunable cavity, with a smaller lateral
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dimension can be designed, however, the number of crystals and Bragg reflections have

to be increased to six. The crystals should be also arranged incaplanar, i.e, three
dimensional, sdéering geometry as showninFg[6] . Ther e are two fiba
units comprising three crystalg,@,, C; on one side of the undulator angl Cs, Gs, on

the other side of the undita. Collimating and focusing elements are shown asCLR

and CLR. These elements could be grazingidence mirrors as in the schemes of

Fig.1 and Fig.2. In the schematic shown in Fig.they are presented by another

possible alternative compound refractive lenses (CRIJ 11].

In each backscattering unit, three successive Bragg reflectionslaakeffom three
individual crystals to reverse the direction of the beam from the undulator. Assuming all
the crystals and Bragg reflections are the same, the Bragg angles can be chosen in the
range30 < q < 90. Bragg angles close =45 should be avided to ensure high
reflectivity for both linear polarization components, as the reflection plane orientations
for each crystal change. The cavity allows for tuning of photon energy in a large
spectral range by changing synchronously all Bragg anglesndisesconstant time of
flight, the cavity lengthL and the distance between the crystdleave to be changed
with g. The lateral sizé5 can be kept constant and sm&fl).5m. In the example
shown in Fig3, the photon energy is changeddy keV, assuming an average energy
Eé 15keV. The linear positions of the crystals are changed by less than 1

Because €Cs and GC4 lines are fixed, the intracavity radiation power can be out
coupled simultaneously for several users at several different places in the cavity.
Outcoupling through crystals;Gand G is most favorable, as the direction of the
outcoupled beam does not cgarwith photon energy. Additional outcoupling for more
users through crystalss@nd G could be possible too.

Of course, such cavities are more involved. In particular, to keep total cavity losses
at a low level, crystal reflectivity should be close t®®399%, or higher FEL gain
would be required. Controls and stability are also more demanding.

3.8.3 Diamond Crystals as Bragg Reflecting Mirrors

The singlepass gain of the XFELO must overcome the radiation losses incurred in
the optical cavity. The losses inckithose due to owtoupling of the xrays from the
cavity for the XFELO userdM5%), absorptive losses, and incoherent scattering losses
in the cavity crystals and mirrors due to imperfections, relative misalignment, or
temperature differences and inhomiogiies. Singlepass gain of the XFELO may be as
low as 30%. This requires mirrors and crystals for tirayxcavity, especially in four
crystal of sixcrystal configurations, to have high reflectiviRyn0.96. Feasibility of the
crystal A mi rreflectivitydis addreissied irh thig $ection. Reflectivity and
performance of the grazirigcidence mirrors will be discussed in SB@b5.
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Figure 4: Color maps of averaged Bragg reerctiviti_é%HObf hard xrays from thick crystals

averaged over the region of total Bragg reflection: (a) for diamond & 20@ for comparison
(b) for Si at 12K. The averaged reflectivities are shown for all allowed Bragg reflections
sorted by Bragg energi&s < 30 keV, and for the incident photon energies E, keV. White
contour | ines indicate equal val uesi nEQ/E incidenc

3.8.3.1 Reflectivity of Diamond Crystals
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Figure 5: Nearly defecffree diamond crystal reftés more than 99% of hardray photons
backwards in Bragg diffraction, with a remarkably small variation in magnitude across the
sample 12, 13]. (a)(c) Reflectivity of 13.%keV x-rays fromthe (80 0) atomic planes of a
diamond crystal in Bragg backscattering, and (daXLang transmission topogram of the
diamond crystal. (top left) Scheme of the experimental layout with a specially designed
monochromator with a eV bandwidth 14].

Totd (100%) reflection is achieved in Bragg diffraction ofrays from crystals
when the following conditions are met: first, there are no losses in the crystal due to,

e.g., photoabsorption; and second, the crystal is sufficiently thick, much thicker ¢han th

. . ext
extinction length_ ;™.
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In reality, photoabsorption always exists, and 100% reflectivity cannot be achieved.

However, the peak reflectivity could be close to 100% provided the photoabsorption

length LPMin the crystal is much larger than the extinction Iengﬂﬁ LﬁXt. This

condition is fulfilled for crystals that have a high Debye temperature and are composed
of low-Z atoms. High Debye temperatures ensure rigidity otctigstal lattice, so that a
smaller number of atomic planes are required for maximum reflectivity-Z atoms
typically have larger photoabsorption lengths. Diamond, Be, Bef@;AS8IC, etc., are
among attractive crystals. However, diamond, due to a anigombination of
superlative physical qualities, such as high thermal conductivity, low thermal expansion,
high radiation hardness, and othet§|[is most promising for use in XFELO cauvities.

Figure4(a) shows color maps of averaged Bragg reflectivﬂﬁ]{bf hard xrays

from thick crystals averaged over the region of total Bragg reflection: (a) for diamond at
300K, and for comparison for Si at 120 (b). Even under backscatiieg conditions
whenq = 90, the averaged Bragg reflectivity of diamond can be about 99%. The peak
reflectivity is even higher. In contrast, silicon crystals can feature such high reflectivity
only at small Bragg angles® 20, not so interesting foKkFELO cavity applications.

The high reflectivity of crystals in Bragg diffraction is intimately connected with the
perfect crystal structure. There is a valid concern about availability ofduiglity
diamond crystals. Progress in fabrication, chara@gom, and xay optics applications
of synthetic diamonds was substantial in the last two deca@&5]. Still, the diamond
crystals available commercially as a rule suffer from defects: dislocations, stacking
faults, inclusions, impurities, etc. Syntite high-purity (type lla, low nitrogen content)
crystals grown with a higpressure, higltemperature (HPHT) technique are generally
considered to have the highest crystal quality and lowest density of defects among
commercially available diamonds2], 24, 25]. X-ray topography studies have
demonstrated recently crystals with relatively laggbx4 mnv defectfree areasd4-26).

Since the XFELO beam footprintize on the crystals will be small, about 0.2 mm in
diametersmall, high-quality single crystals look to be feasible.

Still, critical questions remaingCan the remarkably high reflectivity of diamond
crystals that is predicted in theadryFig.4 7 be achieved in practice? Is the quality of
the presently available diamond crystals sufficiently high for practical use as high
reflectivity x-ray mirrors for XFELOs?

In the experimental studies performed at the Advanced Photomses briefly
presented in Figh, it was shown that the available synthetic type lla diamond crystals
indeed exhibit a high degree of perfection over the required area. By direct
measurements, using hardrays with photonenergies ofE = 13.9keV andE =
23.7keV, it was demonstrated that nearly defieee diamond crystals reflect more than
99% of hard xray photons backwards in Bragg diffraction, with a remarkably small
variation in magnitude across the sample. Systenwduservations of the more than
99% reflectivity eliminate higheflectivity mirror limitations in the regime of hard x
rays, and marks an important step towards achieway xavity mirrors for XFELOs.
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3.8.3.2 Wavefront Distortions upon Bragg Reflection

Figure 6: Wavefront Distortions upon Bragg Reflection. (a) A-thin thin diamond crystal

plate in the (001) orientation in a graphite holder presently in use feseslfng of the LCLS

XFEL [27]. (b) The crystal was stietl for the presence of defects by white beam topography

using the (133) reflection in Laue geometg][ (c)-(e) The wavefront distortions upon Bragg
diffraction from the (220) Bragg reflection in Laue scattering geonmveting studied using a

Talbot interferometerdq]. Interference fringes reveal smdD.5¢ r ad di st or t-i ons i n f
free areas (c) and (d). Crystal defects produce substantial wavefront distortions seen in (e).

XFELO cavty optics should have not only the highest reflectivity, it should also
introduce minimal wavefront distortions of the radiation circulating in the cavity. The
angular spread of-kays from an XFELO with perfectray cavity optics is expected to
beéle rddrms) oré2.4e r ad ( FLYBH Wherefgre, the real-xay cavity optics
may introduce wavefront angular variations much less tharlad ( r msr)ador 2. 4
(FWHM). There is a valid concemhether the available diamond crystals and crystal
surface are sufficiently perfect to comply with such requirements.

With this purpose, the first wavefront measurements using a Talbot interferometer
upon Bragg diffraction from a diamond crystal have beenformed recently on
diamond crystals from different manufacturers, such as Element6 and TISRBENN[
particular, a 0.dmm-thick diamond crystal manufactured in TISNOM-ig. 6(a) i was
sd into the (220) Bragg reflection in a Laue scattering geometry and showed only small
wavefront distortions, witiMi0.5¢ r ad ( F WH M) angul ar wviari ati on
Fig.6(c)-(d) i across the defedtee area of 2x#nm? i Fig.6(c)-(d). These
measurements represent more very encouraging results for the applicability of presently
available diamond crystals as Bragg mirrors in XFELO cauvities.
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3.8.3.3 Heat Load Problem and Thermal Stability

The high eflectivity of crystals in Bragg diffraction is intimately connected with the
perfect crystal st r u @t may disruptTtleenpprieat arystalr e g r
lattice by producing gradients in crystal lattice spacing. Therefore, it may cause energy
spraa dE/EF bTlof the reflection bandwidth, which may diminish the reflectivity.

To maintain high reflectivity, it is required that, when the next XFELO pulse arrives
on the Bragg mirror, the energy variation of the reflection bandwidth caused by
temperaturgradients is much smaller than the Bragg reflection bandwidth itself. Since
Bragg bandwidths are in the meV range, we require that temperature variations cause
ener gy vEW eVt Incidemtspower of the XFELO pulse@s0e J/ p 0,1 s e |
3]. We assume that 2% photons are absorbed, i.e., the absorbed péwer &/ pul s e .
The footprint of the beam on the crystaléi@00x100e i Can such heat load cause
detrimental energy variations and shtause a problem for XFELO operations?

Figure7 shows results of simulations of the time dependence of the crystal
temperature, calculated for different offsets from the center of the beam footprint, and
for different initial crystal temperature$(0) [29]. Simulations of the heat load on
diamond crystal have been performed using titependent heat transport calculations.

The temperature jumps occur every time a radiation pulse arrives atystal, due to
almost instantaneous photoabsorption. The subsequent decay of the crystal temperature
is due to the thermal diffusivity process in the crystal.
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Figure 7: Temperature of the diamond crystal mirror exposed to the periodic XFELO undulator
radiation pulses as a function of tinR9]. Time dependencies are plotted in different colors
corresponding to differing offsets from the center of the beam footprint on the crystal; the
correspondence between color arahsverse position is shown in the inset. The calculations are
performed for three different initial diamond temperaturesT(@)=300K, (b) T(0)=100K, (c)
T(0)=50K. X-ray photon energi=12.4keV, is assumed. The graph (d) shows the coefficient
of linear thermal expansion in diamond measured at low temperaByé4], used here to
translate the temperature variation (left axis) to the photon energy variation (right axis).

The simulaibn results show that for diamond crystal to sustain the heat load of the
radiation in the XFELO cavity, it is imperative to maintain the diamond crystal mirrors
at low temperature$M100K. In this case, the diamond has sufficient time to conduct
the heataway into the bulk, so that the crystal temperature becomes completely
homogeneous before the subsequent radiation pulse ariivese Fig.7(b)-(c).
Conversely, if the crystal is maintained at room temperatigebstantiakemperature
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gradients stay behind as shown in Hi@). The favorable effect of low temperatures is
due to the record high values of thermal diffusivity of diamontdO0K [15] and the
extremely low linear thermal expansion coefficient of diamond at low temperdtures
Fig. 7(d) [30, 31]. Isotopically enriched diamond crystals would be advantagéwus
such applications because of their improved thermal conductBafy3§].

3.8.3.4 Dynamical Response of Crystals to Instantaneous Heating

An XFELO x-ray pulse interacts with the Bragg refieg crystal through
diffraction and photoabsorption. The duration of the interaction, in the first
approximation, is connected to the propagation time of thayxpulse through the
crystal and to the pulse duration time. Both times are not more thanThe crucial
guestion, related to the performance of the XFELO cavity is: Is it possible that during
this short interaction time, a fast temperature change due to photoabsorption may result
in a very fast deformation of the crystal lattice and therefesult in a reduced
reflectivity? Assuming for simplicity the temperature rise is instantaneous, then
common sense says that the deformation propagates with the longitudinal sound
velocity, whichis1& m/ ns i n di amo n dmmthidk erystbtheacnystal f or a (
deformation may take place after a few nanoseconds. This time is, however, too large to
produce a negative effect on the reflectivity of the XFELO pulses.

To check this hypothesis, direct observation of the dynamics of thermal expansion
usinga pumpprobe experiment with a laser pulse a as pump (instantaneous heating)
and highenergyresolution xray diffraction as a probe was performe8¥][ Time
evolution of the thermal expansion in the crystal lattice of diaanwas studied on a
time scale from 10ps to 18 s wupon heating the crystal t h
with a penetrating psOnidgrationoAbdui26 dl of aséde pul s
energy were absorbed by the crystal in a spot area ot 3bh diameter. The
conditiors were close to those expected for the XFELO. The results of the studies have
basically confirmed the hypotheses. Crystal deformation takes place with sound
velocity. No changes to the crystal reflectivity have been observediom acale less
than 1ns. The results are very important for the development of the XFEL&Y x
cavity.

3.8.3.5 Radiation Damage

Figure 8: Diamond crystal in a waterooled holder of a higheatload monochromator
(HHLM) at APS. (a) Before the diamond crysteds exposed to the synchrotron beam. (b)
After one year exposure to the synchrotron beam oM’ power density. Blackening is
observed of the crystal surface. No significant degradation in the performance of the HHLM is
observed after years of opemti

The radiation delivered by the XFELO will have a very high average power density,
about 4kW/mn¥ on diamond crystals of the cavity. Diamond is known for its unique
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high radiation hardness. However, the power density is really high, and there is a valid
concern whether such a high average power density may produce irreversible changes
in the perfect crystal lattice structure and thus damage the diarrarydmrrors.

For comparison, the average radiation power density delivered by the most powerful
unduhbtors at thirdgeneration synchrotron radiation sources such as the APS is about
150W/mn?, i.e., about 30 times less.

From the experience of operating higeatload doublecrystal diamond
monochromators exposed to direct undulator beams at the ABKnibwn that some
blackening appears on the surface of the first diamond ciy&tiagl 8(b). Blackening is
already observable after several days of exposure. However, the blackening is not
necessarily the result of the raiilie damage. It maybe related to deposition of carbon
or other light elements on the crystal surface from residual gasses in the UHV
environment. This issue has not been studied yet. However, no significant degradation
in the performance of the diamond HMLat the APS was observed after years of
operations, albeit, Bragg reflections with a bréal5eV bandwidth were in use.
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Figure 9: Performance of a wat@ooled twacrystal diamond monochromator exposed to

synchrotron radiation with a tireveraged poer density of 3.%W/mn¥ [35]. (a) Layout of

the experimental setup. (b) Two diamond reflection curves measured at low and high power
levels.

In an experiment performed 20 years ago at the ESBHFFthe performance of the
two-crystal diamond monochromator was tested under conditions very close to those
expected for XFELOs. The beam from the undulator was focused to a small spot on a
diamond watercooled monochromator. Due to the focusing, ibever density became
3.5kW/mn?. Figure9(a) shows the layout of the setup. Fig@fe) shows two diamond
reflection curves measured with low and high power levels. No changes in reflectivity
or in the reflection width were observed.

These facts may indicate that the danger of radiation damage to the diamond mirrors
in the XFELO cavity is not high. However, the spectral reflection width of the XFELO
mirrors is only a few meV, i.e., one to twaders of magnitude smaller that the spectral
reflection widths of the diamond crystals in the doutlestal monochromators studied
at the APS or ESRF. Therefore, the sensitivity of the XFELO mirrors to the damage
might be higher. To ensure reliable openas of the XFELO cavity we should learn
more about the radiation damage and how to mitigate this damage in diamond.
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3.8.4 Focusing and Collimating Optics

Along with the highreflectivity Bragg crystals that reflectnays at large angles,
focusing and collimatig elements are another major component of the XFELO cavity.
The function of the focusing elements is to confine the radiation in the cavity and to
optimize its interaction with the electron beam, i.e., to maximize the FEL gain. Much
like the Bragg crystal we require the focusing elements to have high efficiency and
low losses. Grazingicidence ellipsoidal mirrors and compound refractive lenses
(CRLs), have been proposed as two of the most favorable options (see Ei§ured
text in SectiorB.8.3. Each approach to realize the focusing and collimating optics has
advantages and disadvantages. In the following we will present curved grazing
incidence mirrors as the presently preferred basdsen choice.

Grazingincidence mirrors have the advantage of (i) being achromatic and therefore
applicable to a relatively broad range efay energies; (ii) having high reflectivity, i.e.,
low loss; and (iii) having the potential of partially reducitige heat load on the
backscattering crystals. Disadvantages of the gramrigence mirrors include: (i)
relatively complex alignment and potential source of XFELO instabilities, especially if
the KirkpatrickBaez (KB) mirrors system3p] is considered; (ii) challenges in
manufacturing mirrors wittiv0.2e r ad (r ms) fi gure error, whi c
distortion of the xray beams witlt1e r ad (r ms) di vergence.

To preserve the coherence and to achieve 98% efficienogusihg (Strehl ratio =

0.98), the o/50 Mar ®c hal crihrn(]aSMai/oerl@h’jas t o |

over the entire length of the mirror. Heleis the number of the reflective optics
el ement s, and G JiAssumingN= 2 | n @ imtleel,nve edbtaim thg | e .
estimate for the admissible height erﬂmrﬁ]sz 7 ®m, with the wavel ength

in nm. This requires mirrors that have a slope error sxlad ( r ms) , a heig
<1nm (rms), and a midto high-spatial roughness <0rim (rms). Mirrors with such
parameters are state of the &,[39].

Coating the mirrors with amorphous carbon is advantageous (because of the small
photoabsorptionn carbon) for achieving higher reflectivity and for avoiding damage
due to exposure to intense XFELO radiation. An almost theoretical reflectivity of 97%
from a carborcoated KB mirror system has been demonstrated recently witb\1&-
ray XFEL beams39].

At present such mirrors can be fabricated in 1D parabolic (elliptical) configuration.
2D focusing or collimation is achieved using the -K#ror system. KB system has
several clear disadvantages: reduced reflectivity ptexnalignment, decreased stability,
and, last but not least, the KB mirrors break the coplanar scattering geometry, thereby
making the cavity configuration more complex. Nevertheless, curved giiazidgnce
mirrors are the only focusing element to hademonstrated the high reflectivity
required for the XFELO, and therefore is the preferred baseline design choice.

3.8.5 Stability of the Optical Cavity

Reliable operation of the XFELO requires precise control of theyxcavity. An
angular stability of 10 nradrms) for optical elements of the cavity is required to
preserve a mode structure that develops around the optical2hxiStdbility in the
optical path length of better than a 3 em i
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There are two characteristic time scales directly related to operation of the XFELO:
the xray cavity mode Iifetimé’Qé’l 0. nﬁB]@Qé 1 &i9z) related to the quality of the

cavity, which we expect to b&10, and mode creation tinTeéé 0 m4d GGé 1 KHz)

related to the time (number of pas$e500) required to built the XFELO mode. It is
anticipated that angular disturbances with amplitod®0 nrad rms do not exist in the
system on such time scales. In marar, highfrequency disturbances in crystal
positions and orientations can be easily eliminated by appropriate mechanical design
(vibration damping). It is expected that the {ne@quency disturbances that exceed 10
nrad will be compensated by a mudtiannel feedback system.

A variety of technical solutions have been considered to deal with this problem.
Among them, of major practical importance is stabilization by direct feedback on the
signal of interest, the XFELO output, as opposed to indirectligation (e.g., using a
visible light optics scheme with reflectors coupled to the Bragg mirrors of the cavity).
An essential requirement is to stabilize several elements with several degrees of
freedom. A nuHdetection feedback system employed at LIGQeaps to be promising
in achieving such a goal, because it also allows for stabilization of several optical axes
with a single detectdr

Null-detection feedback has been tested on-smyxmonochromator consisting of
six crystals. It was found thatanany ar st abil ity of & 13 nrac
with the characteristic correction time given by the integration time constant of the
feedback loop (%) [40]. This number is approaching the angular stability required for
the realization of the XFELO. Further improvement in stability is anticipated. Most
important, in the next step, a mudtkis system with nanoradietale positioning
resolution and a mukaxis feedback system for positioning and temperature control of
the optical components of theray cavity have to be designed and tested.

3.8.6 Conclusions and Outlook

X-ray cavities for XFELOs are most likely feasible. This is the main message that
can be drawn from the experimental and theoretical studies perfawuedtly and
reviewed in the present paper. This builds confidence in the feasibility and success not
only of the xray cavity, but also of the XFELO project in general.

In the next step, the "most likely" has to be removed from the message, and the
feasiblity of the x-ray cavity has to be demonstrated with a prototype cavity, up to the
limits of the technical requirements. This is the strategic goal of-thg ®ptics part of
the XFELO endeavor.
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3.9 Nanopositioning Stages to Enable XFELO Optics Mountingand
Manipulating Capabilities

Deming Shu
Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439, USA
Mail to: shu@aps.anl.gov

3.9.1 Introduction

In developing an xay freeelectron laser oscillator (XFELQ)high-precision
positioning techniquegpresent a significant opportiy to support statef-the-art
coherence preserving-ray optics Meanwhile, the required instrument positioning
performance and capabilities, such as resolutionamyn range, repeatability, stability
and multiple axes syghronization are exceeding the limit of canmercial availability.
This newsletter summarizéise currenflexure-basedhanomsitioning stages developed
for x-ray nanoprobehighresolution xray monochrorators and analyzers for the
Advanced Photon Sour¢@PS) xray beamlines. Future nanopositioning techniques to
be developed for th¥FELO are alsaliscussed.

3.9.2 BasicNanopositioning TechniquesDeveloped at the APS

Four major techniques have been developed for nanopositioning at the APS:
1 A rotary, high-stiffiness, weakink mechanism with stacked, thmetal sheets
having 10nrad driving sensitivity with excellent stability [1,2].
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1 A linear, highstiffness, wealink mechanism with stacked, thmetal sheets
having sub100-pm driving sensitivity witrexcellent stability [1,2].

1 A novel laser Doppler encoder system with multiggéection optics for sub
100-pm and 1lénradlevel linear and angular displacement measurement [3,4].

1 A digital-signatprocessor (DSP)ased, realime, closedoop feedback stem
for active relative vibration control on the nanometer scale [5].

3.9.3 Linear Weak-link Stages forHard X-ray Nanoprobe

3.9.3.1 Linear Weaklink Stages withUItrahigh Positioning Resolution

The APS has developed the harthy nanoprobe beamline at APS Sectontich
has been operated, in partnership with the Center for Nanoscale Materials (CNM), since
2008. This system cevs an energy range of-3® keV and utilizes diffraction,
fluorescence, and fufield transmission imaging to enable the study of nanoscale
materials and devices. The nanoprobe has to date achieved a spatidbresddGnm
in scanning mode and 3tm in full-field mode The high spatial resolution is enabled
by a combination of a higresolution positioning system based on flexural stages,
high accuracy provided by laser interferomdiased encode(§-8].

A nanopositioning diagnostic setup has been built to support the CNM nanoprobe
instrument commissioning process and future nanopositioning instrument development
at the APS. Its la Doppler interferometer system and ultraprecision-Béven linear
weaklink stages are the same as the initial systems applied for the CNM nanoprobe
instrument. Onaanometer closelbop positioning control is demonstrated on the-two
dimensional diagmsiic setup with APSlesigned higtstiffness linear weaknk stages
[9,10]. The O0.inanometer closelbop positioning control is achieved on a ene
dimensional lineahigh-stiffness weakink stagetest setup [11]

3.9.3.2 Linear Weaklink Stages withExtendedTravel Range

Ball-bearingbased or rollebearingbased linear positioning stages are capable of
providing a larger travel range. However, their positioning resolution is limited by the
friction of the bearingbased guiding system. Moreover, their lineatiorostraightness
of trajectory usually is not repeatable in nanometer scale due to the roundness errors of
the bearingds rolling el ement and the unce
effect. In the travel range of less than a few hundremlams, commercial PZ@riven
flexural linear stages are available, but, it was hard to find any suitable for a travel range
larger tharafew millimeters with high stiffness and load capa¢itg].

Linear vertical/horizontal flexural stages APS-3B32, with 3-mm travel range
using fishboneshaped multiple parallelogram welikk structuresas shown in Figure 1
[13], were developed at the APS for nanopositig of a specimen holder for an
multilayer Laue lenses (MLEpased hard xay nanofocusqg test led at APS [1}

Table 1 shows theesign specificationfor the APS T833/34 linear vertical/horizontal
flexural stages system.
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Horizontal top stage T8-34 Bt

Vertical base stage T8-33

Figure 1: A 3-D model of the linear vertical/horizontal flexural stages APS3384

Table 1: Designspecifications for the APS T83/34 linear vertical/horizontal flexural stages

system.

Parameter Vertical stage T8-33 Horizontal stage T8-34
Overall dimensions (mm) 174 (L) x 135 (W) x 139 (H) 218 (L) x 180 (W) x 121 (H)
Travel range (mm) 3 3
Max. load capacity (kg) 4 2
Min. incremental motion (nm) 1 1
Driving mechanism Pl Nexline N216™ PI Nexline N111™
Encoder type External optical sensor External optical sensor
Stageweight (kg) 5 2

3.9.3.3 Linear Flexure Stage withCentimeterTravel Range

To further extend the travel range of the linear flexural stage and keep the stage
compact, a prototype of a new -b2 flexural linear stage system was designed and
constructed at the APSusing novel deformatiGnompensged flexural pivot
mechanisms [1]5 The prototype of the F82 stage is driven by the combination of a
commercial PZA12 PZT motor from Newpoft' mounted on the stage base and a
commercial P841.10 PZT actuator from P| mounted on the stage carriage. The PZT
motor provides 1aZnm travel range with 168m resolution, and the PZT actuator
drives the stage with sutanometer positioning resolution in a-dkcron travel range.
The preliminary test for the prototype -bB2 stag@ was performeavith two sets of laser
interferometer systemsThe results show thdahe stagehas a~30 micrerad linear
motion straightness of trajectory in the pitch directisithin a #mm travel range.
However, thestraightness of trajectoryas repetable in ~5 micrerad range. Figure 2
shows ghobgraph otthetest setup for thprototype otthe T8-52 flexural linear stage.
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Figure 2: A photograph of the setup for the prototype of5Bflexural linear stage preliminary
test with the RenishaW and Sio$" laser interferometer systems.

3.9.4 Angular Flexure Stages at the APS

3.9.4.1 Horizontal Axis Angular Weaklink Stages

The first highstiffnessweaklink mechanism with stacked thmetal sheets was
developed for the AP8igh-enegy-resolution beamline-® [16-18]. Using a laminar
structure configured and manufactured by chemical etching and lithography techniques,
we were able to design and lmué panarshape, higtstifiness, weakink module for
horizontal axis higiprecision angular stage§he precision and stability of this
mechanism allowed us to align or adjust an assembly of crystals to achieve the same
performance as does a single chebnut cr yst al | so we call ed
cut c r YAs lesathanZb-nradperhour angular drift of two crystals was
demonstrated in a twioour stability test with a-ineV bandwidth monochromatic beam
[17].

Since tha, more than @ sets okuch rotary weakink mechanisms have been nead
for APS users in applicationsuch as higienergyresolution monochromators for
inelastic xray scattering and xray analyzers for ultramallangle scattering and
powderdiffraction experiments. Their typal angular positioning resolution is -BO
nrad with a travel rage of up to 1.2 degrees [9]

The advent of the use of highiffness laminar weaknk mechanisms also benefits
the regular monochromator design with silicon (1 1 1) or germanium (tHahpelcut
crystal optics because of the improvement in the polishing quality on thel aopstal
surface. Figure 3 (Right) shoveswatercooled ultrahigh-vacuum (UHV}compatible
artificial channelcut crystal monochromator. It designed and consttedto meet the
challenging stability and optical requirements of theayx photon correlation
spectroscopy (XPCS) prograat beamline 8D-1 at the APS [19,20 Similar UHV
monochromator designs witminar wealdink mechanismsare applied to the-ray
beamlines at APS Sector 16 (HFAT) [21] and atLinac Coherent Light Source
(LCLS), SLAC National Accelerator Laboratory

The applications were also expanded to the-hégiolution crystal analyzer array for
x-ray powdetdiffraction instrumentationAn aralyzer arraywas built for an xray
powder difraction instrument at APSe8tor 11as show in Figure 3 (Left)here are
twelve silicon (1 1 1) or germanium (2 2 @)ystal analyzers in this arragach of them
includes a PZidriven laminar wealink mecham i sm f or the <crystal
adjustment with a resolutiaof better than 0.05 aigec [22.
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Figure 3 (Middle) shows ahptograph of the CDFDW monochromator prototype
tested at the APS beamline -BD. The abbreviation CDFDW stands for: C
collimating crystal, D1 dispersingelement crystal (two frystals are used in each
CDFDW), Fi anomalous transmission filter, and Mivavelengthselector crystalZ3)].

A 0.65meV combined energy resolution of the monochromatmlyzer pair was
demonstrated in then-line configuration, as well as sharp tails of theedral
distribution function [23,24 A total of four angular weaknk stages and four linear
weaklink stages are used in theonochromateanalyzemprototype setup.

Figure 3: Left: Phdograph of the analyzer array for amay powder diffraction instrument at

APS Sector 11. Middle: Photograph of the CDFDW mdmomator prototype tested APS

Sector 30. Right: Photograph of a wateoled UH\tcompatible artificial channedut crystal
monochromator aAPS Sector 8.

3.9.4.2 Vertical Axis Angular Weak-link Stages

To expandthe applications of the angulareaklink mechanisms to vertical axis
configurations, we need to enhance their logoacdy and stiffness along thietation
axis. An advancd x-ray stereo imaging instrument for paldidracking velocimetry
(PTV) [29 has been developest APSSector 32 using the new vertical axatary
weaklink stage. To enhance the load capacity and stiffness in a vertical axis
configuration,six linear weaklink modulesare mounted on the sides of the base plate
and topplate, orthogonal to the angubaeaklink plane and act as a verticalifener
for the vertical axis [2p With this new design,-Rg or higher vertical load capacity is
achievableThe vertical axis rotary weakink stage is mounted aiop of a commiial
precision rotary stagmanufactured by AerotefH. The PZFactuatordriven weaklink
stage extended the motdrr i ven r ot ary s tmenyesblstionatmtgeu | ar
ten-nanoradia-scalelevelin an angular travel range of endrad.

3.9.4.3 Multi-dimensionalAlignment Apparatus

Recent developments in harday focusing on the nanometer scale withLs as
reported by H. C. Kang et al. have demonstrated a promising aay aptic for
focusing hard xays in a few nanometers. Using tilted partial MLL structures, a one
dimensional focus as small as 16 nm with efficiencies up to 44% has been performed
with 19.5keV synchrotron radiation [2B7]. The high efficiencies should make it
practicalto produce a point focus using two M in a crossed configuration [R8A
precision multidimensional alignment apparatus is needed for this challenging technical
approach.
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The first prototype of precision mulimensional alignment apparatus fo/D2
MLL x-ray focusing was designeand constructed for an MLL tedied at APS
beantine 261D in 2008 [14]. With this tesbed, MLL demonstrated the focusing
capability of hard xays to a 2D focus of 25 nm horizontal x 27 nm vertical FWHM at
a photon energy of 12 keV, and @ nm horizontal x 40 nm vertical FWHM at
photon energy of 19.52 keV [R9 Commercial flexural pigts are applied in the
apparatus for tyilting angular adjustment as shown in Figure 4 (Left). Figure 4 (Right)
shows a similar flexurgbivots-based precision alignment apparatus applied in UHV
diamondcrystal monochromator for theinac Coherent LighBource (LCLS)hard x
ray selfseedingprojectas the result ofcollaborations between the APS Atgonne
National LaboratoryfANL) and the LCLS at SLAC National Accelerator Laboratory
[30,31].

Figure 4: Left: Photograph of thprecision multidimensional alignment apparatus feD2
MLL x-ray focusingat APS Sector 26. Right: AR model of theprecision alignment apparatus
applied in an UHV diamond crystal monochromatortfer LCLShard xray seltseeding
project

3.9.5 Prototype of Tip-tilting Stage with Resolution inNanoradian Scale

Based on the experiences gained from the -btgfness verticabxis weaklink
structure with Zg load capacity, a twdimensional tigtilting stage system Z83 has
been designed for precisionray optical alignmenwith ultrahigh motion control
resolution and stability. The twdimensional tigtilting weaklink stage system consists
of two highstiffness weakink stages: (1) a verticalxis rotary wealink stage, which
is of the same design developed for PTV laagpion, located at the top and a new
horizontataxis tiptilting stage at the bottom; and (2) the new horizeatas$ tiptilting
stage is combined with six linear welitkk modules to enhance lateral stiffness, as
shown in Figure 5 (Left). Figure 5 (@t) shows alpotograph of the prototypelable
2 summarizes the design specifications for the5Z&highstiffness twedimensional
tip-tilting weaklink stage system.
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Figure 5: Left: A 3-D model of the pototype ofthe APS Z853 tip-tilting stage Right:
Photograph of thprototype

Table 2: Design specifications for the Z8 2D tip-tilting weaklink stage system.

Parameter Vertical-axis angular stage Horizontal-axis tip-tilt stage
Overall dimensions (mm) 236 (L) x 158 (WX 50 (H) = 212 (L) x 184 (W) x 108 (H)
Normal load capacity (kg) 2 5
Driver type PZT and Picomotd! PZT and Picomotd
Encoder type Strain sensor/optical sensor Strain sensor/optical sensor
Angular travel range (mrad) 26 26
Min. incremental (nrad) 10 10

3.9.6 Summary

We briefly summarizedhe current flexurdoased nanopositioning stages developed
for x-ray nanoprobe, highesolution xray monochromators and analyzaisthe APS.
The experiences gained from tdevelopment activitiesvill benefit the degn and
development of gprototype of the twalimensional tigtilting stage system foa
proposed XFELO project [32 As part of the ultrgrecision crystal manipulators for
the XFELO cryecooling optical cavitis, the vacuuatompatible twedimensional tip
tilting stage system is required to have 2 kg vertical load capacity with nanoradian
level resolution and stabilityCryo-cooling mechanisms with very low vibration will
also be required for the XFELO progpe development.
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3.10.1 Introduction

The free electron laser (FEL) facility at BudkerANs being developed for more
than 15 years. It is based on the normal conducting CW energy recovery linac (ERL)
with rather complicated magnetic system lattice. Up to now it is the only one in the
world multiorbit ERL. It can operate in three differengiraes providing electron beam
for three different FELs. Its commissioning was naturally divided in three stages.

The first stage ERL includes only one orbit placed in vertical plane. It serves as
electron beam source for terahertz FEL which started worfongusers in 2003.
Radiation of this FEL is used by several groups of scientists including biologists,
chemists and physicists. Its high peak and average powers are utilized in experiments on
material ablation and biological objects modification. Theosdcstage ERL is
composed of two orbits located in horizontal plane. The second stage FEL is installed
on the bypass of the second orbit. The first lasing of this FEL was achieved in 2009.
The last stage ERL will include four orbits. Its commissioning igrogress now.

In this paper we report the latest results obtained from the operating FELs as well as
our progress with the commissioning of the two remaining ERL beamlines. We also
discuss possible options for the future upgrade.

3.10.2 Accelerator Design

The Novosibirsk FEL facility is based on the multiturn energy recovery linac (ERL)
which scheme is shown in Fig. 1. In this scheme the beam goes through the linac
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several times before it enters undulator. As the result one can increase the final electron
energy

Multiturn ERLs look very promising for making ERLs less expensive and more
flexible, but they have some serious intrinsic problems. Particularly in the simplest
scheme shown in Fig.1 one has to use the same tracks for accelerating and decelerating
beamswhich essentially complicates adjustment of the magnetic system. This problem
can be solved by using more sophisticated scheme based on two linacs [1].

Figure 1: Simplest multiturn ERL scheme:ilinjector, 2i linac, 31 bending magnets, 4
undulator57 dump.

At present the Novosibirsk ERL is the only one multiturn ERL in the world. It has
rather complicated lattice as it can be seen from Fig. 2. The ERL can operate in three
modes providing electron beam for three different FELs. The whole facditybe
treated as three different ERLs (etven, twoturn and fouturn) which use the same
injector and the same linac. The emen ERL is placed in vertical plane. It works for
the THz FEL which undulators are installed at the floor. This part of ttityfais
called the first stage. It was commissioned in 2003 [2].

Figure 2: The Novosibirsk ERL with three FELs (bottom view).

The other two ERL orbits are placed in horizontal plane at the ceiling. At the
common track there are two round magnets. By switching these magnets on and off one
can direct the beam either to horizontal or to vertical beamlines. Thele6e
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bending ars also include small bending magnets with parallel edges and quadrupoles.
To reduce sensitivity to the power supply ripples, all magnets on each side are
connected in series. The quadrupole gradients are chosen so that all bends are
achromatic. The vacuuchambers are made from aluminium. They have waisling
channels inside.

The second horizontal track has bypass with the second FEL undulator. The bypass
provides about 0.7 m lengthening of the second orbit. Therefore when the beam goes
through the bypasit returns back to the linac in decelerating phase and after two
decelerations it finaly comes to the dump. This part (the second stage) was
commissioned in 2009. The final third stage will include-fgidle fousturn ERL and
FEL installed on the lastéack.

The basic beam and linac parameters common for all three ERLs are listed in Table
1.

Table 1: Basic ERL parameters

Injection energy, MeV 2
Main linac energy gain, MeV 10
Charge per bunch, nC 15
Normalizedemittance, mr@nrad 30
RF frequency, MHz 180.4
Maximum repetition rate, MHz 90.2

Depending on the number of turns the maximum final electron energy can be 12, 22
or 42 MeV. The bunch length in othern ERL is about 100 ps. In two and feurn
ERLs the beam is compressed longitudinally ud®R20 ps. The maximum average
current achieved at oftarn ERL is 30 mA which is still the world record.

One essential difference of the Novosibirsk ERL compared to other facilities [3,4] is
using of the low frequency nesuperconducting RF cavities. Oneohand it leads to
increasing of the linac size but on the other hand it also allows to increase transversal
and longitudinal acceptances which allows to tolerate longer electron bunches with
large transversal and longitudinal emittances.

The location ofdifferent parts of the facility in the accelerator hall is shown in Fig.

3.

.. IS t'. -
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1% stage FEL
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Figure 3: Accelerator hall (bottom view).
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3.10.3 The First Stage FEL

3.10.3.1 Design andBasicParameters

The first stage FEL includes two electromagnetic undulators with period 12 cm
phase shifter and optical cavity. Undulator pole shape is chosen to provide equal
electron beam focusing in vertical and horizontal directions. The matchetubetian
is about 1 m. The phase shifter is installed between undulators and it is ud@ggto a
the slippage. The optical cavity is composed of two copper mirrors covered by gold.
The distance between mirrors is 26.6 m which corresponds to the-trquifireequency
(and the resonance electron repetition rate) 5.64 MHz. Radiation is outcouplaghth
the hole made in the mirror center. The optical beamline is separated from the vacuum
chamber by diamond window. The beamline pipe is filled with dry nitrogen.

The FEL generates coherent radiation tunable in the rang@4®@nicron as a
continuoudrain of 46100 ps pulses at the repetition rate of 522.4 MHz. Maximum
average output power is 500 W, the peak power is more than 1 MW [5,6]. The
minimum measuretinewidth is 0.3%, which is close to the Foufeansform linit.

3.10.3.2 OperationExperience

For the last two years about 30 experiments were carried out at the Novosibirsk THz
FEL. They include: pioneering works on THz ablation; study of micaod
nanoparticles, vaccines, polymers, metamaterials; production of nanotubes and
nanostructures; compiés diagnostics; terahertz radioscopy, imaging, detection of
concealed objects; interferomety, holography & tomography; speckle and Talbot
metrology; ellipsometry; fast water vapor detection; flame and gas detonation study;
impact of THz radiation on genetmaterials; impact of THz radiation on cells; study of
integrated proteomic response; coherent effects in gases; ultrafastiotnaen
spectroscopy; interaction of atoms with strong THz- .

Five user stations are in operation now. Two other ar@ragress. The new
spectrometer has been installed recently. It allows to measure continuously radiation
spectrum not interrupting user experiments (Fig. 4). Other radiation diagnostics include
Fourier spectrometer, thermograph, microbolometer matrix fihdiode together with
wideband oscilloscope. The last one is used for-tiselved measurements. It allows
to detect longitudinal power distribution of radiation pulses.
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Recently the third harmonics lasing was obtained. It was achieved by suppression of
the first harmonics lasing using apertalecreasing scrapers installed inside the optical

cavity and proper gdstment of the phase shifter. The measured detuning curves for the
first and third harmonics lasing are shown in Fig. 5.
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Figure 5: Normalized detuning curves for the lasing at the first (blue) and third (red) harmonics
and the detuning curve for tlenplified spontaneous emission at the third harmonic (pink).

3.10.4 The Second Stage FEL

The second stage FEL includes one electromagnetic undulator with period 12 cm
and optical cavity. The undulator is installed on the bypass where the electron energy is
about22 MeV. Therefore the FEL radiation wavelength range is 80 micron. The
undulator design is identical to the first stage one but it has smaller aperture and higher
maximum magnetic field amplitudeThe optical cavity length is 20 m (12 RF
wavelengths)Therefore the bunch repetition rate for initial operation is 7.5 MHz.
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The first lasing of this FEL was achieved in 2009. The maximum \gas about

40% which allowed toget lasing at 1/8 of the fundamental frequency (at bunch
repetition rate ~1 MHz).

10 ,

F— Sextupole Off =1

Fm—= Sextupole On

D, %

Figure 6: Compensation of quadratic dependence of the bending angle on energy by sextupoles
in the first orbit bending arcs.

The significant (percents) increase of beam losses took place during first lasing runs.
Therefore sextupole corrections were insthlieto some of quadrupoles to make the
180-degree bends secowdder achromatic. It increased the energy acceptance for used
electron beam (Fig. 6).

The optical beamline (Fig. 7) which delivers radiation from new FEL to existing
user stations is assembladd commissioned. The output power is about 0.5 kW at the

9 mA ERL average current. Thus, the first in the world multiturn ERL operates for the
far infrared FEL.

Figure 7: Optical beamlines for the first and the second stage FELs. Radiation of both FELs is
delivered to the same user stations. Switching between FELSs is done by retractable mirror.
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3.10.5 Third Stage ERL and FEL

Electron beam inhte third stage ERL is accelerated four times. The third FEL
undulators will be installed on the last track where the beam energy is 42 MeV. In this
FEL three permanent magnet undulators with period 6 cm and variable gap will be used.
The wavelength range wibe 530 microns. The scheme of the third stage ERL with
FEL undulators is shown in Fig. 8. The electron outcoupling is planned to be used here

[7].

Beam dump Injector

i *%»14}1;:‘1“_!_

Figure 8: The third stage ERL with FEL undulators.

All magnetic system elements and vacuum chambetheothird stage ERL are
assembled and install@shd te first shifts forthe lattice adjustment took placBy now
total (from the gun to the dumpgcuperation efficiencyf 90% is already achieved.
This allowed to obtain the repetition rate 3.75 MHz #mel average current 3.2 mA
which is sufficient to get lasing at the third stage FEbe signal from the BPM
installed in the accelerating structure near the dump is shown in Fig. 9. All eight peaks
here correspond to the same beam at different statjesfirst four are in accelerating
phase and the last fourin decelerating phase. One can see that the first and the last
peak amplitudes do not differ significantly. It means that the beam losses mostly take
placeat low energy in injector angear the donp.
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Figure 9: Signal from the BPM installed in the accelerating structure.
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3.10.6 Future Prospects

In the nearest future we plan to continue the third stage ERL commissioning. The
third FEL undulators will be installed shortly. The optical cavity designpaduction
IS in progress now.

The other important issue which we are working on now is the operation stability
and improvement of the existing FEL parameters. We plan to make some improvements
of the RF system. The new power supply for the existing gdmaw RF gun are being
developed now. The lattice optimization is in progress. More serious modernization e.g.
using the new type of undulators with variable period [8] is also considered.
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3.11 A Program for Optimizing SRF Linac Costs

Tom Powers
Thomas Jefferson Nationalc&elerator Facility, Newport News, VA
Mail to: powers@jlab.org

3.11.1 Introduction

Every welldesigned machine goes through the process of cost optimization several
times during its design, production and operation. The initial optimizations are done
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during theearly proposal stage of the project when none of the systems have been
engineered. When a superconducting radio frequency (SRF) linac is implemented as
part of the design, it is often a difficult decision as to the frequency and gradient that
will be usa@l. Frequently, such choices are made based on existing designs, which
invariably necessitate moderate to substantial modifications so that they can be used in
the new accelerator. Thus the fallacy of using existing designs is that they will
frequently povide a higher cost machine or a machine with-gotfimal beam physics
parameters. This paper describes preliminary results of a new software tool that allows
one to vary parameters and understand the effects on the optimized costs of construction
plus 10year operations of an SRF linac, the associated cryogenic facility, and controls,
where operations includes the cost of the electrical utilities but not the labor or other
costs. It derives from collaborative work done with staff frdocelerator Sciencand
Technology Centre, Daresbury, UK] several years ago while they were in the process

of developing a conceptual design for the New Light Source project. The initial goal
was to convert a spread sheet format to a graphical interface to allow titye tabil
sweep different parameter sets. The tools also allow one to compare the cost of the
different facets of the machine design and operations so as to better understand the
tradeoffs.

3.11.2 Software Description

3.11.2.1 General structure

The program was written in b&iew in a state machine format. This allows one to
separate, and/or modify the different subroutines, jump to different states, add different
parameters, and/or expand the program to include different aspects of machine design.
The input variables areontained in clusters of variables, one for the cavity/cryomodule
parameters, one for the system cost parameters and one for the cryogenic heat loads.
There is a cluster for the program outputs such as cost and design points.

3.11.2.2 Input / Output Parameters

The program has two loss parameters for cryogenic losses. Static losses of each of
the SRF cryeassembly, called a cryomodule, aR# driven, or dynamic, losses. The
static heat losses include the cryomodule, associated valve box, and per kilometer
transferline losses. A detailed list of the current input output parameters is given in
Table 1. Figure 1 shows the user interface for modifying variables in the program while
Figure 2 shows the graphical output that is available. At any given point in time all
parameters for a swept variable run can be output to a tab delimited text file.
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Table 1: Input/output parameter list.

SRF Parameters Baseline Costs Outputs
Final LinacEnergy(GeV) | Cryomodule Cost ($M/unit) " Total ($M)
Gradient (V/m) RF Power ($/W) Construction ($M)
Frequency (Hz) RF Control, etc. ($k/Caty) Cryogenic Plant ($M)
CavitiesPer Cryomodule Inter CM Girder ($k/unit) Cryomodules ($M)
Active Length PeCavity(m) = Tunnel Civil ($k/m) Girders ($M)
Packing Factoffot L/Active L~ AC Power ($/MWHour) Tunnel, etc. Civil ($M)
NormalizedShuntimp .  ( g 5kW @ 2K Plant ($M) 10 Year Power ($M)
Bpreak/Eacc (MT/(MV/m)) 5kW Plant Civil ($M) Linac Length (m)
Geometry Fact c Transfer Line ($k/m) Num. Cryomodules
Beam Current (A) 2K Plant Margin Num. Cavities
Beam Phase (deg) % Increase Plant Cost @1.8K = Num. Girders, etc.
Detune Frequency Budget (Hz % Decrease in Eff. @1.8K CM Dynamic Heat (W)
RF Power Margin Linac R&D Cost ($M) Linac 2K Heat (W)
Operating Temperature (K) RF WallPlug Eff. 2K With Margin
Maximum LoadeeQ Controls AC Pwr / Girder (kW) Qo
LoadedQ Uncertainty Operations Week Matched Q
Material and Treatmeht Power Overhedd RF PowerPer Cavity (kW)
Beam Transient HandliAg Static Heat Load/CM (W) Cryo AC Powel(MW)

Transfer Line Heat (W/km) Non-Cryo AC Power (MW)

Notes:

1. A combination of materials and treatments were modeled in ghealQulations.
These were permutations of fine grain niobium and large grain niobium and vacuum
baked at 120°C or not vacuum baked at 120°C.

2. The phase of the beam current can have a substantial impact on optimizing the
loadedQ and RF power requirements an SRF Cavity.[2] Under certain
circumstances the RF power requirements are substantially higher for short periods
of time. There are techniques which can be used to compensate for said transients,
such as slowly ramping up the beam current whigectivity tuners operate.

3. The inner cryomodule girder is the vacuum hardware, beam diagnostics hardware,
and magnets that make up the common beam line hardware set between
cryomodules. Also included in this item are the controls electronics and magnet
powe supplies.

4. The Power overhead in the baseline costs column includes items such as lighting,
HVAC, and cooling tower power. An increase of 25% over the calculated electrical
demand was used for this parameter.

5. The static heat load per cryomodule incluttesl losses in the cryomodule as well as
the associated valve boxes.



General /O parameters | parameter arrays

SRF Parameters IN

A
Final Energy 7 2.00
A
Nom Gradient (V/ 7 5-0E+6
Frequency '.) 1.50E+9
Cavities per CM ’\ s
Active Length (m) f" 0.7
r/Q (Ohms/m) 57 1288
Linac Packing Factor (%) j 1.75

Total L / Total Active Length
Beam Current () # 5 o,
for ERL use effecliver{l
Beam Phase (deg) i}‘ 0
for ERL use effective Phase
Microphonics (Hz) 1 20

RF Power margin 1 5

Temperature (K) & 2
QL Uncertainty J\ 02

Maximum QL :}' 2E+7
Bp/Eacc ((mT/(MV/m) ) 574
Geometry Factor (Ohms) /\ 280

_Material Treatment
+ Fine Grain Baked at 120C

Transient Handfing ;\Aﬂ Transents

Default values are for CEBAF Low Loss Shape

Page 2 | Page3

Baseline Costs
Cryomodule ($M each) :}‘ 3
RF Power ($/W) ) 12
RF Controls($k/cavity ‘:'\ a0
Inner CM Girder ($k each) % 5o
Tunnel Civil ($k/m) r}\ 150

AC Power ($/MW-Hr) }\ 65

SkW @ 2K cryo plant % ;¢
Cryo Margin :}\ 1.5
5kw CryoPlant infrastructure ($M) * 5
Transfer fine costs (k$/m) # -
%inc in Plant cost 2K to 1.8K “ (3
%inc in cryo AC 2K to 1.8K :’\ 0.3
Cryo Wall plug Efficiency (W/2KW) ;5 992.1

Linac R&D costs ($M) }‘ 20

RF Wall Plug Efficiency ) 0.5

Controls AC pwr per CM/Girder(kW) 7 0.5
Operations Weeks (5 44

Power Overhead 4 ; 5o
For LCW, HVAG, Lights, etc. °

Spare Cryomodules :}‘ 0

Cryo heat loads (W)
Static CM + Valve box (W) ) 30

Transfer Lines (W/km) :) 150

Numeric 6 ) 0

Numeric 7 7\ 0

Numeric8 2 o
v

Numeric 9 }\ 0

Numeric 10 }\ 0

Numeric 11 #
L4

Numeric 12 % o
L4

Temperature Array
A 2 EMin
go Jlﬂ— }‘ SE+6

EMax
A
22646

_Cryomodule Type
 CEBAF C100

Linac overal parameters out
Linac Costs ($M) 494
Cryomodules($M) 573
RF PWR & Ctls Costs ($M) 5 g

Inner CM Girders ($M)
Tunnel Civil ($M)

18.6
1044
Cryo plant and facility ($M)
10 yr Linac & Cryo
AC pwr cost ($M) 58.5
Linac Length (m)  gag
Number Cryomodules 7,
Number Cavities geg
Number inner CM Girders
Linac Active Length 3575
CM dynamic heatload g
Linac 2K heat load (W) 2853
CryoPlant with Margin (W) 4289
Qo 1.35E+10
Matched Loaded-Q 3ggr:¢
RF pwr per Cavity (kW) 43
Indudes QL variance and Margin
Total RF Power (kw) 2431
Cryo AC Power (MW) 5.32
RF, Magnets and Cntls AC (MW) .17

Actual Gradient (MV/m) 5.03E+6

Figure 1: Input/ Output screen of optimization program.

General /O parameters | Parameter arrays  Page2 | Page 3
',) Construction plus 10 Year Operating Cost ($M) 180K | A +; Cryo Plant 2K Capability Including Margin 180K |\
450 190K |~\|  600¢ Cryomodule Costs ($M) b 190k [/
425- 200K [\[| 575( RFPWRand CTLS cost ($M) 1 200K [~
200- | s50(  Inner CM Girders ($M)
‘ 525 Tunnel, etc. Civil ($M)
375- ‘ Cryo Plant and Fadility ($M) P
350- 500C 30 yr LInacand Cryo AC ($M) o
325- ‘ 4750 yinac Length (m)
\ | 4500  Number of Cryomodules
300- -
.._________Lﬂ 425( Number of Cavities
275~ ‘&\/\ e 4000 Number of Inner CM Girders
250- R | a75( LnacActive Length
225- ‘ ‘Cryomodule Dynamic Heat Load
‘ 3500 inac 2K Heat Load
200-, . , B2l Cryo Plant 2K Capability Including Margin |
4 10 12 14 16 18 20 22 18 19 20 21 22
Gradient (Mv/m) g:uhed N
) Qo LBOK [\ RF Power Per Cavity 1.80 K[/
1.9E+10° 1.00K [/ 44- Total RF Power (kW) Lo L9oK[[ A
L8E+ 10— Mo 200K [ 42.,  Cryo AC Power (Mw) L 200k
r E RF, Magnets and Crtls AC (MW) |
17E+10 o, 40
e Y - e
1.6E+1 e
15E+10 I Mt | /r’
[~ = 34
14E+10 — | /
1.3E+1 [~ S 3 L /
- ] el 30 e g
1.2E+10 = - s e, o T |1
1L1E+10 — G L]
1E+10 +— 24 |
9E+9-, , 22~ ‘ ‘ | !
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Gradient (MV/m)

Gradient (MV/m)

101

Current (mA)
30- B

Current (mA)
30-

Figure 2: Graphics screen of optimization program showing method for
selecting data to plot.

3.11.2.1 Calculating @

Qo is calculated for each data point, and is based on a compilation of historic data.
This historical data is a compilation from measurements taken in the vertical test area at
Jefferson Lab, where, over the past 20 years JLAB staff has performed moi8@0dan
tests on superconducting cavities of various configurations and frequencies. A series of
curve fits were done on these data in order to determing\alQ@e as a function of
gradient, frequency and operating temperature.[3] The analysis was limgeadimber
of areas due to a lack of completed data sets. It does take into account low to mid field

Q-slope as well as the basic material parameters, cavity shapes, etc.

It does not take
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into account high field slope which is an area that is curremijergoing revision.
Another area that is under review isy @egradation between vertical test and
cryomodule installation in the accelerator, as well as long term degradation afithe Q
operational conditions. Figure 3, shows the value pa€a funtion of frequency at

16 MV/m at three different temperatures. For this data the cavity models used had the
same geometry factoandratio of peak magnetideid to average electric fields the
CEBAF low loss cavities used in the G2V upgrade.

5.0E+10

4.5E+10

4.0E+10 =AU L.k
—Qo @ 1.9K
3.56+10 Qo @ 2.0K

3.0E+10
& 2.5E+10
2.0E+10
1.5E+10

1.0E+10

5.0E+09

0.0E+00
0.5 0.7 0.9 1.1 13 1.5 1:7 1.9
Frequency (GHz)

Figure 3: Qo as a function of frequency and temperaturesa!¥/m. All
frequencies scaled from CEBAF C100 upgrade cavity.

3.11.2.2 Calculating LoadedQ and RF Power

The matched loadedQ is the loaded such that the installed RF power is
minimized. As discussdd thelnput/Output Parametersection, the selected load€d
valuesdepend on the whether the RF power can maintain gradient regulation under all
transient beam loading conditions or only in a steady state condition. Eq. (1) provides
the matched loade@ value under all transient conditions, while Eq. (2) gives the
matched loade€) value under steady state conditions

Qlponer E (1)
LIMinPower é o 62
\/(Io(r/Q)cosyB)%ég 2T0E+ lo (r/Qsiny o

Qo= = @

oy,

MinPower o
\/(Io(r/Q)cosyB)z +2%E
¢

0

Here,E is the gradient in V/mlg is the effective beam current in amper@&) is the
normalized shunt impedance in Ohmsymg,is the phase of the beam current relative to
the cavity gradienty is the difference between thF frequency andy which is the
resonant frequency of the cavif$]
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Once the matched load€)l is determied, it is used along with the detune
frequency budget, the uncertainly in the loaedind the remainder of the cavity
parameters to calculate the permutations on the forward power necessary for operation
at each point. The maximum value of this dataseised as the minimum RF power
required. This is multiplied by the RF power margin to determine the RF power per
cavity. There is no margin in the RF power for cavities operated above the design
value, which is an area for future modifications to tregpm.

3.11.2.3 Cryogenic Facility Costs

Figure 4 shows the cost and efficiency estimates used for the cryogenic plant as a
function of n2 KO power . The baseline pla
were that of the 5 kW at 2 K plant that was built ast prthe CEBAF 12 GeV
upgrade.[5] One major assumption is that the ratio of 50 K shield power to 2 K power
is similar to that in CEBAF. Another critical aspect of the actual costs is that the plant
was designed by, major components procured by, andystens integrated by JLAB
staff. Were the plant to be procured as a-kew plant the costs would likely be
significantly higher. The procurement, installation and commissioning costs are scaled
as the ratio of the (2 K power/5 kW)[5] The wall plugefficiency, being the ratio of
the total AC power divided by theR power, was determined by plotting the efficiency
achieved by several existing plants used at accelerators [6] and generating a third order
fit between 800 W and 5 kW at 2K. It included AC power including warm
compressors. Cooling towers, HVAC, lighting, etc. are included as part of a separate
line item based on the overall power budget. The plant cost and efficiency was
increased linearly by 30% between 2 K and 1.8 K. [5].

4500

1.8K Eff 1.8K Costs
4000

2K Costs
3500

2 K Eff
3000

2500 25

Plant Costs ($M)

Wall Plug Efficiency (W_AC/W_2K)

2000 20
1500 15
1000 10
500 5
0 0
0 1000 2000 3000 4000 5000 6000

2 K or 1.8K Capacity (W)

Figure 4: The wall plug efficiency and facility plant procurement costs for a
helium refrigerator operated at 2.0 K and 1.8 K respectively.

The steps at 5 kW and 3.8 kW for the 2 K and 1.8 K systems were based on the
practical aspect of building and shippitige conponentg5] The primary issuas
shipping of an assembled cold box by truck. Above these power break points the plant
must be split into two sections. While one might consider using plants of different
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power ratings in order to reduce the cosighs plants might be less than ideal when
considering standby (half power) operations, spare parts, engineering design costs, and
overall maintenance costs. Based on this the model simply divides the plant into two
equal sized plants. The efficiency stepsto match that of the smaller plant.

3.11.3 Results

3.11.3.1 Cost as & unction of Frequency

One approach to the analysis of cost as a function of frequency is to maintain a
constant active length of the linac. Figure 5 shows such an analysis where a 2 GeV
linac was nodeled with 21 cryomodules and a linac total active length of 118 m. In this
model, as is often done when performing this type of optimization, cavities are not
causal as it relies on a fractional number of cavities per cryomodule. Alternately one
could consider using an integer number of cavities per cryomodule, which would limit
the model to approximately 10 points for the same parameter sweep.

1.4

—1.8K
—2.0K
1.3

1.2
11 4j/
1.0

0.9
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Frequency (GHz)

Relative Cost

Figure 5: Relative cost of a 118 m active length, 21 cryomod2ii&eV linac
plus 10 years of electrical per as a function of frequency and temperature.
13

1.8K
1.2

Relative Cost
=
=

1.0

0.9
0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9
Frequency (GHz)

Figure 6: Relative cost of a 2 GeV linac plus 10 years of electrical power as a
function of frequency and temperature forilD2 m cryomodulesachwith a
maximum of8m of active lengtland an integer number of cavities
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Alternately, one can use practical cryomodules. For the results shown in Figure 6,
the cryomodules were limited to 8 m of active length, resulting in 10 m to 12 m
cryomodule lengths. The number of cells per cavity wased from 4 cells at
500MHz up to 11 cells above 1800 MHz resulting in cavities that are less than 1.2 m
active length for any given cavity. This results in quantized steps in the relative costs
plots. In these results, the steps are changes in thieemwf cryomodules. Also as one
changes the frequency for a given cryomodule configuration the gradient must be
reduced slightly (up to 10%) so as to provide the target machine energy. At lower
frequencies the model for,Qurrently employed does not Ve gradient dependence
and thus there is a downward slope in the overall costs (lower cryogenic needs at lower
gradients). At higher frequencies the Sflope more than makes up for the reduction in
gradient and the gJosses increase as a function of trency.

3.11.3.2 Cost as & unction of Gradient

For this model the program was set up with fixed cryomodule and cavity parameters
and by sweeping the gradiemne is able to better undersatite cost drivers and
implications. In actuality the program is sweepihmptigh the number of cryomodules
and calculating the average gradient such that the desired energy is achieved. Note that
if the machine is run off crest, for a given number of cryomodules the gradient will have
to be increased by a factor of 1/0pg)(in order to provide the design beam energy gain.
Figure 7 shows the relative cost of the C100 cryomodule design which was used in the
12 GeV upgrade.[7] The C100 cryomodule contains 8 cavities, each with seven cells
operated at 1497 MHz, where each of ¢hgities has a normalized shunt impedance of
1288q/ m and a geometry factor of 280 q.
could be built out of 6 cavities, of 5 cells each operated at 748.5 MHz. For this model
the cavities had a normalized shunt ingmeck of 6441/ m and a geometr
280q .

2.0

~—C100 @ 1.8K
——C100at2.0K

748.5 MHz LL @ 1.8K
—748.5 MHz LL @ 2.0K

1.8

Relative Cost
=
ol

=
=

1.2

1.0
6 8 10 12 14 16 18 20 22
Gradient (MV/m)

Figure 7: Relative cost of a 2 GeV linac plus 10 years of electrical power as a
function of gradient and temperature.

Figure 8 shows the relative cost breakdown for the same C100 cryomodule
configuration. One can see that the cost driver at the lower gradients is the cryomodule
and accelerator civil construction costs. At higher gradients there is a step increase in

Thi

y

f
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cryogenic costs as the system exceeds a 5 kW or 3.8 kW cryogenic plant rating for
2.0K and 1.8K operating points respectively.

—Cryomodules
—Cryogenic System and Facility
5 —RF, Beam Line and Controls

—Tunneland Service Building
—10 Year AC Power

Relative Cost

6 8 10 12 14 16 18 20 22
Gradient (MV/m)

Figure 8: Relative cost breakdown for the components used in determining the
cost for the C100 cryomodule operated at 2.0 K.

3.11.4 Model Deficiencies and Future Improvements.

The model used for the results in thippahas a number of issues which still need
to be addressed. The cost estimates for items such as inner cryomodule girders,
cryomodules, RF power, RF control, construction costs, etc. need to be estimated on a
machine by machine, and location by locati@sis. Also since the current model uses
a fixed number for the cryomodule unit cost, it is important to note that cryomodules
with different numbers of cavities, couplers, etc. have different costs. In addition to
issues like coupler selection, etc. fi®gram does not take into account the material
costs increases that occur when building cryomodules at lower frequencies.

The @Q data used for the analysis was taken from vertical tests. Thus there is no
accounting for degradations and additional RFséssdue to phenomena such as
imperfect magnetic shielding, fundamental power coupler losses, and long term
degradation due to new field emitters all of which occur when the cavities are installed
and operated in a cryomodule. The model does not incluttefield Q-slope or any
distribution function for field emission losses. Further analysis of state of art
production data as well as data from past production runs and data from operational
machines should allow us to refine thg Qodels used. Reviewingctual costs for
specific systems, hardware and constructions, as well as those included in proposals for
new machines should provide us with results that are more in line with reality. In
addition to addressing these issues we would like to also inchmte accurate
distributions of gradients into the model which will affect the cryogenic losses.

3.11.5 Conclusions

These tools allow one to better understand the tradeoffs relating to the top level
design parameters of an SRF linac. They allow one to make adjustments to the baseline
costs, cavity parameters, machine packing factors, etc. on the fly and to get a quick



feedback as to the impacOne surprise to the author was the major cost implications
that occur when one exceeds the 18 kW at 4K helium liquefier limitations. Since this
describes initial applications of a new program, any use of the results of the simulation
in its current stateshould be done with care. For example, simple things such as
inclusion of field emission onset, or-$§ope changes at lower frequencies, can
dramatically change the optimum operations frequency, as both would tend to degrade
high field operations.Incluson of high field Qslope will lead to increases in costs at
the higher field levels and may lead to lower optimized fieAdlditionally, although

the baseline cost information is felt to be reasonable, different locations will have
different constructiorand electric powecosts. Although we have made good progress

in developing the tools for understanding machine cost tradeoffs more work is
necessary in order to understand all of the impacts of the different parameters.
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3.12 Simulations of a FreeElectron Laser Oscillator at Jefferson Lab
Lasing in the Vacuum Ultraviolet

Michelle D. Shinn and Stephen V. Benson
Thomas Jefferson National Accelerator Facility
12000 JeffersoAve., Newport News, VA 23606 USA
Mail to: shinn@jlab.org

Abstract:

The UVFEL at Jefferson Lab has provided a 10 eV photon beam for users by
outcoupling the coherent third harmonic of the UVFEL operated at 372 nm.cdrhis
provide up to tens of milliwatts of power in the VUV. Operation of the FEL at the
fundamental might enhance this power by up to a factor of 1000. With minor upgrades
to the accelerator now underway and a new undulator proposed by Calabazas Creek
Resarch, Inc. we show that we can lase in the fundamental at 124 nm. The predicted
output is higher by four orders of magnitude on an average power basis and six orders
of magnitude on a peak fluence basis than the Advanced Light Source at Lawrence
BerkeleyNational Laboratory.
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3.12.1 Introduction

Lasing in the vacuum ultraviolet is very difficult due to the lack of low loss optics in
this wavelength range. One way to get around this limitation is to operate in the
ultraviolet with a holecoupled resonator and use the coherent third harmonicicadiat
naturally emitted by the FEL. This has been accomplished already at Jefferson Lab [1]
but the power is rather low. If one can shorten the undulator wiggler wavelength, raise
the electron beam energy, and enhance the electron beam brightness sibke gos
produce gain sufficiently high for the relatively lossy mirrors in the vacuum ultraviolet.

3.12.2 FEL accelerator

3.12.2.1 PresentAcceleratorConfiguration

The present accelerator for the Jefferson Lab FELs has already been described in
detail in [2], so it wil be described very briefly here. The accelerator source is a DC
photogun operating at a nominal voltage of 350kV, which is then bunched and
accelerated to ~ 10MeV with a modified CEBA#yle 2 cell booster. A merger injects
this beam into a recirculay linac consisting of three cryomodules producing a total
beam energy of 135 MeV.

3.12.2.2 ProposedJpgrades

The injector for the Jefferson Lab FEL is presently undergoing an upgrade designed
to allow higher voltage from the gun and a more optimal accelerating cavity design for
the booster. Though this will not reduce the emittance and energy spread dramatically
at the FEL, it should reduce it by approximately 20%. The linac will also be upgraded
with the replacement of one cryomodule with a new {agHformance version. With
this module in place the accelerator should be capable of up to 160 MeV of electron
beam energy. To obtain fundamental 10 eV with the present undulator it would be
necessary to increase the energy to 235 MeV. This is far beyond the capability of the
present accelerating voltage. To reach 124 nm we must change the undulator as well.
Calébazas Creek Research, Inc. [3] has proposed building an undulator with iron poles
embedded in a solenoidal field. Their design predicts an rms field of 5.1 kG in the
helical undulator with a period of 15 mm. The rms valu&afould then be 0.707.
Similar undulators have been built in the past by several groups.

3.12.3 FEL Oscillator

3.12.3.1 FEL Modeling

The availability of a pulse repetition rate of 4.678 MHz allows for the operation of
the VUV-FEL as an oscillator, with a cavity length as long as ~32m. To overcgne
mirror losses, the small signal gain should be high, yet the overall wiggler length is
constrained to about 2 m in order for it to fit in the available spalee wiggler
wavelength of 1.5 cm is short enough thatianvacuo device is required but ¢h
solenoid embedded design allows a helical undulator design, which permits a lower
field for the same FEL gain. We are therefore assuming here a helical undulator with a
period of 1.5 cm and an rms field 5f1 kG. The bore of the wiggler would be 5 mm
diameter, which would be a problem for very high average current but will not be a
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problem for a current oht mosta few milliamperes.Such a design might have very
good field quality and very low susceptibility to radiation damage. A more conventional
superconducting electromagnetic undulator could achieve a similar field but with much
more complexity and less flexibility in its designA cryogenic permanent magnet
wiggler could also achievenaequivalentrms field strength in a linearly polarized
undultor, but would be more sensitive to radiation.

The performance of this FEL wasedicted using two codes. Oneaigombination
of the timeindependent version of Genesis 1.3 to model the FEL interactioDjra8d
the Optical Propagation Code (OPC)mmdel the oscillator [4,5].0PC provides the
flexibility to look at the effects of mirror figure distortions, add intevity apertures,
and analyze a number of other features, such as edge outcoupling, or the effect of mirror
decentering and tiltsThe wiggler can be placed anywhere in the cavity and the mirror
ROCs can be unequallt also allows one to evaluate the outcoupled mode and
determine its profile and beam qualityfhe other FEL oscillator code Wavevnm,
developed by the Naval Postgradu&ichool. This code assumes the wiggler is located
in the center of the resonator, and cal cul
based on an input Rayleigh range and waist positi®ath codes treat the FEL
interaction similarly in that wiggle-averaged orbiapproxmation is used, i.e., the
interaction is evaluated at each wiggler period and the average motion of the electrons
over each period is used. In addition, the user defines a discrete mesh and the particle
distribution and fields arevaluated on the mesh nodes.

For the chosen wiggler, optical cavity, and e beam parameters, simulations in
Genesis 1.3 yield a single pass gain of ~3.6, insufficient for operatiorhigé-gain,
low-Q oscillator[2], wherea small amount of power from thautput is fed back to the
start to seed the next pulsdnstead, a nearoncentric cavity is modeled, with the
parameters given in Table 1. Power is outcoupled through a hole in the center of the
mirror downstream of the wigglerThis provides an advéage in tunability sincefor
photon energies less than 12.4 aYe mirrors are relatively broadband and the
wavelength is controlled by the beam energy and the wiggler paramelersadd
tunability, we plan to use the multiple mirror design employedhenother FELs at
JLab [6] to change the coating parameters and outcoupler hole size.

The wiggler and optical cavity parameters for the Genesis/OPC simulations at 124
nm (10 eV) are shown in Table 1.
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Table 1: Wiggler, electron bearand optical cavity parameters for 124 nm operation

Parameter Value
Wiggler period (cm) 1.5
Number of periods 120
Kims 0.707
Energy (MeV) 155
Emittance (microns) 4
Energy spread (%) 0.17
Peak current (A) 180
Cavity length (m) 32.04196
Mirror radii (cm) 1.27
Mirror radius of curvature (m) 16.072
Hole radius (cm) 0.1
Mirror reflectivity (%) 80
Mirror microroughness (nm rms) 00. 5
Slippage parameter 0.33
Nominal pulse bandwidth (FWHM) 0.2%

A few comments about the table are in order. dikectivity at 124nm is typical,
or slightly poorer (< 5%) than the value determined from curves published on
manufactures websites, in order to provide a more realistic expectation of the losses
encountered at this wavelength. The pulse bandwidth isstimate based on the
slippage parameter which itself is based on the electron pulse having an rms duration of
150fs. In comparing the results of the two codes, the Wavevnm simulations showed
little tendency to avoid the hole, whereas the Genesis/OP@adions showed a mode
profile that was peaked slightly off center. The latter case matches our own experience.
Both codes predicted a profile resembling a ©tEMode, as shown in Fig. 1, with a
peak roughly in the center. This is also true of the autieal profile. As shown in Fig.
2, the Genesis/OPC simulations indicate a peak lasing efficiency of 0.048%, an
outcoupling efficiency of 27%, and an output energy per pulse of almut & 23W
average power at 4.678MHz.
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Figure 1: Transverse file on OC mirror
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Figure 2: Lasing efficiency (solid line) and net gain (dashed line) as a function,of K

For comparison, the output at 10eV of the Advanced Light Source, operating at
500MHz with 70ps pulses, is about 3pJ/pulse with an average powle6raiVv [2].
The measured 3 harmonic output of the UV FEL was about 7 nJ [4Actual
performancemight be poorer when the effects of mirror thermal distortion and
vibration, as well aslectronbeam slippageare accounted for in the model.

3.12.4 Optics Consderations

Though the predicted output of the FEL makes it the highest average power laser in

this wavelength range, this output is modest compared to lasers at longer wavelengths.

Because the performance of the FEL is dependent on the Rayleigh ranbeisvimc

turn determined by the mirror radii of curvatures, thieror substrates will be cryo
cooled silicon as this material is athermal, i.e., has a negligible coefficient of thermal
expansion at ~120 K [7] This material camlso be superpolished tochieve a
microroughness below 0.1nm, although thetaihcoatingwith protective overcoat may
increase tb roughness slightly. Besides theaforementioned thermal distortion of the
mirrors, which can be partially compensated by deforming them [6], theteamical
challenges associated with the maintenance of surface figure and finish along the
periphery of the hole in the outcoupler mirror, which we believe can be met using ion
milling and magnetorheological finishing.

The use of hole outcoupling inreearconcentric resonator architecture results in a
low outcoupling efficiency, so the intracavity power falling on the mirrors is roughly 4
times higher than the output power. To determine whether damage to the cavity optics
could be performanelmiting, consider that the mirror subjected to the highest
irradiance is the high reflector (HR) mirror, since the peak intensity falling on the
outcoupler mirror passes through the hole. The peak intensity on the HR is 346 x 10
W/m?, on a fluence basis it & 1mJ/cn for a 300fs pulse. This is well below the laser
damage threshold of 56mJ/€mstimated by using the measured damage threshold of
100mJ/crh for 300fs pulses at 400nm [8] and an inverse square root wavelength
dependence [9]. Thus, performance shl d n ot be | imited by
optics.

dam:e



112

3.12.5 Conclusions

We have simulated the performance of an FEL oscillator operating in the VUV
based on the existing Jefferson Lab linac and recirculator with an upgraded injector.
The performance is based 8B simulations, so 4D effects, such as slippage and bunch
shape are ignored. The predicted performance is promising, with an outcoupled
energy/pulse of @) and an average power of 23W, making it much brighter than
synchrotron light sources.
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4.1 Executive Summary

The 4" of July 2012 was a historical moment for highergy physics (HEP). On
that day, CERN announced that both the ATLAS aMB&xperiments had discovered
a new Higgdike boson.In this report, we shall assume that this newly found particle
will turn out to be a Higgs bosothe key signature of the Standard Model. At the ICFA
meeting on July 8 in Melbourne, an ICFA Beam Dymarsi Wo r Rcsehermtors for
a Higgs Factory: Linear vs. Circular ( HF2012) was approved.
place from November 14 to 16, 2012 at Fermilab, USAnferences.fnal.gov/hf20).2
Seventyone peple from 31 institutions in Asia, Europe and North America attended.
The workshop agenda is in Appendix 1.

The next Abi gdo collider after the LHC
community planning for more than a decade. For example, at the 0®dmass
meeting, a number of options were considered: a lingraellider, a circular &
collider, a Very Large Hadron Collider (VLHC) and a muon collider. Since then,
however, under the direction of ICFA, a series of decisions have been made:

f It should be an'e collider;
f It should be a linear'e collider;
It should be a cold (i.e., Superconducting RF) linéar eollider.

These major decisions have been followed by a number of significant steps. An
international collaboration for the ILC, deéd as a Superconducting RF linede e
collider of a centenf-mass energy (&) 500 GeV was formed under the leadership of
the Global Design Effort (GDE). Substantial progresses in design, prototyping and
R&D have been made. A Technical Design RepoBRR]J will be published in mid
2013, complete with a cost estimate. The Japanese HEP community has proposed to
build a lowenergy linear collider (& = 250 GeV) as the first step of the ILC.

The discovery of the Higgike boson at the LHC has placed theus on the need
to study the properties of this new particle with high precision. Thanks to nature, the
light mass of the Higgs (~126 GeV) puts a Higgs factory closer to reach. Various
proposals are claimed to be able to reach the energy and luminosityeret for a
Higgs factory: a linear’@ collider, either cold or warm (e.g.;band), a circular’e

Th


mailto:chou@fnal.gov
http://conferences.fnal.gov/hf2012

114

collider; a muon collider and a photon collider. They were put on the table at the
HF2012 workshop as possible candidates:

(a) Linear €€ colliders:
1 ILC
1 CLIC
1 X-band klystrorbased
(b) Circular €€ colliders:
1 Fermilab sitefiller
LEP3
TLEP
SuperTRISTAN40 and SuperTRISTAMNO
CHF1 and CHF2
1 VLLC
(c) Muon collider
(d) Photon colliders:
1 ILC-based
1 CLIC-based
1 Recirculating linacdbased (SAPPHIRE)
1 SLC-type

1
T
T
T

The purpose of the workshop was to compare the pros and cons of these candidates
mainly from the accelerator point of view budt to recommend amgpecificmachine,
which is only possible with further input from the physics sidéso it is not excluded
that multiple facilities may be required to complement one another in addressing the
entire breadth of Higgs physics. The comparison includes:
U physics reach
U performance (energy and luminosity)
U upgrade potential
0 technology maturity and readiness
U technical chllenges requiring further R&D
Cost was not included because it was too early for such a comparison at this stage.
Parameter comparison tables are in Appendix Is& tablesvere provided by the
workshop presenters excefpr someobviouscorrections andtems derivedfrom the
dataprovided.
The LHC will keep collecting valuable data and it is expected that more data from
the LHC will further clarify what kind of Higgs factory (or factories) will be needed.
For the candidates above (except the muon colliolgerating at the Higgs
resonance) delivered luminosities are in units Jf &67%s . Assuming 310’ seconds
a year for effective machine operation, this leads to an integrated luminosity of 100 fb
per year. Since the cressction for Higgs production (the ZH channel fé€ eand s
channel forgg) I's about 200 f b, t he figuantumo i s
collider operating at the resonance has a lower luminosifi-{0% cmi %s'%). But the
crosssection ofe™e” Y H is much larger (~41 pb), which could compensate for the
lower luminosity and give a comparable Higgs production rate.
Before we compare linear and circuldieeHiggs factories, it will be useful to
review two ée Z-factories operating at Ey around 91 GeVi the circular LEP
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(2.£10" cm?Y), and the linear SLC #30* cm?s?Y). Both were successfully
designed, constructed and operated, and both achieved important physics results: 0.5
million Z decays at the SLC over 11 years and 4 million in each of four experiments at
the LEP over 7 years. The exquisite energy calibratiorthat LEP by resonant
depolarization led to 2 MeV precision on the Z mass and width. The single most precise

determination of the electroweak mixing angléQe- at the SLC was due to 80%

longitudinal electron polarization.

The SLC was theirst (and only) linear collider ever built. Since then, extensive
studies on linear colliders have been carried out with an impressive level of detail. The
ILC and CLIC are two flagship programs. The former is based on Superconducting RF
technology while e latter on twebeam acceleration. Hundreds of millions of US
dollars (or equivalent) have been invested in these programs. Linear colliders are
extremely challenging and complex machines, but the key technologies are claimed to
be in hand. There exist Werganized international collaborations. The linear collider
community will soon be reorganized by combining the ILC, CLIC and detectors
together in a single organizatiorthe Linear Collider Collaboration.

In terms of readiness, the linedeeHiggs factory is clearly the front runner. The
main difficulty comes from the high cost of the project. Recently the Japan HEP
community issued a report advocating building a 250 Ge\ ) Enear collider in Japan
as the first stage of the ILC serving as a Hiiggsory.

An x-band klystrorbased linear collider was previously studied in great detail in
both the US and Japan. But the work was stopped after the ICFA selected SRF
technology for the ILC in 2004. However, the interest in damd linear collider was
renewed at CERN, KEK and SLAC during the discussion of a Higgs factory because its
cost would be lower than a CLIC age= 250 GeV, and one could add a CLIC section
later for an extension to higher energy.

In addition to these linear e+eolliders, anothr approach not discussed at the
workshop is the use of plasma (beaar laserdriven) or dielectric wakefields to
provide the acceleration field. These technologies are not mature today and face
important technical challenges that require vigorous R&D hbwme a large potential for
Higgs factories and beyond. A plasma scheme has been published at PAC 2009 (p.
2688). An update will be presented at IPAC 2013. A comparison of this technology
with other technologies for linear collider Higgs factory is aactjo be considered in
the future.

Contrary to the three different technologies (SRF;beam and sband) for a linear
e'e collider, all circular & collider are similar. The only difference is their size. From
the Fermilab sitdiller (16 km) to LEP3(27 km) to TLEP/SuperTRISTAN/CHF (480
km) to the VLLC (233 km), they share a number of common features.

The main limitation of a circular’e collider is that its energy is limited by
synchrotron radiation @&~ E*) and thus has no potential for an energy upgrade. (The
linear colliders, on the other hand, have advocated an energy up to 3 TeV.) However, a
circular €€ collider could be converted topp collider in the future as the next energy
frontier. This was dicussed for instance in a plan presented by IHEP, China. It was
proposed to begin by constructing a circula7®0km circumference tunnel. In Phase 1,
the tunnel would host the China Higgs Factory (CHF), a 240 Ge\tellider. Then in
Phase Il (2680 years in the future), when the high field superconducting magnet
technology has further matured, a 100 T@ollider could be built in the same tunnel.
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A noticeable feature of this plan is that it completely bypasses the ILC option and
focuses the physiasn either low energy (Z, W and Higgs boson studies) or very high
energy (new frontier).

A main advantage of a circulafe2 collider of sufficiently large size is to offer
ahigher luminosity than a linear one at 240 GeV and beldiso, a circularcollider
can accommodate more than one interaction point (e.g., LEP had 4 IPs). Dozens of
circular €€ colliders have been built and operated in the past five decades. The
technology is mature and the experience rich.

However, to meet the required enef@¢0 GeV) and luminosity (a few times>{0
cm?s') of a Higgs factory, several new major technical challenges need to be met.
Following the model of the actories and synchrotron light sources, all circula e
colliders adopted an additional circukarcelerator as a full energy continuous injector
(top-up injection).Due to high beam intensity and small beam size, beamstrahlung
(synchrotron radiation of individual parti
limit the beam lifetime. Managinghis effect requires both the RF system and the
machine optics (in both the arcs and the interaction region) to have large momentum
acceptance (ranging from 2% to 6% depending on specific proposals). This is a
nontrivial design challenge, especially in vieithe equally important requirement on
the optics for small emittance.

High synchrotron radiation power is another major challenge. The energy loss per
turn in these machines is on the order of 10 GeV, and the beam current on the order of
10 mA. Thesdranslate to ~100 MW radiation power and must be replenished by the RF
system. The major concerns are the RF power coupler, radiation shielding,
radioactivation and the required wall power. Even with a 50% wall plug efficiency
(which is several times highe t han todayods mo s t efficiel
cyclotron), one would need ~200 MW to compensate for synchrotron radiation. This is
higher than the current power consumption at CERN (183 MW) and almost four times
as large as that at Fermilab (58 MW).€Tlotal site power, including cryogenics,
magnets, water cooling and injectors would be even higher. At a given energy, this and
many other problems are easier in the machines of larger circumference.

Compared to a circular'@ collider, the muon collidehas the advantage of no
synchrotron radiation or beamstrahlung problem due to the muon mass 207 times more
than an electron. This means a muon Higgs factory would be much smaller (a
circumference of 0.3 km). Even a Te¢ale collider could be accommodatedan
existing campus (e.g., Fermilab). Moreover, the cross section ofctiengel resonance
g'e” Y His about 40,000 times larger than thaet ( &= 41 pb), which provides a
uniqgue way for detailed measurement of the Higgs line shape should an be
unconventional resonance. This requires a relative beam energy spread commensurate
to the expected Higgs boson width of 4 Mé\a few times 10! The technological
challenges are enormous, in particular the required 4D and 6D ionization cooling of
muonbeams. Simulations of the cooling processes have made substantial progress, but
experimental verifications are lacking. Some critical issues (e.g., RF breakdown in a
strong magnetic field) are being addressed and progress has been made towards viable
solutons. The MICE international collaboration in the UK and the MAP program in the
US are tackling these issues.

Photon colliders were first suggested as possible extensions of two proposed linear
colliders (SLC and VLEPP). Photon colliders are based orrdav€ompton Scattering
(ICS) by shooting a low energy (~1 eV) laser beam into a high energy (10s of GeV)



electron beam to generate a bachttered high energy (10s of GeV) photon beam for
collisions. The advantage is that the cross sectioggfer H is large and comparable to

e'e Y ZH (~200 fb) but the required energy is much lower (63 GeV for a photon
beam, corresponding to 80 GeV for an electron beam, compared to 120 GeV per
electron beam in ag'e collider). This makes a photon collider an attractive option for
either a low energy linear collider (80 GeV per electron beam) or a low energy circular
collider (80 GeV per beam). Furthermore, for a photon collider there is no need for
positrons and onlypne damping ring is needed. However, the physics of a photon
collider is not as comprehensive as a 240 G& eollider. There are also machine
design issues (e.g., IR optics and removal of the spent electrons) that need to be
addressed.

Several photonddlider proposals were presented at the workshop. One example is
ILC-based, another example CLiased. Their bunch structures are very different. The
former has | ong bunch trains (727 ¢€s) and
latter has short buhctrains (177 ns) and small bunch spacing (0.5 ns). This leads to
drastically different requirements for the laser. With large spacing an optical cavity can
be used, whereas a short train makes the use of a single laser shot possible. Thanks to
the newly brmed ICFAICUIL collaboration, the study of the required lasers received
strong participation from the laser community. For example, the Lawrence Livermore
Lab is working on a fusion project LIFE, which will use 384 laser beams for fusion
ignition. Just oe of these 384 lasers would be sufficient for a warm Jbased (CLIC
or x-band) photon collider. However, further R&D is required for either bunch spacing
scenario.

Based on the LHeC study at CERN, it was proposed to use an 80 GeV recirculating
linac for a photon collider (SAPPHIRE). SLAC, on the other hand, proposed an SLC
type photon collider that uses a single linac (room temperature or superconducting) to
accelerate both beams to 80 GeV.

One issue considered to be essential for inclusion in thiksiop report is to give
a timeline for these proposals. This is a particularly delicate exercise that the HF2012
program committee is undertaking with great hesitation. Not all proposals are at the
same level of technical readiness and this is reflectéaeimincertainty in the timeline.
Although the workshop has addressed in depth the technical readiness of various
proposals, many more issues in addition, e.g. cost, available manpower, funding profile,
and international setting, will all have great impact the timeline. Using the best
information available the committee generated the timeline of various proposed Higgs
factories. These are in Appendix 3.

The study on Higgs factories will continue. The ILC has finished the TDR. The
CLIC has completed the@mR and is proceeding to the TDR stage. But design reports
for other proposals (circulaf& colliders, muon collider and photon colliders) have not
yet been produced. The proponents are encouraged to move from the parameter design
to conceptual design witthe goal of publishing a report.

This workshop provided a useful and convenient platform for the international
community to meet and discuss issues of mutual interest related to a future Higgs
factory. Thus, it will be continued. The next workshop ipested to take place in late
2013. The exact dates and venue are yet to be decided



11€

4.2 Higgs Physics

Is the new particle discovered at the LHC the Higgs boson of the Standard Model?
Or does it carry evidence for physics beyortigh precision measurements of the
properties of this new particle are the next stée sessioin Higgs physics [1] began
with a presentation of theHC achievementsn the discovery of the Higgs boson
candidate[2-3] and the present status ofeasurerants of its properties. This was
followed by an estimate of what measurements cameasonably expect to come from
LHC after thefi n o mirumafl300 f5" at a cergr-of-massenergyof 14 TeV, or, after
the high luminosity upgrade, to 3000 ffHL-LHC) [4-5]. The theoretical introduction
described the role of the Higgs bosonaaslear instrument and signal of symmetry
breaking of the Standard Model and its minimal but someWrelkd o maiure, as well
as the variety of scenarios that have been advodatedtroduce it perhaps more
naturally. This calls for a variety of measuremeotsHiggs properties and of other
electroweak quantitiesA number of scenarios for New Physics Beyond the Standard
Model have been given in the literature-dp but a clearansatz ofthe precision
required to achieve tiredetectionis still work in progress The fAHiggs facto
acceleratorgletector facilities that can do precisely thahndathe following were
addressed

1 thelLHCitself both fAnomi n-aHC mode o and HL

f thee'e colliders, either linear collider projects (ILC, CLIC) or the more recent

proposals of circular machineperating in the range % Ecy ¢ 350 GeV

f them m collider operating at &= my

1 aggcollider operating just aboveclk= my
4.2.1 PhysicsCase

The Higgs boson candidate is such a special particle that it should be studied in all
possible ways. However, there is still much work to do to understand quantitatively the
physics case for building a Higgs Factory given that the theorists aretartipg to
answer t h dow preassly should Hifgs properties be meastired Wi t h
available information effects of New Physics at the TeV scale could be of the order of a
few percent, maybe up to O(5%) on Higgs couplings. A discovery §.ebSenation
of a discrepancy with the Standard Model prediction) would then require precision well
below a percent. How to compare or combine the information given by the &' €lC,
colliders at ZH threshold’e colliders at high energy andndni or gg collider is still
in its infancy.

A caveat to the physics discussion is in order: The main purpose of the workshop
was to initiate an wuepthaccelerator discussion. Nevertheless a number of important
new results on the precision achievable for Higgsptngs were presented. At the
same time, significant differences of views were highliglitéide most important ones
are described in the following sections. It is clear that the physics discussion was only a
beginning, and will need to be continued in edidated, broader framework with
participation of experts from all proposals.
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4.2.2 The LHC as a Higgs Factory

It was certainly one of the highlights of the meeting that projections showed
potential of HLLHC to reach percent precisionThe crosssections for Higgs
production, shown in Figure 2.1 are very large (20 pb at 8 TeV, and increase by
substantial factors when going up in enerdgylimbers would be even better for the
high energy option HEHC in the LHC tunnel with new magnetdlowing 33 TeV
Ecwm, orfor thesuperhigh energy option SHEEHC in a new, 8&km tunnel,allowing to
reach 100 TeVespecially for the determination of the Higgs saltiplingsas the
double Higgs production increases by a factor 9 when going from 14 toe@3 T
Assumptions on available luminosity and scaling of systematic errors were discussed
extensively LHC experiments so farave actually performed significantly better than
expected
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Figure 2.1: Higgs production crossection at the LHC operating at 8 TeV ceriemass
energy. On the right are indicated the five main production mechanisms, which upon tagging
can provide coupling measurementshe gjluon, W, Z and top

LHC measurements addre® mass, the spi@P properties and couplings to
bosons {gamma, gluon, W, Z} and fermions (top, b, tau, muon) to a few percent. The
accessible channels represent®®8% of the SM Higgs decays. The @R question
is expected to be settled with dataidableby the end of 2012. The LHC observables
are crosssections times branching ratios and can be expressed in terms of new physics
as such

0 $36°Y P QU0 "QQ / fP Qe—— GG' 10 kkl :
where:Kk; , ki, ky represent the ratio between theetrvalueand the Standard Model
value for initial and final state coupling to the Higgs and for the total Higgs width; and
J NP "Q0s the flux factor representing the probability of finding the initial state
within a pp collision of the given energy. For a selected final state, the initial state can
be identified by kinematic selection. The systematic errors originate from i) various
detector efficiencies and performance which tend to improve with increasirgjicsati

and ii) uncertainties in the flux factors
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In addition, the LHC experiments have come to the preliminary conclusion that, by
identification of final states with two Higgs boson decays, an indicative measurement of
the effect of the Higgs setfoupling could be obtainedith HL-LHC with a precision
of the order of 30% or better

The LHC measurements provide mady observables with i= gluefusion,
VectorBosonFusion, or radiation from top, W or Z, for 7 different final states.
Phenomenological predictions should dsmpareddirectly to these observables. For
the sake of comparison with other facilities, projections were made in tekrfactbrs,

seeTable 2.1 with Y& k 7 to match thes'e notations. In effect what LHC is

able to determine very precisely are ratios of branching fractions. What cannot be
determined is the common facthy that would affect the total width, and could be
changedin a global way by new undetected Higgs boson decays. For instance an
increase of the total width stemming from a global factor increasing all couplings would
result in an increase of the observed cimgions, while a similar increase due to a
significant invisible width would decrease théntonceptually a conspiracy could take
place. The power of the variety of initial states available at the LHC is illustrated by the
precisions with which the ttH coupling or glugiuon Higgs couplings can be
determired at the LHC

4.2.3 Higgs Physics of ElectroAPositron Colliders

The most studied Higgs Factory is #ie collider. Most studies have been made of
linear colliders [912], but the Higgs physics &€ depends only marginally on the fact
that the collider idinear or circular [13L4]. It then boils down to the availability of
high luminosity at the desired energies.

The specific feature is presented by ‘& - @"Oreaction, shown in Figure 2.2.

The events can be detected inclusively, independentlyeoHilggs decay mode, by
tagging e.g. a leptonic Z decay with a recoil mass equal to the Higgs mass. This cross
section is proportional t&) , while the crossection forQ Q - GO'AHO- & &is
proportional t0Q 7¥G , thus allowing the Higgsotal width to be determined (this
assumes a single resonance). In addition, the investigation of tagged ZH events can
reveal invisible or exotic decays that would have escaped detection at the LHC, thus
removing the ambiguity between new physics in cigsl or in new decay modes. The

best place to study this reaction is just below the eseston maximum of 200 fb at

Ecmw ~ 240(€ 10) GeV; the chosen value depends on the energy dependence of the
luminosity in a given machine. Thus in circular machinesldver end of the bracket is
preferred, in linear colliders the upper end. This reaction can also be investigated at any
energy where enough statistics can be collected, so that the CLIC studieg] [11
concentrate on the higher energies from 350 GeV up.

For the study of HZ, beam polarization is not essential; a high level of longitudinal
electron polarization combined with 30% positron polarization can be arranged to
provide a 30% increase of the rate; this was taken into account in the ILC estimates. At
240 GeV the unpolarized cressction is 200 fb, so that collection of a million ZH
events requires an integrated luminosity of 5'.am moste'e Higgs studies the
precision is limited by the available statistics. At the linear collider, the studies of
the bb and cc decays benefit from the very small beam spot size at the IP and from the
specific time structure of the accelerator that allows operation of the vertex detectors in
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a pulsed mode. Whether this quality can be preserved on a circular macthing wi
collision rate between 10 kHz and 1 MHz and in the presence of synchrotron radiation
needs further study.

Unpolarized cross sections
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Figure 2.2: Unpolarized Higgs boson production creestions at low energye colliders.
The regions of intere$or the direct study of the Higgs boson are: 1) the threshold region,
between 210 GeV and 240 GeV; 2) the region of esestion maximum around 2450 GeV
and the regieon up to thié threshold (34850 GeV).
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Figure 2.3: High energy ttH and HH crossections ire’e colliders. Note the two to three
orders of magnitude lower cresections compared to the ZH process.

Thee'e colliders can also collect high statistics of Higgs decays at higher center
of-mass energies, where the most abundant production mechanism is-Bsdar
FusionQQ - nw n w hw « - 'O, Figure 2.3. This reaction in combination
with the ZH measrements can improve significantly the determination of the Higgs
width. At high energies, the reactior@ Q - &fO (above 475 GeV) and
QQ - n n'Odin the TeV range) can give a handle on the Higgs coupling to the top
quark and on the Higgs Iéeoupling. Here the longitudinal beam polarization is useful
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(although not essential) as a means of controlling the backgrounds and enhancing the
signal.

There are different views on the need fored@ Higgs factory to run at energies
higher than th&H maximum. Everyone agrees that reaching 350 Ggyi€a definite
bonus, allowing the study of the reacti@riQ - n n "Oand of direct top quark pair
production. This is possible for the ILC, CLIC and, although close to their limit, for the
larger crcular machines such as CHF and TLHERe relative merits of running above
350 GeVfor Higgs physics alondepend on the machine consideréhile the linear
collider proponents emphasize that the study of the Higgscoupling and the triple
Higgs couplihg require are’e machine at least up to 1 TeV, the proponents of circular
machines argue that these measurements will in all likelihood be performed, earlier, at
the HL-LHC with a precision similar to what is advertised for, e.g., the 1 TeViILC
this was rather new information at the time of the workshop. Running only above 350
GeV as advocated by CLIC proponents is another possible strategy that remains to be
fully evaluated. The Higgs setioupling is an extremely difficult measurement, the best
repored sensitivity (very preliminary, 11%) would be from CLIC running at 3 TeV for
2 ab'. A further physics case beyond H(126) for a Linear Collider at an energy above
350 GeV may come from the discovery of one or more new particles at the LHC in the
coming \ears.

In additione’e colliders are unique for the precision measurements of quantities
sensitive to new particles through electroweak radiative corrections (EWRCs). These
provide important tests of the completeness of the Standard Model and of the Higgs
mechanism. This can be best done by revisiting the Z peak with a high luminosity
machine. TLEP claims $6cm s * (TeraZ). The main question there is how one could
take advantage of these potentially huge statistics to improve on the LEP measurements,
sone of which are already at the limit of systematics.

In this context, the availability of longitudinal beam polarization is extremely
valuable for the measurement of the inclusive and exclusive beam polarization
asymmetrie® andd . Thisis straightforward in a linear collider and has been
advocated for obtaining a measurement of the weak mixing andlgSinith a
precision of a few 10. If longitudinal polarization could be achieved with colliding
beams in a circular machine at the Z peak, a small fraction of the advertised luminosity
would allow these measurements to reach an extremely interesting level of accuracy.

The availability & very precise energy calibration, as available from the transverse
polarization in a circular machine using resonant depolarization, would allow a new
measurement of the Z mass and width with-ftdd precision improvement, or better,
over the present ars of about 2 MeV. The W pair threshold would offer a
measurement of the W mass with better than 1 MeV precision if a measureable level of
transverse polarization can be achieved at ~80 GeV per. beam

4.2.4 Physics ofmim - Higgs

A muon collider [1518] can doeverything that an*e collider of the same energy
can do, with some advantages in terms of precise knowledge of the-alemass
energy distribution, which can be extracted exquisitely fror2)(gpin precession
detected from the decay electrons. Hoarea nini collider has the additional feature
that the coupling of muons to the Higgs ig/m, times larger than for electrons, leading
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to a useable crosection of 40 pb for the-ehannel productionnim - H(126). The

study of the resonance requires a machine of precisely-Emu/2 with a precision of

better tharG;= 4.2 MeV. The demand on both reproducibility and beam energy spread

is thus very stringent. The energy spread can in principle be redoc2e16° by
emittance exchange but this is done at the expense of transverse emittance and the
luminosity is expected to be around*i€m s *.

50:. Breit—Wigner

125900 125950 126000 126050 126 100
Vs (MeV)

Figure 2.4: Direct measurement t¢tie Higgs decay widtfs by using muon beams of high
energy resolution.

About 2300 Higgs decays would be observed for one year of running (10 pb
Then the Higgs boson mass can be obtained with a precision of 0.1 MeV, the line shape
width directly with a precision of 0.2 MeV (5%), the peak cresstion with a precision
of 2-3%, from which the Higgs width can be extracted with a relative precision of 3%
and the muon coupling to 1.5%.

In conclusion, the muon collider Higgs factory is unique in its ability to check that
the Higgs boson is a single resonance of the expectedhiape; the Higgs mass can be
determined with a precision of a 0.1 MeV, and the muon coupling to the percent level.
Unless a significantly higher luminosity can be achieved, all other measurements seem
to be better done with a hadroné@eg collider. Sudies are going on to increase the
luminosity at thenimi - H(126) resonance to ¥cm?s™. At higher energies, the
muon collider retains its potential as a unique tool to study, viatharmel resonance,
the line shapef possible heavier neutréddiggs bosons, or to investigate very high
energy lepton collisions

4.2.5 Physics ofgg- Higgs

The photon collider can be seen as an am to a linear collidef19] or as a
dedicated maching0]. The reaction of interest is the direetlsannelgg- H which
has a crossection of 200 fb. The Higgs cressection is enhanced for photons of
circular polarization in the J=0 state, so the use of a polarized laser allows a significant
enhancement of signal over the background. The use of linearly polarized photons
allows selection of specific CP states.
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The unique attribute of the photon collider is the initial coupling to a pair of photons.
Higgs can be observed in e.g. teor bb final state, following which, using thieb
partial width measured at another maeh the H- ggpartial width can be extracted in
absolute terms to a precision of 1%. This quantity is of particular interest because this
decay proceeds through an inclusive loop that can potentially reveal heavier particles
into which the Higgs cannot decay directlgxperimentation would have to be
developed to control the luminosity spectrum at the appropriate level of precision.

4.2.6 Higgs Physics Summary

The main purpose of the workshopas to initiate an extendedcelerator
discussionlt is clear thathe physics disussion was only start, and will need to be
continued in adedicated, broader frameworndowever a number of important results
on the Higgs couplingaere already presented.

The relative precisions on Higgs couplings to various particles that
were preented br the variousproposalsare listed in Tabl€.1 The table is not yet
fully complete but a few conclusions can already be drawn.

1 HL-LHC will already be a Higgs factory, able performprecisemeasurements
on the relative values of thgg, gluongluon, tt, W and Z couplings.

1 Ane'e Higgs factory operating at ZH maximum with taeticipated luminosity
for the ILC or LEP3will access the Higgs boson physics observables that will
not be accessible at the LHC (total widthvisible width, and ccbar decaygnd
allow some improvements over the precision available at th&HHT for a few
of the other couplings (see Tal@d), in particular thebb coupling.

§ To attainthe subpercent precision measurements sensitive to rigwigsat the
TeV scaleit is of interest to pursue investigation adceleratorshat could give
significantly higher luminosities at ZH threshold and beldweseare the
proposedargecircular colliders such a&SHF orTLEP.

1 Unfortunately, none of thproposed facilities is able to make a very significant
measurement of the Higgs seBupling®; investigation of this important
guestion may have to wait for a higher energy collider beyond the
LHC/ILC/CLIC.

It should also be emphasized that testing dlosure of the Standariflodel by
precision measurements at the Z peak or the W threshold is one of the important tasks
for anext generation lepton collider

% The most significant prospects come from the CLIC studies. Recent and preliminary indications
are that a precision of 22% at 1.4 TeV or 11% at 3 TeV could be attained with*{rBsb2 ab)
integrated luminosity [12].
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Comments on Tabl2.1:

1 For the LHC:
Measurementat the LHC are extracted from final state Higgs decay €ross
sections. Since there is no tagged Higgs channel at the LHC there is an unknown
overall scaling factor that can be taken as either an unknown total width
normalization or an uncertainty in inviggbchannels. Except for invisible width
limits, the precisions given in the table were obtained under the assumption that
there is no invisible decay mode of the Higgs boson so that the total width is the
sum of the observed partial ones. One can alteeigtiand without model
dependence, interpret these numbers as precision of the relative couplings. The
first set of numbers corresponds to the hypothesis in which the systematic errors
remai n t he s ame as i n todayos LHC r es
corresponds to the assumption that experimental systematic errors scale down
with statistics, while the systematic errors of theoretical nature (flux factors)
could be reduced by a further factor of twothis second assumption is
considered the most restic at the moment, but does not take into account
possible improvement in the detectors. Except fprgthe estimated precisions
are for one single LHC experiment.

f For thethe €€ facilitiesi The quoted integrated luminosities and the expected
sensitivities are based on the following assumptions:

(a) All luminosity numbers were taken at face value from the proponents of
the various facilities (Tables 8.1 and 8.2). Some are optimsthers
conservative. The integrated luminosities correspond to the total
delivered by each facility. It is the sum of two experiments sharing one
IP at ILC, or the sum over four experiments for LEP3 and TLEP.
Operating time of 10seconds per year was assd.

(b) The integrated luminosities for the ILC and CLIC were based on a model
with slow initial buildup for machine operation.

(c) The numbers of Higgs for the CLIC do not include the effects of beam
polarization except for the HHH coupling studies.

4.3 Linear e'e€ Colliders

4.3.1 Introduction

ILC R&D has been based on a truly global international collaboration. ROR
and TDR phaseshe Global DesignEffort (GDE) has been the global working foroa
ILC accelerator R&D  with about 130 participating institutions
(http://www.linearcollider.oryy The core technologyfor ILC of 2x10 km linacs is
SuperconductindRF (SRF) technologylt featuresseventeerthousandl.3 GHz RF
cavities with accelerating field of 31.5 MV/im 1,7@M cryomodules and is based on
over 20 years worldwide R&D efforts. The TDR was completed at the end of 2012. The
volume covering accelerators consists of two parts: Part I: R&D, Part Il: Baseline
Reference ReporBased orthe TDR, staging scenarios to stavith a Higgs factory of
250 GeV extendable to 1 TeAre proposed.

CLIC is an internationalcollaboration of 44 institiwmns from 22 countries. CLIC
has a staged desigio reacha centerof-mass energy o8 TeV. Different from



http://www.linearcollider.org/

conventional klystron powed linac, CLIC adopta drivebeam schem® produce the
main linac RF(distributed Kklystron schemeyyith a drive beam current ~100 times
greaterthanthe accelerated beakurrent In 2012,CLIC haspublished e&CDR in three
volumes: Vol. I: The CLIC accetator and site facilities, Vol. Il: Physics and detectors
at CLIC, Vol. lll: CLIC study summary. The feasibility of the CLIC scheme has been
establishedThe CLIC staging scenarios include a first stage at 500GeV that can be
used as a Higgs factoriligher energy stages will still contribute to the Higgs studies,
e.g. to the measurement of the Higgs-selipling and the coupling to WW.

The main advantage of the linear collider is that the cost grows a3BwBthus
Aonl yo | i near | andrbadkis that bothd\yand B &ré eery large. The
challenge is to achieve reliably very high bunch intensities and very small beam sizes
for the two beams simultaneously and to collide them. There are specific proposals (ILC
and CLIC) which have beeredigned to the point that the main technologies are in hand,
although the level of readiness are somewhat different. International collaborations have
been setip and organized. The luminosity grows linearly with energy with a value of
2310* cmi %s *at By = 500 GeV. The luminosity can be doubled by increasing the RF
power by a factor of about 1.5 at a capital cost increase of several percent. The machine
delivers beam to one IP. High level (80%) of any type of beam polarization is readily
available for etctrons, whereas a lower level (30%) is achievable for positrons. Beam
energy calibration relies on accurate beam spectrometers with a relative precision of a
few 10“ Beamstrahlung induces a broadening and some uncertainty in theafenter
mass energy, Ui this is not of great importance for Higgs physics. The collision
environment features electromagnetic residues which have been carefully studied. The
beam comprises 5 bunch trains per second which allows the use of very thin detectors
operating in a psled mode. There exists a proposal to establish a linear collider in
Japan starting with a centef-mass energy of 250 GeV.

Compared with other types of Higgs factory, line& Higgs factories have the
following features

1 Advantages:
0 Extensive desigand prototyping work have been done.
U Key technologies are in hand after large investment for R&D.
0 There exist welbrganized international collaborations led respectively
by the ILC GDE and CLIC Collaboratiosdonto be combinedn the
Linear ColliderCollaboratior).
U Itis an mportant step towards high energy ee@llisions
U Polarized beams( 80%,e" 30%)can be created.
0 Itis thefront runner (in terms of readiness)
1 Challenges:
U High cost
1 Specific issues
i ILC
Final Focusing System (FFS)
Positronsource for a Higgs factory needs 10 Hz operation of the
electron linac for e+ production, or the use of an unpolarized e+
beam as a backup scheme
i CLIC
O Accelerating structure

ool
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O Industrialization of major components
O From CDR to TDR

The KEK x-bande’e / gg Higgs Factoryis based on CLIGype cavities and the
existingconventionaRF technologyAn optical FELcan alsdbe used to produce high
energy photorbeams for ayg collider. In the first stage of operatiog’€ Y Z, WW
and gg Y H) the proposed facilitycould be builton the KEK site If the initial
operational mode is with photon beams, then there is no need for an e+ @oarce
positrondamping ring The total length of the two linacs would be shakiout 3.6 km
atEcm(ed ~ 250 GeV.

The machinedetector interface (Rl) for ILC 500 GeV and CLIC JeV has been
studied The requirements for MDI are to provide reliable collisions of tdtrall
beams (~few nanometers), wahacceptable level of background.

4.3.2 ILC -based Higgs Factory

Figure 3.1: Layout of the ILC.

ILC is in the advanced design stage. (Figure 3.1) The Technical Design Report
(TDR) was completed at the end of 2012. The official printed version will appear in
June in 2013 after a few review steps. The TDR concentrates on tiga désa
machine of centeof-mass energ¥cv = 500 GeV and does not describe in detail the
design as a Higgs Factory. However, the technology for the Higgs Factory is obvious.
Up to the centeof-mass energy 50GeV ILC can adapt to any staging scenarios
required by physics. The difference is only the lengths of the linac and the tunnel. The
estimated cost of the 2%ReV Higgs Factory is 67% of the cost of the €V collider
and is 75% if the tunnel for 508eV is constructed. The required total site povs
about 120 MW and 125 MW, respectively. (The power for 6&Y operation is 160
MW.) In the present scope of ILC, when going beydhg = 500 GeV, an R&D is
planned for higher accelerating gradients for cost savings. Even without higher gradient
the ost increase for the 1 TeV machine is around 10% of the 500 GeV machine.

In the case oEcy < 300 GeV, 10Hz operation (Blz for collision and SHz for
positron production) is planned in the baseline design because the positron production
in the undulatorscheme is somewhat inefficient when the electron enEBggy/2 is
lower than 150GeV. (Figure 3.2) This does not cause any problem technically, but is
not very elegant. The 16iz operation requires an extra length of electron linac
corresponding to 150 250/2 = 25GeV and extra electric power ~28W. Thus, if 10
Hz operation is avoided, the construction cost ~3% and the operation powbh\W25
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can be saved compared with the values quoted in the TDR. A possible way to avoid 10
Hz operation is to adopt theeetronrdriven, conventional method. This is a proven
design. The only change in physics is that the positron is unpolarized.

In all cases the luminosity presentedliable 8.1lassumes 1312 bunches per pulse.
This can be upgraded by a factor of 2 by addibgut 50% more RF system.
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Figure 3.2 Positron yield (blue) and polarizatidred) as a function othe drive electron beam
energy.

There are a fewtemsthatrequire final steps of R&D.

First, the target for the positron production still needgeraimonths or 12 yearsof
further study However, the design of the backup scheme, which uses conventional
electrondriven system, has been completed. If ILC has to start construction in 2013,
this backup scheme can be adopted. The only disadvastéuga positron polarization
would not be available.

Second, the test of the final focusing system is still going on at-KER2. There
have been delays, including that due to the 2011 earthquake, but no fundamental
problem is expectedihe latest operain in December 2012 achievad/ertical beam
size ~70nm (Figure 3.3)which differs fromthe desigr(37 nm) byonly afactor of two.
Further study is being planned in 20131]
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Figure 3.3 Vertical beam size from the ATF2 experiment.
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4.3.3 CLIC -basedHiggs Factory
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Figure 3.4: Layout of the CLIC.
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Figure 3.4 shows the layout of the CLIChe CLIC baseline desigproposes
building in stages of increasing energy. The choice of these stages will have to be fixed
taking into account future LH@sults Curently two example scenarios exist, named
A and B, in order to illustrate the staging strategy. Scenario A has stages@eB00
1.4 TeV and 3TeV, while scenario B has stages of 308V, 1.5TeV and 3TeV.
Scenario A provides higher luminosity at 5@®V, while scenario B has a lower
integrated cost for the three stages. Each of the energy stages contributes to the Higgs
studies. Tabl&.1lists the parameters of the 5G@V and 3TeV stages of scenario A.

It is possible to operate each energy stage of CLIC at a lower than nominal energy.
This can be achieved by operating the main linac at a reduced gradient, i.e. by reducing
the drive beam current. The main bunch charge also needs to be reduced in this mode
order to preserve the same beam quality. At certain reductions of the gradient it is
possible to increase the length of the drive and main beam pulses. The resulting
increased number of bunches per beam pulse aldmwecreasein luminosity. The
main and drive beam complex is fully prepared for this type of operation. The power
consumption at lower than nominal collision energy is somewhat lower than at 500
GeV, the exact value depends on the collision energy.

The CLIC physics study grougnvisageperforming the Higgs measurements at a
cener-of-mass energy of 50GeV or 350GeV, rather than at 25GeV. The total
number of Higgs that can be expected at differentec@itmass energies is shown in
Figure 3.5for thee'e Y ZH ande'e Y 3 3 H; t hters for 250@ew and 350
GeV are given imable 3.1

If large importancewas attributed to the operation at 2%BeV, one could also
consider adding an extraction line in the main linac, to extract the beam &e\25
This would result in somewhat incredskiminosity. The same luminosity would be
obtained if CLIC were built for this collision energy only. wever this is currently not
foreseen since it delays tpeogramat higher energies.

The feasibility of the CLIC concept has been established with stidies
documented in the CDR. In particular the drive beam concept has been proven at a test

et injector,
2.86 GeV
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facility (CTF3) and very high gradients have been achieved experimentally. Specific

challenges as the unprecedented alignment and stability tolerances have been
successfully addressed experimentally. The main remaining challenges are to develop a
technical design, based on the conceptual design. This includes an optimization of the
accelerator components and systems and preparation for industrial procurement. In

paticular small series production of accelerating structures is important.
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Figure 3.5 The rate of Higgs bosons produced in the 68¥ stage of CLIC scenario A
operated at different cartof-mass energie3he design is slightly modified with respé¢otthe
CDR: the same number of wigglers has been installed in the damping ring as fdreklecase.

The quality of the luminosity spectrum is in all cases similar or better than &e&00

Table 3.1: The luminosity at different energies for scenaridlAe effective cross section for
Higgs production and the number of Higgs persit is also given. It has been calculated
based on a parameterization of the cross section derived with Wizzard2 [22] and adding the
beambeam and initial state radiation WiGUINEA-PIG. Polarisation has been neglected,

which increases thate forée Y 33 H by 80 %.
Design Ew [GeV] 500 3000
Operating at Ecy [GeV] 250 350 500 3000
L [10**cmi®s?] 1.37 2.13 2.3 5.9
Lo.o1[10** cm?s™] 1.04 1.30 1.4 2.0
0 *€ ¥ 33 ) 20.4 32.4 67.6 415
a0 “€¥ zH)) [fb] 208.2 141.3 70.1 4.6
eeY 33 H pPsea 1 ( 2,795 6,901 15,548 244,850
e'e Y ZH perlQsec 28,551 30,097 16,123 2,714
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4.3.4 X-band Klystron-based Higgs Factory

An X-bande'e / ggHiggs factory studied at KEks a conventina klystron-based
facility. Linear accelerators arbased on CLI@ype cavities and the existing RF
technology(XL4 klystrons, ScandiNova modulators, SLED Il systei)two-beam
scheme could be implemented at a later stsge test facilityor CLIC. An optical FEL
can beused to produce higanergy photormeams for ag collider. In the first stage of
operation €€ Y Z, WW andggY H), the proposed facility can be built on the KEK
site If the initial operational mode is with photon beath&n there is no need for an e+
source or a positron damping ringith a crossing angle of ~25 mrad for befle and
og beams, only a single set of beam dump lines would be req&ibedome processes,
the required centesf-mass energy is consideraldbyver at the proposed facility than at
ane’e collider. The rich set of final states i#le andgg collisions is instrumental for
measuring the properties of the Higgs boson

4.3.5 Machine-Detector Interface

The Machine Detector Interfad®IDI) for lineare'e colliders such as ILC and
CLIC, dlows for essentially full solid angle acceptanBe@am parametaneasurements
(energy, polarization, luminosity) allow control of bearheam effects on physics
analygs. MDI magnet technoldgs arewell into developmentsuch asa compact SC
magnetfor the ILC, anda hybrid permanent magnet ftre CLIC. The isks to machine
performance due to single pass collisions ofsire bunchesvill be controlled vialP
luminosity feedback especially advantageous IP feedbackfor the ILC bunch
structure

4.4 Circular €€ Colliders

4.4.1 Introduction

A number of proposals exist for Higgs factories based on a cireldarcollider
with a centenf-mass energy of 240 GeV and in some cases extending to 350 GeV or
500 GeV. Circular collider have been successfully used for lower energy machines in
the past and the concept and technology are well developed. The highest anétgy f
was LEP2 which reached a maximum centdrmass energy of 209 GeV. Circular
colliders allow for more than eninteraction point and potentially could provide more
luminosity than Inear colliders of equal energowever their energy reach is limited
and a number of issues may compromise their performance as will be detailed below.
The proposals are in a veryrlgastage with no design repsrtwhich makes it difficult
to evaluate them. A brief summary of the advantages and challenges of aifeular
colliders in general are given below

1 Advantages:
U0 At 240 GeV and below, a higher luminosity than a lingalider when
the ring is sufficiently large
U Based on mature technology and rich experience
U Some designs can use existing tunnel and site
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U More than one IP
U Tunnel of a large ring can be reused ap aollider in the future
1 Challenges:
U Beamstrahlung limihg beam lifetime and requiring lattice with large
momentum acceptance
U RF and vacuum problems from synchrotron radiation
U A lattice with low emittance
U Efficiency of converting wall power to synchrotron radiation power
U Limited energy reach
U No comprehensw study; design study report needed

4.4.2 Circular e'€ Colliders Considered

The main parameters for the different proposals considered at the Workshop are
listed in Table 8.2.

The driving parameter of a circular collider accelerator design is its circumference,
which is in some cases determined by external constraints and in some cases by a cost
optimization. Otherwise the design strategy is fairly similar for all proposals. Based on
the choice for the ring circumference, the colliders can be grouped as follows:

1 LEP3 has a circumference of 26.7 km in order to be installed in the existing
LHC tunnel, leading to a serious cost reductidowever,installation of LEP3
for concurrent operation with the LHC is complicated and unlikely

Figure 4.1: Sketch ofLEP3(white circle) and TLEP (yellow circle)

4 Lake Geneva

.....

1 As its mme suggests, the Fermilab ditker would fit on the Fermilab site. It
therefore is limited to a smaller circumference than the other designs of about 16
km. It is conceivable to later reuse this machagean injector for a very large
hadron or lepton collider with a very large circumference in excess of 200 km.
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1 TLEP, the different versions of SuperTRISTAN and the IHEP Higgs Factory as
well as VLLC use larger circumferencen the order of 40 to 233 km with the
aim to optimize the machine performance and to be able to reach 350 GeV and
in the case of VLLC with 233 km circumference also 500 GeV. In these cases
one can conceivef instaling a hadron collider in the same tunragla later
stage This collider could have proton energies a facdbr few higher than
LHC, the exact value depending on the size of the ring and the magnet
technology usedOne could even contemplate leptioadron cdisions.

4.4.3 Technical Challenges

The main challenges of the various proposals are fairly similar. Basically, the
storage ring collider technology is well established, so the technical issues have been
based on welestablished accelerator physics and teabgiek of the pashcluding the
LEP2, the Bfactories and the circular synchrotron light sour@epossibility that some
unforeseen technical issues are waiting around the corner, althoesgnt, is relatively
small. Some ofhe issues below, howeveare critical because they requirarious
degrees oextrapolations from past experience, and because at this time tkdreehna
very little conceptual design or R&D work devoted to these circular colliders

4.4.3.1 EnergyReachand Upgradability

The proposedcenter-of-mass energy is 240 GeV for all machines. For the larger
rings TLEP and SuperTRISTAN also 350 GeV is proposed. It is considered that
reaching higher energies further would lead to a strong increase in the cost of the
projects and is therefore notagtical or even forbidding. In particular the potential to
increase the energy of an existing circular collider will be very limited. Operation at the
Z peak and W pair threshold can be envisaged with luminosit®&so@&lers of
magnitude higher than in thé&P.

Theenergy that can be reached watlsirculare’e collider is determined by the size
of the ring and the installed RF voltage, which are both important cost factors. The
circulating beams emit synchrotron radiation. The average energy |gssfEeach
particle per turn is given by, &= 88 keV (E/GeVf/ (4 / m) , for a beam e
bendng radius . For exampl e, tannelvibOlde®ié V el ec
about 7 GeV per turn. This loss needs to be compensated with accelerating RF with a
total voltage exceeding the loss. In order to reach a higher energy, either the RF voltage
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or the radius, or both, has to be increased. A simple coselntath be applied to
conclude that the RF voltage and the cost of accelerator are expected to scale as E
Circular collicers are therefore basically machines operating between the Z peak and the
240 GeV ZH crosssection maximum, possibly up to the topestiold at 350 GeV.

They becomehighly unpractical approaching the level of 500 GeV, and impossible
substantially above 500 GeVYhe decision on whetheor notto goin the direction of
circular colliders depends critically on what required ceafenass aergy is needed to
explore the Higgs coupling constants. Without this critical input, no useful decision can
be made.

For the larger rings, one can however reuse the tunnel to install a hadron machine
later, in a similar fashioasthe LHC has been instaetl in the LEP tunnel. This would
provide a path to futungrojects. For the Fermilab siféler one can conceivasingit as
an injector for a larger ring. LEP3 does not provide an upgrade path but rather exploits
existing infrastructure.

4.4.3.2 Synchrotron Radation

The luminosity of a circular collider increases with the circulating beam current,
which in all proposals is several mA. The current is limited in all proposals by the total
power of the emitted synchrotron radiation, which is typically set to ab@utMW
(LEP2 went up to 20 MW). The main challenges are to limit the power consumption by
obtaining good efficiency for the transfer from wall plug power into beam power and to
deal with the impact of the intense radiation on the vacuum and the RF.itiorgdd
power requirements other than compensation for synchrotron radiation, such as for
cryogenics, magnets, water cooling, injectors etc., need to be taken into consideration
and optimized.

Compared to LEP2 the synchrotron radiation is more intensénaswime designs
also the critical energy is higher, whigtight cause a significant radiation hazard and
this issue needs to be evaluated and solved

A larger ring circumference obviously allows both increasing the beam current
linearly with the radius fothe same radiation power and reducing the installed RF
voltage inversely with the radius. As a result the luminosity will increase linearly with
the bending radius. With beam lifetime included (see section 4.3.6 Beamstrahlung), the
luminosity gains withle bending radius even more rapidly than linearly.

4.4.3.3 RF System

The RF system must provide the high accelerating voltage to overcome the
synchrotron radiation loss with sufficient overvoltage to provide an acceptable quantum
lifetime. It must also provide ghhigh power to be transferred with high efficiency to
the beam. The RF system must be shielded against the strong synchrotron radiation.

Distribution of the RF stations requires a conceptual design to minimize the orbital
sawtooth effects, especially ithe cases whee” ande beams occupy the same
vacuum chamber.

An optimal choice of the RF frequency needs to be made. An efficient RF power
coupler for the needed system also needs to be worked out in a conceptual design of the
collider. Note that thdLC cavities (1.3 GHz) have not been designed for this high
average power and that the coupler R&D would need to be redone. At 700 MHz,
however, the work done for the high power proton machines can be readily applied.
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When a large ring is operated at aatefely low beam energy E at a fixed
synchrotron radiation power, the required beam current can become large and increase
as 1/E. (For example in the case when the TLEP is operated at-ffweZ the beam
current exceeds 1 Ampere.) Since the RF sectiveng long compared with existing
rings, possible collective instabilities should be studied. The RF section length can be
made shorter at low energies in view of the total voltage required, but the demand to the
power coupler would be even more severemthe total synchrotron radiation power is
fixed.

4.4.3.4 Vacuum System

The raw synchrotron radiation power per meter will be much higher than LEP2
although lower or comparable to that of thefaBtories. Although some other
parameters will requirenuch extrapoladn from existing colliders, most of the vacuum
system issues such as the higbeter mode cooling are expected to be within our
engineering capacity. The one most signiitcaxception might be the radictivation
by the highcritical energy(~1.5 MeV) and high power synchrotron radiation. It is
possible that this consideration may drive the entire vacuum chamber design.

4.4.3.5 BeambeamEffects

Much of the past experience in operating the LEP and HfectBries has been
incorporated into the proposals of ttiecular Higgs factories. The achieved bebeam
parameter of 0.083 per IP (Figure 4.3) with 4 simultaneously operating IPs at LEP2 [23]
provided a solid basis for the design of the new colliders. However, not all past
experiences have been consistent #iale remains a need to continue the study and
identify and understand the underlying beam dynamics. Keeping in mind the critical
impact of beanmbeam effects on the luminosity, the new operating regime of
beamstrahlung and collision point optics, it idl stitical to fully understand the beam
beam effects in order to optimize the design. On the other hand, one possibility on the
optimistic side could be that the bedmam parameter value might be substantially
increased due to the much enhanced syndwoadiation damping.

With high RF voltage, it is expected that the synchrotron tune of the electron beam
will be high. Together with the small, at the interaction gint, which leads to large
hourglass effect, it may generate potentially harmful beanmadycs effects.
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Figure 4.3: Vertical beambeam parameter measured at LEP2



4.4.3.6 Beamstrahlung

The strong bearneam forces also lead to the emission of energetic photons, i.e.
beamstrahlung, which reduces the beam particle energy and leads at each twollision
the development of a low energy tail in the beam. (Figure 4.4) [24] The effect is weaker
than the beamstrahlung in the linear colliders and does not affect the collision energy
spread significantly. However, due to the limited energy acceptance oféatieina,
particles in this tail can be lost thus reducing the luminosity lifetime. In order to keep
the beam longer than a typical refill time of once per minute, less than one particle in
~10° must be lost per bunch crossing. A lattice and RF energy acwepof 26% is
required and the beam parameters need to be adjusted to reduce beamstrahlung; this
could potentially result in a reduction of luminosity.
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Figure 4.4: Simulation of the particle spectrum after one collision due to the beamstrahlung
effectat TLERP. An energy acceptance of 2% is necessary.

4.4.3.7 Lattice Design

The lattice design is challenging, since small fetections at the interaction point
and a large distance between the interaction point and the first quadrupole magnet are
required togethewith a large energy acceptance to reduce the impact of beamstrahlung
on the luminosity lifetime.

Decisions need to be made on whether the collider will consist of a single ring or a
double ring. It also requires an early decision on colliding beamsdreadat an angle.

Special and dedicated efforts must be invested in the interaction region design
because of its complexity, its direct impact on the optimization of Hesam effects
and luminosity, and its impact on the final energy acceptance. Diaghased to be
planned carefully in this region.

Also important is the machirgetector interface that impacts on the accelerator
performance, the detector performance, and the expected detector noise background
level. Due to synchrotron radiation and ettbackgrounds, the IP vacuum chamber may
require a small size that compromises high precision flavor tagging.

A significant development was made during the workshop in terms of an idea to
increase the energy acceptance due to the interaction region épirtdser effort to
consolidate this idea as well as further optimization will be needed in this important
area in order for the circular collider design to be completed.
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Lattice design for the regular cells is less of an issue, particularly when considering
the experiences gained in leemittance light sources.

4.4.3.8 Emittance Control

Various effects can disturb the small beam emittance required for the collider
operation. Inaddition to beamstrahlung, these include dynamic aperture and nonlinear
optical effects, intrabeam scattering, electatoud, higherordermode heating with
short bunches, coherent synchrotron radiation instability, etc.

An important issue is to contrthe ratio of vetical and horizontal emittande the
collider ring. It is necessary that this ratio be minimized before the -beam
collisions blow up the beam due to beabeam effectsA large number of error
tolerances, as well as diagnostics toolsl @aorrection mechanisms, will need to be
established to assure a small value for this emittance ratio. Operational experience
gained at synchrotron radiation facilities can be very helpful here as well.

4.4.3.9 Top-up Injection

Due to high luminosity and the beamahlung effect, the beam lifetime would be
limited. In order to keep the luminosity nearly constant during a production cycle, a
second ring as an injector would be added for theuppjection scheme, which was
successfully employed at PHPand KEKB. (Figure 4.5) The positron production rate
should be appropriate. An optimized injection scheme needs to be worked out in a
conceptual design.

Large synchrotron tune helps to separate the instability modes for the transverse
mode coupling instability (TM@Q. However, TMCI is more important for the larger
rings and lower energies, such as the case for thegomg at injection.
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Figure 4.5: PERII operation: top without topup injection; bottom with top-up injection.

4.4.3.10 Polarization

In electron storge rings, polarization builds up by the Sokelbernov effect. At
high energies the beams will have difficulty reaching transverse polarizations due to
their large energy spread. Therefore one should not expect to have polarized beams at
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120 GeV or aboveni any of the proposed circular machines. Other means of beam
energy calibration have to be devised. As seen in the physics section, this is not a big
loss for the Higgs boson physics. Obtaining transverse polarization at the Z peak was
achieved in LEP foithe energy calibration, and this should not be difficult in the
machines under discussion, especially since great efforts will be dedicated to achieving
small vertical emittances. It would be of great benefit for the physics to have i)
longitudinal polariation for colliding beams at the Z peak, and ii) availability of
transverse polarization at the W thresholgL{= 80-85 GeV) for calibration purposes.

Both are uncertain at this point and need to be studied. Additional hardware such as
movable spin rotars (as in the HERA) or polarization wigglers as in the LEP would
probably be necessary

45 Muon Collider

45.1 Introduction

A unique feature of a muon collider is its large cresstion in schannel resonance
for Higgs production. This crossection is proportional to the mass squared of the
colliding particles. Since the mass of a muon is about 200 times that of an eldwron,
crosssection of7im - H is about 40,000 times larger than that & e H. This
makes a muon collider particularly attractive to serve as a Higgs factory.

The muon collider has a number of other advantages as well as challenges when
compared to othetypes of Higgs factory. They are summarized below:

1 Advantages:

U Large cross sectiot (7im Y H) = 41 pbin s-channel resonance will
compensate for low luminosity (to compareste Y ZH at 0.2 pb)
Small physical size footprint
No synchrotrorradiation problem
No beamstrahlung problem
Unigue way for direct measurement of the Higgs line shape and total
decay widthG

U Exquisite energy calibration

U A path to very high energy leptdepton collisions
1 Challenges:

U Muon 4D and 6D cooling needs to éeemonstrated
Need small centenf-mass energy spread (0.003%)

RF in a strong magnetic field

Background from constant muon decay

Significant R&D required towards erid-end design and firming up
luminosity figures

i Cost unknown (not much cheaper than a T@bn collider)

c-CcCCC:

i
i
i
i

Presently there are two main muon collider R&D programs in the world. One is the
Muon Accelerator Program (MAP) in the U.S. coordinated by Fermilab. Another is the
Muon lonization Cooling Experiment (MICE) in the U.K. carried out by an
international collaboration.
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4.5.2 The Muon Collider as a Higgs Factory

The layout of a muon collider is shown in Figure 5.1. It consists of six stages:

1 Proton driveri a high beam power (~4 MW), short beam pulse (~3 ns) proton
accelerator. It can be either a imycling synchrotron or a combination of a
linac, an accumulator and a compressor.

i Target systeni a mercury jet target and a solenoid for generating and capturing
high flux pion beams.

1 Front endi for pion decay to muon and phase rotating the muon Heam
reducing the momentum spread.

1 Coolingi a key part of the muon collider. It uses a complex maBfesystem
for ionization cooling to reduce the longitudinal and transverse emittance of the
muon beam by several orders of magnitude.

1 Accelerationi a nunber of options including linac, recirculating linac, rapid
cycling synchrotron and FFAG.

1 Collider ringi two muon beams, ond anothemi, each of63 GeV, colliding for
Higgs production via the-shannel resonance.

Proton Driver Front Cooling Acceleration Collider Ring
End 7 T
—_— P a—

!e

Decay Channel

ECclM
126 GeV

6D Cooling

8 GeV Linac ?

Buncher

6D Cooling
Bunch
Merge

Accelerator Types:  Linac,
Recirculating Linacs (RLAs),
FFAG

Accumulator
Hg-Jet Target
Capture Solenoid

Phase Rotator

Figure 5.1: Layout of a muorcollider.

The most demanding part is the cooling. As shown in Figure 5.2, the 6D cooling
requires a total reduction of a factor of°if beam emittance (£0n the transverse
phase space and 4 the longitudinal phase space). And this has to be dqidlya
(~msec) before the muons decay. The R&D involves a number of frontier technologies
such as high temperature superconducting (HTS) high field magnets and high gradient
low frequency superconducting RF (SRF). (It should be noted that for a Higgs/factor
the requirement for the high field magnets is less demanding than that forscaleV
collider because the final cooling stage is not needed.) The breakdown of an RF cavity
in a strong magnetic field is an example of the many challenging issues rthaina
collider would have to solve before it can become a viable option for a Higgs factory.
The Muon Accelerator Program (MAP) is making good progress in this direction.
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Figure 5.2: Muon cooling procedure

When the muon collider serves as a Higgs factory, the longitudinal emittance is
more important than the transverse one as high energy resolution of the muon beam is
required for direct measurement of the Higgs total decay wilisee Sec. 2.4).
Therefore,the cooling can end at the point where there is the smallest longitudinal
emittance. The price to pay for this simplification is a lower luminosity due to larger
transverse emittance. The design luminosity for a muon Higgs factory*is1a%
cm?s?, which is about B orders of magnitude less than for afe collider.
Fortunately, however, this is compensated by the large-seas®n (~41 pb, to be
compared to 0.24 pb fag'e Y ZH) so the number of Hi ggs
comparable for the twvtypes of Higgs factory.

As a muon is ~200 times heavier than an electron, the synchrotron radiation and
beamstrahlung of a 63 GeV muon beam become irrelevant, and the ring size can be
quite small (300 m), which is a big advantage of a muon collider.

An interesting feature of a muon beam is its energy can be calibrated precisely. With
a polarization as small as 10%, the muon energy can be determined by measuring the
oscillation frequency of the electrons (from muon decay) to an accuracy of ~0.1 MeV.

The paameters of a muon Higgs factory are listed in Table 8.3.

4.6 Photon Colliders

4.6.1 Introduction

The idea ofa photon colliderdg collider) dates back to 1981 amduch significant
work ha been done since thehe photon collider is based on Inverse Compton
Scattering ICS) as illustrated in Figure 6The discovery of théHiggslikeo boson
brought about renewed interest to this concépe advantage is that the cross section
for ggY His large and comparabte €'e Y ZH (~200 fb) but the required energy is
much lower (63 GeV for a photon beam, corresponding to 80 GeV for an electron beam,
compared to 120 GeV per electron beam ine& collider). This makes a photon
collider an attractive option for eitharlow energy linear collider (80 GeV per electron
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beam) or a low energy circular collider (80 GeV per beam). Furthermore pfostan
collider there is no need for positrons and only one damping ring is needed.
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Figure 6.1: lllustration of the Invers€ompton Scattering

Several possibilities afg colliders were presented in the workshop, including

(1) ILC-based

(2) CLIC-based CLICHE)

(3) NLC-type

(4) SLC-type

(5) SAPPHIRE

(6) EnergyRecovery Linagbased (Thisvas notpresentedtthe workshopsee Ref.
[25])

Froma physics point of view these concepts can be claskifito two categories
(a) Those which focus onchannel Higgs production atgzy = 126 GeV,
(b) Those which are extendable to higher energies.

Among the above concepts (13) and (3) belong to (bJ4), (5) and(6) to (a). The
concepts in (a) include an arc for electrons of several tens of GeV so that they cannot be
extended to higher energiesanealistic sense.

The concepts above can also basslfied into two from the viepoint of the
distance beteen the bunches, namgly

(A) Those which are based amnormatconducting linac so that the distance

between bunches is of the order of a nanosecond

(B) Those which are based ansuperconducting linac with the bunch distance of

order of a micresecond.

Among the above concepts (2) and (3) belong to (A), and (1), (4), (5), (6) to (B).
((4) belongs to (A) if a normatonducting linac is usedlhe requirements on the laser
are quite different between these two categories.
The common features in all cases are:
1 The primary electrondam must be highly polarized 80%) for obtaining a
narrow energy spread of the photon beam.
1 The laser flush energy at the conversion point must be several Joules (except (6),
which requires one order of magnitude less), althouglexiaet value depends
on the electron bunch length.
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Here we briefly describe these concepts. The proposed g@i@nare summarized

in Table8.4.
The linearcollider-based ones (1), (2) and(3) i arerelatively obvious, so they are

omitted here.

SLC-type: Uses 85 GeV pulsedchormatconducting or superconductirimpac (or 45
GeV pulsed superconductiniinac, twicerecirculating) to produce two ~8GeV
electron beams and the arcs of 1km radius to bend sisémSLC. No damping rings.

For the laser, the_C-type optical cavity or FEL is suggested.

5

45 GeV, 1.5 km

@ " or 85 GeV, 3 km

Figure 6.2: SLC-type photon collider

SAPPHIRE: Uses recirculating CW linac (two 1GeV linacs, 4 turns) with 8GeV
arcsand FNAL-AO-type flatbeam gun (but must keff higher intensity and polarized).
No damping ringsThe acceleration part of this scheme is an Energy Recovery Linac
but the energy is not recovered when used as a photon collider

500 MeV e- injector

tune-up dump

11-GeV linac

~0, 20, 40,
60 GeV for
10, 30, 50,70 GeV e* (8 arcs!)
for e* (8 arcs!)

y
final
focus

total circumference ~ 9 km

1.1 km

11-GeV linac

tune-up dump

Figure 6.3: Layout of SAPPHIRE

Energy Recovery Linacbased Uses two 50GeV CW SC linacs with 5@GeV arcs.

The laser flush energy, and therefore thgpoenversion efficiency is much lower than
in (5). The luminosity igartly restored by the much higher beam current. The merit of
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the low conversion efficiency is that the energy of the electtioatsdid not irteract
with laser photons can be recovenethe ERL configuration.

injector injector

Arc radius: 1.5 km
Bending radius: ~1 km

Figure 6.4: Energyrecovery linaebased photon collider

Generally speakindhe ggHiggs factory has the following advantages:

1 The collidinggbeams have high polarization

1 Therequiredprimary beam energy is relatively low (category (a)) so that the cost
may be lower.

1 It can be addetb a linear collider (category (b))

1 The positron beam is not neededtegory (a)).

1 The damping ring, which isiecessaryfor positron, may be oni#gd. Then,
however, the electrogun mustprovidelow emittance and high polarization.

1 It allows access to CP property of the Higgs

The challenges are:
| The physicsis not as comprehensive @swould bein a 240 GeV & collider.
(for category §))
1 Background coming from the wide energy spectrum of the photons
1 The design of the interaction region is complex
1 High powerlaser technology is required

4.6.2 Required R&D for Photon Colliders

Category (B) needa laser repetition raten theorder of MHz with flush energy
several Joules. This is unrealistic. Henae,optical cavity to accumulate weak laser
pulses is indispensable. The required parameter range -aeu€0O(1000), the optical
path length O(100m), stored energy O(10J). Thealde hasalreadybeen reached but
the present statef-the artfor the other two parameterspath length O(1m) and stored
energy O(1mJ). Thus, intensive R&D is needed for the optical céviture 6.5)
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| Proposed telescopic, passive, resonant external cavity
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Figure 6.5: Sketch of an optical cavity in thieteraction region

Category (A) requires the laser flush energy O(kJ), split into some hundred sub
pulses of several Joules each, repeated at several tens of Hz. This sort of lasers may be
availablefrom inertia fusion technology such as LIREigure 66) However, it is not
clear when they become available and when the technology to split the kJ pulse into
subpulses becomes ready. For the R&D of laser systergsired to implemena
photon collidey the commitment ofboth the acceleratoand lasercommunities is

necessary.

The entire 10 beamline can be packaged into a box -

which is 31 m?® while providing 130 kW average power

Amplifier head

Preamplifier
module (PAM)

Pockels cell

Diode arra

Deformable Mirr

Figure 6.6: One of the 384 laser beam lines for the inertia fusion project LIFE at the Lawrence
Livermore Laboratory

Some of the proposals, including both (A) and (B), suggest the possibility of using
an FEL. However, to produce several Joule pulse demands the energy extraction from
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electron beamwith extremely highefficiency (2 10%). A tapered FEL is possibility

but this also requires R&D of many years includiaglemonstration. SAPPHIRE
suggests gossibility of using the primary electron beams as the FEL driver, but this
requires even more difficult R&D.

All the proposals of category (a) omit damping rings so they denaalwav-
emittancehighly polarized electron beam. The polarized RF gumgessibility, but the
achievemenbf this technology will require years of R&D. (4) allows larger emittance
comparedo (5) and(6) but requires larger bunch charge.

In all cases detailed design reports are still missing. The repautdinclude

1 Designof the laser system

1 Design of the polarized gun system

1 More detailed design of the linac system ¢4y, (5) and (6)(In particular the

cryogenics system for (6) may be very demanging

1 More detailed design of the arcs and the entire geometry, whicho ape

reflected in the cost estimate.

1 Cavity specification with power couplers

i Total power consumption

1 Detailed design of the interaction region including the ffoalis lattice and the

path of the laser beams. (It is quite likely that the required fassr energy
would increase after detailed studies in particular for (4), (5) and (6). Relatively
serious studies have already been done for (1), (2) and (3), though not at the
level of a technical design.) (6) must also include the recovery path of the
disrupted electrons.

1 Background studies including realistic photon spectrum and the effects of the

spent electrons.

1 Estimated length of the R&D time. Those of category (a) are limited to s

channel Higgs production onlfherefore imely construction is esseal. For
those of categorybj there is a possibility of starting the machine as @ e
collider (around 240GeV) and converting it later to g collider when the
technology becomes mature. (If one wants to stgra§ an shannel Higgs
machine for sang the initial cost, the situation is similar @ (hough polarized
RF gun would not be needed.)
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4.8.2 Appendix 27 Parameter Comparison Tables

At the workshop a set of parameter tables were compiled with input from the
proponents of each proposal. There are four paranadilss, one for each category of
Higgs factory, namely,

9 Lineare'e colliders
9 Circulare’e colliders
1 Muon collider

9 Photon colliders

Each table contains two parts:
1 Top level parameters, including:

u

HEN en- eI e e e et

u

Centerof mass energy

Luminosity

Number of interaction pats (IP)
Number of Higgs per year per IP
Machine size (length or circumference)
Power consumption

Polarization

Energy upgrade limit

These parameters are common to all Higgs factories and can be used for
Cross comparison.

1 Other important parameters:
Thesecan be different for different categories of Higgs factory. They can be
used for comparing different machines in the same category.

These tablesvere provided by the workshop presenters exdeptsomeobvious
corrections and itemderivedfrom the datgprovided.
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