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Talk Outline

• Background/motivation for 4th generation light sources

• Context of 4th generation light sources

• Science motivating these sources

• Jefferson Lab’s new proposal, called JLAMP
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Jefferson Lab

Jefferson Lab - where are we?
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Jefferson Lab, Newport News, VA

FEL
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The 10 DOE “Basic Research Needs”  Workshops 
10 workshops; 5 years; more than 1,500 participants from academia, industry, and DOE labs 

Basic Research Needs for the Hydrogen Economy 
Basic Research Needs for Solar Energy Utilization
Basic Research Needs for Superconductivity
Basic Research Needs for Solid State Lighting
Basic Research Needs for Advanced Nuclear Energy Systems
Basic Research Needs for the Clean and Efficient Combustion of 
21st Century Transportation Fuels
Basic Research Needs for Geosciences: Facilitating 21st Century 
Energy Systems
Basic Research Needs for Electrical Energy Storage
Basic Research Needs for Catalysis for Energy Applications
Basic Research Needs for Materials under Extreme Environments

www.science.doe.gov/bes/reports/list.html
courtesy Pat Dehmer

Presenter
Presentation Notes
CHARACTERISTICS OF A BASIC RESEARCH NEEDS WORKSHOP
Each workshop has three goals: (1) to summarize, prior to the workshop, the current state of technology and the associated R&D challenges in a Technology Perspectives Factual Document, which is used as a resource document for the basic research community at the workshop and well into the future; (2) to define a set of Proposed Research Directions that address the technology R&D challenges, the so-called technology show stoppers; and (3) to define a set of Science Grand Challenges that, if solved, might result in transformational changes in energy technologies.
The Basic Research Needs workshops must accomplish a great deal in a short time and their output must be authoritative, influential, and enduring.  To accomplish the goals, the workshop planning, execution, and output stages are defined and structured.  Ideally, each workshop report should serve as a reference document with a long shelf life.  Additionally, the reports should be readily accessible.  All reports are available on the BES website (http://www.sc.doe.gov/bes), usually within 60-75 days of the workshop.
The workshops are structured so that the participants learn about the status and challenges of a particular energy technology, generate proposed basic research directions to address short-term technology showstoppers, and articulate basic research grand challenges that might lead to transformational changes in energy technologies for the 21st century and beyond.  The workshop reports that result from this process can help define the basic research agenda for a “decades-to-century” national energy agenda.
Workshop planning begins many months in advance and is performed by the workshop executive group, which is led by strong scientist chairs and co-chairs from academia and/or national laboratories.  The executive group is made up of the workshop chair, co-chair(s), and panel leads.  Participants come primarily from the scientific community and include the workshop chair(s), plenary speakers, panel leads, panelists, and writers.  Each role is assigned tasks to complete before, during, and after the workshop. Technology experts serve as plenary speakers to provide applied perspectives to the scientific community.
A hallmark of the Basic Research Needs workshops is the production of the Technology Perspectives Factual Document.  This feature describes the current status of technology development and is prepared prior to the workshop.  It provides a common context and language for workshop discussions, it is used to educate workshop participants, and it becomes part of the workshop report.  The Technology Perspectives Factual Document is written by technology experts from inside and outside DOE.  If existing material is available (for example, technology roadmaps), it is included either explicitly or by reference.  The Technology Perspectives Factual Document is not meant to provide the perspectives of the science community.  Instead, science perspectives are garnered as an outcome of the workshop. 
The outputs of the workshop are organized as (1) Panel Surveys describing the current state of science for each panel theme, (2) Priority Research Directions and Cross-Cutting Research Directions listed by each panel, (3) Science Grand Challenges outlined by all participants, and (4) Science and Technology Relationships Charts completed by the participants.  
The result is a prioritization of the discovery-class and use-inspired basic research pertinent to energy technologies, obtained through a documented process.  Often after the workshop, the chair and co-chair(s) and BES federal staff members participate in outreach activities to communicate the results of the workshop to the scientific community.  Additionally, BES federal staff members brief other interested parties in the federal system, both inside and outside of DOE.
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“Directing Matter and Energy: Five Challenges for Science and the Imagination"

Dec. 2007
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BES Grand Challenges

Directing Matter and Energy; 5 Challenges for Science & the Imagination

1. How do we control materials processes at the level of the electrons?
Pump-probe time dependent dynamics, ARPES

2. How do we design and perfect atom- and energy-efficient synthesis of new forms of matter with 
tailored properties?

PLD, photo-chemistry, XRS, ARPES
3. How do remarkable properties of matter emerge from the complex correlations of atomic and 
electronic constituents and how can we control these properties?

Pump-probe time dependent dynamics, XRS, ARPES
4. How can we master energy and information on the nanoscale to create new technologies with 
capabilities rivaling those of living things?

Pump-probe time dependent dynamics, XRS, ARPES

5. How do we characterize and control matter away -- especially very far away -- from equilibrium?
Non-linear dynamics, ultra-bright sources

Report  - Graham Fleming and Mark Ratner (Chairs).

Ultrafast, ultrabright, tunable THz/IR/UV/X-Ray light 
from next generation light sources
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The Tools determine the science possible
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The reports make a compelling 
case for use of high power and 
brightness for fundamental studies 
of equilibrium and non-equilibrium 
properties of novel materials.

And culminated in a report 
outlining the photon sources 
needed.
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Workshop Co-chairs: 
John Corlett (LBNL)
Bill Barletta (MIT)

Date:  September 15 -17, 2009

Accelerator Physics of the Next Generation Light Sources

Accelerator Physics of the 
Next Generation 
Light Sources

Report

February 2010
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Next Generation Light Sources USA Programs

1. Jefferson Lab, UV/IR/THz ERL, operational     

2. LCLS, Stanford, USA, hard x-ray, DOE-BES under construction

3. Cornell University, hard x-ray ERL, proposal to NSF, initial funding

4. Florida State University, IR/THz ERL, proposal to NSF, initial funding

5. WiFEL, Stoughton, Wisconsin, soft x-ray, proposal to NSF 

6. Next Generation Light Source, Berkeley, soft x-ray, white paper phase

7. Advanced Photon Source, Argonne, hard x-ray ERL, ideas phase

8. LSU, THz – soft x-ray, white paper preparation to State and DOE

9. Light Source of the Future, DOE-BES, TBD

10. Also of note:  PEP-X, Stanford, the “ultimate storage ring”, preliminary ideas
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What are (4th) Next Generation Light Sources?

1. First of new generation – they do not displace 3rd generation
NSLS-2 is very important 

2. Superconducting radio-frequency linac based.

3. Use multiparticle coherence (or “gain”).

• Big discussion over whether both 2 & 3 of above, and if 3, then 

how - SASE, oscillators, seeded amplifiers?  

• Big discussion over peak & average current (do we need ERL 

for example?), and power per pulse.

• Use science to define machine parameters.

• JLab and LCLS are the first of the 4th generation light sources 

operating in the USA. 



Slide 17/55

1. FZR-Dresden, IR/THz, operational
2. Budker Institute, Novisibirsk, Russia, THz ERL operational 
3. FLASH, Hamburg, Germany, soft x-ray, operational 
4. Daresbury & Rutherford UK, THz-x-ray, prototype + NLS proposal
5. Paul Scherrer Inst. Switzerland, hard x-ray, proposal
6. Maxlab, Lund, Sweden, soft x-ray, proposal
7. XFEL, Hamburg Germany, hard x-ray, European project constr. phase
8. XFEL, Spring-8, Japan
9. Arc-en-Ciel, French ERL, proposal  
10. XFEL, Pohang Light Source, Korea, proposal
11. IRFEL, Nijmegen, Netherlands, funded
12. IRFEL, Fritz-Haber Inst. Berlin, funded
13. Soft X-ray FEL, Berlin, discussions

Next Generation Light Sources – International
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Average Brightness Plot for Light Sources
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Peak Brightness Plot for Light Sources
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Science Drivers

The behavior of many complex systems is not understood.

Examples:  high Tc superconductors, giant magnetoresistive 

materials, nanomaterials, systems with complex charge order, 

correllated systems…..even excitations of simple atoms and 

molecules……

Need tools that study the complex interplay between electronic, 

spin, vibrational and phonon excitations.

Need to study systems in real-time and out of equilibrium and be 

able to selectively excite the electrons and phonons and watch 

the relaxation dynamics.
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from Marvin Cohen, Physics Today, June 2006, page 48.

reductionist approach
- electrons
- nuclei

Another way of looking at it…….

emergence approach, collective excitations
- phonons,, magnons
- polarons, plasmons

(called quasiparticles)
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Simplicity – materials physics 1940 - 1985
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Complexity – materials physics 1985 - present
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Yet another way of looking at emergent behavior…….
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Characteristic time scales of nature

1 sec (1 s)

1 millisecond (10-3 s)

1 microsecond (10-6 s)

1 nanosecond (10-9 s)

1 picosecond (10-12 s)

1 femtosecond (10-15 

s)

1 attosecond (10-18 s)

1 zeptosecond (10-21 s)

clock tick

camera shutter

camera
flash

processor speed
data storage

rotations
bond breaking
vibrations
charge transfer

electron motions 
in atoms, 
molecules and 
materials

• Sub picosecond to 
attosecond pulses can 
capture all motion in the 
natural world, even at the 
level of electrons

Presenter
Presentation Notes
The idea of using light or el to capture fast events has been around since the 19th century. But it was the advent of the laser that really made controlled probing and manipulation of very fast motion became possible
Interestingly, if one fires a very energetic electron at an atom or molecule, the interaction time can be incredibly fast, but the interaction is not controlled
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It’s all about fast and small……

Atomic resolution, with femtosecond frame rates…..

Electronic and phonon excitations……

Need ultrafast x-ray laser……JLAMP
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Movies of chemical reactions

…aka… ultrafast dynamics
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TbTe3 Δt = 200 fs

Energy and momentum resolved snapshot of the electronic structure of the charge 
density 
wave system TbTe3 at a time-delay of 200 fs after photoexcitation
[F. Schmitt et al., Science 321, 1649 (2008)].

Materials Science
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THz control of metal/insulator transition

manganite material

Cavalleri et al, Nature 449 72 (2007)

Presenter
Presentation Notes
Manganite is MnO, this one is a distorted ortho-rhombic structure due to the presence of larger Ca or P atoms.  Excitation is of the Mn-O vibration inside the small cube.
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Example from existing JLab FEL

H2
*HBC

(+) IH2

VH2V2H
VH4

Luepke et al.Phys. Rev. Letts 85, 1452 2000
Wm. & Mary  Phys. Rev. Letts 88, 135501, 2002
Vanderbilt Phys. Rev. Letts 87, 145501, 2001

Phys. Rev. B63 195203 2001
J. Appl. Phys. 93 2316, 2003
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T1 = 7.8 ± 0.2 ps

HBC
(+)

Defect Dynamics
Luepke et al. CWM/Vanderbilt
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Pulsed laser deposition of Ni80Fe20
“Permalloy” films with the JLab-FEL

TS

FEL

0.004

0.006

u)

A. Reilly et al. CWM
J. Appl. Phys. 95 3098 (2003)

SEM AFM Magnetic Hysteresis

JLab FEL – making new materials…
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New science – tunable electronic excitations….

Magnetic storage dynamics……….

Eberhardt et al.  
Nature Materials 6 740 (2007)
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Solar Cells

Tunable electronic excitations….

A.J. Nozik, Physica E14 115 (2002)
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Example 3 – AMO, encoding the wavefunction

August 23, 2009

Kr
2p
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FLASH, DESY – Transparent aluminium

Peak brightness collab.: Bob Nagler et al., Nature Physics 5, 693 (2009)

Saturated absorption for a core 
transition !
Every Al atom with an L-shell 
hole

Photon energy 92 eV

focus 1.5 µm

from Wilfried Wurth
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FLASH, DESY   - Lensless imaging
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Ultrafast single-shot diffraction imaging
of nanoscale dynamics

A. Barty et al., “Ultrafast single-shot diffraction imaging of 
nanoscale dynamics”, Nature Photonics 2, 415–419, (2008)

Time sequence -5ps to 140 ps

-5 ps 15 ps
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Coherent diffraction pattern from orbital order in a doped manganite, Pr0.5Ca0.5MnO3
J. Turner et al. N. J. of  Phys. 10, 053023 (2008).

Resonant Inelastic X-ray Scattering  (RIXS)
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The tools of the trade……

- next gen light sources
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Visible laser light has greatly benefitted society

Surgery

Welding

Material 
Processing

Ranging

Holography

Atomic
Molecular
Science

Optics Communications

Optical 
storage

Remote
Sensing

from Margaret Murnane
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X-ray tube

X-ray light also greatly benefits society
Wilhelm Roentgen 

1895

from Margaret Murnane
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Incoherent radiation

1878 -1879 1895

Wilhelm Roentgen 

17 years later………

from Margaret Murnane
Thomas Alva 

Edison
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x-ray beam

50 years later………

Soft x-ray laser at 20nm 
(D. Matthews 1985)x-ray beam

1960

1954

Coherent laser radiation

X-ray free electron laser at 
1.5nm 
(K. Hodgson 2009)

from Margaret Murnane
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Why are x-ray lasers so challenging to build?

• 1 µm -> 1 mW
• 1 nm -> TW
• 1 Å    -> 1 PW

Spontaneous emission

Stimulated emission

A21

B21

=
8πhν 3

c 3 ∝ν 3

Power ∝
1

σ g

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

1
τ

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ hν( )∝

1
λ5

from Margaret Murnane

Presenter
Presentation Notes
We generate EUV light by focusing a femtosecond laser beam into a a gas that is contained either in a gas jet or inside a hollow fiber. the nonlinear interaction between the light field and the atoms in the gas is so strong that very high harmonics of the fundamental laser are observed.  These harmonics extend well into the XUV region the spectrum and if you do things right, they are emitted as a coherent, low divergence x-ray beam.  The process is very similar to what is happening in this laser pointer…..
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Multiparticle Coherent Synchrotron Radiation

4
Larmor's Formula:  Power  (cgs units)

2 2
3

2( )
3
e a

c
γ

=

e- light

1 electron

………aka longitudinal coherence
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4
Larmor's Formula:  Power 2  (cgs units)

2 2
3

2( )
3
e a

c
γ⎛ ⎞

⎜ ⎟=
⎜ ⎟
⎝ ⎠

2e- light

2 electrons

Multiparticle Coherent Synchrotron Radiation

………aka longitudinal coherence



Slide 49/55

4
Larmor's Formula:  Power  (cgs units)

2 2
3

2( 2 )
3
e a

c
γ⎛ ⎞

⎜ ⎟=
⎜ ⎟
⎝ ⎠

2e- light

2 electrons

So 2 electrons give 4 times the power of 1 electron

Multiparticle Coherent Synchrotron Radiation

………aka longitudinal coherence
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4
Larmor's Formula:  Power  (cgs units)

2 2
3

2( )
3

N e a
c

γ⎛ ⎞
⎜ ⎟=
⎜ ⎟
⎝ ⎠

Ne- light

2 electrons

So N electrons give N2 times the power of 1 electron

Multiparticle Coherent Synchrotron Radiation

………aka longitudinal coherence
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JLab’s Existing IR/UV 4th Generation Light Source

E = 120 MeV emittance 5 microns
135 pC pulses @ 75 MHz  150fs

1. IR (1‐10 microns)
2. UV (down to 300nm)

4eV in fund.  12eV in 
3rd harmonic

2 FELs
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JLab Conversion to JLAMP
• 4 steps
• 600 MeV,  2 pass acceleration
• 200 pC, 1 mm mrad injector
• Up to 4.68 MHz CW repetition rate
• Recirculation and energy recovery
• 10 eV – 100 eV fundamental output, GW peak power 
• harmonics to 2nm 
• Pulse widths down to 50 fs 1

2

2

3

4
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Conclusion

DOE-BES have identified science drivers and tools.

We have submitted a $96M proposal for JLAMP.

We would very much like to work with PNNL on science 
and also tool development.
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The Jefferson Lab FEL Team 

This work supported by the Office of Naval Research, the Joint Technology Office, the 
Commonwealth of Virginia, the DOE  Air Force Research Laboratory, The US Army Night 

Vision Lab, and by DOE under contract DE-AC05-060R23177.

April 24, 2009 
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