
BigLight: the light source for the USA’s National High 
Magnetic Field Laboratory

John Singleton
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With enormous thanks to George Neil’s team at the Jefferson 
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Shinn (beam transport) Mufit  Tecimer (FIR FEL), Gwyn Williams 
(THz) and many others.

Also: Greg Boebinger, Hans van Tol, L.C. Brunel, Steve Hill and 
Naresh Dalal and others (NHMFL)



BigLight schematic. 
•Energy-recovery Linac; stores 
energy, not current.
•Compact footprint.
•Three FELs; MIR and NIR FELs 
and broadband THz run together.
•Flexible micro/macropulse 
structure (ps-ms); 10.7 MHz.

True 4th generation
light source:
1. linac-based; 
2. CW RF power;
3. multiparticle 

coherence (gain); 
electrons within each 
bunch radiate in 
phase;

4. picosecond time 
resolution;

5. multicolor. 



BigLight combines a fourth-generation light source 
with the World’s highest steady magnetic fields (35 T, 
45 T, 50 MW) at NHMFL Tallahassee, Florida 
(existing user facility).

Proposed 
BigLight 
building.

45 T Hybrid 
magnet
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Use Designs based on JLab FEL 
to Minimize Risk and Cost 

and Time to First Light

If funded mid-2009, if building ready by mid-2010, then first light in 2012

$25-30M  Cost and Commission BigLight FEL
$10-15M  FEL Specific Infrastructure
$  20M     FEL Building

Broadband THz

Far IR
Undulator

Mid IR
Undulator Near

IR
Undulator

Evolution of Evolution of BigLightBigLight
•2004-2007: 5 international workshops to assess 
spectroscopic/timescale needs of present and future 
NHMFL/BigLight users from physics, chemistry, biology 
and medicine. 
•2005: NHMFL awarded c. $2M (NSF) to design light 
source based on needs. 
•Design work by George Neil and team at the Jefferson 
Laboratory.
•Three undulators covering 1mm to 1.5 microns 
and a Broadband THz source covering 50 GHz to 3 
THz. Picosecond 10.7 MHz pulse structure.



•Cyclotron resonance, interband magneto-optics and EPR in very many materials,
including organic metals, oxides etc.
•Accesses energy scales of many phenomena in condensed-matter physics (phonons, 
superconductivity, magnetism, structural phases).

Cyclotron energy

in semiconductors 

(m* ~ 0.05 is shown)

m* = 1 Cyclotron energy

g = 2 Zeeman energy

28 GHz/T

BigLight’s 
chosen 
energy 

range:- (i) 
condensed 

matter 
physics + 
chemistry 

phenomena 
involving 

high 
magnetic 

fields.

Chemistry



Cartoon of the frequency response of DNA (L.L. Van Zandt, Purdue).
•Sub-THz: relative motion of large molecular components;
•100s THz: bonds between individual atoms within the molecules. 
Spectral range corresponds to the frequency span of BigLight: the whole gamut 
of excitations and vibrations and their couplings may be explored.

BigLight energies (ii): biomolecules, biophysics:
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Power versus wavelength characteristics of NIR and MIR FELs

•Can independently optimize 
NIR or MIR FEL; 
•can run NIR (unoptimized) 
while running MIR full out.
•Wavelength overlap.
•Allows parasitic use of
recirculator dipole edge 
radiation (THz).
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Unique timing structure: can illuminate experiment with up to 3 
separate beams of differing “colours”: MIR, NIR, THz 
(broadband).

Wide range of 
pump-probe-
probe, pump-

pump-probe etc. 
configurations 

possible on 
picosecond 

timescales with 
femtosecond 

time increments

time

in
te

ns
ity

Can reverse timing order etc.
Pulse durations: ~0.5-
6 picoseconds.
Relative timing jitter: 
~10-20 fs (factor 10 
better than state of art, 
factor 100 better than 
current FELs): one 
bunch makes all three 
pulses.
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Pump – Probe  Two-dimensional  Infrared Spectroscopy  
Intramolecular vibrational couplings using infrared  analog of 2D NMR plots; how 

is energy transported in organic molecules? Key to thermodynamics of life.
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Variable delay between pump and 
probe gives a third dimension: rate 
of energy transfer between two 
vibrational modes
Extension to larger 
molecules and/or 
intermolecular dynamics 
requires longer wavelengths, 
and two independently 
continuously-tunable 
sources configured for 
probe-probe delay time

Igor Rubtsov, Tulane

The ~25 peaks reveal 
which vibrational modes 
are coupled.



Principles

1. Use high magnetic field to 
provide quantization 
(Landau or Zeeman) of 
excited state.

2. Pump to excited state (e.g. 
make free radicals, non-eq. 
pop. of electrons) using 
FEL pulse (directly or 
indirectly). 

3. Measure excited state 
energy levels using 
broadband THz pulse.

4. Probe ps dynamics 
(lifetime, # of electrons, # of 
radicals) of excited state 
using time-delayed THz 
pulse.

Pump-probe: Optically-pumped 
magnetic resonance (OPMR)

THz
probe

Zeeman timescale in 45 T ~ 1 ps. 
Can potentially observe transient 
populations with on this timescale.



Photon energy � Chemical energy
CO2 � O2 (for green plants)

P � P*� P+ + e-

hn

P

Optical excitation, charge separation, and charge transport
over the membrane involves many intermediate states

Most of the intermediate states are paramagnetic. 

High-frequency (and hence High-Magnetic-Field)
Electron Paramagnetic Resonance  probes these states

3P*

Use of OPEPR in Energy Transfer:  Photosynthesis and Solar 
Cells

Engineered multilayers of quantum dots 
for  directional energy flow

Crooker, et al  PRL 89, 186802 (2002)

E
nergy flow

Photon excites an electron in a dot.
The excitation “hops” to a nearby larger
dot (and hops again). Probe using CR.

e-

Fe



Pump-probe II: FELs, NMR and Dynamic Nuclear Polarization.
•NMR v. weak phenomenon; nuclear spin polarization (µ B/T), v. small unless T � 0.

•T � 0 unsuitable for biological and biochemical processes; need 300 K to simulate the 
conditions in living organisms.
•Biophysical processes involve nuclei of low magnetic moment or low concentration (13C, 
31P, 15N, 9B  etc.); conventional NMR unfeasible.

•Dynamic Nuclear Polarization (DNP) enhances 
sensitivity of NMR experiments (Bajaj et al., 2003, 
Hu et al., 2007).
•Higher electron spin polarization transferred to 
nucleus of interest from an unpaired electron spin
via hyperfine coupling.
•High power FIR FEL irradiation gives efficient 
enhancement of nuclear spin polarization: can 
saturate the electronic spin (EPR) transitions 
without sophisticated timing of pulses.
•DNP with high fields and tunable, sub-mm 
radiation, gives high polarizations without the need 
for low T. Gain of a factor ~1000 
(polarization~30% for 30 T and 100 K).



12,449 resolved 
compositionally 

distinct molecules
in petroleum

Petroleomics:
• Fingerprint of each oil reservoir
• Sulfur-containing compounds
• Fresh- and salt-water solubility
• Analysis of pipeline clogging
• Refinement of sour crudes

Possible future applications:
• Antibodies in cerebrospinal fluid, bloodstream or urine
• Amyloid mixtures, plaque deposits
• Nutritional components in food and food processing assurance
• Arson accelerants and explosives residue
•(Alan Marshall, et al, NHMFL)

With a 14 T high-homogeneity wide-bore magnet, 
100 part-per-billion mass resolution and accuracy

petroleum  and   metabolic compounds
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Mass in Dalton (a.m.u.)

Mid and near-IR FELs and Ion Cyclotron Resonance:
break up complex biological or organic mixtures
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Conventional absorption spectroscopy

Action Spectroscopy (consequence spectroscopy)

Sample Photon detector

Fragment
molecule 
detector

Problem: Too little light absorbed by ions

Dunbar, Case Western     and  Eyler, U Florida                                          

Action Spectroscopy and Infra-Red Multi-Photon 
Dissociation:

Using the NIR and MIR FELs to solve the dilute sample problem

Sugars ‘coat’ proteins and play a role in cell-cell recognition, 
e.g. antibodies recognizing antigens

Infra-Red Multi-Photon Dissociation  (IRMPD) resolves isomeric structures. 
Multi-IR-photon is ‘gentler’ than single-visible photon absorption 

(absorbs thru molecular vibrational modes, electronic transitions).   
Hence need a tunable IR source with high peak brightness

Glucose                                       Galactose 
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spectrum of uric acid 
from SRS

N Scrutton et al., spectroscopy at Daresbury

Jim Allen (UCSB): Collective THz 
dynamics of Biopolymers in water + data 
from Daresbury (FIR and MIR FELs).
•Need to extend “Schmuttenmaier cell 
technique” upwards into higher THz region 
to probe sharp modes of biomolecules: what 
happens to dynamics on dissolving in water?
•Requires high-resolution coverage in high 
THz regime (FIR and MIR FELs).

10 THz                                                3 THz

Current cutoff similar to BBTHz

Lots of power needed to 
get through water



Applications of the FIR and 
MIR FELs: high-frequency 

EPR of biomolecules.

Multi-frequency simulation of 
EPR affected by various types of 
motional broadening. For 
complex dynamics of proteins, 
the slow overall and collective 
motions will show up best at 
lower frequencies, whereas the 
fast motions will show up best at 
higher frequencies (figure 
courtesy of Jack Freed). Hybrid 
magnet will be required.



•Iron important in bio-inorganic 
chemistry, appearing in many 
metallo-proteins (proteins that 
function due to the incorporation of 
a metallic ion). 
•Despite being paramagnetic, 
oxidation state of iron v. difficult to 
detect due to large zero-field 
splitting (~12 cm-1) in the ground 
spin state.
•High-frequency EPR and magnetic-
field dependent spectroscopy are 
required to measure the g-tensor,  
i.e. understand the environment of 
the metallic ion.

Using the FIR and MIR FELs to 
explore EPR in Organometallics

High Spin Fe(II) Metal Complexes

Iron(II) in bis(2,2’-bi-2-thiazoline) bis(isothiocyanato) iron(II) 
illustrates the necessity of high-field / high-frequency EPR. 
(Krzystek, J.; Ozarowski, A. et al., 2006) 



Applications of Free-Electron Laser Based Instrumentation in Optical Microscopy and 
Cell Biology: Michael W. Davidson, Optical Microscopy, NHMFL

• Infrared Tissue Ablation (~ 5-7 mm)

• Laser Microsurgery (Ophthalmology and 
Neurosurgery)

• Infrared Near-Field Scanning Optical Microscopy

• Time-Resolved Spectroscopy (Pulsed IR)
• Coherent Imaging of Biomolecules, Viruses and 

Bacteria (time resolved) via CARS and FLTM

G. S. Edwards, et al, Photochem. Photobiol. 81: 711 (2005)
G. S. Edwards, et al, Rev. Sci. Instr. 74: 3207 (2003)
S. Krishnagopal, et al, Current Science 87: 1066 (2004)
D. Vobornik, et al, Infrared Phys. Technol. 45: 409 (2004)
Xie et al ., PNAS 102: 16807 (2005).

Two-photon microscopy: changes in 
cells during apoptosis (Dumas et al. 
(2006)). Could be time-resolved.



•Energy-recovery Linac.
•Design optimized for high-field 
experiments but:
•this is not “just a light-source at 
a magnetic field lab.”; it is a 
state-of-the-art light source 
with uses in biophysics, 
chemistry etc..

True 4th generation
light source at NHMFL
Tallahassee:
1. linac-based; 
2. CW RF power;
3. multiparticle 

coherence (gain); 
electrons within each 
bunch radiate in 
phase;

4. picosecond time 
resolution;

5. multicolor. 

BigLight: a summary



Anyone can have a 30 T, 
10 MW magnet for $20M

Proposed Collaborations with 
MIT/Advanced Photon Source, 

Hahn-Meitner Institute and SNS Oak 
Ridge

APS

Bandwidth Chopper

Detectors

Conical Magnet

Split Magnet

High speed Chopper

Proposed location for 
High Magnetic Field Beamline

SERIES CONNECTED HYBRID TECHNOLOGY
Lower power (10 MW) than resistive magnets
~30 Teslas in a 32 mm sample bore
Down-bore magnet  (conical bore magnet)
Split magnet  (gap at magnet’s equatorial plane)

B

~30 T Conical Magnet

~25 T Split Magnet

~25 T Split Magnet
~30 T Conical Magnet


