The High Power* Broadband THz Facility at Jefferson Lab

Gwyn P. Williams, Mike Klopf & FEL Team

* 100 watts av ; >10 MW pk
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Talk Outline

« Description of JLab THz facility — design philosophy
* Implementation
« Applications — diagnostics
— real-time imaging
— matter under extreme conditions

— pump-probe dynamics
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JLab Energy Recovered Linac (4GLS) facility schematic
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A SYNCHRONIZED VUV/FIR LIGHT SOURCE AT JEFFERSON LAB
S. Benson”, D. Douglas, G. Neil, M. Shinn, and G. Williams

IR wiggler

UV wiggler
FIR wiggler \\

Mirrors

presented at [IPAC-12, New Orleans, LA May 20-25 2012
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Coherent Synchrotron Radiation Generation -theory

Jackson, Classical Electrodynamics, Wiley, NY 1975 Near-field term not normally
considered for synchrotron calculations

Electric field for single particle:- /
—60_1 J' 1 (n IBe)X/Be] CR_ly_z(ﬁ_Be)exp[ia)(r+R/c)]dr

(1 B nlge)zR

REFERENCES
R.A. Bosch, Nuclear Instr. & Methods A431 320 (1999).

M. Buess, G.L. Carr, O. Chubar, J.B. Murphy, I. Schmid & G. P. Williams “Exploring New
Limits in Understanding The Emission of Light from Relativistic Electrons™ presented at the
SRI conference, Stanford, 1999.

O. Chubar, P. Elleaume, "Accurate And Efficient Computation Of Synchrotron Radiation In
The Near Field Region", proc. of the EPAC98 Conference, 22-26 June 1998, p.1177-1179.

J effégnn Lab Thomas Jefferson National Accelerator Facility Slide 7/50 @ @A



Coherent Synchrotron Radiation Generation -theory

d(g’u{iﬂ:{N[]—f(a))]+N2f(a))}x {Single particle intensily}

flo) 1s the form factor — the Fourier transform of the normalized longitudinal
particle distribution within the bunch, S(z) )

0 .
= iwn-Z/c
f((()] .[—we S(ZJdZ \-% ~ 2x107*°J/cm!/electron
Vv

S.L. Hulbert and G.P. Williams, Handbook of Optics: Classical, Vision, and X-Ray Optics,
2nd ed., vol. III. Bass, Michael, Enoch, Jay M., Van Stryland, Eric W. and Wolfe William L.
(eds.). New York: McGraw-Hill, 32.1-32.20 (2001).

S. Nodvick and D.S. Saxon, Suppression of coherent radiation by electrons in a synchrotron.
Physical Review 96, 180-184 (1954).

Carol J. Hirschmugl, Michael Sagurton and Gwyn P. Williams, Multiparticle Coherence
Calculations for Synchrotron Radiation Emission, Physical Review A44, 1316, (1991).
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JLab Energy Recovered Linac (4GLS) facility schematic
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Coherent THz Radiation From Short Electron Bunches

Diraction of travel

L e e -z:i;k g g on crest (standard)
A NVAVAVAVA
=
g
» acceleration of e- bunches - off crest (energy chirp)
off-crest produces an 8 W

energy spread or chirp

 Magnetic chicane provides
dispersion and path
geometry to compress the o cm—-

chirped pulses long chirped pulse
& CHIIpEa p compressed
pulse
G. Larry Carr, BNL
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Talk Outline

« Description of JLab THz facility — design philosophy
* Implementation
* Applications — diagnostics
— real-time imaging
— matter under extreme conditions

— pump-probe dynamics
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JLab THz Beam Schematic with Optical Beam Ray-tracing
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JLab THz Beam Pattern on Mirror 1
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JFEL THz Port at 0.1 THz (3.3 mm, 3 cm)

67.5% of light
passes aperture

Vertical Position
=

3x10”°m
-30mm 20 -10 0 10 20 30

Horizontal Position

F1 for 3mm light with 20mm aperture
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JFEL THz Beamline Schematic

Dimensions in mm
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Mirror 1 - courtesy of Richard Wylde, (Thomas Keating)
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JLab Terahertz Beam Extraction and Transport

M2
M3
diamond Shutter/viewer &
window camera

Vi

M1
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JLab FEL User Lab Layout
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JLab High Power THz User Lab 3
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THz Lab and image of beam

AN

10mm?

Ray trace /

Real time image
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Measured spectrum at Jefferson Lab

THz
Jlab THz Source 0.0 0.5 1.0 1.5 2.0
2500 i f . +— 2500
*broadband
eultrashort pulse el T 2992
(’Cp ~ 300 fs FWHM) 1500 - + 15002
epolarization | | 1000 - L., 000%
(3:1 linear:radial) =
500 - + 500 ~
0 Ayt eSS 0

0 10 20 30 40 50 60 70
Wavenumber (cm-1)

*high average power - CW (> 1 W typical, up to 10’s W)

*Pulse structure highly variable
* single-shot up to 75 MHz
* macropulse width variable (5 us to several ms)
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Jefferson Lab facility unique spectroscopic range

THz
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High Power THz - Effect of Pulse Length
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High Power THz - Effect of Pulse Charge
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Laboratory layout for spectroscopy & pump-probe
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THz Spectroscopy Vacuum System

I
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THz Spectroscopy Vacuum System

' P . -, r"‘ V . N e Ry
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Talk Outline

« Description of JLab THz facility — design philosophy
* |mplementation
« Applications — diagnostics
— real-time imaging
— matter under extreme conditions

— pump-probe dynamics
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Shear Interferometer — Sievers and Agladze, Cornell

- single shot spectrum
- noise reduction

~ linear array

S

p;th difference
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- Pyrocamm

POWER

IEEE 1394




Shear Interferometer in autocorrelation mode

Linear stage o
Parabolic mirrors

Visible beam

Polarizer

THz beams

THz + visible

i EO crystal
beams Pellicle ry

N. I. Agladze, J. M. Klopf, G. P. Williams and
A. J. Sievers, "Terahertz spectroscopy with a
holographic Fourier transform spectrometer
plus array detector using coherent
synchrotron radiation ", Appl. Optics 49,
3239-3244 (2010).
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Talk Outline

« Description of JLab THz facility — design philosophy
* |mplementation
« Applications — diagnostics
— real-time imaging
— matter under extreme conditions
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Medical — cancer screening

: ~ : . TRPR t=-1.74ps

015
0.20
0.25
030"

! 035

0.40
0.45
0.50
055
0.60
0.65

Basal cell carcinoma shows malignancy in red. Teraview Ltd.

1 mW source images 1 cm? in 1 minute

100 W source images whole body (50 x 200cm) in few seconds
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Security — hidden weapons, explosives

Visible

Yisible

Ceramic ..
knife

Absorption (Offset for clarity)

1 2 3
Frequency (THz)

TeraView
Explosive “fingerprints”
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Security — hidden non-metallic weapons

Sealed
Package

==

PICOMETRIX
e
Ijd  ikD D RN 0 =D i i BT K LI [ | 0 BED am

(35 iy
im 12, 11T 1]

Non-metallic
Weapons Easily o
Detected

David Zimdars SPIE 5070 (2003)

J effégnn Lab Thomas Jefferson National Accelerator Facility slide 35/50 @ @&‘



Jefferson Lab & U. of Delaware Team

1 'X\ - \ . i \ n %S
r‘ .‘ o - ' ; . -
| : “Jmﬂ
Sarwte o oved e

Mike Klopf, Matthew Coppinger, GPW, James Kolodzey, Nathan Sustersic
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THz Imaging Schematic

Beamline

. |
Camera 1|7 Mirror 1 CL \I\/Iirror 2
THz filter/lens
THz Camera

@i@x\’ /I\/Iirror 3
-

\ 2 Watts of broadband light into 3” x 3” field.

~10% camera elements, so 200 microWatts per pixel.
Scattering ~ 0.1%, so 0.2 microWatts per pixel.
Noise level, 1 nanoWatt, so S/N is 200 in real time.
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The Camera

Micron” OEM Core

High performance
thermal imaging
from the world’s
smallest infrared
camera

Micron OEM Camera Core- Really Uncool
Success Sto
h 2 Eliminating the traditional thermoelactric coaler (TEC)
Oyer 12,000 Microns haye been deliyerad In support of reduces oyverall camera welght, as well as enabling ultra-low
applications requiring the smallest, lghtest, and lowest power operatlon and a turn-on time of less than 2 seconds.

power thermal camera. Over 90% of all Micron cameras have
been integrated into sy

http://www.corebyindigo.com/PDF/TVMicron.pdf
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Test Pattern Imaging Target
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THz Imaging Layout

Parameters

2 Watts source
Camera (FLIR)
160x128 pixels
(50x50 microns)
20,480 pixels
100 microW/pixel
Incident

Backscattered
103, so 100nW
S/N ~ 100

X _ -
- A
- \'%
Z
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Test of Imaging Resolution

5417 5
- 5400

Raw Data Processed Data

5200
- 5000

- <200

rey ' ap3a s
« Raw THz images are processed to reduce the background and
improve contrast
« Current configuration resolved down to the Tmm wide contact pads
« Polyethylene lens filtered the thermal IR, but does not image well
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Talk Outline

» Description of JLab THz facility — design philosophy
* |mplementation
« Applications — diagnostics
— real-time imaging
— matter under extreme conditions

— pump-probe dynamics
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Custom Winston Cones for Diamond Anvil Cell

* Winston Cones were formed in
Copper, then gold plated for
improved reflectivity

» pitting does not impinge on inner
reflective surface

e e e ¥
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DAC-Winston Cone Assembly
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First THz Transmission Test Layout

—
‘ g ) )
i

DAC with
100 um aperture [

DTGS .

~  pyroelectric sensor
([ ] . - e L L] ] L] -

o
B¢
Thomas Jefferson National Accelerator Facility
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Talk Outline

« Description of JLab THz facility — design philosophy
* |mplementation
« Applications — diagnostics
— real-time imaging
— matter under extreme conditions

— pump-probe dynamics
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Metal-insulator phase transition in VO,

THz Beam from FTIR

’é" 3= i % HeNe sensor.
~ g ) ® Q. 4
™ EL{5 | =%
n X v, -~
- () THz sensor — i o |
@ 2 / = -
4 , 2
Q
I | -
o g
= N
\ VO2 sample

y o o
/ heater stage __l

%

R. A. Lukaszew, College of William and Mary
G. Scarel, James Madison University
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Summary

* We have built a high power, high brightness THz source

« Many opportunities from basic science, to security to medical

Imaging
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EXTRA SLIDES
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M2 Mirror Mount
Assemblv

M2 FLAT ELLIPTICAL MIRROR

MIRROR SUPPORT
POST ASSY

THORLABS KINEMATIC
MOUNT ASSY (CUSTOM)

KINEMATIC MOUNT

SUPPORT ASSY
PHYTRON

HIGH VACUUM
MICRO-PUSHER
SINGLE AXIS
LINEAR ACTUATOR
MOTORS (CUSTOM)

NW200 ISO
CLAW-CLAMP

FLANGE ASSY
DOUBLE ENDED

25 PIN D CONNECTOR % A E S

PN N Office of
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Mirror M1
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Mirrors M3 & M4

Manual adjustment
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Applications of THz light

DOE-NSF-NIH Workshop on Opportunities in THz Science
February 12-14, 2004

High power niche

- Small samples
- Real-time imaging

Ultra-fast niche

- Dynamics

http://www.er.doe.gov/production/bes/reports/list.html
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::>| A First CSR Science:
—\ﬂ Josephson Plasma Resonance in ‘g

ERNEST ORLANDO LAWRENCE Bizsrzcacuzos

BERKELEY NATIONAL LABORATORY

VRN TNZND Data from Nov. 2002 GHz
\ . ~ \ 100 300 1000

r r%rr Loy |

Bi Sr CaCu.O, |

0.8 L15 K

0.6 |-
0.4 65K

02| ]
(90K ~T

1.0 =+ : —

I Two fluid model 1
0.8 |- : % -
0.6 F \W———
0.4 -

0.2 i

LT e o T o

Reflectivity

+ Indications for inhomogeneous 0.0
superfluid

] ] ] ] T | ] ]
4 5 6 7 8910 20 30
M. Abo-Bakr et al. Phys. Rev. B 69 (9), | 7“6 =21 Hm Freq uency (cm-1)

092512 (2004). e




THz Magneto-Optical Spectroscopy (LANL/JLab/BNL)

Intensity

e
o

o
B
normalized transmission

&
o

0.5 1.0 1.5
agnetic field (Tesla)

Appl. Phys. Lkt 89, 122108 (2006).

G TR e e L

X.P.A. Gao, J% Sohn, and S.A. Crooker,

0 1
Field (7)

NSLS U4IR beamline/10T s.c. magn

(BNL/CCNY,

1

cyclotron resonance feature features near metal-insulator
(slope matches fairly well) transition not seen in our data

‘! effgnn Lab Thomas Jefferson National Accelerator Facility Slide 58/50 @ @



Imaging with Terahertz Light

Applications......................

« Security

Medical screening (skin cancer)
Pharmaceuticals (drug verification and testing)
Non-destructive evaluation

Environmental monitoring

High speed communication

1 Thomas Jefferson National Accelerator Facili i
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Security — fingerprint of anthrax proxy

0.014
0.012 - *
0.010 -

0.008 -

Bacillus Subtillis (BG) Cells in Aerosol

0006 1 i

Absorbance

0.004 -

0.002 -

0.000 p—— r .
8 10 12 14 16 18 20 22 24

TeraView Frequency, cm”
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Security — hidden bio-agents, explosives

Starch
NN Analysis
Bioagent AN L i "
W R - -
Com 4
GREY=Dbackgrnd
BLUE=unknown
Bioagent
= Department of Physics
P ICOMETRIX’ m Epﬂ?ﬁ”é‘ﬁ Of 1VSICS

David Zimdars, John Federici
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Brooks AFB Terahertz Skin Experiments & Modeling

» Performed at Jefferson Laboratory
« Experimental Validation of models
— characterization of the beam
— exposures of wet chamois, 2 phantoms

« EDs, (2 s exposure) chamois = 7.14 W/cm?
« Model predicted 4-5 W/cm?

60

o
=
1

Temperature Rise (C)
@
>

0 2 4 6 8 10 12 14 16

° J|” MCQuade et al Irradiance(W/cmz)

: Th Jefferson National Accelerator Facili :
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How do we make light — why are accelerators so spectacular?

N electrons make N? as much light.

light

Ne'Q)

Maxwell's equation

VxH=J, +¢&%L+0P
Of ot

dE
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Larmor's Formula: Power = 3
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Comparing Conventional and Accelerator THz Sources

7 9 a=acceleration
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Larmor's Formula: Power = o y* (cgs unitg) ¢ vel oflight
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y=mass/rest mass
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Carr et al Nature 420, 153 (2002)
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Challenges of THz Imaging

* Providing sufficient THz power to illuminate a large field of view

* Properly collecting the reflected THz radiation from the target

region (transmission mode generally not useful)
 Filtering of the THz induced thermal IR
* Properly imaging onto a detector array
« Creating imaging arrays designed specifically for THz imaging

« Defining and satisfying safe exposure limits
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