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The THz Gap
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1THz ~ 1 ps ~300um ~ 33 cm” ~4.1 meV ~ 47.6°K

Many important dynamical processes occur in the THz region (5 meV).
Superconducting band-gaps, protein conformational modes, phonons....

With high coherent power the key niche areas are non-linear dynamics and

Imaging.
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THz — Brief History

Fotwme /. Suly-August, 1893, Number r.

THE

PHYSICAL REVIEW.

A STUDY OF THE TRANSMISSION SPECTRA OF
CERTAIN S5UBSTANCES IN THE INFRA-RED.

By ErRNEST F. NICHOLS.

ITHIN a few years the study of obscure radiation has
heen greatly advanced by systematic inquiry into the laws

of dispersion of the infra-red rays by Langley.! Rubens.? Rubens

and Snow,® and others. Aloeng with this advancement has come
After Nichols left Berlin, Rubens continued the work, and in 1900 he isolated
wavelengths of 6 THz (50 microns) and made careful measurements which he gave to
Max Planck who derived the Radiation Law. Planck wrote in 1922 “Without the
intervention of Rubens the formulation of the radiation law, and consequently the
formulation of quantum theory would have taken place in a totally different
manner, and perhaps even not at all in Germany”.
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The Paper That Started it all.

Intense Coherent Submillimeter Radiation in Flectron Storage Rings

F. Curtis Michel
Da pavtment of Space Thysics and Aztvonomy and Depaviment of Mhysics, Rice Universfty, Houston, Texas 77001
{(Received 21 HNovemben

Energetic electron bunches in storage rings producd pulsed Wursts of incoherent syn-

chrotron radiation. It is polnted out that they should s
powar output of cokerend rudlu-l'rl_:quuuuy rudiulion.

s pontansous bl.m:_.l:llng ol vleclrons furl].[lt.iul!‘.}r hl..ll'.l-l:..hL.l.] hene! mighl lu, eWNduneod w
“superbunching.”

PACS numbers: 29.20.Dh, 41.70, ¢, 97.60.0b
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VOLUME 62, NUMBER 3 PHYSICAL REVIEW LETTERS 16 JANUARY 1989

Coherence Effecis in Long-Wavelength Infrared Synchrotron Radiation Emission
I I
G. P. Williams, C. I. Hirschmugl, E. M. Kneedler, P. Z. Takacs, and M. Shleifer
Maticnal Syachratron Light Source, RBrockhaven National Laboratory, Upton, New York 11973
Y. 1. Chabal
AT&T Bell Laboratories, Murray il New Jersey 07874
F. M. Hollmann
Exxon Research and Engineering, Corporate Research Laboratories. Annandale. New Jersey Q880
(Received 26 August 1988)
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Backing up....Auston Switch for producing THz light

2 2

Larmor's Formula: Power =——— (cgs units)

3c

THz pulse

Sub-picosecond

Auston, D.H., Cheung, K.P., Valdmanis, J.A. and Kleinman, D.A.,
Phys. Rev.Letters 53 1555-1558 (1984).
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Radiation from Accelerated Electron

Electric field goes linearly in the electric charge and the acceleration
- so0 intensity (power) goes like e2a2

electron _
But units of power are:
‘ Power = ForceX DistanCe
Time
: — MLT2xL _ -
acceleration = S =MIAT

Now for an electric charge, force is
e?/L2, so we can derive units for e thus:

€2 = MLT-2
12

So e2a? has units of :ML3 T-2xL2T-4= ML®T®
And if we divide by c3, or L3T-3, we get ML?T-.
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Radiation from Accelerated Electron

Also we note that radiation is emitted in only 2 out of 3
directions, so we have a 2/3 factor, yielding:

Larmor’s Formula

— 2202
Power= 23

Noting that the units of power are ML?T-3, and noting that
M goes like gamma, L goes like 1/gamma and T goes like
gamma in the moving frame, in the rest frame the
relativistic version is :

Power= Zgigz A

N.B. Radiated energy and elapsed time transform in the same
manner under Lorentz transforms
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Comparing Coherent THz Synchrotron and

o Conventional THz Sources | —
) 2 a=acceleration
Larmor's Formula: Power = == y* (cgs units) c=vel. of light

3
C

y=mass/rest mass

~100 V

GaAs
F =
JF o 10V _10°(3%10°) T Dm”%e&
m .5MeV /c’ 0.5%x10° ifp=1m
0107, y=80 and 80" =10711
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Synchrotron Radiation Generation
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i W.D. Duncan and G.P. Williams,” Infra-red Synchrotron Radiation From Electron Storage
- Rings”, Applied Optics 22, 2914 (1983).



Svynchrotron Radiation Generation - actual situation

Statistics of an electron bunch in a storage ring
1.00 |- P -
20.75
4
&
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a
0.25
Time Scale 2
0 A ! £ - AL l I
-2 -1 0 1 2
Position in Bunch
Hirschmugl, Sagurton and Williams, Physical Review A44, 1316, (1991).
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Coherent Synchrotron Radiation Generation -theory

2
I

1= ] T )

Aw) is the form factor — the Fourier transform of the normalized longitudinal
particle distribution within the bunch, S(z) 5

f|w)= [, eiwidleS|z|dz

REFERENCES

S.L. Hulbert and G.P. Williams, Handbook of Optics: Classical, Vision, and X-Ray Optics,
2nd ed., vol. Ill. 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).
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Synchrotron Radiation - so what’s new here?

radio-freq.
cavity ™
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Synchrotron Radiation - so what’s new here?

radio-freq. N
cavity ™ 7
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THz Setup on JLab IR-DEMO FEL

IR
wiggler

e

lniectﬁf
)

Linac

We measured the bend-magnet
synchrotron radiation right before

the FEL, when the beam is
\ J maximally compressed.
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THz Setup on JLab IR-DEMO FEL

Crystal quartz
window

Collimating optic

Nicolet Nexus 670
FTIR bench

LHe cooled Si
bolometer detector
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Or the online photonics resource
L
home buyer's guide news employment FESOUFCES feature articles
events new products OLE nnagazine contactus
opto & laser europe  imaging
. << previous article mare articles
Browse the archive
Terahertz waves penetrate the world of
|EIIIIIIE j |Septemher j - - P
Imaging
50 |
Foiling terrorists, detecting cancer and designing new
. drugs are just some of the potential applications for
Latest issue equipment that exploits the unique properties of
- terahertz waves. Oliver Graydon looks behind the scenes
LLE hame at one of the hottest sectors in photonics research
Subscriptions today.
Media infarmation From QOpto & Laser Elsgpe October 2002
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October 2002

—@antum |E@ —

The development of such emitters has recently taken a leap
forward, thanks to the invention at Bell Labs, US, aof the
quantum-cascade laser, which emits in the mid-infrared at
around 4 pm. Semiconductor scientists are now adapting the
technology to design lasers that are operational in the
far-infrared and terahertz regions.

Earlier this year, researchers from Teraview, the University of
Cambridge, and the Mational Institute for the Physics of
Matter (INFM) In Italy made a series of quantum cascade
lasers that operate in pulsed and continuous-wave mode at
4.4 THz {wauelength 62 |_|m} Although the lasers can only
currentl 0 to B0 K, they emit
upQo 2 mi Df 5|r'||;|lem|:|de terahertz radiation. Jrhe challenge
MW 15 re, which, although
It may take sewveral vears, 15 definitely feasible.
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THz Expt and Calculation

o1 Frequencx (THz) 0

Measured
Calculated (500fs bunch length)

I Diffraction losses ~ 20 Watts integrated_

0.6

T
=
L2 o4} : :
2 Carr, Martin, McKinney,
‘;5 ] Neil, Jordan & Williams
Nature 420, 153 (2002)
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Coherent THz vs. Current
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Polarization of Coherent THz

35004 | = 0.04 MA | Expected
| _ _ { polarization
3000 -—Polarizer Horizontal 1 ratio for 60
— | mrad port at
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Why do this? Terahertz Imaging

Clery, Science 297 763 (2002)
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IR Spectroscopy & Dynamics is based on Vibrations

Simple molecule

o“»

More complicated _@
molecule - protein

¢ " é.
. @%%
T s 2 8

Slide courtesy Paul Dumas, LURE, Orsay, France
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Protein Structure / Folding Dynamics

Amide 1 Secondary Structure Assignments:

1620 - 1640 B-sheet

1644 extended coil (D,0)

1648 - 1657 a-helix

1665 3,0 helix

1670 - 1695 anti-parallel 3-sheet,
B-turn

0.2

Absorbance
o
!

0.0

1720 1700 1680 1660 1640 1620 1600 1580
Frequency (cm)

Carboxypeptidase

extended
coil
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Protein Folding Dynamics - Silk Fiber Formation

SCAN
PARAMETERS:

» %T: silk fibroin on BaF, disk
e 32 scans at 200 KHz (2.3 sec)
e 4 cm- resolution

» MCT detector

— random coill <t
1 Dbeta sheet § X
—_10sec &
A 30 sec
o 107 90 sec
8 — 180 sec
(b) I
dy £
y | -
354 3 0.57
T O
Sl =
3.5 A
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P, Lisa Miller, Mark Chance et al. P—<= office of
-CLOC] orn %ﬂ/v — s Thomas Jefferson National Accelerator Facility mum—m 2 Sc:'gﬁ:e L

A A A A A 4
Operated by the Southeastern Universities Research Association for the U.S. Department of Energy U.S. DEPARTMENT OF ENERGY



THz Spectroscopy
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Globus et al. University of Virginia J. App. Phys. 91 6105 (2002)
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THz Imaging

A tooth cavity shows up clearly in red. Teraview Ltd.
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The Promise of THz — novel imaging

Opt. Lett, 20, 1716 (1995)

Imaging with terahertz waves

B.B. Huand M. €. Muss

irerhly cidl caal [ ] | Se—

L R T

THz image of an IC chip THz images of a fresh leaf and
of the same leaf after 48 hrs

http://www.rpi.edu/~zhangxc
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The Promise of THz — novel imaging
THz Imaging of a Breast Tumor (Phantom)

THz images THz waveforms
0
cancey tissue J'|!|
nottral lissee |
_ Al
Bt
"_————L-.. |
L I I
! i -"-E‘-l"' v
'u!! _."_ .
1 I'«.-".l.l
0 5 410 18 20 2% D 10 20 30 a0
-
A tumo o Time Dllay (ps)

Amplitude, timing and shape of the waveforms change between normal and
cancerous tissues. It should give the density and signature of the tumors.

http://www.rpiedu/~zhangxc
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THz Imaging

TPP, t=-1.74ps

Basal cell carcinoma shows malignancy in red. Teraview Ltd.
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Terahertz computerized tomography

3cm

Turkey Bone Test Object

Ferguson et. al. Phys. Med. Biol. 47 3735 (2002)
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So —where are we going at JLab
with THz?
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FEL upgrade, phase 1

CU _ Gun
M2 M5 M1 ...~ HVPS
[ mm—
IR Wiggler ’ Arc 2

THz light port

Jefferson Lab’s new ERL/FEL/THz source
Turned-on June 2003!!
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JFEL THz Port Description Final Rev. 1 Dated 8-13-2003

5 =12 meter 3 %25 0 |146mr

4+ ¢
50 mr 120 mr

“View from the back of M1 looking at beam”

M1 (110 x 155) mm

/ \ 10.2°= 173 milliradians

M1 to “dimad” Beamline Center Line to be:

“start of bend” = 667mm

0o 20 tangent, 35 mrads
from zero degrees 7/24/03 GPW
Penetration location This puts F1=667-(1200%0.035)=625

1040 mm from dimad start___»
of bend point.
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JFEL THz Port Description Final Rev. 1 Dated 8-13-2003

Dimensions In mm

not to scale - - o
M4 (ellipsoid) 4 —
M1 110 x 155 1 Tt Floor
M2 120 x 170 2240
M3 183 x 258 2480
M4 183 x 258 2240 >810 -
1000 372 Ceiling
M2 (plane) MC_’: :
ellipsolid 2330
F1
v
"""""" M1 (ellipsoid) e-beam

Neill/lGPW
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SRW Calculation of light on screen 3.0 m from source by Paul Dumas

e e e e P e
| | Spectral Flux / Surface |
N | vgrticalcut |
£ e N A P _Spectral Flux / Surface at A=100 um
£ R . 0.2 - 3 m from downstr. BM Edge
s T r ?
| | | | | = 0.1
‘ ; ; ; (@]
02m 01 00 8
Vertical Position % 0.0 —
o7 T I ! | =
O | = | ———— ©
I ©
02m—
] [ [ [ [ [
11 -0.2m -0.1 0.0 0.1 0.2
02m 0.0 0.2 Horizontal Position
Horizontal Position
Flux after 1-st Aperture: 2.0479e+13 Photons/s/.1%bw
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What is Edge Radiation?

Dipole Radiation

Edge Radiation

Edge Radiation is light emitted as the electrons enter the fringe field of a dipole
magnet. For long wavelengths the fringe field maybe treated as an impulse
acceleration. Thus edge radiation has characteristics similar to transition radiation.
In the far field approximation for a single edge the angular spectral flux is “white”
up to a cutoff determined by the details of the fringe and is given by,

1% AN

ez
dF __ Do | y'e° VA RN
2 . _ ||
dQ W Tt (1+y292) o

gq

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

s = _ . P =5 Office of
[ Of%/%m %ﬂf I T homas Jefferson National Accelerator Facility d Science ™
A A A A A
Operated by the Southeastern Universities Research Association for the U.S. Department of Energy U.S. DEPARTMENT OF ENERGY



Injector
Superconducting rf linac ==
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Full formula
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What does edge Radiation look like?

Daresbury Lab
Ann Rep 1984/5
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Two Edges Interfere
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Interference of Two Edges In Far Fie using SRW (Chubar& Elleaume, ESRF)
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JLab’s new THz Beamline
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JLab’s new THz Beamline
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JLab’s new THz Beamline
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Brightness of IR Sources

Energy (meV)
10 100 1000

JLab THz JLab FEL

10000
1000
100
10

1

0.1
0.01
1E-3
1E-4
1E-5
1E-6
1E-7
1E-8
1E-9 )
1E-10
1E-11
1E-12

FEL proof of principle:
Neil et al. Phys.
Rev.Letts 84, 662
(2000)

Table-top sub-ps
lasers

Flux (Watts/cm™)

e\
AO°

THz proof of principle:

Carr, Martin, McKinney, Neil, Jordan & William

Nature 420, 153 (2002) . . oo o v
1 10 100 1000 10000

-1
Wavenumbers (cm ")
el Yo PP—=S" Office of

| (ffe%%w Sgﬂ/v — s Thomas Jefferson National Accelerator Facility mum—m 4 Science™

A A A A A4
Operated by the Southeastern Universities Research Association for the U.S. Department of Energy

U.S. DEPARTMENT OF ENERGY



Thanks to.......coovvvvivn ...,

George Nell, Fred Dylla and the Jefferson Lab FEL Team
Larry Carr (Brookhaven National Laboratory)

Lisa Miller (Brookhaven National Laboratory)

Carol Hirschmugl (UW Milwaukee)

Paul Dumas (University of Paris, France)

Oleg Chubar (Soleil project, Saclay, France)

Mike Martin (Berkeley Lab)

Wayne McKinney (Berkeley Lab)

Funded by
United States DOE, DOD
DE-ACO05-84-ER40150 TIJNAF

e 7 Office of
—— Yeffers e — j ili -
T fefferson Cfu Thomas Jefferson National Accelerator Facility EEmm d Science

Operated by the Southeastern Universities Research Association for the U.S. Department of Energy U.S. DEPARTMENT OF ENERGY



