— THz Radiation: Opportunity with ERL Prototype —

Contents:

* What are T-rays?

 How to make them?

* Spectroscopic techniques for THz range
« Applications

* ERL prototype as a source of T-rays
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— What are T-rays?

Microwaves
MF, HF, VHF, UHF, SHF, EHF

Visible X-ray y-ray

100 10° 106 109 1012 1015 108 101 1024
kilo mega diga tera peta exa zetta yotta
Example Radio Radar ?777? Optical Medical Astrophysics
industries: communications communications imaging
Freguency (Hz)

THz range is roughly defined as frequency 0.1 — 10 THz
wavelength 0.03 —3 mm
energy 0.4 —40 meV

Recent review paper:
Ferguson and Zhang in Nature 2002 o
“Materials for THz science and technology” C.8. 300 °K =25 meV
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(?
— How to make them®

 Incoherent thermal sources

e Broad-band pulsed sources

* Photoswitches
» Optical rectification
 Accelerators

o Narrowband CW sources

e Molecular lasers
* RF upconversion, optical downconversion
 Semiconductor cascade lasers
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— Narrowband CW sources

« E.g. important for potential applications in
telecommunications for high-bandwidth intersatellite links

* Upconversion of microwaves
* low efficiency (< 100 uW)
 highest frequency 2.7 THz

e Molecular Laser
 low-pressure gas cavity pumped by CO, laser
* THz output <30 mW
e bulky (kW power)

* Photomixing of two lasers
 broadly tunable
* max power 100 mW
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— Quantum Cascade Laser

At 8 K, 1 A current, laser device
(1.24-mm by 180-um) produced
above 2 mW at 4.4 THz
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— Pulsed Broadband THz Source — Photoswitches —

/' P Nuss in [EEE Circuits and Devices 1996
i “Chemistry is right for T-ray imaging”
Sabsﬁ‘ate{.ens ym Puise

RSP Average THz power: > 40 uW
Bandwidth: 4 THz

Optical Pulse Lithographically manufactured switch

80

0l

Mittleman et al. in IEEE
Quantum Elect. 1996
“T-ray imaging”
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— Photoswitches

e Undoped LT-GaAs, InP, and rd-SOS as a substrate
e Photocurrent rise time ~ 0.2 ps, pulse duration ~ 0.5 ps

« So far people have used Ar laser pumped Ti:Sapphire (6
gal/min for pump cooling, 60 amp 480 V three-phase

power supply)

e Cr:LiSAF diode-pumped laser available now 1s a much
better choice

» THz setup price $50K — $10K
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— Optical Rectification

« A fs laser 1s needed
 THz energy comes from the pulse itself
* Uses inverse electro-optic effect

« Lower power than photoswitches but spectrum extends to
50 THz
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— Accelerators: Relativistic Electrons

« A short bunch radiates as a super electron of charge Ne at
wavelength >> bunch length

* Works for various ways of light production as long as
spectrum from a single electron covers ~ bunch length
wavelength part:

* bending magnet
o diffraction radiation
e transition radiation

* (dedicated) undulator (can be FEL)

e Much higher powers are available (hundreds of W for an
ERL)
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—

Incursion into Jackson

CHESS / LEPP
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— Coherent Radiation from a Bending Magnet

* Energy independent (as long as critical SR wavelength
A. << bunch length,
here A, [mm] =0.559 p[m]/ E? [MeV])

* One needs the right bunch length (depending on
longitudinal distribution: ~ 10 — 0.1 ps FWHM)

* What about a bunch with large aspect ratio (short, but
wide)?
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— Spectroscopic techniques for THz range

* Fourier Transform Spectroscopy (FTS)

« Narrowband Spectroscopy

 THz Time Domain Spectroscopy (THz TDS)
e Detecting THz radiation
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— Fourier Transform Spectroscopy

fixed mirror

 Well established

e Uses broadband (thermal) source +

source

beamsplitter

» Direct detection (LHe cooled bolometer)

detector

e Pros: wide spectral range (THz to infrared)

 Cons: limited spectral resolution, (AA/A)'1=2L . /A

-
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— THz Time Domain Spectroscopy (THz-TDS)

Femtosecond

pulses Beam Probe beam %
 Relatively new technique i
Delay stage Pump beam
¢ h rt THz 1 — Parabolic
Uses sho pulses ¢ i
: TH
« Coherent detection: N T detector
THz
* measure field £(¢) emitter ample

 FT — amplitude, phase vs. frequency L

* Cons: coarser than narrowband spectroscopy, smaller range
than FTS

* Pros: high sensitivity & time-resolved phase information.
Can be combined with 1maging, €.g. spectroscopic images

of the sample.

Example: 2 — 5 THz bw, 50 GHz resolution,
acquisition time < 1 min, E-field range 10°
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— THz-TDS

http:// www.tochigi-nikon.co.jp/technologies/terahertz/eng/index.html

Zpectral range:dom~'to Elcm ™!
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— THz Detectors ~

« THz-TDS can use identical antenna to that of the optical
switch. Broadband (up to 30 — 60 THz)

» Electro-optical sampling. Allows spectrum collection over a
single shot.

* Note: no fast electronics is needed.
« Broadband detection Si1, Ge and InSb bolometers (LHe cooled)

» High spectral resolution heterodyne sensors. LO 1s also ~ THz.
Downshifted and amplified signal 1s measured.
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— Applications

e Imaging

e Chemical analysis

e Communication

« Biomedical applications

« THz Hall effect
* Study of high-T_ superconductors
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— Imaging

« Throughput is an issue
» Electro-optic THz detection 1s generally preferred
* Resolution 1s limited by the wavelength to sub-mm

e Other techniques are used
 dark-field imaging
 near-field imaging (7 um best resolution)

* Wealth of information 1s available; advanced processing
techniques can be used to extract specific information
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— THz Imaging using electro-optic detection ~

airlaatond Eanar orracion L ETguUson, et al. in Phys. Med. Biol. 2002
T “Towards functional 3D T-ray imaging”

Cons: poorer SNR 100:1 as
Bokekia opposed 10000:1 for ‘traditional’
- Spectrometer THz-TDS

cch Pros: speed

'. _ ZnTe
by y A Q o & T-ray tomography examples
M N m—— acquisition time ~ several hours
Translation / Rotation . .
Stage n(®) info in 3D

vial and plastic tube
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— Spatiotemporal imaging

fs laser Grating
N
\;;—«l Jiang and Zhang in Opt. Let. 1998
A o Shimed Slng.le-sh.ot spatiotemporal THz
5 \ pulse field imaging”
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Examples ~

http:// www.tochigi-nikon.co.jp/technologies/terahertz/eng/index.html

(c) Hobh y kmife blade hidden
/} ingile emwelope
e
THz image

Real-time Imaging System
{(RAY FACT-RIM-001EX)

(a] Spatial resolution
approimate |y
BT 1. Smm

THz light waveform at 0.3 ps
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— $8$ Images $3$
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— $38 Images $$3
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— $38 Images $$3

Can you see a gun?
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— $38 Images $$3

What about knife? Can you see a gun?
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— Chemical Analysis ~

» Rotational, skeletal vibrations

e Many large molecules have unique spectrum in this range
(fingerprint region)

« Flame spectroscopy

« Gas sensor (auto). Not sensitive to the presence of
particulates (soot)

« Likely to use heterodyne detection to improve frequency
resolution

* Good for detection of simple molecules (H,O, CO, O,, etc.
— traditional application 1n astronomy and space)
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THz Communication
Thz Sources and Systems, ed. by Miles, Harrison and Lippens, NATO Science Series
* There 1s a window in H,O absorption around 400 GHz

e Transmission range 1s comparable with 60 GHz radiation
due to increased gain of antenna (< A?) of the same area

« Has to be relatively short distance (point-to-point)

E.g. for 6 dBm (4 mW) source and receiver's sensitivity of
-90 dBm, transmission length is 2.0 km. Increasing trans.
power by 103 increases the range by only 1 km!

* More resistant to fog, smoke than IR

« Channel capacity 1s estimated to be 380 Gbps (for
comparison ISDN 1s 600 Mbps)

* Challenges in THz circuitry manufacturing (state of the art
~ 100 GHz)

\_ CORNELL J

FNT Y B EY T ¥
C H E S S / L E P P Ivan Bazarov, THz Radiation: Opportunity with ERL Prototype , ERL mtg, 5 May 2003 24




— Biomedical applications ~

Fitzgerald et al. in Phys. Med. Biol. 2002,
Pros: “An introduction to medical imaging with
e Non-i OIliZiIlg coherent THz frequency radiation

« Far less Rayleigh scattering (o< A 4)

Cons:

e Water (although could be an advantage, e.g. monitoring
water-content in burns). THz penetration length 1s ~ 1 mm

e Resolution limited in con-focal microscopy to A2

complex refr. index
E (v
r= ) =ty (V)t, (V)e
A E,(v) A

transmission

in(v)kd

Fresnel coefficients
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— Biomedical Applications: Exposure Limits ~

« Specified in terms of maximum permissible exposure (MPE)

AxMPE
W MPE ., =100
F Xt cm

MPE,,, =

e Sources now typically have ~ 1 uW at best

e Generally speaking 1 mW CW is at the threshold for medical
applications

e THz-bridge project

http://www.frascati.enea.it/ THz-BRIDGE/
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Biomedical Application Example

Basic i1dea:

1: L muscularis mucosas

2:L propramucosse  USE computer-based pattern
3: crypts recognition techniques to assign
#unownsere - yarious regions to a particular bio-
tissue. Unlike classical
spectroscopy, IR spectrum in
finger-print regions displays very
broad features, thus, computer-
based recognition techniques are
essential (c.f. speech recognition).

5: connective tissue
B: adenocarcinoma

1) some parameterization algorithm
that converts entire waveform to a
vector of dimension, N.

2) ascribe this vector to other
known materials in the database.

3500 3000 2500 2000 1500 1000 1400 1300 1200 1100 1000 |
wavenumber (cm™)
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— Recognizing patterns

1420-1433 13011308 1225-1237 1080-1101 982-990

1400 7 1300 7 120 ° #oo0  qoop | 900
wavenumber (cn')

1: Lamina muscularis mucosae  2: Lamina propria mucosae

Ry

3: crypts 4: unknown pa;lu'n

Wi '
5: connedive tissue 6: adenccarcinoma
R E‘:%:- -
- * ‘ { W
"3t
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— Biomaterial Applications

« DNA structures have helix, base twisting, and librational
modes in the 20 — 100 cm™! range

e Sample has to be very dry otherwise humidity becomes a
factor (H,O absorption at I THz is 235 cm™!)

» There 1s a clear difference in refractive index in THz range
for hybridized and denatured DNA

* Detection of DNA mutation of a single base pair with
femtomole sensitivity has been demonstrated

* There 1s an effort to develop “label-free” T-ray biosensor (as
opposed to biochips)

Nagel et al. in Appl. Phys. Let. 2002, “Integrated THz
technology for label-free genetic diagnostics”
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— T-ray biosensors? ~N
Mickan et al. in Phys. Med. Biol 2002, “Label-free bioaffinity detection using THz technology”

Ferguson and Zhang in Nature 2002
“Materials for THz science and technology”

Differential THz-TDS: SNR up to 108

1.01 ; | | | | -
-------- Biotin-avidin

, = Pre Biotin

o
o
T

0.3 ng cm™! of avidin

THz

THz electric field (au)
o
o

L
o
T
|

0 10 20 30 40 50 60

L CORNEIL Delay time (ps) j
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— High-T_ Superconductor Studies Using THz-TDS —

Kaindl et al., in Phys. Rev. Let. 2002
“Far-Infrared Optical Conductivity Gap in Superconducting MgB, Films”

* Measurement of superconducting energy gap (5 meV for MgB,, for T ~39K)
T

e Magnetic penetration depth

p (nom})

FIG. 1. (a) Electric field transients transmitted through the
100 nm MgB; film at 7 = 6 K (solid line) and 40 K (dashed
line). Inset: resistance of the 200 nm (dots) and 100 nm (open
squares) film corresponding to p(40 K) = 10 and 100 w{2 cm,
respectively. (b) Transmission 7 normalized to 7 (40 K) as
obtained from the transients for the 100-nm-thick film at 7 =
6 K (dots), 20 K (open circles), 27 K (solid diamonds), 30 K
(open diamonds), and 33 K (solid squares). (c) Results for
the 200-nm-thick film at 7 = 6 K (dots), 20 K (open circles),
25 K (solid diamonds), 30 K (open diamonds), and 36 K (solid
squares).

Field Strength (arb. units)

Transmission T(T)/ T{40K)

2 4 6 8 10 2 4 6 8 10
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— THz Hall Effect Study of Semiconductors

\_ CORNELL

Hall effect is the method of choice for measuring DC properties of thin
doped epitaxial layers of semiconductors

Uses the so-called “4-point probe” method (cf. complex conductivity tensor
measurements)

Contact resistance 1s an i1ssue

Instead, T-rays serve as applied E-field. Sample reradiates (Hall-field) in
different polarization. Measure the two polarizations.

Use Drude model to infer carrier density N and mobility ¢ with 250 um
spatial resolution (~ order of magnitude smaller than is achievable with best
4-point probe method).
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— THz Hall Effect Study of Semiconductors

Terahertz
Transmitter

Optical
Access

Fig. 13.

Sc.annit'ig Femtosecond Laser
D?lay Line (Ti:Sapphire or Cr:LiSAF)
¢
Fd
Polarizing THz

B%p]ittcf

1
?
Y

THz
Detectors

Permanent

: / Magnet

Sample

Schematic of the setup used for terahertz Hall effect measurements,
showing permanent 1.3-T magnet, [ree-standmg wire grid polarizing beam
splitter, and two receivers operating in parallel for simultaneous detection of
two orthogonal polarizations.
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Fig. 15, Terahertz images of the sample from Fig. 14, generated as described in the text. Variations in the doping density are shown in (a). while (b) shows

inhomogeneities in the carrier mobility. In each case, the legends show the relation between the color scale and the calculated parameter values
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S ERL as THz source

« Power levels

 Dedicated THz source
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— Power levels

bunch length = 0.64 mm, rho = 1m, current = 100 mA, charge = 77 pC

~

70
e Assuming Gaussian
T 50
profile (the worst case) £
+7 9 '1"3 E 40
p__L N[BT 1 e o
coh . ) <) =
dme, p g, 23‘1'\/5 8 20 -
o
10 |
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— Dedicated THz Source
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— Dedicated THz Source

_ C

 Don’t need high energy (injector part 1s enough)
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— Dedicated THz Source

 Don’t need high energy (injector part 1s enough)

* Generate spiked longitudinal profile
to reach higher THz frequency
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— Dedicated THz Source ~

 Don’t need high energy (injector part 1s enough)

* Generate spiked longitudinal profile
to reach higher THz frequency

* Wiggler / undulator can be used to
reach higher THz frequency range
more efficiently in OK FEL configuration

\_ CORNELL J

TN T ¥ F EF 5 TT Y
C H E S S / LE P P Ivan Bazarov, THz Radiation: Opportunity with ERL Prototype , ERL mtg, 5 May 2003 36




— Dedicated THz Source ~

 Don’t need high energy (injector part 1s enough)

* Generate spiked longitudinal profile
to reach higher THz frequency

* Wiggler / undulator can be used to
reach higher THz frequency range
more efficiently in OK FEL configuration

Conclusion: THz light production is easy!

\_ CORNELL J

TN T ¥ F EF 5 TT Y
C H E S S / LE P P Ivan Bazarov, THz Radiation: Opportunity with ERL Prototype , ERL mtg, 5 May 2003 36




