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* What is the TeraHertz (THz) window!?
What are THz photons good for (Astro/PS)?
Why/How THz comb spectroscopy!?
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@ Light-Matter Interactions and the THz Window

Ve use spectroscopy that spans the spectrum from microwave through infrared/near-
optical frequencies, with a focus on TeraHertz (THz) studies:
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The photospheres of stars tell us what they are made of...

The Astronomer s Periodic Table (after B. McCall)
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@ Astrochemistry & THz Photons: Star & Planet Formation

The dense gas and dust that forms stars, and the disks around young stars, are so
opaque/cold that only THz and longer wavelength photons can penetrate them.



Transmission

Ty (K)

1.0

0.5

0.0

60

Orion KL

oy

300

1000

Frequency (GHz)

1200

1400

1600

1800




Transmission

Ty (K)

1.0

0.5

0.0

60

Orion KL

oy

300

1000

Frequency (GHz)

1200

1400

1600

1800




¢

Iy g

RIS

1Hz photons, Astrochemistry & the Ground-Based Challenge
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Search strategy!

Use the low
energy, large
amplitude
torsional modes
that are active
In both the gas
phase and In
the solid state.

Requires highly
sensitive, broad
coverage lab &
astronomical data
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@ THz photons & Astrochemistry. |. Dust & Small Molecule Examples

Probes of cold matter; such as in star/planet formation:
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Dust & Gas: Snow lines & young planets, C. Qi, K. Oberg

, , Lines: Cometary water D/H,
ERIRE i cicnce; G Blake & E Bergin (201 5), Nature

P Hartogh et al. (201 1), Nature
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@ THz TDS of Molecular Ices
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@ THz photons & Protoplanets. A possible RV analog?
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Disk emission I1s the beacon
that Is modulated by the
formation and migration of
protoplanets! Like RV data, |
need hundreds to thousands Jiisa
of lines studied in the time
domain to detect orbital
signatures versus other
sources of variability.



@ How might we addressing these challenges!?

Femtosecond Lasers & Frequency Combs (Hall, Hansch et al.)

TrSapphire oscillators are our
current workhorses, with 800 nm
average power In the Watt range
iRl P 2% | [f, = c/2L and pulse durations <20 fs,

s / [ f,=f +n.f,
| 11,/
5 ffo L__frequency

Can work erther in the
time or frequency domain,
key Issue Is the coherence
(or dephasing) time of the
molecular system.

Photoconductive THz emitter
(100 mW 800 nm/10 pW THz)



@ Howmight we addressing these challenges! Our lab work...

Can transduce fs frequency combs into the THz
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Offset & phase lock two Ti:Sapphire oscillators, read out THz
waveform over many pulses (D. Holland, |. Good theses).



@ How are we addressing these challenges?! lI.
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With an 80 MHz oscillator; THz pulses arrive
E 27> nanoseconds.



@ How are we addressing these challenges?! lI.

Can transduce fs frequency combs into the THz
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Enables high resolution spectroscopy,
easily achieves 80-100 MHz resolution,

ike 2 3 m delay line (Nyquist sampling).
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@ How are we addressing these challenges?! lI.

@ Ritanisalicerisiireguency combs Into the THz:
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Good relative intensities
across the full bandwidth,
and there Is no source
modulation necessary.
Thus, true lineshapes can
be obtained even at high
pressure. This is a big
advantagel!
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Can we do better?

J. Good, |. Finneran



How are we addressing these challenges! V.
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Finneran, lan A, et al. "Decade-Spanning High-Precision Terahertz Frequency Comb." Physical Review Letters | 14.16 (2015): 163902.



@ How are we addressing these challenges! |V
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Finneran, lan A, et al. "Decade-Spanning High-Precision Terahertz Frequency Comb." Physical Review Letters | 14.16 (2015): 163902.



How are we addressing these challenges! V.
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How are we addressing these challenges! V.
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@ How are we addressing these challenges! |V
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@ How are we addressing these challenges! |V
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@ How are we addressing these challenges! |V

Equivalent to 40 km delay line at Mach |.1!
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> 1,000 pulses

|0/ seconds lab time
with 200 Hz offset

Finneran, lan A, et al. "Decade-Spanning High-Precision Terahertz Frequency Comb." Physical Review Letters | 14.16 (2015): 163902.



How are we addressing these challenges! V.
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@ How are we addressing these challenges! |V

Comb Spectroscopy of Water Vapor
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Enables high resolution spectroscopy, but the low pulse energy limits .
the THz bandwidth and sensitivity Solution!

Finneran, lan A, et al. "Decade-Spanning High-Precision Terahertz Frequency Comb." Physical Review Letters | 14.16 (2015): 163902.



!), How are we addressing these challenges! |V
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‘Nyquist’ sampling of the FSR... This alone |
should improve the dynamic range by |10 dB. Solution?

Figures from Maslowski, P | et al arXiv:1505.0/706 (2015).




@ How are we addressing these challenges! |V

Reflection-mode LT G-GaAs emitter performance:
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With proper pulse compression in the dual oscillators,
and collecting THz pulses In a reflection geometry, the

|0 dB bandwidth can be extended to ~10 THz

Conversion efficiency is low (10). Solution!?

Figure from Hale, P |, et al Optics express 22.21 (2014): 26358-26364.



@ seuclliSz DS Conversion Efficiency!  Enter DSTMSH BSOS shiise=

. DSTMS: 4-N,N-dimethylamino-4-N'-methy}-

stilbazolium 2,4,6-trimethylbenzenesulfonate

............
.............

: : X 3y

=
IFele i olimpeaat — [ 4-1.5 um, £ T e
w/OPA or fiber laser. =
Bandwiath up to 5 THz, not as 0 05 1 15 7 25
broad as plasma. ] (b) t [ps]
Efficiency 2-3%, field strength at ;-1 '
EEle= S0\ /(cm (regens), _
average [ Hz power potentially S8l
into 10's of mMW! E
Electro-optic generation, : _00 5 E 10
farthfully follows input light. (c) f [THZ]

Prof. C.R Hauri (RSI), Rainbow Photonics



@ Better THzTDS Conversion Efficiency! Enter DSTMS; BASHRS il

Iy g

Typically pumped at ~|.4-1.5 pm,
w/OPA or fiber laser,

Bandwidth up to 5 THz, not as
broad as plasma. e T

Efficiency 2%, field strength at
[@Eltls==50VV/cm!

Electro-optic generation,
farthfully follows input light.

Recent 800 nm pumping (Elsaesser group)
has dramatically improved performance!

Coherence length (LLm)

Spectral power (normalized)
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Somma et al,, Optics Letters 40, 3404(2015)



@ Comb driven THz Heterodyne!

namre

p ySlCS PUBLISHED ONLINE: 8 JULY 2012 | DOI:10.1038/NPHYS2356

ARTICLES

A wideband, low-noise superconducting amplifier
with high dynamic range

Byeong Ho Eom’, Peter K. Day?*, Henry G. LeDuc? and Jonas Zmuidzinas'?

Potential significant advantage:
Amplify first, then mix.

e niitie 1ESBR ol the parametric
amplifier i1s used, the frequency
BW can exceed a factor of ten
(O0.1-1 THz, for example).

Photon occupation number now large, keys
Issues are then:

The performance of the THz mixer when
pumped by the comb vs.a CW LO.

How do deal with the IFs/backends.
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@ In situ! Combs versus Chirped Pulse-Fourier Transform Spectroscopy...

For microwave/mm-wave probes,

e [ T
= — - combs will need to compete with the
: Chirped Pulse-FTMW mode invented
A gé ed 3Di= by the Pate lab (UVa).
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@ Closing Thoughts & Acknowledgements

THz Combs: This work was, of course, enabled

- g by significant support, listed below,
2 St and driven the many students and
B PeRhior need to CEP

|\ ostdocs In the group.
stabilize mode-locked lasern P o

- Can easily cover the full
frequency range of interest.

The challenges:
- Wall plug efficiency is low.
- Unclear how well heterodyne
systems will perform under
comb pumping.
- Cryogenics necessary?

Thank you for your attention!

Micro-combs In the THZz
regime (W/ I Hz multipliers
SREIEIEC or example)!




