1. Introduction
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Background

Frequency is a fundamental physical
quantity of electromagnetic wave

Maintenance of THz frequency Advent of practical CW-THz
metrology is required for various sources (THz-QCL, UTC-PD,

THz applications RTD, etc)

Precise frequency measurement of
CW-THz wave is required!

|

However, techniques of frequency measurement in THz
region have been underdeveloped yet.
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Conventional method (1)

Frequency calibration based on water vapor absorption

ref) http://spec.jpl.nasa.gov/
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Pressure broadening of absorption line, discrete distribution



Osaka Universit

e T —

Conventional method (2)

\ Fixed

Local

’ —
- / Moving
< Beam mirror
ST splitter
| = AL=(A2)*N
: ” requency , e
— I > > counter cooling «[Detector]
cooling ¥  —m— T T

Difficult to cover all frequency region of THz wave (0.1~10THz)
—Requirement of new method optimized for THz wave!
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Optical comb and THz comb

Fourier Vet VM Ve Optical
tansform | comb

mode-locked freq.=f

Frequency ruler in THz region!
_ .

IPhotoconductive antenna (PCA)l
Electromagnetic THz comb (EM-THz comb)
mode-locked freq.=f | Photocarrier THz comb (PC-THz-comb)

Fourier
‘ | | | | |1y o THr

O f 2f seeeccccccceccccsccecccoccce nf freq

transform

time ﬁ

mode-locked THz pulse train

Accurate, stable, broadband selectivity, high spectral purity,

and absolute frequency calibration
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Principle

Measured CW-THz wave (freq. = f,) Freq. domain
""1"""- PCA }

I
I
I \[/ Antenna (heterodyned PC-THz comb CW-THz wave
| e L
I ' o THz
| — O f 2f 3f oeeeeeeeees mfl| |  ccccccccce nf fre
: Mixer I (ML freq' f) \f (m+1)f &
, PC-TIiz comb Femtosecond Nl PC Mixing l
I -
: (Local oscillator with mode-locked laser PCA current
R N multiple frequencies)
| | . RF
Spectrum analyzer 0 | f 2 freq.

RF beat signal Frequency counter o ff, f+f, 2ff, 2f+f,
(PCA current) AMP

measure

m: order of comb mode
f f: ML freq.
f,: beat freq.

S|qn
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Determlnatlon of order of m

eeeeee

Shift of ML freq. by of

(f ® f+0of)
—n—
1
A —>- 4— mof=of, ‘5](‘
Change of beat freq. by of,
L f > Freq (f, ® f,+dfy)
4 R
f.=mf - f, (&, /9f >0)

Se=mf + (of,/of <0)
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2. Ti:S-laser-based
THz spectrum analyzer
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Laser source for PC-THz comb

|fAZT Amp.

PCA
’Iil fs laser ‘ Laser light | H>
Pet (f=81.8MHz) *
PD
Rb frequency standard o

(accuracy=5*10", stability=2*10""")

l lock
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generator
(260kHz)

ref.
PLL

sig.
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lockl

Frequency
synthesizer
(8.18GH2z)
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Stability of mode-locked frequency
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Stability and accuracy of PC-THz comb is equal to

those of Rb freq. standard
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Experimental se:tup

Sub-THz test source
Bowtie-type (75-110GHz, 2.5mW, linewidth<0.6Hz)

LTG-GaAs PCA

PZT

ML Ti:S laser
A1=10fs, Lo=780nm,

Active frequency
multiplier chain

|
|
|
: |
ML freq.=81.8MHz, : T I
E=3.7nJ/pulse PD | = | I
AMP , requency !
i synthesizer !
Control system . : x |
of ML freq. rclock |
A LPF l ; :
clockv | o P || Rb freq. standard | |
v wclock v wclock -: (accuracy=5*10", |
Frequency Spectrum .| stability=2*10") |!
counter analyzer N i
off  [oh
= ofy,
f of f,
Im

— S —
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Observation of beat signal (1)
(90GHz freq. multiplier source)

f=81.6MHZ
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Observation of beat signal (2)

(90GHz freq. multiplier source)

Linewidth Signal-to-noise ratio

50 RBW=1Hz, sweep time=2.294s 0 RBW=1kHz, sweep time=773ms
50 | ] -10 7'

- : <0.6Hz@ | -20
s T, signal test source 7 30 L.=>50dB f 2.5mW@

’[ test source

. 1.35Hz 0 |
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Linewidth < 1Hz

Detection limit = 25nW
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Observation of beat signal (3)
(90GHz freq. multiplier source)

Laser control : OFF Laser control : ON

RBW=100Hz, sweep time=165ms, full span=2kHz
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Observation of beat signal (4)

(freq. multiplier source wave)

Freq. modulation of test source(100GHz+87.6kHz@0.5Hz)

Attan 10 o

RBW=3kHz, sweep time=50ms,full span=300kHz
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Determination of absolute frequency
~Shift of ML frequency by 100Hz~

0 : . , .
—1f=81,823,757Hz
—1f=81,823,857Hz
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500

I
of
~ 454,027.976 - 333,027.731
81,823,857 — 81,823,757
~1210.00245

fx = mf + fb
=1210*81,823,757 + 454,027 .976
=99,007,119,997.976 H?

I error=2.004Hz

Setting freq. of test source=99,007,200,000 Hz
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Frequency tuning of test source
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Precision=2.8*10-""1



3. Fiber-laser-based
THz spectrum analyzer

~simple, compact, Inexpensive,
and robust system~
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Er-doped fiber laser

S —— Oscillator |I ref) H. Inaba et al, Opt. Express 14, 5223 (2006)

Pump LD (1480 nm)

Polarization
independent isolator

- - -[EDF Amp.} -

Monitor |
Biaxi'al polarization

controler

WDM Output
coupler coupler

IPolarization Branch
independent coupler
isolator  (99:1) |

EDF@40 dB/m) \

coupler

[11]
[TTTT

Triaxial polarization
controler

Temp. control (Peltier)

e e ME . —



Osaka Uniyersity —
Stabilization system of M

> Temp. cont. |« PLL

A

PZT amp. |€——

DC

L frequencg)’/*

Rb Frequency
Standard
(accuacy:5%10"")

f Stabilization P

<

Peltier

Thermistor

Function

generator |
(10-03 MHZ) clock

I
I

) 4 20ffsyn

LPF

Fiber Laser

20f fsyn

—

Frequency

synthesizer |¢ -
(1.112 GHz) |clock

b-

f=font fic  TD
~56.123 MH=z
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Photograph and cost of home-build

fiber laser
COST
OSC ¥ 700,000
EDFA ¥ 650,000
Control ¥ 400,000
electronics
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Autocorrelation signal and spectrum
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Average power = 90mW@1550nm or 10mW@775nm
Mode-locked frequency = 56 MHz
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Stability of ML frequency of fiber laser
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Experimental setup

Bowtie-type
At=40fs, \c=1550nm, SHG
ML freq ~56MHsz, crvstal L1G-GaAs PCA
Power=90mwW Collimator
Optical fiber 775nm CW sub-THz

ML Er fiber laser O

test source

4mW /
PD AMP [(1 ) Active frequency multiplier chain A
driven by microwave synthesizer
I
Ccz)r;tlr\;l_s#:(tqem “—0 freq. multiplication factor = 6
7y - LPF power=+4dBm=2.5mW
clock @-=============n-1 P tuning range = 75-110GHz
: v __wclock v _wclock line width =<0.6HZ
Rb freq. standard | |Frequency Spectrum Locke to Rb freq. standard
(accuracy=5*10"", counter analyzer
stability=2*10"") Sf lsfb (2) Uni-traveling-carrier photodiode
driven by two ECLDs and EDFA
m= _Ofp at 1.5um
f of fi power=100uW
lm \ frequency = 120GHz )

— I —
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Observation of beat signal (1)

(80GHz active frequency multiplier)

Linewidth Signal-to-noise ratio

012 ew=1 1z O T Rew=1 kiz H —
— —Sweep time: 2.3 s — Sweep time: 2.3 s
S <0.6Hz@ 5 20 B
£ 0.08- f signal testsource 4 =5 i
g | 'b°° 1.27Hz | ¢ , | 25mW@
=504 g test source
o Y-V =
> | s
O‘§_‘—‘ ! —_— R T | - ! ]
341.332  341.336  341.340 300 320 340 360 380
Frequeny (kHz) Frequeny (kHz)

Detection limit = 2.5nW

Linewidth < 1Hz



Osaka Uniyersity —— — i)
Comparison of f,, beat signal

Bowtie-type LTG-GaAs PCA

0

[ Ti:S@FUND :

-10 H(BOONM@20MW) ]

: Fiber@SHG :
(775nm@4mW)

...................................................................................................................................................... —

Fiber@FUND
(1550nm@60mW)

Amlitude (dBm)

Frequency (kHz)
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Frequency tuning of test source

(active frequency multiplier)
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Setting Frequeny (GHz)

Mean precision=2.2*10-"
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Experimental setup for UTC-PD

polarization contol

ECLD #1
A=1.5um EDFA
ECLD #2
SHG Bowtie-type UTC-PD
crystal LTG-GaAs PCA (120GHz@100uW) (DC2V)
Colllmator P
Optical fiber 775nm . 5W€|>r
ML Er fiber laser O P pply
lé‘l Ammeter
AMP (photo-current=5~10mA)
Control system
“—
of ML freq.
A d LPF
Jock @-======nnnmnenn-- PSR R ,
e " v -:-clock v wclock
Rb freq. standard | |Frequency Spectrum
(accuracy=5*10"", counter analyzer

stability=2*10""")
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Real-time monitoring of beat signal

80GHz active freq. multiplier 120GHz UTC-PD
(2.5 mW) (0.1 mW)

Freq. span = 2 kHz Freq. span = 1.5 MHz

< > < >

Sweep time=165 ms, RBW=100 Hz Sweep time=20 ms, RBW=10 kHz
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Comparison with conventional method

Conventional methods

Heterodyning Interferometric | Proposed method
method method
. Electric Optical
Principle heterodyning Interferometry PC-THz comb
Range < 2THz >several THz 0.1THz~10 THz
Frequenc 107 10° 107
acgurac Y (depending on local | (depending on (depending on
y oscillator) interferometry) PC-THz comb)
Detector Antenna Bolometer
(cooling) PCA
. SIS, bolometer, etc :
Mixer . Beamsplitter
(cooling)
Apparatus Complicated Complicated Simple




