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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, photomixing

THz applications with UTC-PD, RTD efc)

Precise frequency measurement of
CW-THz wave is required!

]

However, techniques of frequency measurement in THz
region are still lacking.
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Conventional method

Electrical heterodyned method @ Optical interferometric method
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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

Frequency domain

mode-locked freq.=f Fourier LVms Vm Vg Optical
transform| T L[] g comb

Frequency ruler in THz region!
i

Photoconductive antenna (PCA) for THz detection

. Photocarrier THz comb

mode-locked freq.=f Fourier (PC-THz comb)

transform
»tlme ‘ ‘ ‘ |
|1 THz
O f 2f sececsccecsccscscccsscscsses nf freq

Sequence of photoconductive gating
(mode-locked THz pulse train)

Simple, broadband selectivity, high spectral purity,

offset free, and absolute frequency calibration
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Principle

Measured CW-THz wave
(freq. = 1)
CW-THz wave

i 25 PC-THz comb
L f
Antenna RF frequency
: | [P counter g °°°° | | | | THz
(Local oscillator ! ﬁlP O f 2f 3f eesseescse mf| | seeesscses nf

I with multiple | m+1)f freq
| frequencies) | PC l _

| MBS PCTHz ¢ fX mf+fy

| comb Beat signal
___________ region
Photoconductive 0 ‘ ‘ ‘ ‘ | (PCA current) RF
antenna (PCA) 0 | | | 2 ~ freq.

signal  AMP fb f—fb f+fb 2f—fb 2f+fb

measure

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

Ref) Yokoyama et al, "Terahertz spectrum analyzer based on a terahertz frequency
comb”, Opt. Express 16, pp. 13052-13061 (2008).
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Determination of m and sign of f,

Measured

A CW-THz wave

PC-THz comb (ijr%-TngeCror?fde Shift of ML freq. by of

m-order mode (.I: s f+6f)

—R P Freq.
0 n:vf fy (m+1)f ‘6fb ‘
P 1115=51, ‘5f‘

Change of beat freq. by of,
) (fb — fb+6fb)

] f, 1) (:rg;)eq'

fe=mf -1, (of,/af >0)
f.=mf + f, (f,/8f <0)
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ML-freq.-stabilized fs Er-doped fiber aser

Compact, robust, inexpensive

R — ORI ?OMIM Direct coupling with PCA

Pump LD (1480 nm)

Polarization
independent isolator

- — —| EDF Amp. | -

Monitor |
Biaxi'al polarization
controler

WDM Output
coupler coupler

EDF@0dB/m) o \

coupler

PZT |Polarization Branch |
independent coupler
isolator 99:1) |

Amplifier

LI
FETTTT

|
|
| |l — — - — — — _—
|
|

Triaxial polarization

controler
B Temp. control (Peltier)
ref) H. Inaba et al, Opt. Express 14, 5223 (2006)
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Control system of ML frequency

Slow, coarse control with Peltier heater

+— Fast, fine control
with PZT

I

Er-fiber laser
oscillator

AMP

PD
£ 2 3f, ....’...., nf

1.122GHz |AMP

Optical fiber

PID
LPF
Signal
generator DBM
(12MHz)
Ilock
Rb frequency standard

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

2011

LPF

lock

DBM
.fsyn

Frequency

P synthesizer
(1.11GHz)

Laser output
(f=56,124,408 Hz)
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Photograph and basic performance

A, = 1550nm
At=41fs

e Optical spectrum Autocorrelation signal
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Instability of ML frequency of fiber laser
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Experimental setup

- Optical fiber THz detection
Er fiber laser O unit
Ok
Control system of |
mode-loked frequency
E v v
clock: RF frequency| | RF spectrum
counter analyzer
: x x
Rb frequency| _______ &k ... o k...
standard

W-THz radiation

Test source

Active frequency
multiplier chain
(multiplication factor=6)

pom{er=5. AmMW@ 80GHz
tunipg range=75~110GHz

I
I
I
I
I
I
I
I
I
I
]
I
I

THz-comb-referenced spectrum analyzer

A

Frequency
synthesizer

clock
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THz detection unit

Bowtie-type

fiber

Collimator

Bowtie-type
Optical 1-oHM  0.-8um | T.GaAs-PCA
fiber

Collimator gHG

crystal CW-THz

AMP | radiation

CW-THz
AMP | radiation

Bowtie-type LT-GaAs-PCA | Bowtie-type LT-GaAs-PCA
(0.8um@o6mW) | (1.5um@20mW)

Bowtie-type
1.9um  LT-InGaAs/InAlAs-PCA

Optical

fiber 3\'9“
Collimator

CW-THz
AMP | radiation

radiation

v

Bowtie-type LT-InGaAs-PCA

Auto-balanced PD (t=1mm)

e Tmm-ZnTe-FSEOS
(0.8um@8mW)

(1.5um@30mW)
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Comparlson of SNR of f, beat signal

Output of test source = 5.4 mW @ 80 GHz

-30

L L 0
- 0 LT-GaAs-PCA A I

a0l (0. 8um@6mW)( j 10
/E\ I LT-InGaAs/InAlAs-PCA >
om i (1.5um@30mWwW) e i
S -50 . —-20 3
- | LT-GaAs-PCA . j=2
@ | ZnTe-FSEOS o ” A (1sum@zomw) 1 &
L -60  (0.8um@8mW) 130 @
o f 57 dB A 1 &
w [ A ]S
O -70 140 3
o 40 dB 1 >
'g 31dB T _
2 dB 1.50 Q
3 1™ 3
E —
<L

- -60

N 1 1 | 1 1 1 | 1 | 1 1 1 | 1 _70
80 120 160 200 240
Frequency (kHz)

Detection sensitivity l10.22% 100% 0.86%
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Linewidth of f, beat signal

Output freq.=80 GHz

Linewidth

120 . . . . 100,
RBW = 1Hz | =
Sweep time = 2.3s PN
100 : —~ 10 Sy
T o«
S 80 S N
E 5 1 N
< 60 1.32 H 5
= —>| | E
[e) [N
0.1 AN i
Ea i 9 N
o)
o '
20 . 0.01 \
b —
S
341.330 341.340 341.350 0.001
Frequency (kHz) 0001 001 01 1 10

Gate time (sec)

Linewidth = 10 mHz at 1 sec
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Determination of absolute frequency
~Shift of ML frequency by 25Hz~

—— 56,124 .408Hz RBW = 1kHz ‘(Sfb‘ ‘ 35,651 8‘
10 { ——56/124/433Hz | Sweep time = 100ms. S 25‘ ~ 1426
20 |
% 30l 61‘5-35,651.8Hz o, ) ~35.651.8 0
g 40 5f=25Hz - of 25
g-_so_ fx=mf+fb
-60 AW | J “ ‘ | x| —
il B it W\ i nM i - 1426756124408+ 354191122
At | =80,033,759,999.122 Hz
8000 310 320 330 340 350 360 370

Frequency (kHz)

I error=0.878Hz

Setting freq. of test source=80,033,760,000 Hz
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Frequency tuning of test source
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Test source based on

photomixing of two free-running CW lasers

Free-running condition

Freq. fluctuation

Er fiber laser

<100MHz/hour [

Optical fiber

CW laser 1

A=1.5um

CW laser 2

Test source

Er-doped
fiber amplifier ‘

coupler

CW-THz

|

7 o

Control system of
mode-loked frequency

+—@

THz detection
unit

; radiation i

b
! y v
clock, RF frequency| |RF spectrum
, counter analyzer
: A
Rb frequency clock i clock

standard

Freq. =120GHz UTC-PD(F-band)
Output=100pW
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Real- tlme monitoring of beat S|gnal

Freq. span = 1.5 MHz

Output=100uW
Freq.=120GHz

Sweep time=20 ms
RBW=10 kHz

Large fluctuation of beat frequency

caused by two fee-running CW lasers
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Optical comb 2 guumde

Test source based on
photomixing of two sfabilized CW lasers

oy Tost source.
lockin Polarization Test source
: control
Optical comb 1 e (UAEESN
A=1.5um Er-doped
oF Fiber Liber amplifier
CW laser 2
coupler
CW-THz
Optical fiber THz detection

Er fiber laser

|

7 o

unit

; radiation i

Control system of

Freq. =120GHz UTC-PD(F-band)
Output=100pW

standard

See CWBY7,

in Topics in Optical Metrology |,

+“—@
mode-loked frequency
:
: y v
clock, RF frequency| |RF spectrum
, counter analyzer
: X
Rb frequency clock i clock

Optical Metrology@2009.6.3
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Real-time monitoring of beat signal

THz clock THz synthesizer
(freq. =121,845,771,520 Hz) [ (tuning range = 90~140 GHz )

See CWBY7, in Topics in Optical Metrology I, Optical Metrology@2009.6.3
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Optlcal comb and THz Comb

mode-locked freq.=f Fourier St ™ Vineg Optical
transform ............ comb
Vim-nf ‘ .Vm+nf
- tlme ‘) | I I | -
mode-locked optical pulse train f Opt.
2f freq.
PCA for THz generation Many CW-THz waves
' having freq. spacing of f

mode-locked freq.=f Fourier ‘Electromagnetlc THz comb‘

(EM-THz comb)
transform
-»tlme ‘ | |
I
O f 2f eesescccceccsccsccrscesceses nf freq

Free-space propagating
mode-locked THz pulse train

Test source with multiple frequencies

ranging from sub-THz to THz
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Experimental setup

Precise control of mode-locked frequency

standard

: Pump light
ML req, 2 1) (ML freq. =,
PC-THz
comb Current
preamplifier
Jr f,=81,834,630 Hz
RF spectrum f,=81,834,635 Hz
analyzer

ref) Yasui, APL 88, 241104 (2006).  Yokoyama, CMRS5, CLEO2007.
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Spectrum of EM-THz comb

12

Amplitude (V)
(00)

0

Frequency on RF spectrum analyzer (kHz)
169 | 2|5 | 5|0 | 7|5

100

— Signal
— Noise

RBW = 1kHz

Sweep time = 1000s

0 02 04 06 08 1 12 14 16

Frequency (THz)

Spectral range over 1THz !

Re-scaling

(X f,/A)

—
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Observation of EM-THz comb mode

Mode-locked freq.
Frequency on spectrum analyzer [kHz f,=81,834,630Hz

60. 6 60. / 60. 8 60. 9 61.0

1ok ! | ! Measurement time
] ' =0.5sec
- 0.8F : f
o
s 06l 1 1 RBW=10Hz
T 0.4
o
£ 02

0.0 ' '

49. 6 49.7 49. 8 49.9
Frequency [GHz]

Average power of each mode < 1nW

High sensitivity in THz region
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THz frequency metrology based on
frequency comb technigques

Atomic clock in

Laser microwave region Transfer of
Optical control daccuracy
Coherent link
o -——— of frequency /& = = T = = = = - -
PC THz comb I
fmm-»Opt

| Fer e gy I | |1 1, TH,
O f 2f eecccccceccecccccccccece freq.

=B THz synthesizer THz clock THz spectrum analyzer J-
v

4EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEED®

THz frequency metrology

Same accuracy as microwave and optical regions

—_————— g o



