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ALMA observed [Olll] 88um
from z=7.2 SXDF-NB1006-2

From NAOJ press release
Inoue, Tamura, Matsuo et al., Science 352, 1559 (2016)




Terahertz and far-infrared windows
opened at Dome A in Antarctica

0 THz 3 THz 6 THz 9THz 12THz

i

Annual and winter (April-
September) transmittance

spectra measured at Dome A
during 2010-11.

Zenith Transmittance

Shi et al.
Nature Astronomy (2017)

Zenith Transmittance
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Atmospheric Windows from Atacama (alt. 4800m)
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THz Gap of Spatial Resolution

Wavelength (m)
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Hanbury-Brown and Twiss
Experiment (1956)

LIQUID  INTERFERENCE HALF-SILVERED Table 1. COMPARISON BETWEEN THE THEORETICAL AND
FILTER FILTER MIRROR EXPERIMENTAL VALUES OF THE CORRELATION
PHOTOMULTIPLIER TUBE

= _[I_| " . % Cathodes superimposed Cathodes separated
(d=0) (d = 2a = 1.8cm)

MERCURY  LENS pEcTaNGULAR

APERTURE Experimental | Theoretical | Experimental | Theoretical

ratio of ratio of ratio of ratio of
PHOTOMULTIPLIER correlation correlation correlation correlation
TUBE to r.m.s. to r.m.s. to r.m.s. to r.m.s.
deviation deviation deviation deviation
Se(0)/N. S(0)/N Se(d)/N. S(d)/N
AMPLIFIER AMPLIFIER

INTEGRATING MOTOR

Fig. 2. Simplified diagram of the apparatus




HBT Intensity Interferometry

Correlate “Intensities”
from two individual telescopes

Radio intensity interferometer at 125 MHz
— Hanbury-Brown et al. (1952)

Optical interferometer
— Hanbury-Brown and Twiss (1956)

from Hanbury-Brown (1974)
“The Intensity Interferometer”




Radio Intensity Interferometer
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Fig. 7.2. 'The output of the radio intensity interferometer showing the transit of a
Low —frequency source through the aerial beam.
band —pass filters ==
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Fig. 7.1.

Outline of a radio intensity interferometer. Fig. 7.3. The variation of the normalized correlation coefficient for the source

Cygnus A observed at 2-4 m (125 MHz) along the major axis. From Jennison
and Das Gupta (1966).

from Hanbury-Brwon (1974)
“The Intensity Interferometer”




Narrabri Stellar Intensity Interferometer

| Control
Building

BT ey Hanbury-Brown et al. (1974)
Diameter of 32 early-type stars
were measured.

T T T T
10 20 30 40
Baseline in metres

Fig. 11.5. Correlation as a function of baseline for Sirius A (= C Ma). The points
show the observed results; the full line shows the theoretical curve for a model
atmosphere (Te=10000 K, logg=4, A=450 nm). Results for three long
baselines are shown on an expanded scale together with their r.m.s. uncertain-
ties. (Total exposure 203 hours.)



Limitation of intensity
Interferometers

High Dynamic Range is required
— Intensity correlation oc (Amplitude correlation)?

Low efficiency for optical observations

— Observation of very early type stars only

Phase information 1s missing

— Measurement of stellar diameters only




Introduction of
Quantum Optics

from “Quantum Optics” by Mark Fox (2006)




Photon Statistics

n =100

.~ Sub-Poissonian
0.04+ Poisson

Super-Poissonian
P

50 100 150

. 5.4 Comparison of the photon
statistics for hight with a Poisson dis-
tribution, and those for sub-Poissonian
and super-Poissonian light. The distri-
butions have been drawn with the same
mean photon number @ = 100. The dis-
crete nature of the distributions is not
apparent in this figure due to the large
value of 7.

e sub-Poissonian statistics: An < V.

e Poissonian statistics: An = V1,

o super-Poissonian statistics: An > /7.

Fluctuation of Thermal Radiation

An=\/n+n2
|

hv/kT _1

n =
e




First order correlation function

(ET(L)E(E+T))

(E)]2)

Second order correlation function

(ETRE(t+T)EX+T)ER)  (I()(t+T))
EXRENE E+T)ER+T)) TENWUT({ES+T))

g (r) =

From M. Fox
Quantum Optics




Photon Bunching, Anti-bunching

Antibunched _
e bunched light: ¢'*(0) > 1,
e coherent light: ¢/ (0)

Coherent (random) e antibunched light: ¢

Bunched

50:50 beam splitter

Photons E} N

Number of events

@Smp LB
® Start ﬂ.l:'} | 1.0 .
From M FOX P Time interval (arb. units)

Quantum Optics (b)




THz photon bunches measured

from a Synchrotron Source

YBa:Cu;O+_; thin film detectors for picosecond THz pulses
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Fig. 3 (a) Measured detector signal of a 15 nm YBCO THz HEB over time. The

distance between two trams 1s 20 ns (50 MHz). In (b) one tramn with 33 bunches 1s
depicted 1n detail

Probst et al., Journal of Low Temp. Phys. (2012)



Fluctuation of thermal radiation

1

An:\/n+n2 , where n =
th/kT_l

n : photon occupation number
AQ =1

NEP = \[2P-(hv +kT,)[W/~+/Hz]

References A. Einstein (1909)
J. Mather (1984)
J.M. Lamarre (1986)
J. Zmuidzinas (2003)




THz photon fluctuation
NEP = /2P -(hv + kT ) [W/+/Hz]

10-1? I

10_18 | | | |
10° 10" 10" 10"
B = 100 GHz Freguency [Hz]




The use of photon bunching 7

Brightness temperature measurements
— Tp ~ 108 K in X-ray

— Tz ~ 10° K in optical

— Tz ~ 100 K 1n terahertz

— Application to CMB

Application to Terahertz Interferometry

— FIR atomic lines, black holes, exo-planet imaging




Photon Bunches for
delay time measurements

Photon bunch can be a measure of delay time.

— Complex visibility can be obtained.

Large number of THz photon 1s expected.
100 M photons/sec from Stars and AGNs

1 Jy at 1 THz (B=100 GHz), using ¢10 m telescope
At =101 sec in 100 sec is expected.

THz Photons are bunched !




Nobeyama Radioheliograph (NoRH)

* Interferometer exclusively observing the Sun

« 84 antennas of 80 cm diameter NRO 45 m

* 17 GHzR+L /34 GHz

. P Fundamentl Spacifig 1.528 m

Date: April 142074
Utilized:
17 GHz (17 mTHz) R+L
Central 16 elements aligned-East-West




The actual experiment was.. ..

Semi-automated “slave-style” DAQ

21



Experiment Setup

HEMT RX
RF 17 GHz
Txx=360 K

IF freq 200 MH
BW 80 MH:
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Data analysis stream

1 shot : 50 ms
DAQ Amplitude correlation
Cross : Integrate
Correlation
\ 4 \ 4
Data
Chunk (square-law detection)
45 us
LPF Cross
Integrate
5. (smoothing) Correlation e
Smoothing factor Intensity correlation
1.25 GHz x 7

=178 MHz (5.6 ns)



Nobeyema Radioheliograph at 17 GHz
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Ezawa, Matsuo et al. (2015)



Delay vs Time |
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Complex Visibility for
Aperture Synthesis Imaging

Real Part
— Sqrt of Intensity Correlation

Imaginary Part
—Ap=27nVv At
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From Intensity Interferometry
to
Photon Counting THz Interferometry

(PCTI)

THz photon detectors

— No quantum limited receiver noise
— Photon bunch for delay measurements
Merit of intensity correlation

— Stable against phase fluctuation
— Very Long Baseline Interferometry




Fluctuation of thermal radiation

1

An:\/n+n2 , where n =
th/kT_l

n : photon occupation number
AQ =1

NEP = \[2P-(hv +kT,)[W/~+/Hz]

References A. Einstein (1909)
J. Mather (1984)
J.M. Lamarre (1986)
J. Zmuidzinas (2003)




Observing sensitivity using

NEFD (mJy)

NEFD (1sec, 1sigma)
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Terahertz Photon Rates

Atmospheric emission (100 pW )
— 100 G photon/s

Cosmic Microwave Background
— 100 M photon/s (v=300 GHz, B=100 GHz)

Cosmic Terahertz Background (10-1© W)
— 100 k photon/s

1 Jy sources (=102° W/m?/Hz)
— 100 M photon/s (B=100 GHz, ¢=10 m)

Receiver Quantum Limit
— P=hvB — 100 G photon/s




Requirements to Detectors

Sensitive to THz photons
— Photon energy ~10-%! Joule

Fast response
— 1 GHz bandwidth for 100 M photons/sec

NEP(Noise Equivalent Power)
— 102! X (1 GHz)*5 ~ 10-17 W/Hz"S




NEP for photon counting
vS. time resolution

10714 Matsuo and Ezawa, JLTP (2016)
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SIS Photon Detectors

e Photon Assisted Tunneling
N h_ |A/W]
1%

N = J2el, [AlHZ]

NEP =Y 2o rwHz)
n e

NEP ~3x107"® W/+/Hz
for [, =1pA n=0.5




What do we plan next ?

ALMA 1s limited by atmosphere
SPICA 1s limited by telescope diameter
Space VLBI i1s limited by quantum noise

Interferometer using direct detectors,
such as SPIRIT and FIRI ?




THz Gap of Spatial Resolution

Wavelength (m)
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Space THz Interferometer
The Road Map

ESPRIT

Herschel

Spitzer




Structure of an AGN

Narrow Line
Region 1-10 arcsec

® o4
. E%E}‘gnl‘me ~0.01 arcsec
Jet
Accretion

~0.001 arcsec

Angular Scales for 16 Mpc
Such as NGC1068

~0.1 arcsec  Obscuring
Torus

Urry and Padovani (1995)




Structure of a protoplanetary disk

ALMA

Direct imaging (HST or 8-meter ground-based)

Near-IR interferometry

Mid-IR interferometry
-

Magnetospheric

accretion [l I !ﬂ"‘ net-formi Outer disk
D Pure gas disk ‘lﬂl:]‘ "|| |!! m n (mass reservoir)

0.03 AU 0.1..1AU

UV continuum,
H-recombination lines

Near-IR continuum Mid-IR:

(origin unclear so far) dust continuum _

+ atomic lines (Br—y) + M >[ec ulm |ine‘- + moIp( ular rot-lines
+ occasional molecular (H,0, CO,,

lines (H,0, CO, OH)

Scales are for Taurus and Auriga region
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- 7VTHA

,L,\F_Eﬁ,ﬁ% U

» HFAWBRANIXT ST

Z£600 K, B=80 MHz

— #1100 photons/bunch, S/N~1 (t =10 nsec)

« FfEA 5 D[OII] 88 mm KE =2 F2 Rk nE 1

- 7UTHR

100K, B= 30 MF
— #91 photon/bunch, S/N~

» INETE (

%£50cm 2%)

z, NEP=1x10-1" W/HZz0->

(t = 30 nsec)

— 1 JyD&EHEKIR, B= 1 THz, NEP=5%10-19 W/Hz05

— Signal 3x10° photons/sec, Background 1x10°
photons/sec
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Technologies for
Space THz Interferometry

* Cryogenics - AKARI, SPICA, Astro-
» VLBI technology - HALCA, Astro-G
» Superconducting detectors - SMILE:

Formatio

n Flight
Photon Photon

Counters Counters

Atomic clock Atomic clock
DAAArA A - DAAArA A
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* Photon Counting Terahertz Interferometer
In Space




