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Context: infrared imaging at very high 
angular resolutions

J. Kluska et al.: A family portrait of disk inner rims around Herbig Ae/Be stars
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Fig. 6. Reconstructed images of the Herbig AeBe targets classified by decreasing size (as fitted in L17). The blue star marks the position of the
central star, which has been subtracted, the black contours indicate the significance at 1 (dashed line), 2 and 3-� (solid lines) and the blue ellipse
shows the size of the beam.

3.3. Asymmetry analysis

To investigate any departures from axi-symmetry in our targets,
we compute the asymmetry maps for each image (Fig. 8). All the
images have some non centro-symmetric flux. In order to study
the significant asymmetries only, we focus on the objects hav-
ing a significant non-zero closure phase signal. Half of our sam-

ple (HD45677, HD98922, HD100546, HD144668, HD150193,
HD163296, MWC158, MWC297 and R CrA) present at least
3 non-zero closure phase measurements beyond 5-� (Fig. A.4),
which indicate departure from centro-symmetry. In the rest of
the asymmetry analysis we focus on those objects only.
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Planet Formation Imager:  a facility designed 
to image the key stages of planet formation

Stefan Kraus (Exeter, UK)
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• Caracterising young exoplanets up to Taurus 

• Resolving circumplanetary disks spatially and kinematically 

• Mappping dust distribution and kinematics

Top level science requirements

• PI: J. Monnier (U. Michigan) 
• PS: S. Kraus (U. Exeter) 
• PA: M. Ireland (ANU) 
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Direct interferometry

A vision for future interferometers

Mid IR Local oscillator 
Phase lock
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Fiber linked coherent infrared array 

Heterodyne interferometry



The challenge of sensitivity

Event Horizon Telescope 
collaboration 

2018

37.5 THz 25.0 THz
12.5 THz !

MIDI instrument at VLTI
Increasing bandwidth

3GHz

Using frequency combs



A vision for future interferometers
Fiber linked coherent infrared array 

• Low-cost telescope technologies 

• Sensitive high bandwidth 
detectors (~40 GHz) 

• Mid-Infrared frequency combs 

• Efficient “cheap” HR dispersers 

• Phase lock over km baselines 

• Correlators capable of handling > 
10 Telescopes & 40 GHz signals



A complete heterodyne instrumental chain 
at IPAG
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First demonstration of photonic correlation 
on sky

Corrélateur à double boucle à décalage de fréquence



Développement de détecteurs unipolaires 
QCD à très grande bande passante

C. Sirtori (LPENS) group, Palaferri et al. 2018, Gacemi et al. 2018, Bigioli et al. 2020 

Thèse FOCUS-LPENS: Tituan Allain

4.2. HETERODYNE DETECTION WITH PATCH-ANTENNA QWIP 95

input resistances. The QWIP detector has a resistance of 200 ⌦, whose Johnson noise dom-
inates over the amplifier noise (for greater input resistance, the amplifier noise dominates).
In fig. 4.12, the black curve represents the noise from a calibrated resistance of 220 ⌦, which
is the resistance of the device at 0 V. The red curve is the connected unbiased detector. The
blue curve is when the applied bias on the detector is 0.7 V: the noise floor increases 10 dBm
above the Johnson noise when the dark current circulates in the device. This curve shows
that the 1/f noise is visible only at frequencies below 40 kHz. As it is apparent from the
figure at higher frequencies the noise flattens and therefore, at our heterodyne frequencies,
the flicker noise can be neglected. This is confirmed by noise calculation for our devices,
where at room temperature the dark current shot noise is close to an order of magnitude
greater than the other noise sources.

4.2.3 Heterodyne experimental set-up
The schematic of the experimental set-up is shown in fig. 4.13 and a photo is given in fig.
4.14. The black dot indicates the elements placed in a positionable stage (three coordinates
plus rotation).
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Figure 4.13: Schematic of the heterodyne detection set-up. A-power amplifier; OI-optical isolator; BS-
beam splitter; P-polarizer; V- voltage supplier; At- power attenuator. The black dot indicates a movable
element.

In our heterodyne experiment, the QCLs cooling is provided by a chilled water circuit and
a Peltier module operated by a commercial temperature controller. The QCLs are driven
with two home-made low noise current sources supplied by the Laboratoire de Physique de
Lasers (LPL) at University Paris 13, with a current noise of only 100 pA/Hz0.5. The optical
power from each DFB quantum cascade laser is collected by two aspheric AR f0.5 lenses and
then made collinear using a ZnSe 50% beam-splitter (BS). One part of the beam serves as
reference, impinging on a power meter or a VIGO detector. The other part is collimated and
then passes through a telescope composed by a f0.5 lens and a movable 6 mm focal length
lens, providing a beam reduction of a factor 4. In this way, after the telescope, the diameter
of the beam matches the aperture of an optical isolator (Innovation Photonics) having a di-
ameter of 4 mm and mounted in a three-stages plus horizontal angle positionable platform.
The resulting beams are focused and made collinear onto the patch antenna QWIP detector
with a f = 6 mm lens.

Obtenir des détecteurs à haute bande passante (>10GHz) et rendement quantique 
(>20%) validés sur corps noir.
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Figure 3 Dispositif d'utilisation des détecteurs QCD en l'état au LPENS. 

Description détaillée des objectifs et des tâches considérées :  
 

Afin de permettre une encapsulation de ces détecteurs dans un packaging qui permet d’interchanger 
les puces et faciliter l’utilisation de ces détecteurs sur le terrain, hors laboratoires nous avons défini le 
cahier des charges suivant : 
Le packaging doit permettre : 

- D’utiliser ces détecteurs à des températures de l’ordre de 240K en utilisant des modules Peltier 
pour améliorer les performances de bruits et stabiliser la température.  

- D’intégrer dans le packaging des amplificateurs RF à la sortie des détecteurs pour réduire les 
effets capacitifs des câblages. (Un travail d’intégration RF avec adaptation d’impédance est 
requis). 

- D’introduire des lentilles hémisphériques pour améliorer la responsivité effective ainsi réduire 
des effets indésirables tel que les effets Fabry-Perrot et du feedback optique vers les lasers.  

QCD structure  
up to 2 µm thick 

Coplanar waveguide 
adapted at 50 Ω 

High-speed frequency setup 

Wafer used from  
another project 

Wire bonding 

Financement packaging détecteurs (Peltier, ampli, lentilles)



Projection

Corrélation Photonique

Détecteurs QCD

Synchronisation d’oscillateur locaux (SYRTE, LPL)

OFC at LNE-SYRTE (SYRTE-OFC in Fig. 1)30. The 3 × 10−16 accuracy
of the Cs fountain30 can be achieved with a sufficiently long
averaging time. At LPL, part of the 1.55 µm comb was amplified
and fed into a nonlinear fibre to generate an additional output of
the OFC, centred at 1.82 µm (ref. 32). The 1.82 µm comb and
QCL beams were overlapped in a AgGaSe2 crystal to perform
sum-frequency generation, resulting in a shifted comb centred at
1.55 µm. This shifted comb was then combined with the 1.55 µm

output of the LPL OFC. A fibre delay line was used to overlap the
pulses in the time domain. On photodiode PD1 (Fig. 1), a beat
note of frequency Δ1 = ±[nfrep – νQCL] was obtained between the
QCL frequency νQCL and a high harmonic (of order n) of the rep-
etition rate (see Methods). Note that this beat note was independent
of the comb carrier-envelope offset frequency f0. This signal at fre-
quency Δ1 was filtered and mixed with a radiofrequency (RF) oscil-
lator to generate the error signal that drives the phase-lock loop used
to stabilize the QCL. A bandwidth of several hundreds of kilohertz
was obtained. This stabilization set-up can be used over a wide
9–11 µm spectral range and could be extended to any frequency
in the entire 3–20 µm range with an appropriate choice of crystal
and comb spectrum.

The performance of this set-up was assessed by measuring the
relative frequency stability and frequency noise power spectral
density (PSD) of the QCL. The stability of the QCL was first com-
pared to that of a state-of-the-art secondary frequency standard
around 10 µm, a CO2 laser stabilized on an OsO4 saturated absorp-
tion line26,36,37 (hereafter referred to as the ‘MIR reference’, see
Methods). The beat note of frequency Δ2 between the stabilized
QCL and this MIR reference was detected on photodiode PD2
(Fig. 1) and sent to a frequency counter. The stability of the beat
note is the quadratic mean of the MIR reference and the QCL stab-
ilities, and was obtained by calculating the overlapping Allan devi-
ation of the data (red squares in Fig. 2). The fractional frequency
stability is equal to 5 × 10−14 for 1 s averaging time τ, and decreases
as τ−1/2 up to a few tens of seconds. The stability of the beat note of
frequency Δ1′ between the MIR reference and the OFC, detected on
PD1, is also plotted for comparison (blue circles). The two stabilities
are almost identical, except for small deviations due to non-station-
ary effects, and reflect the noise level of the MIR reference.
Incidentally, this is the same noise level as has been measured pre-
viously32,36. The MIR reference contribution being dominant, this
measurement can only provide an upper limit for the QCL stability.

The QCL frequency stability is expected to be given by the stab-
ility of the LPL OFC, with only a negligible contribution from the
phase-lock loop residual frequency noise. Here, we evaluate both
contributions. The OFC stability was assessed by beating an
optical mode of the OFC with a second remote ultra-stable laser
located at LNE-SYRTE (ultra-stable (US) laser #2, Fig. 1; see
Methods). The Allan deviation, shown as green triangles in Fig. 2,

f0
1.82 µm

PLL

10.3 µm

Δ1

Δ1’Δ2

AgGaSe2

9 GHz

LNE-SYRTE

43-km optical-fibre link

LPL

QCL

MIR
reference 

US laser #1 Primary frequency references
(H maser – Cs fountain)

1.54 µm

US laser #2 (optional)

1.55 µm

νref

frep
OFC

SYRTE-OFC

AOM Counter

Counter or 
FFT analyser

PD2

PD1

Figure 1 | Experimental set-up. The NIR frequency reference, νref, generated
at LNE-SYRTE with ultra-stable (US) laser #1 is transferred to LPL through a
43-km-long optical-fibre link. Its absolute frequency is measured against
primary frequency standards by the use of an OFC (SYRTE-OFC). Its
stability is provided by an ultra-stable cavity (see Methods) whose
frequency drift is removed by an acousto-optic modulator (AOM). At LPL,
the comb repetition rate, frep, of an OFC is phase-locked onto this reference.
The QCL is then phase-locked onto a harmonic of frep by performing sum-
frequency generation in an AgGaSe2 crystal (see Methods). The beat note
of frequency Δ1 is processed to generate the error signal for the QCL phase-
lock loop (PLL). The signal of frequency Δ1′ on photodiode PD1 corresponds
to the beat note between the MIR reference and a multiple of frep and the
signal of frequency Δ2 on photodiode PD2 corresponds to the beat note
between the MIR reference and the QCL. The stabilities and frequency noise
PSDs are evaluated by using a counter and a fast Fourier transform (FFT)
analyser. Arrows indicate movable optics and the padlocks symbolize the
OFCs’ phase-lock loops. Ultra-stable laser #2 is used to evaluate the
spectral purity of the LPL comb.
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Figure 2 | Assessment of the QCL frequency stability. Fractional frequency
stability of the beat note between the QCL phase-locked onto the NIR
reference (QCL/OFC) and the MIR reference (curve a, red squares), the
beat note between the MIR reference and the OFC (curve b, blue circles),
the OFC (curve c, green triangles) and the beat note between the QCL and
the CO2 laser, both stabilized onto the OFC (curve d, black stars). Overlapping
Allan deviations are processed from data measured using a Λ-type counter
with 1 s gate time. For curve d, a dead-time free counter was used.
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*RDO�RI�WKLV�SURMHFW�DQG�YLVLRQ�IRU�WKH�IXWXUH

)LJXUH� $ERYH� VFKHPDWLFV RI WKH SURSRVHG &�38
LQWHUIHURPHWULF LPSOHPHQWDWLRQ� 5LJKW�ERWWRP� ,QVHW
VKRZLQJ D PDVN OD\RXW RI D JUDSKHQH�EDVHG GRXEOH
VLGHEDQG PL[HU WR EH PDQXIDFWXUHG YLD (�EHDP
OLWKRJUDSK\� %DFNJURXQG LPDJH VKRZV DQ H[DPSOH RI
QDQR�VFDOH VWUXFWXUH ZLWK W\SLFDO VL]HV PDGH DW WKH
0LFURVWUXFWXUH /DE LQ &RORJQH IRU D ���� 7+] ��� �P�
PL[HU� 7KHVH FDSDELOLWLHV ZLOO EH XVHG WR LQYHVWLJDWH
WKH�WUDQVLWLRQ�WR�JUDSKHQH�EDVHG�VWUXFWXUHV�

$ERYH� W\SLFDO 3DUDQDO VN\ WUDQVSDUHQF\ LQ WKH 4
EDQG VKRZLQJ WKH LQVWDQWDQHRXV EDQGZLGWK RI D
IRUHVHHQ ���*+] GRXEOH VLGH PL[HU DQG WKH WXQDELOLW\
UDQJH�RI�D�FRPPHUFLDO�/2�DW������P�

2XU JRDO LV WR GHPRQVWUDWH LQ WKH ODERUDWRU\ DQG RQ VN\ DOO WKH EXLOGLQJ EORFNV RI D
IXOO WZR�ZD\ LQWHUIHURPHWULF SURWRW\SH KHWHURG\QH FKDLQ RSHUDWLQJ DW KLJK VSHFWUDO
UHVROXWLRQ LQ WKH 4 EDQG WKDQNV WR SURWRW\SH JUDSKHQH GHWHFWRUV ZLWK WKH DLP RI
RSHQLQJ�D�QHZ�DVWURQRPLFDO�ZLQGRZ�IRU�WKH�9/7,�LQ�WKH�IXWXUH�

7KH RQ�VN\ GHPRQVWUDWLRQ ZLOO EH FDUULHG DW WKH &�38� D SDLU RI WHOHVFRSHV ORFDWHG DW WKH
2EVHUYDWRLUH GH OD &{WH G¶$]XU �&DOHUQ VLWH�� 2XU SDUWQHUVKLS SURYLGHV DOO WKH UHTXHVWHG
H[SHUWLVH�WR�H[SORUH�WKLV�QHZ�WHFKQRORJLFDO�DYHQXH�ZKLFK�PRWLYDWHV�RXU�SURSRVLWLRQ�

7DUJHWHG LQVWUXPHQWV�WHOHVFRSHV DQG VFLHQFH� 7KLV UHVHDUFK DQG GHYHORSPHQW SURJUDP
ZLOO SDYH WKH ZD\ IRU D IRXU�EHDP 4�EDQG FRUUHODWRU IRU 9/7, ZRUNLQJ LQ FRQMXQFWLRQ ZLWK
*5$9,7<¶V IULQJH WUDFNHU� ,W ZLOO SURYLGH WKH VWDU DQG SODQHW IRUPDWLRQ FRPPXQLW\ DQG PRUH
JHQHUDOO\ WKH VWHOODU SK\VLFV FRPPXQLW\ WKH FDSDELOLW\ WR VWXG\ WKH NLQHPDWLFV DQG H[FLWDWLRQ
RI NH\ JDV WUDFHUV� 7KLV HIIRUW VKRXOG DOVR EH FRQVLGHUHG LQ WKH FRQWH[W RI WKH 3ODQHW
)RUPDWLRQ ,PDJHU LQLWLDWLYH� 7KH FRQVLGHUDEOH VLPSOLILFDWLRQ RI WKH DUUD\ LQIUDVWUXFWXUH
SURYLGHG E\ DQ KHWHURG\QH FRUUHODWLRQ VFKHPH PDNHV WKLV WHFKQRORJLFDO H[SORUDWLRQ
ZRUWKZKLOH� +RZHYHU� LW VKRXOG EH YHU\ FOHDU WKDW WKLV SURSRVDO GRHV QRW UHTXLUH DQ\
HIIRUW�IURP�(62�ZLWKLQ�WKH�WLPH�IUDPH�RI�WKH�FDOO��

5HTXLUHG�WHFKQLFDO�GHYHORSPHQWV
2XU SURSRVDO FRYHUV D SHULRG RI IRXU \HDUV� 7KH HIIRUW LV GLYLGHG LQ WKUHH ZRUN�SDFNDJHV WKDW
ZLOO�OHDG�HYHQWXDOO\�WR�WKH�SURWRW\SH�LQVWUXPHQW�GHVFULEHG�LQ�WKH�ILJXUH�DERYH
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2SHQLQJ�WKH�4�EDQG�WR�KLJK�VSHFWUDO�DQG�KLJK�DQJXODU
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$V RI WRGD\ DOPRVW DOO VSHFWUDO ZLQGRZV DFFHVVLEOH IURP WKH JURXQG KDYH EHHQ XQFRYHUHG E\
RSWLFDO LQWHUIHURPHWHUV� 2QO\ WKH ����P �4� EDQG ZLQGRZ UHPDLQV XQH[SORUHG� ,Q WKLV
UDQJH VHYHUDO NH\ SK\VLFDO SURFHVVHV FHQWUDO WR PDQ\ WRSLFV LQ VWHOODU SK\VLFV FDQ EH WUDFHG�
LQ SDUWLFXODU LQ WKH ILHOG RI VWDU DQG SODQHW IRUPDWLRQ� RXU FHQWUDO PRWLYDWLRQ� 1XPHURXV DWRPLF
DQG PROHFXODU GLDJQRVWLF OLQHV �+� DW ������P� K\GUR[\O 2+ +' �URWDWLRQDO� ODGGHU� +���
ILQH�VWUXFWXUH >)H,,@ RU >6,@� WUDFHUV DUH REVHUYDEOH� 7R GDWH� WKH 4�EDQG LV PRVWO\ DFFHVVHG
IURP VSDFH �H�J� 6SLW]HU� -:67�0,5,� DQG ZLWK D IHZ JURXQG LQVWUXPHQWV �H�J 9/7�9,6,5�
DOEHLW ZLWK DQ DQJXODU UHVROXWLRQ RI a���´� /RQJ�EDVHOLQH LQWHUIHURPHWU\ LV WKH RQO\
VROXWLRQ WRZDUGV D [�� LPSURYHPHQW LQ VSDWLDO UHVROXWLRQ� )RU DQ HTXLYDOHQW VSHFWUDO
UDQJH� DQ KHWHURG\QH LQWHUIHURPHWHU DW D IHZ WLPHV WKH TXDQWXP OLPLW QRLVH WHPSHUDWXUH
FRXOG VWLOO EH PRUH VHQVLWLYH WKDQ WKH GLUHFWLRQ GHWHFWLRQ VFKHPH� LQ SDUWLFXODU FRQVLGHULQJ
WKH KLJK WKHUPDO EDFNJURXQG �WHOHVFRSH� VN\� DQG WKH GHQVH IRUHVW RI VWURQJ DEVRUSWLRQ OLQHV
DIIHFWLQJ WKH 4�EDQG WKDW GLVIDYRU EURDGEDQG LPDJLQJ LQ WKLV ZDYHOHQJWK UDQJH �0RQQLHU HW
DO� ����� 63,(�� ,W DSSHDUV WKH PRVW SURPLVLQJ YHQXH WR PLOOLDUFVHFRQG VFLHQFH DW ���P DQG
WR�WKH�H[SDQVLRQ�RI�WKH�9/7,�WR���WHOHVFRSH�FRQILJXUDWLRQ�

7HFKQRORJLFDO�FRQWH[W
&� 7RZQHV DQG WKH ,6, WHDP KDYH GHPRQVWUDWHG WKH IHDVLELOLW\ RI KHWHURG\QH PLG�LQIUDUHG
LQWHUIHURPHWU\ �+DOH HW DO� $S- ���� DQG LGHQWLILHG VHYHUDO VHQVLWLYLW\ OLPLWDWLRQV UHODWHG WR
WHFKQRORJ\� 6LQFH WKHQ� WKHUH KDV EHHQ FRQVLGHUDEOH WHFKQRORJLFDO SURJUHVV LQ WKH ILHOG RI
PLG�LQIUDUHG SKRWRQLFV DQG GHWHFWRUV WHFKQRORJLHV� 7KHUH LV QRZ D ZLGHVSUHDG DYDLODELOLW\ RI
4&/�EDVHG FRKHUHQW PLG�LQIUDUHG VRXUFHV WKDW FDQ DFW DV ORFDO RVFLOODWRU� KLJK EDQGZLGWK
PLG�LQIUDUHG GHWHFWRU UHVHDUFK LV H[WUHPHO\ DFWLYH� WKH DELOLW\ WR FRUUHODWH KLJK EDQGZLGWK
VLJQDOV XVLQJ WHOHFRP SKRWRQLFV �%RXUGDURW HW DO� $	$������ -26$% ����� KDV EHHQ
GHPRQVWUDWHG DQG� ILQDOO\� SKDVH V\QFKURQLVDWLRQ RI PLG�LQIUDUHG FRKHUHQW VRXUFHV ZLWK DQ
DWRPLF FORFN ORFDWHG NP¶V DZD\ KDV EHHQ VKRZQ �$UJHQFH HW DO� ����� 1DW� 3KRWRQ� ���$��
7KH GHWHFWRUV�PL[HUV GRPDLQ� D ORQJ�VWDQGLQJ VHQVLWLYLW\ ERWWOHQHFN IRU KHWHURG\QH
WHFKQLTXHV� KDV VHHQ D SURPLVLQJ SXVK IRU D EDQGZLGWK EURDGHQLQJ LQ WKH IRUP RI XOWUDIDVW
JUDSKHQH�EDVHG GHWHFWRUV ZLWK VSHHG LQ H[FHVV RI �� *+] �VLQJOH EDQG� RU PRUH ZLWK UDWKHU
KLJK TXDQWXP HIILFLHQFLHV �Ș!���� IURP WKH YLVLEOH WR WKH PLG�LQIUDUHG �!�� �P� �:DQJ HW DO��
1DWXUH ������ %XLOGLQJ RQ WKHVH SXEOLVKHG ILUVW H[SHULPHQWDO SURRIV� WKHUH LV D UHDOLVWLF KRSH
WKDW WKH OHDS WRZDUGV DVWURQRPLFDO DSSOLFDWLRQ LQ WKH �� 7+] FDQ EH FURVVHG SURYLGHG D
VXLWDEOH�WHFKQRORJLFDO�HIIRUW�
7KH SURVSHFWV RIIHUHG E\ KHWHURG\QH LQWHUIHURPHWU\ KDYH WKXV FRQVLGHUDEO\ HYROYHG�
RIIHULQJ D XQLTXH FKDQFH WR REVHUYH� DW KLJK VSHFWUDO DQG DQJXODU UHVROXWLRQ� VHOHFWHG
NH\ DVWURSK\VLFDO OLQHV UHOHYDQW WR VWDU DQG SODQHW IRUPDWLRQ RU VWHOODU DVWURSK\VLFV�
7KH PRWLYDWLRQ RI WKLV SURSRVDO LV WR VWHDGLO\ H[SDQG WKH WHFKQRORJLFDO QHHGV LQ WKDW
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