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This presentation introduces Millimetron space mission and outlines superconducting detector technologies that are suitable for Millimetron instruments



IR Space Missions overview 
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Since 1983, there were series of space missions which had far infrared detectors on board, allowing for sensitive measurements, starting from IRAS all sky IR survey, continuing by ISO spectral survey of important sources and culminating in recent Herschel/Planck space mission. Hershel had already superconducting technology detectors on board and has flown SIS receivers and Hot Electron bolometers for the first time.
Upcoming are Japanese SPICA and Russian Millimetron missions, both of which will be using superconductor technology. 



Scientific requirement for next space 
missions: low background 

Cold telescope 
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Main rationale of using very sensitive superconducting detectors in space is possibility to practically remove instrument background radiation due to cooling of main dish to cryogenic temperature. As show on the picture, when telescope is cooled to 4K, sensitivity of the instrument will only be limited by natural sky background and, of course, by detector sensitivity



Scientific requirement for next space 
missions: high spatial resolution 
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The telescope with a big 
aperture can resolve 
more than 90% CIB into 
individual sources 
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Cooling telescope and sensitive detectors allow to resolve spatially more than 90% cosmic infrared background by using large telescope.



High spatial resolution 

Resolution 
gap 
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In the graph on this slide, spatial resolution of different instruments on the ground and in space is presented. It is clear, that in far infrared there is lack of instruments with an adequate spatial resolution forming a "resolution gap"



Near future space missions: both cold 

Millimetron/Spectrum-M SPICA 
Both require very sensitive detectors 
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Following rationale on previous slides, both far infrared space missions Millimetron and SPICA, which are currently in plans have cold mirrors and require extreme sensitive detectors.



First 10 m class space telescope for - 
the FIR, submm and mm range  
- deployable and adjustable  
-  mechanically cooled (<10K)with post-

cryo life 
-  L2 orbit - for cosmology and 

astrophysics  
Dual operation modes:  
- S-VLBI up to 1 THz  
- single dish with observatory-style 
- largest array formats flown to-date 
- state-of-the-art instrumentation with 

extensive space technology heritage 
Launch date aimed for 2019/2020  
Lifetime: 10 years; at cryo >3 years  

Millimetron mission overview 

EUCAS 2013, Genova, Italy 

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2013,   Not included in the EUCAS 2013 SuST Special Issue

andrey
Sticky Note
Here we introduce Russian space mission "Millimetron" or Spectrum-M in Russian Space Agency nomination. It will have deployable 10 m diameter main mirror with 3 m diameter central solid part. It will be inserted into Lagrangian L2 point and goal is to cool mirror to temperatures below 10K by using mechanical coolers.



Millimetron mission overview, contd. 
• Wavelength range: 50 (goal)/150µm –

3mm/17mm(S-VLBI)
• Two modes of observation: S-VLBI element

and as single-dish telescope
• Instruments: Heterodyne and Direct detection

(arrays)
• Cassegrain system, Primary with aperture

Ø10m (≤ 10µm rms) consist of central solid
dish Ø3m (≤ 5µm rms) and deployable petals

• Cooling: radiation + mechanical coolers
• Telescope temperature: < 10K; 4.5 K goal.
• Total mass: ≤ 6600 kg
• Total electrical power : ≤ 4000 W
• Orbit: L2 for the Sun-Earth system
• Lifetime: 10 years ( 3 years with active cooling)
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Since heavy Protom-M launcher type will be used, Millimetron can afford large mass and power consumption compared to a typical astrophysics space mission. 



Millimetron mission concept 
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This slide show Millimetron mission concept, which depicts deployable sun-shields for passive antenna cooling up to 30-40K temperature, petal type deployable antenna and large cryo-container (0.8m high and 2.5 m in diameter) where cooling to 4K temperatures will be provided for all instruments. This cooling level is sufficient for using superconducting detectors. Any lower sub-kelving temperature, that is required for direct detectors, will be generated inside of relevant instruments. 



Resources available on Millimetron 
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Here a detail of instrument package distribution in cryo-container is shown. It will contain Space earth VLBI channels, High resolution Spectrometer (heterodyne receivers based on SIS or HEB mixers), low frequency medium  resolution spectrometer (LMRS) for range from 100-1000 GHz, high frequency medium resolution spectrometer for range of 1000-5000 GHz. Rather forgiving total mass and dissipation power will be provided. 



Millimetron Instrumentation 

Direct detectors 

Direct detectors 

Heterodyne 

Heterodyne 
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Here is summary and types of Millimetron instruments is shown



 High Sensitivity
 Low mass
 Low power consumption (also for readout)
 Low power dissipation both ambient and

cryogenic level
 Low wire count for many detector pixels
 Vacuum compatibility
 Low sensitivity for cosmic ray hits

Detector technology requirements 
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Clearly space environment adds stringent requirement for detector technology on board as listed in this slide. Special attention must be paid to sensitivity to cosmic ray particle hits. Experience of Herschel and Planck missions shows that cosmic ray events occur several times a second at L2 orbit conditions and can disturb nominal operation or add extra noise to the system if not properly taken into account in to detector design 



Heterodyne instruments coverage 
8 GHz IF bandwidth, x 16 in peak configuration 
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Here we summarise planned spectral coverage of high resolution spectrometer. We plan to have several frequency bands each of them will have multiple pixel array of either SIS or HEB technology depending on the frequency.
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Heterodyne sensitivity 
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State of art heterodyne detector sensitivity expressed in terms of double sideband noise temperature is presented in this graph. The data in the graph is based on Herschel HIFI instrument performance both for SIS and HEB technology. In the blue line expected heterodyne mixer temperature is indicated based on recent progress of development. It can also be noted the HEB mixers low noise operation is now extended above 2THz and demonstrated up to at least ~5THz (Gao et al)



echnology 
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One of exapmples of Heterodyne detector technology is Superconducting Integrated Receiver demonstrated by group of V. Koshelets from IREE in Moscow. With this receiver it was possible to combine flux flow oscillator and SIS mixer in one chip and achieve very low noise and low power dissipation operation. It has been used as part of a balloon system and achieve sensitivity and local oscillator purity sufficient for using inside Millimetron receiver. 



SIS technology 

Photo of the Nb/Al-AlNx/NbN SIS mixer (A= 
0.5 µm2 ) 

V. Koshelets et al 
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Recently the same group has demonstrated SIS mixer based on Nb/AlN/NbN SIS mixer embedded in NbTiN-SiO2-Al tuning circuit. SIS junction of this type has higher gap voltage up to 3.5 mV which extends the frequency of operation above 1.2 THz which is a limit for a commonly used Nb/AlOx/Nb SIS junction. A photograph of mixer layout and measured frequency coverage of such a mixer is shown in this slide. Note, due to large available current density of up to 30-40kA/cm^2 a large bandwidth has been achieved.



V. Koshelets et al 
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More recently, junctions with gap voltage of 5mV has been demonstrated with excellent I-V curve quality (see the picture in the slide). This can provide technology basis for SIS mixers working up to 2THz which is extremely important for Millimetron high resolution spectrometer application



• NbN 2 x 0.2 μm2

• Quasi-optical,
• Tight spiral antenna
• Coated Si lens for 4.3

THz

Hot Electron Bolometer 

Gao et al 
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Significant progress has been achieved in hot electron bolometer mixer development. As shown in this slide, particular example of HEB employing NbN thin film 2x0.2 um size bridge between golden contacts integrated into planar spiral antenna which is then mounted onto Si lens from a very sensitive phonon cooled type HEB mixer.



HEB-QCL at 4.7 THz 

Lab setup for 4.7 THz 
receiver  

• Measured Trec,DSB of
815 K with 4.7 THz 
QCL (3 μm 
beamsplitter) 

• ~ 7 times quantum
noise

• Red point: QCL LO

• Green points: FIR gas
laser

 

J. L. Kloosterman et al., Appl. Phys. Lett. 102, 011123 (2013) 
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Noise temperatures as low as 700 K has been demonstrated for LO frequency around 4.7 THz which is approaching to a quantum limit. 



Sensitivity overview 

Goltsman et al 
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In this sensitivity summary, provided by Gregory Goltsman, results of several groups active in HEB mixer development are presented. Clearly significant improvement in noise temperature is achieved compared to Herschel HIFI instrument (see previous slides) which gives unique opportunity to launch very sensitive heterodyne instrument on board of Millimetron space mission.



Direct detectors 

 Microwave Kinetic Inductors
 Cold Electron Bolometers CEB
 Transition edge sensors

 NEP <1E-19 Goal 1E-21, for grating
spectrometer
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We continue now overview of superconducting detectors for Millimetron space mission to a direct detector technology. We will concentrate on three most probable candidates. One of the key requirement to all direct detectors is extremely low noise equivalent powers (NEP) as a result of low background produced by cooled telescope dish.



Spectroscopic sensitivity, grating 
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Here is an example of spectroscopic sensitivity for grating type spectrometer on  Millimetron is presented in comparison with other instruments. Significant improvement can be achieved if detectors of NEP 10^-21 W Sqrt(Hz) is used on 4K temperature 10 m diameter antenna.



Medium resolution low frequency 
spectrometer layout 

P. De Bernardis et al 
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Millimetron Low frequency medium resolution spectrometer is developed by group of P. de Bernardis University of Rome. It is a differential Fourier transform spectrometer with low dissipation pendulum type translation mechanism. It will contain detector arrays in the range of 100-1000 GHz. The layout and optical beam propagation for the instrument is presented in figures of this slide.
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One of the prospective technologies that can be used in board of Millimetron is Cold Electron Bolometers developed in group of Leonid Kuzmin of Chalmers technical University in Sweden. Device is made of normal metal strip surrounded by two SIN junctions that provide bias contact, and also provide local electron cooling of the device. Low cross-section and isolation from large area conductor through SIN junctions account for low sensitivity for cosmic ray hits. Demonstrated pixel sensitivity and multiplexing capability is not yet sufficient for direct us on Millimetron mission but active research is ongoing.
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In this slide a proposed layout of an array CEB pixel is shown which potentially can cover large area. On the low right a theoretical estimate of sensitivity is presented. Photon noise level typical for CMB experiment is assumed.



TES: Ti/Au 50x50 μm2 
 thickness SiN 
island/legs=500nm 
 G = 0.27 pW/K @100mK 
 Tc=80.0 mK 

Gao, et al TES

Ta absorber

SiSixxNNyy legslegsSiSixxNNyy legslegs

Vacuum

Si Substrate 

TES

Ta absorber

SiSixxNNyy legslegsSiSixxNNyy legslegsSiSixxNNyy legslegsSiSixxNNyy legslegs

Vacuum

Si Substrate 

Transition edge sensors, SPICA SAFARI 
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The most established superconducting technology is transition edge sensor. This technology has received a boost when it was chosen as baseline technology for  SPICA SAFARI instrument. As stated before, development was needed to further decrease NEP of such detector while maintaining fast reaction speed (10-20ms). In the picture a layout of TES with relatively low G is presented, which was made on top of SiN  membrane. This device achieved NEP of several 10^-19 W Sqrt(Hz).



Measured sensitivity (50mK) 
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One important aspect in development of TES is increasing multiplexing ratios. One clear way to improve on the count of pixels per readout channel is to use frequency domain multiplexing. For this type multiplexing an AC bias and readout current is used, which has different effect compared to commonly used DC bias current. This slide show comparison of detector sensitivity when DC or AC biased, proving that AC bias does not lead to deterioration of detector performance



Microwave Kinetic Inductance detectors 

Baselmans et al 
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More recent development is Microwave Kinetic Inductance detectors which was first proposed by P. Day, J Zmuidzinas of CalTech. This is a pair breaking superconductor detector which uses a change of kinetic inductance and real part of conductivity of superconducting film under irradiation of photons with frequency above gap frequency of superconducting resonator. These superconducting resonators can have a Q-factors larger than 10^6 for microwave frequency, which increases responsivity for film inductance change as well as allows to pack many of these resonators in to narrow frequency range. When frequency multiplexing readout is used, 2000 detectors per line can be read out per single coaxial line. This is the highest multiplexing ration of all superconducting detectors.



Ground based camera 

25000 pixels, NEP 1E-18 demonstrated <1THz 
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Ease of multiplexing and adequate noise performance has already lead to several large format cameras utilizing KID technology. On this slide a detector chip developed for AMKID project is shown. It contains approximately 5000 detectors. AMKID instrument will be located at APEX telescope in Atacama desert to 5000m altitude. Total pixel count of AMKID is in excess of 25000 which is unmatched by any instrument and allows to sample 16x16 arc minutes field of view on the sky.



NEP 1E-19 >1THz 

Baselmans et al 
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For application in low background, which is relevant for Millimetron space mission sensitivity of 3*10^-19 has been demonstrated and sensitivity limit of quasi particle generation recombination noise has been experimentally demonstrated by group of J. Baselmans. In this graph detector phase and amplitude noise is depicted with respect to readout sampling frequency. Different curves correspond to different cryogenic black body temperatures which was used as calibrator. A plateau in these graphs clearly indicates presence of photon noise, i.e. photon noise limited operation. On the graph to the right NEP of detector vs input power is plotted. If detector is photon noise limited it should follow theoretical Sqrt(power) dependence, as demonstrated in the figure. At lower input powers detector noise is no longer following the same dependence and system is the detector noise limited at 3 10^-19. From this plot optical efficiency of detector can be inferred which is of order of 85% for one polarization.



Parametric Amplifier Development 

P. Day, J Zamuidzinas et al 
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In conclusion we would like to mention another superconducting technology: Microwave Kinetic Inductance parametric amplifier that was demonstrated recently by P. Day. It is based on a non linear dependence of kinetic inductance from microwave power in long superconducting line as shown in photo of the parametric amplifier chip (left figure). An amplifier gain over wide band has been demonstrated (right figure). Noise of parametric amplifier scales with bath temperature and can be as low as few quanta. In addition amplifier gain is also expected at higher frequencies up to submm which is of great interest for heterodyne systems.    
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