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Abstract

The Meissner Effect Transistor (MET) is a new device concept with the potential of
revolutionizing highspeed computing and communication systems. Essentially all radios,
telephones, andomputers utilize conventional semiconductor transistors. The operation
of conventional transistors is based on modulating the conductivity within a semiconductor
by the application of an electric field. The speed and complexity of semiconductor
transistornetworks is limited by the mobility of charge carriers and the esplesit heat
produced within the substrate. The MET has a complementary device architecture within
which the conductivity of a superconducting bridge is modulated by an applied magnetic
field by way of the Meissner Effect. The speed af MET is only limited by the
recombination time of Cooper pairs within the superconductor. Being a superconductor,
there is no Ohmic heating to limit the density to which METs can be packed, potentially
allowing the realization of far more powerful CPUs than is currently possible. The speed
of the MET also holds the potential of enabling the realization of terahertz amplifiers and
oscillators for use in ultravideband communication systeins

In this body of workan analytical model is developed using superconductor theorg and
Field Effect Transistor (ET) small signal modellhe wpper cutoff frequency of MET is
derived by determining Cooper pair relaxation tinibe roise model is determined by
defining noise parameters based on FET equivalent small signal cikoudnalytical
model, simulation restd, and typical parameters of superconducting bridge are then used
to derive theoretical magnetic amplificatidollowed by detailed discussion alesign,
andfabricationof test setupand results

The Orbiting Astronomical Satellite for Investigatindeffar Systems (OASIS) is a

proposed space telescope with a 14 m inflatable primary reflector that will perform high
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spectral resolution observations at terahertz frequencies with heterodyne receivers. The
telescope consists of an inflatable metallizeg/par membrane that serves as the primary
antenna, followed by aberration correction optics, and a scanner that enables a 0.1 degrees
Field of View while achieving diffraction limited performance owewavelength range
from 63 tThis ok Covesiiie optical design ofhe telescope, parametric
analysis of solution space, and metrological solutions for characterizing the surface profile
of inflatable membrane optics. Terahertz receiver systems, receiver architecture and optical

design are also discsed.
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Chapteei 4dsner Effect-TThreaonrsyi sotfor
Operati on

1.1 Introduction

A standard Field Effect Transistor (FET) has 3 ports formed by metallic electrodes
deposited on a semiconductor substrate (see Figure 1). These ports are the gate (G), source
(S), and drain (D). During fabrication impurities are added to the subst@atsate a p or

n-type conducting channel between S and D. The application of a DC voltage across S and
D, V, establishes an electric fielfl,; and allows current to flow between the two ports.

A time varying eletric field applied to G modulates the conductivity in the underlying

channelexponentiallyj.e.,small changes in the time varying gate voltage can cause large

variations in the channel conductivity . Since the current density in the channel

depends directly on the product of the chal
of EDS set byV,, the time varying input signal on G appears as an amplified signal on S.

The optimum operating point for the FET is obtained by applying the appropriate DC
voltages to each port.

The theory of operation fa Meissner Effect Transistor (MET) is analogow an FET,
exceptthect hannel 6 i s a thin superconducting bri
an oscillating magnetic field that modul at
manner (see Figure 2). The greatest gain (or sensitivitgiirecwhen the bridge is

magnetically or thermally biased near the point of going normal.
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Figure 1. Operating principle of a conventional FET. A time varying electric field applied at the gate

electrode(G) modulates the conductivity of the underlying @éped channel in the semiconductor.

Static B-bias +

O N

G
_l_is_l [] D A |F—o
— A N RF:)UL
Superconducting A%
Bridge \ .
Substrat
Bfield =\ HRSTAe

N

Static B-bias -

Figure 2. Operating principle of an MET. A time varying magnetic field applied at the gate electrode

(G) modulates the conductivity of the superconducting bridge

1.2 Brief Overview of Theory of Superconductivity

Supeconductors are made by forming Cooper pairs between electrons. The electrons in a
Cooper pair have opposite (antiparallel) spins. Magnetic fields work to align the electron
spins. Therefore, as a material makes the transition from normal to superconsiaténg

it excludes magnetic fields from its interiothe Meissner effect. Similar to the skin depth

effect of an electric field on the surface of a conductor, the strength of the magnetic field
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B decays exponentially as it ergehe superconductor. The LondBguation relates the

curl of the current density to the magnetic field:

p3] = B, (1)

1
m [
where,

o , 12
_agmc® O

/. == 0- (2)
c ne -

/, = London penetration depth, the distaneeuired for the incident magnetic field to
decay byl/e.

n = Superconducting electron density.

€, = Permittivity of free space.

m = Atomic mass.
e = Charge of an electron.

The coherence lengtk, of a superconductor is the binding distance betwe@p&qairs

and (to first orér) marks the thickness over which the transition between a

superconducting and nesuperconducting state can be maxjeis inversely related to the
superconducting bandgap enerfgyand critical temperatur€, of the material. The higher
theT_, the more tighy bound are the electrons in a Cooper pair

In a Type | (wherex, > /) superconductor magnetic fields applied parallel to the surface

are excluded completely up to a critical field valuetbf. Above this value the field has

sufficient strength to parallelize electron spin vectors, thereby bre@kiopger pairs and

driving the material out of the superconducting state. Fields applied perpendicular to a
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Type | superconductor can have effective internal valtigs, far higher than the applied

field. The extent of the field enheement is a strong function of the shape of the
superconductor, with values ranging from 1.5 for a sphere to orders of magnitude for a thin

plate with a magnetic field normal to the surface. For fields betw¢gand H the

superconductor isinad nt er medi ate statebo, with alter
normal (N) domains. Magnetic fields pass through the N domains and are excluded (by the

Meissner effect) from the S domains. As the applied field appesaH _ , a higher
percentage of the material is in the N domain, until abdyeno material is left in the S

domairt. The value of _ is a function of temperatuees described by
& a7 B
H, =H_(0)é1 -ae-l_r— 0 - (3a)
g ¢+
Type | superconductors have only oke . Type Il superconductors (whesg < /) have
two critical field values:H_ , atthe onsetofani x ed st ated of KBupercor

, Wherethe Bfield is strong enough to destroy all superconductjvity

aH._ o
H. =ge= §K), 3b
o B2k lQ() (3b)
H, =~2kH,, (3c)
wherek=/—L.
XO

The mixed state of superconductivity is different than the intermediate state described
above. In a Type Il superconductor, the surface energy is negative and favors breaking up
of the S and N domains into microscopic dimensions. The magnetic field peseha

superconductor in the form of magnetized vortices and the N domains take the form of
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: . h
tubes of radius,. Each vortexontains one flux quantuify = P =2.07 30* Wk On

a macroscopic scale the magnetic fiefspears tpenetrate the entire supercondugtor

However, for applied field values beld#, , Type Il material behaves much like Type |

material and the magnetic field is excluded throughMbessner Effect.

Type | superconductors are better suifed MET applications due to the sharp -ait
between the normal and superconducting st&esdue to the limited funding, artte
availability of a HotElectron Bolometer (HEB) mixer with a Type(Niobium Nitride)
superconductor bridge at no extra cotis body of work isbased onType II

superconductors

1.3 Modulating the Conductivity of a Superconducting Bridge

The formation of Cooper pairs causes the superconducting material to become more

ordered, thereby causing its entropy to decrease rapidly as the temperature drofds below
. The reduction in entropy is tetted in the drop of free energy densky in the

superconductor as it continues to cool. As discussed above, Cooper pairs can be broken by

the application of a magnetic field. The greater the value of the applied magnetiBfield,
the more Cooper pairs are broken and the miQris restored. As the value & increases
to the critical valueB, for the superconductor, the electrical conductivisy, of the

material decreases arkgf becomesk , the normal free energy density of the material.

s.” &Y LforB,<B,. (4)
¢/Fs

In a thin film superconducting bridge of thicknegsat T =0K with? d< </,
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(a?- 4x?) B?

Fa(xB.)=Us(0) #— 7 (5)

Here the x -axis is perpendicular to the film plang,=0 is at the center of the film (see

Figure 3), B,is parallel to the film, andJS(O) is the film internal energy at zero

temperature and field.

-0/2

+6/2

Figure 3. Superconducting bridge coordinate systefn @ is the bridge thickness.

The magnetic contribution tB, when averaged over the film thickness is

1

_ 2 2
substitution into Eq. (4) yields
, Q060 A1 &
s Elan & ™

In the thin superconductingidge, the value 0B, is scaled by the factod( / ¢).

/
BZ =-1B.. 8
o =B, ®)

WhenB, ° Bf the superconducting bridge goes normal and behaves as a resistor. In terms

of FET operation this would be analogous to tpenchof f 6 condi ti on.

condition,s_ - § and the expression for the bridge conductivity is
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,4o6p f& 1 ol
Sy 50'2 O%({/ )HOE (9)

Taking the ratio of (7) to (9) and solving ®ywe find

¢

Since in MKS unit8 = mH , the above expression can also be written in terms of the

(10a)

e S

5

N
. )
w
(¢]
Io:of

magnetic field intensity. Assuming the relationship betwegrmand F.is linear 6 = 1) in

the vicinity ofH ., Eq.(10a) reduces to

2,
al, BH_ T
S 3“8‘*7“’34_5 (106)

The above expression describes the conductivity in a Type | superconducting bridge with
H, ¢ H . By substitutingH_ for H_, the above expression can also be used for a Type
Il superconducting bridge.

Electrical conductivity can have both a rea, and imaginary,s, component;

§.= § 4 £ As afunction of temperaturg,, the imaginary component varie$ as

’

s, ,for T<T_, (11a)

-O&Lmo
1
|-

5,=0,forT2T.. (11b)
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For the applications discussed here the bridge is electrically, thermally, and/or

magnetically biased close to the transition region of the superconductor, therefore

we assumes, is negligible. 1.4 MET Current- Voltage Characteristcs

The current density through the bridg&is equal to the product of its conductivigy, and

the value of the electric fiel@E® across it

J®=s E°®. (12)
Assuming the geometry shown in Figure 4, the dsaiarce current ¢ in the bridge is
given by

s =J°A s E°A %‘A?evl_is , Where A=adW . (13)

¢

Substituting Eq. (10b) into Eq. (13) yields the following expresioh, ,

2

/MW EH_ g
| os =S 4 aL'L QH— Y os» WhereH >H, 0. (14)
e'a U

In the large field limit{H,>H ), s.- §and (13) reduces t
aA o 1 A, 0V
lezsNéﬁf\gDs =r E?/DSQ =F\?_S' (15)

(0]

Oh mé
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Figure 4. MET geometry. A time varying magnetic field (Ha) applied at location G modulates the

conductivity of a superconducting bridge with width W, length L, and thicknes€. D and S refer to

the drain and source connections.

Eqg. (14) shows that the relationstbptween| ,cand H ,is parabolic, analogous to the
relationship between ¢ and the gate voltag¥€ in a conventional FET. This similarity

suggests the gain characsécs of MET will also be analogous to those of FET.

1.5 MET DC Small Signal Model
A linear small signal model for an MET can be derived using the same approach as is used

for a FEP. FromEg. (14) we find that the small signal drain currépt,is a function of

both the small signal drain voltage,, and the magnetic field applied to the bridég,

ip =1 (H,vos) (16)

If both H, andv,¢ are varied, the change in drain current is given approximately by the

first two terms in Taw)orobés series expansi
_Hi, b
Di, =—2| W, —| v [ (17)
’ w_|aVDS uDSHa i

Using small signal notationfi, =,andDv,; =v,, Eq. (20) can be rewritten as

id = bmH a +£Vds1 (18)
Iy
where
bmzij| oQ’| —|d| (19
w_la‘VDS EaVDS H aVDS
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is the magnetic transconductance. The magnetic drain resisjaoar be defined as

2,
r _u\{Ds| D] v L gL &H t 0

g = —W
u‘l D ‘ha Q H, I d H, S N W /I:Z g c
id .
Eutei Drain D
O O O O
A A +

Y
~ e
Source S O B 80,

e
p
7/
0 Q=

Figure 5. Small signal Equivalent circuit for an MET.

1.6 Phenomenological Model of Magnetic Amplification Faor

Consider a slab of superconducting material with vquM/%=/L3 such that

L=W = = .The MET is biased aB,,,. = mH ... Theequivalent MET gate current,

bias
I(’;ate generated for an applied magnetic figlt, is given by

léae =H oo ¥

Gate sig L

(21)
For a superconducting bridge with volurWg,,,. =L ¥ &, the fraction ofV, with

applied magnetic field peetration is

Vri e L3W
N = \B/dg =3 3d_ (22)
N L
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Analogous to FET, the magnetic amplification factdr can be defined as the ratio of
change in drain current to the applegglivalent gate current.

Di
M=o (23)

Gate

The magnification factor is inversely proportional to the volume of the superconductor. In

case of a thin sheet of supercorduavith d< </, the magnetic field does not drop to

zero at the center. This leads to a higher critical field as less energy needs to be expelled.

Thus, smaller the volume, greater will be the energy difference between superconducting

and normal state. This results in a higHalr, and consequently an increase in the

magnetic amplification factor. Type 1 superconductors have a sharp transition from

superconducting to normal state, making them ideal for construgtihggain MET.

1.7 Cooper Pair Relaxation Time

In order to quantify the Cooper pair relaxation tithewe need to investigate the phase
transition between normal and superconducting states. Phase transitions take place when
the nev state is energetically favored and the relevant thermodynamic energy in this case

is known as Gibbs free energy givert by
G=U -TS mM.H, (24)
where
G = Gibbs free energy
U = Internal energy of the system
T = Temperature

S = Entropy
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—

M = Magnetic moment per unit volume
H = Applied magnetic field.
The superconducting material transitions from normal to superconducting phase when the

temperature is reduced below its transition temperafyréecause the free energy is

reduced.

G, <G

sup norm * (25)
The energy gapdiween the normal and superconducting state in the presence of critical

field H, is given by

DG, 6. =ZBHV. (26)

norm sup 2

One way of interpreting the above Equation is that for a maténalumeV to transition
from a normal to superconducting state, the maximum magnetic energy that needs to be

expelled is the difference in the free energigs, Gibbs energies) between the two states.

In Type 1 superconductors, when the applied fidldexceedsH _, the free energy in the

normal state is less than the free energy in the superconducting state and the material goes
normal. The transition from normal to superconducting state is relatively sharp. Intcontras
for a Type 2 superconductor the boundary is not well defined. BetWleeand H . there

exists a mixed or vortex state (see Figures 6 and 7). In the vortex state, magnetic flux is

allowed to penetrate the matdiin the form of discrete flux tubes. This results in the Type

2 superconductors having greater free energy and, consequently e&0aivan found in

Type 1 superconductors. The Cooper pair relaxation time in a supercondyctds,

proportionaf to e'% . Therefore,f  is shorter in a Type 1 superconductor than in a Type
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2 superconductor. Owing to a shorter Cooper pair relaxation time, it follows that a MET
made from a Type 1 superconductor will have a faster switching speed than a MET made

from a Type 2 superconductor.

4-HoM | “HoM
type 1 . typell
21
|
A
|
- B L1 - B
Bc Bcl Bc2
Meissner Meissner mixed
phase phase phase

Figure 6. Magnetic potential energy within Type 1 and Type 2 superconductors as a function of applied

magnetic field'.

magnetic field

fluxoid field-free _-super
region vortex
current

Figure 7. Vortex state within a Type 2 superconductot

From BCS theory, the relaxati time is given by
t,= #(0) ", (27)
Whereto(O) = Amplitude of relaxation time with zero applied magnetic field

T-T,

e= c0
T

T, = Mean field critical temperature in zero applied magnetic field
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Using experimental dat, (0) can be estimated &s

t,(0) = Sff‘r . (289)

B "cO

The Cooper pair relaxation time can be calculated Usqm@27) andEq. (28a) as
t,= £(0) 'e=5.03 10" «

The Cooper pair relaxation time can also be estimafed as

t,=— PP 833 30" ¢ (28b)
8k, (T - T.,)

Using the upper estimate fdr,, the uppeoperating cubff frequency for MET can be

calculated as,

f =ti 4.2 3G°Hz 12 THz

t
0

Using Eq (28b),the Cooper pair relaxation time flead(Typel) with T, = 7.19 Kis

4.16x10" swhich results in a switching frequency @f= 2.4 THz.

1.8 Noise Model

An MET small signal model for defining noise parameters based on FET Equivalent circuit

is shown in the figure below.

o bwha <+> Tas
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Figure 8. MET small signalmodel.

Considering the gate current noise is uncorrelated with the drain current noise, the MET

minimum noise temperature can be giveh as

ol

Tmin = 4if_
¢

QST

ds

; (29)

v

where

f = Operating frequency (Hz)

: 1
f; = Upper operating frequency I|m|t?—
0

t,= Cooper pair relaxation time

T = Device temperature (K)

ds

IAA\N

r _i aH,
syW fg ﬂ
In aMET, the lag between changeapplied magnetic field and drain current is governed

by the breaking and recombination of Cooper pairs. This lag is defined using effective

kinetic inductanceL, given by

a
3] gR.h =
L= e 1 (30)
& PpoTE &ADT O
T2, T 2

where
| = Bridge length
w = Bridge width

R,,= Sheetresistanceinnsnuper conducting state (q/ )
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h= Pl anckds constant

&8 T ©
DT = D(0) 1.74gel = & (Joules)
g -+

D(0) =1.7&,T, (Joules)

The effective kinetic inductance can be incorporated into the MET small signal model to

definer, as

rs=20fL,, (31)
The minimum noise temperature of the MET for a range of operating frequencies is shown

in Figure9. At f, =1.2 THz, T, =120 K.

120 T T
100 [
80

60 [

Tmin(K)

40

20 -

0 200 400 600 800 1000 1200 1400
Operating Frequency (GHz)

Figure 9. Plot of minimum MET noise temperature vs range of operating frequency.
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ChapterDel i gn, ,aFadb rTiecsatiinggn of MET

2.1 Design and Fabrication

Toroidal Neodymium

Magnet Positioner — Used to

slide the magnet in
position

Superconducting
bridge housed in the
mixer block

G10 frame to isolate
the magnet from
coldplate

—

Figure 10.SolidWorks model of MET assembly

AspartofPhaset he design and fabrication of the w
(MET) was completedAs shown in Figre 1Q the superconducting bridge block is placed

at the center of the neodymium toroidalagnet. The superconducting bridge is
magnetically biased near the point of going normal by sliding the magnet back and forth
using the positionemechanismThe entire MET assembly is placed in a helium cryostat

(see Figure 11)A cryostat is nothing morthan a large thermos bottle designed to keep

things very, very cold (around 4.3 KSuch low temperatures requiredsincethe critical
temperature at which the Niobium bridge being used transitions to a superconducting state

is 9.3K. Since permanent magsa loose power at low temperatures, te@dymium

magnet used to provide the ~0.18 Tesla bias is housed in a G10 frame and is not in direct

contact with the cold platdhe mixer block used to house the superconducting bridge is
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made of oxygen free highermal conductivity (OFHC) copper. This is to ensure that the

superconducting bridge is thermally coupled with the cold plate

Cryostat Cold
Helium Cryostat Plate

Figure 11. MET assembly housed in helium cryostat

A solenoid with a pole piece placed near the bridge (segd-1g@b) is usedo modulate

the conductivity of the bridg&uring the initial integration ahepole piece with the back

plate, the pole piece ended up coming in contact with the chip housing the superconducting
bridge, damaging the wire connection between the spitednaa and the coplanar
waveguide. In order to avoid this, the pole piece was backed out and in doing so we were
unable to accurately determine the position of the pole piece relative to the superconducting
bridge. This leads to a discrepancy between the expected magnetic field at the
superconducting bridge arige applied magnetic field

A HEB mixer serves as the MET superconducting bridge. Since the mixer lens will be

obscured by the toroidal magnet, the lens holdditted with two polished aluminum
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mirrors to enable the lens to look at the Local Oscillator signal (see FigcyeThese
modifications to the mixer are implemented for future testirthexdffect of magnetic field

on HEB performance.

Lens Holder

10 mm Lens
Solenoid
Superconducting

Bridge

Mixer Circuit

Back Plate

(@)

Figure 12. (a) Exploded view of the Bridge Block Assembly. The superconducting bridge is sandwiched
between the lens holder and back platgb) The solenoid is mounted on the back plate of the Bridge
Block Assembly.(c) The superconducting bridge is placed in the alder with two mirrors. The mirrors
enable the lens to look at an external photon source (here a Local Oscillator signal) when the line of

sight of the lens is obscured by the magnet.
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2.2 Modeling and Simulationof Magnetic Field

The Computer Simulation @chnology (CST) Magnetostatic solver is used to simulate the
magnetic field generated by the toroidal neodymium magnet NH&. procedure for
setting up the simulation is detailed below:
1) A new template is created under CST EM StugliGtatics and Low FreguncyA
Magnet DesigiA Helmholthz Calibration Coilg, M-Static Solver.
2) Toroidal magnet based on the N48 specification sheet is then designed. Under the
AMaterial so drop down menu, choose AAIluU
3) A rectangular iron slab is é&m built under the magnet.
4) Magnet and the iron box are enclosed in a vacuum box. The magnetic field is

calculated over the area of the vacuum box (see Figure 13).

Toroidal Magnet Tron Slab Va];uum
ox

Figure 13. CST simulation set up for determining the magnetic field strength generated by48

Neodymium magnet

55 Under ASimulationo tab, APer manent Maghn:eé
temperature dependesirength of the magnet is specified as persiieification

sheet.
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6) Magnetostatic simulation is performed and the results are storéer 2D/3D

ResultsA H-Field (see Figure 14)

] 248 D X 129
0.791
0,483
0.291
0.17t
0,095
0.0502
0.0213

0

»
[ af™ u~..,. ~f

B-Field
Cutplane name: CrossSection &
Cutplane normal: 1,0,0
Cutplane posttion: [0
2D Maxirnum [Vsfm~2]; 1,288

=ty

g 2

Figure 14. CST simulation resultsshowing themagnetic flux density.

Using the CST simulation data, the magnetic flux density parallel to the plane of
superconducting bridge is plotted in Figure 15. A maximum flux density of 0.3 T can be
achieved using the N48 neodymium magnet housed in the G10 framemaximum field
requred for the transition of theiobium superconductingridge from superconducting to

normal is 0.18T.

Vs/im"2

T T T T T T T T T = 05

-300 [~

2200 =

Z axis (mm)
°©
T
1
o =

200 = =1

300 = | 1 1 1 1 1 1 1 1 ] 05

Y axis (mm)

Figure 15.Plot of magnetic flux density parallel to the plane of superconducting bridge.
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The rext step involves simulating the entire MET assembly which includes the magnet,
mixer block and solenoid with pole piece (see FigureTl&g.pole piece is 2 mm away

from the superconducting bridge.

Solenoid with Pole
Piece

Figure 16. CST model of MET assembly.

Figure 17. Crosssection of CST model of MET assembly showing the magnetic field densitshen the

superconducting bridge is at the center of the toroidal magnet.
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I ‘
Cupoamame: o Secken A I ;
Cutplane normal: 0,10 I L

el 1 Superconducting Bridge (

Component: L
20 Masimum [Vs/m*2): 2081

Figure 18. With the addition of solenoid and pole piece, the maximum magnetic field density parallel

to the plane of superconducting bridge increases to 2 T.

2.3 Analytical Model

The superconducting bridge @ie MET is made of Niobium Nitride (NbN). Typical
parameters of N¥ bridge used in HEB work afe

Bridge Thickness/ =5.5 nm

Bridge WidthW =2 nm

Bridge LengthL =0.2 mm

Critical temperature in the absence of magnetic fi€lds 9.1 K

Resistance of NbN at 300 =82 V

London Penetration Depth of Ri§ (0) = 200 nm

Coherence Length of Nbx, =5 nm

The normal state conductivity of the NbN bridge is

s - L _ o 108
NTR3A 823(230.2 ‘-_1012)

2217 18 ( mWw.
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The Coherence length and London penetration depth of dirty superconductors (like NbN)

at a given temperatusregivenby?

5 &
x(T)=0.85/1 3(251% 5, (32)
Y c
/ (T):i ((o) ﬁ% _l é (33)
L \/E | c Tc 9 y

| is the mean free path of Nb ancetpial tott %

From GinzburgLnadauAbrikosowGorkov model, the relations between the critical fields

and the penetration and coherence lengths at a temperfatargiven by

F

HAT)= 9 , (34)

)= %7z A7) (%)
H (T)=—Fg Ink , (35)

w0 ap piAT)
H, (T)=VakH,, (36)
F, N 2.07 P0® Wt _ _ _
2e is the total magnetic flux associated with a vortex called the

guantum flux or fluxon.

/
k= L( ) is the Ginzburg_andau parameter.

At T=55K,
x(T)=4.77 nm

/ (T)=317.98 nr



H.(T)=1.22316 A/m
H, (T)=5.44316 A/m
H, (T)=1.14316 A/m
Converting magnetic field intensity to magnetic field density, we get

B.(T)=0.1533 T
B, (T)=6.8mT
B, (T)=14.43T

Based on CST Magnetostatics simulation:

Applied magnetic bia$,,. . =0.155 T

bias

Solenoid magnetic field density_, =1.4 mT
Total applied magnetic field densitfs, =B, 8B,

Let the bias voltage/,; =0.12 mV

FromEq.(14)

I2(T)W B, (T) @

los, =S L ngiaS Y s 9.523 nh,
2 ‘ 2
re(r)weé B (1) e 9353 nh

los. =S
0% § dL ngias +B sig a

Dios T o5 l-os| 169.73 1A,

From section 5.1

39
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I(IBatezH sig 3/ L(T)
The above Equation is based on the phenomenological middglis the magnetic field

Equivalent of current generated in a magnetically biased superconductor of vbfume

I /
Gate

can be estimated by modifying Eq. (14).

h\ (D

2
B. (T [}
e /L(T)eBbi:EB)sig 2" o

| £ e = 55.058mA
V.. 3
N = ore :N Y 6068
v, 1)
= os 0451

/
Gate

From the above example it is clear that for a given material and applied magnetic field
density B, the magnetic amplification factavl is dependent on the length { and
thickness @) of the superconducting bridg Figure 19, the thickness tie MET is

varied for a nominal lengthL. =0.2 mm. As the thickness increases, M decreases. In
Figure 20, the length dhe MET is varied for a given thickness off =5.5 nm. If we
fabricate a MET made of NbN with. =0.02/mm and d=2 nm then for an applied

B, =1.4 mT, the resulting magnetic amplification factbf =4.505 =6.53 dE. Thus, it

is possible to achieve high gain by selecting appropriate dimensions for the

superconducting bridge.
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Figure 19. Plot of Magnetic Amplification Factor vs Thickness of NbN superconducting bridge of

length, L =0.2/mm
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L 1 |

Magnetic Amplification Factor (M)
©® o

0 I I Il T
0 0.02 0.04 0.06 0.08 0.1
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Figure 20. Plot of Magnetic Amplification Factor vs Length of NbN superconducting bridge of

thickness, d=5.5 nm
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Increasing the applied magnetic fieldnsity B, results in breaking of more Cooper pairs

thus creating larger normal region as compared to superconducting region which leads to
adecrease in MET drain current (see Figure 21).

In a Type 2 superconductor this results from the increase of vortex déhgiin a Type

1 superconductognincrease in applied magnetic field results in formation of alternating
superconducting and normal domai®s more normal regions are formed within the

superconductor, the resistance of the bridge increassisown irFigure 22

25

20

151 1

Ids (uA)

0.2 0.4 0.6 0.8 1
Applied Magnetic Field Density Ba (T)

Figure 21. Plot of I  vs B, for @=5.5 nmand L =0.2/7m. Increase in applied magnetic field results

in breaking of Cooper pairs which leads to decrease in drain current.
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Figure 22 Plot of r, vs B, for @=5.5 nmand L =0.2/mm
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Figure 23.Plot of Mvs B for d=2nmand L =0.02/mmand B, =0.155T
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24 Experimental Seup

Phase Il involved building the computer controlled cryogenic system needed to
characterize the MET. Being the first such systeeweralteratiors wererequired before

a suitablewvorking test setup wasbuilt. The MET is bolted on tde cold plate inside the
helium cryostat. Voltage biasing is provided using a bias tee connected through-the pre
amplifier to the SIS & Magnet Bias BoXhe kacking pump and Turbo pump are used to
pull vacuum in the cryostat. The cold head connected tongiessor is then employed to
cool the cold plate down to 90 K. Cryostat is then filled with liquid helium. Once the cold
plate is cooled down to 4.4 K, the magnet is moved into position and V-@iagent

characteristics of the MEarerecorded.

Superconducting

¥ A .
()
N - e

Doagl - - !

Cryostat

Figure 24. Left: Prototype MET inside of cryostat. Right: MET Experimental Setup
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Pulse
Width Suppl
Modulator pPLy

Current

Solenoid

Lock-In Amplifier

Computer

Figure 25. Schematic for modulatingthe MET using the solenoid.

A pulse width modulator is used to modulate the current supply to the solenoid at low

frequency (around 4 Hz). The resultingB_ . modulates the conductivity of METhe

sig

PC Bias box is used to suppl,; and read the voltage equivalent bf. . A lock-in

amplifier is used to pick up the voltagguivalent of DI ... An Arduino board is

programmed to read in this voltage and convert Dig;.

2.5 Experimental Results
Initial testing of the prototypMET was quite encouraging. The measured cuveliage
(I-V) characteristics of the MET showed we were able to magnetically bias it to the proper

operating point (see Hige 26).
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Figure 26. I-V Curves showing intermediate states of MET as a function ahagnetic field- a necessary

step in validating MET performance.

To modulate MET using solenoid, the MET is first magnetically biased using the

neodymium toroidal magnet.

80
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40 f
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Figure 27. MET is magnetically biased using the toroidal magnet and electrically biased at

VvV, =0.12mV
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Figure 28. Lock-In Amplifier output for different values of solenoid supply current | _

In Fig. 28, the LockIin Amplifier output which represents the voltage equivalenitQfis

plotted as a function of time for different values of solenoid curtgpas the toroidal

magnet is moved in and out of the ideal bias (intermediat&)qosThe superconducting

bridge is not magnetically biased when the toroidal magnettieid Out 6 posi ti on

in anormal state when the toroidal magnetigh® | n6 position. I|As expe

does not have any effect dn when the toroidal magnet is at these two positianis. |

clear thatafter magnetically biasinghe MET by moving the toroidal magnet to the

intermediate positiorthe MET conductivity is modulated vid_, by varying the current

supply to the solenoid . Increasingl ., leads toanincrease inBg,, which results in a

sol
bigger change i 5. Thus increasind , leads to an increase Il .

The measured magnetic amplification factoaoMET is

—_ DI DS
measured — N 3 /
Gate

=.018¢.
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Compared to the theoretical valull ... iS leSs by a factor d2.42. Considering the

uncertainties in the position of the magnet and solenoid pole piece in relation to the
superconducting bridge and the degradation of the NbN bridge over time, the measured
magnetic amplification factor is withithe expected range.

From the CST simulation, the magnetic field generated at the solenoid pole piece for

I, =150 mAis 4430 A/m and the field at the superconducting bridge at a distance of 1.6

mm is 1084 A/m. Considering that the magoéigld drops off by a factor of cube of the
distance between the solenoid and superconducting bridge, the distance D can be calculated

as:

D —_ é H solenoid
@H

Q Bridge

: (38)

-0D: R

o A
D=z4ggg 8 =4 .59 mm.

Since this value is close to the one used in CSTlation, we can use the above formula
to calculate the distance of pole piece from the superconducting bridge for different values

of H Assuming that the pole piece is placed at a distance of 1.6 mm from the

Bridge *
superconducting bridgeM;, ., ..ica = 0-0451. The experimentally measured value is

M =0.018€. From the above figure it is clear that an increase of 0.5 mm in the

Measured
assumed value for the relative distance between the solenoid pole piece and the
superconducting bridge can account for the discrepancy between the theoretical and
measured Magnetic Amplification Factetigher magnetic factor can be achievedibing

a sutable bridge architectur@ig 23, and a superconducting material with higher energy

band gap between superconducting and normal state.
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Figure 29. Relation between the Magnetic Amplification Factor and the relative distance of the

solenoid polepiece from the superconducting bridge

2.6 Fitting the Experimental Data

In sectionl.3, we assume that the relationship betweenand F, is linear(n = 1) in

the vicinity of H . Using the experimental data, we can estimate the valae of

Substituting Eqg. 10 (a) in Eqg. 13

3A¥£

l s =S
DS N L

%B, 0
%, ¢

|- O: Ot
.Iﬁ_f\ ~y

n,

0
~
-

Therefore,
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2 B z 2 2 N
D, =, A \_/QE%M B, (T) gﬁ féﬁ) &, (T) gl
L %g ad .'g BB|as +‘{7 'fg d % _1

(38)
From experimental data, we know thBt,; =70 nA. Fitting the RHS of the above
Equation results im = 0.709Z. This is close to our initial assumptioniof= 1. With more
data points collected at differetemperatures and magnetic bias points, we can make a
better estimate oh.
For DI . =70 nA, n=0.709Z, the new theoretical magnification factor can be calculated
as

70 nA

M,.,= =0.032C.
0.0684 31.93m A

Compared to tis newtheoretical valueM .. .4 IS €SS by a factor df.72

Using the fitted value fon, the figures from section 2.3 are replotted.
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Figure 30. Plot of Magnetic Amplification Factor vs Thickness of NbN superconducting bridge of

length, L =0.2 mm
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Figure 31. Plot of Magnetic Amplification Factor vs Length of NbN superconducting bridge of

thickness, d=5.5 nm
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Figure 32. Plot of |  vs B, for d=5.5 nmand L =0.2/mm. Increase in applied magnet field results

in breaking of Cooper pairs which leads to decrease in drain current.
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Figure 33. Plot of r, vs B, for @=5.5 nmand L =0.2/mm
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Figure 34.Plot of Mvs B, for d=2nmand L =0.02/mmand B, =0.155T
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2.7 MET Devices
In a MET an increase in applied magnetic field dergjgauses the conductivity and the

current flowing through the superconducting bridge to decrease. The MET exhibits a
magnetic negative resistance. This behavior is apparent froomeF8, where higher

values ofB, result in lower current levels and from kg 3 where higher values oB,

yield higher drain resistance. As with other negative resistance devices, the MET can be

configured as either an amplifier or oscillator.

2.7.1 MET Amplifier

A schematic representation of an MET amplifiecait with stabilizing magnetic feedback

is shown in Fyure 35(left) As |, increases, the voltage drop acrBsicreases as does

the drive current on the solenoid providing the gate magnetic Higslarger values of
H, reduce the gain of the amplifier and thereby redye&imilarly, a dropn |, reduces

H_., increasing gain and thereby increasihgto the desired valueH , is the time

sig?
varying, input signal to be amplifiedn experimental setip for testing the properties of

an MET amplifier is shown in Figuigs(right).

The input and output signals are coupl ed
feedhorns and small (<10dB) coupling apertures. The MET consists of a niobium bridge
located at the apex ofa "bewi e 6 6 ¢ ur r eunet36). phre briolge and prebe ard= i ¢
fabricatetdapndiaeltd@dé¢tnri(ad substrate which i
To either side of the probe are a series of 4agh microstrip sections which serve as an

rf-choke to keep the time varying field within the cavity while providing a path for the DC

bias curent. Unlike the situation with typical voltagentrolled devices, the MET should

t

S
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be | ocated at the current (not voltage) ma
will put a current maximum along the MET when the device is located across the cavity
center. In order to magnetically bias the MET, the waveguide mount is immersed in a field,

specified by the devi€e drain characteristics.

DC Bia'sj_‘

A

\g
oy
BG
) I R T N S A
B. \V} \Vj
sig /
\V4 Resonant F\;‘ “«a e
Ly Cavity o
* x> e $
<« 3 a
1
BG

Figure 35. Left: Schematic of MET amplifier with negative feedback.Right: MET amplifier

implemented in a wavegide mount.

Output Coupler
! e Iy g
O o< O £
i A
Input Coupler Substrate
Channel
b) c)

Figure 36. MET waveguide probe; a) geometry, b) orientation with respect to resonant cavity and+f

choke structure, and ¢ crosssection of substrate channel seen from end.
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2.7.2 MET Oscillator

For the MET to operate as an amplifier the valuéigfwill often approach .. However,

there are many applications whergignal source may be required. For these applications,

the negative feedback provided by the ambient magnetic field could be reduced until the
MET operates as a negative resistance oscillator. For these applications the resonant cavity
of Figure 35(right)s sealed at one end and only an output feedhorn is required.

As discussed above, when operated near the n@upakrconducting transition, the
impedance of an MET will have little, if any reactive component. Therefore, the oscillator
frequency will be st largely by the physical dimensions of the waveguide cavity. The size

of the cavity determines the time delay/phase per reflection and therefore the cavity

. o 227 .
resonant frequency. For a cavity of lengtlthe roundtrip time ist = . The oscillator

. _Cm : . -
can operate at frequencies > wheremis a multiple of/E . The upper frequency limit,

n_.. ,is given by Eq (28).
The maximum power from the oscillator is a function of the drain curigntand the

MET drain resistance,, P,, = 12r,.

out —

From Figures 32 and 13, fot,, =11.34/mA and r, =13 V which gives us a value of

P

out

=1.7 nW. With proper selection of device parameters, bias point, and cascading them
we can achieve power levels of @& which is sufficient to serve as a local oscdlafor

SIS or HEB mixers. These mixers operate at physical temperatures comparable to that of
the MET. Therefore, the integration of an MET oscillator and/or amplifier into an SIS or

HEB mixer block is an attractive possibility.
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2.8 Future Work

In the curent iteration of the MET test setup, the toroidal magnet was moved in and out of
position to magnetically bias the MET to its operating point, while the signal solenoid was
fixed with respect to the superconducting bridge. Accurately positioning theosblen
proved to be the most difficult task and led to several setbacks. In the next peopiosed

for the MET test set up, the toroidal magnet and solenoid will be fixed relative to the
superconducting bridge. The solenoid has been redesigned so as tadravturns. This

will provide a higher magnetic field with a lower supply current and reduce heat
dissipation. The superconducting bridge can be moved with micron precision. Accurate
positioning of the superconducting bridge relative to the solenoid impirove the

performance of the MET and help better characterize device performance.

Solenoid Pole Piece

P Superconducting  Thermal Strap

Figure 37.SolidWorks model of MET Phase 2 test set up.
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ChapterOrditing Astronomical Sat e
Stellar Systems

OAS®H®St he (Oashbtirtoinnogmi c a l Satellite f®©owil hves
provide key insights into the role water plays in the evolution of galaxies, stars, and
planetary systems. It employs a large (~14 meter diameter) inflatableurepand

cryogenic heterodyneceivers to peformcloseus pect r al  rdebkservationsi o n  ( (
at terahertz (THz) frequencies). OASIS targetsritnared (farIR) transitions of water and

its isotopologues, as well as HD and other molecular species, from 0.45 to 4.7 THz (660 to

63 em) that are obscured by t hxtheBensitivith 6 s at |
and ~4x the angular resolution of Herschel and complementdotizewavelength

capabilities of the James Webb Space Telescope (JWST). With its large collectinglarea an

suite of THz heterodyne receivers, OASIS will have the sensitivity to follow the water trail

from galaxies to oceans. From observations of the ground state HD line, OASIS will
directly measure gas mass in a variety of astrophysical objects. Over-itsamgaseline

mission, OASIS will serve as a cosmic divining rod, capable of finding water as close as

the Moon, to galaxies ~4 billion light years away

OASIS will use its unique capabilities to accomplish its overarching goal by achieving the
following science objectives:

Objective 1: Characterize the role of water in the formation of planetary systems.

Objective 2: Characterize the delivery of water to the solar system by investigating its
reservoirs.

Objective 3: Characterize the role of water in gateevolution.
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The paperSiddhartha Sirsi, Yuzuru Takashima, Arthur Palisoc, Heejoo Choi, Jonathan W.
Arenberg, Daewook Kim, Christopher K. Walker, "Optical design of the Orbiting
Astronomical Satellite for Investigating Stellar Systems," J. Astron. d@.diestrum. Syst.

8(3) 034002 (16 August 2022) https://doi.org/10.1117/1.JATIS.8.3.034GH2sented in

full in the following sections.

3.1 Introduction

Water is an essential ingredient to the origin and evolution of life onEamtater also

plays an important role in the formation of planets. The Orbiting Astronomical Satellite for
Investigating Stellar Systems (OASIS) is a proposed spased telescope with a 14 m

diameter inflatable primary reflector/antenna that will follow the watelrfian galaxies

to oceans by performing high spectral resolution observations of water at terahertz
frequencie$ 4, The telescopebs primary reflector
polymer membranes sealed around their periphery, constrairedemgioning structure,

and inflated to the required pressure (fF@39. The large inflatable primary antenna (A1)

is the key to achieving the large collecting areas required for the proposed observational
study. OASIS will have ~10x the collecting araad 6% the angular resolution of the
Herschel Space Observatbhand compéments the shoet wavelength capabilities of
James Webb Space Telescope (0.6 to 28.3 &m)
a lightweight, stowable polymdrased primgy antenna that reduces launch cost, as well

as the lead time required for fabrication.

The shape of the primary antenna Al is a function of pressure, material properties, and
boundary conditions. The dependence of the shape of A1 on myltpeneteroffers

unique opportunitiesin achieving design goal3.he shape of inflatable membranes ha
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been discussed in several articles. "Aotder solution fora uniformly loaded inflated
monolithic membrane is reported by HentkyBurface shape with higher order terms is
presented by Ficht&r Besides these analytic solutions, the Finite Elemeaiyxer for

Membr anes (FAI M) software package was dev
calculate the shape of Al after inflation. This numerical approach was adopted to simulate

the final inflated shape of A1 under different conditiéns

Metallized

Y/
Membranes /

Figure 38. Left: Inflatable Aperture Experiment (IAE) demonstrated a 14 m inflatable aperture in
space (1996) for use at Yand. Right: Incoming signal focused by concave metallized membrane.
[Image: NASA]

Inflated membrane reflectors formed from flat dielectric shedtsrently form Hencky

surfaces. Hencky surfaces are neither spherical or parabolic and involve cddplad 2

4™ order terms. In this situation, the magnitude of the spherical aberration in Al is coupled

to its focal length, F/#. An approach for cotieg spherical aberration and focus utilizing

four mirrors is reported by Burgeetdl The OASI S6 aberration co
designed to simultaneously tackle the-axis spherical aberrations and -affis
aberrationsi.e., coma, encounteredithi an inflatable. Moreover, the effective collection

area of the telescope and secondary mirror sizes are also a function of the shape and size
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of Al. In addition, the wide wavelength range of OASIS requires appropriate tolerance

budgeting

|
. Corrector

Module

Figure 39.0ASIS mission concept showing the corrector and receiver modules (left side of the figure)
and the fully deployed 14m diameter primary reflective antenna Al (right side of the figure), which is

an inflatable membrane optic.

Within the complex ad mutually coupled design landscape, we have develop&drddr
analytical model for inflatable reflectors. Based on fthertier model, further optimization

of corrector optics, as well as tolerance analysis is performed as a function of collecting
area and effective focal length (F#). This approach determines the optimal design that
delivers the required effective collection area utilizing a compact aberration correcting
mirror pair. The results are presented in the form of solution space conttsjrvghich

serve as a powerful tool for converting scientific requirements to optical system

specifications.
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Here we report the design process of a large aperture telescope with an inflatable primary
reflector. In Sectior8.2 the OASIS optical specificatiois discussed in conjunction with

the concept of operation. In Secti@3, power arrangement, size requirement for
correction optics, and photon collection asra addressed by developing an analytical
model based on &@"4order Hencky model. Further tymization of the corrector optics,
incorporation of a numerical solution for surface shape, and a performance figure of merit
arediscussed in Sectia®4. Sectior3.5 addresses photon collection area as a function of
effective focal length (EFL) and F/#f the primary mirror in the design space while
incorporating additional factors influencing photon collection area, e.-gnuilsStrehl
intensity ratio and optical transmission. Sectd discusses the optical design of a field

of view (FoV) scanningnechanism for OASIS. The baseline design and optical path loss
budget of a 14 m OASIS space telescapediscussed in SectioB.7, followed by a
discussion of how to address challenges encountered in the design of inflatable optical

systems.

3.2 OASIS Opical Specifications

The OASIS space telescope concept is illustrated iar&Rp. Its 14 m primary reflector,

Al, is initially stowed in the spacecraft and deployed in orbit using three expanding
boom€&. A1l is made wup of t whiylatonhKaptonmemiangsm) p o
one forming a clear canopy and the second an aluminized reflector. The space between the
two membranes is pressurized to form the required concave reflective surface.

OASIS targets famfrared (farIR) transitions of water anids isotopologues, as well as

HD and other molecul ar species, from 0.45 1

the Earthdés atmosphere. The sensitivity re:
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is provided by a large aperture coupledhwstateof-the-art heterodyne receivéts The
terahertz heterodyne receivers need to be periodically (~20 s) chopped on and off targets.
This translates to a minimum required field of view of 0.01 deg (6 arcmin). An F/16 system
is selected to efficientlgouple the telescope beam to the focal plane instruments. The key

requirements concerning the optical design of OASIS are listed in Table 1.

Table 1.Key optical design requirements of OASIS based on science goals and system architecture.

Requirement

Fl# 16

Collection area >56 nt

Field of view +3 arcmin (circle)
Payload Mass/Collection area 13 kg/nt
Wavelength 63i660 e&m

3.3 Analytical Model Of A1 With Spherical Aberration Corrector

3.3.1Shape of inflatable primary antenna Al

An inflatable mirror formed by pressurizing two thin, circular, monolithic flat polymer
membranes bonded at the edges has a surface profile of an oblate spheroid whose figure

can be expressed by an even power series knoahlescky Curvé, given by

z(u) :64—DF2(u2 ©.1111f), (39)

where D is the diameter of the mirroF is theF/# , andu =% is fractional radius. A

Hencky surface will be assumed for Al in the first order optical design.

Figure40plotsa 6 for a Hencky surface with D =20 m, and F = 1.25. For the purpose
of comparison, parabolic sag for the same D and F/# is also shovaudgethe sag value
at the edge of mirror substantially deviates from the sag of parabola, a large amount of

spherical aberration is induced by the Hencky surface.
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Figure 40. Comparison between Hencky and parabolic surface radial profile with the besitfsphere

removed.

3.3.2First Order OASIS Optical Design Layout

To correct for thespherical aberration due to tbeviation of A1 fromanideal parabola
two concavenmirrors, M2 and M3, arencorporated in the opticdesignas shown in Figre
41.This mirror pairresides in the Corrector Module (EBig39). Together thegorrect for
both spherical aberratioand offaxis aberrationge.g.,comg. The driving principls
behind the design dhe M2-M3 mirror pairare to

i. achiewe the smallest possible mirror size,

ii.  minimize the distance between mirror pairs while also minimizing the central hole

diameter of the M2 and M3 mirrors, and

ili.  maximize the geometrical photon collection area.
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To satisfythose requirementswe adopted a posv arrangement of the AH2-M3
system which is similar to that of a reflective null colle€torheM2 mirror is placed at
the paraxial focus of A1 and corrects for the spherical aberration induced by Al. M3 relays
paraxial focusof A1 back to M2, whichg also the system focal point of A12-M3. In
this sense, M3 is a 1:1 relay optics thaimages the intermediate image formed by Al to
the location of M2 again while jointly correcting spherical aberration with M2. To
maximize the effective collectiorren, the diameter of the central hole of M2 and M3
mirrors are minimized by placing M3 where the size of ray bundle of Al is minimized or
at the minimum blur positich

M2 M3

- —_— e ————
Intermediate Focal V — — |

point | /

Figure 41.Optical layout of OASIS corrector M2-M3 mirror pair. Signal from the astr onomical target
reflects off of A1, passes through M3 hole, reflects off of M2, and is4imaged by M3 through the M2

center hole.

As depicted in Figre 42 diameter Q) and focal length of Al (or distance between Al
and M2:Q ) are chosen as primadesign variables, since those determine the overall

dimensions of the AM2-M3 optical system, which is constrained by science/mission
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requirements for aperture size and stow volume. Gverthe surface profile of A1 and
‘Q is a function of pressure and membrane properties. For the para@eterdQ |,

viable M2M3 corrector designs can be identified by using the approach described below.

3.3.3Design Space Survey Using Iterative Analytical Model

The central obscuratioaf Al (hin) is dependentroM2, the M3 location, and the M3
entrance hole size. In turn, the location of M2 is dependent on the location of M3. An
iterative analytical model was developed to optimize the first order power arrangement
and solve forhin, with its mutually coupled dependencies. This model determines the
location and size of MR13 corrector optics, and the geometrical collection area of the
telescope system by evaluating the valuéofor different combinations of Al surface
profiles andapertures. Theslorder design process is divided into sub steps 1 through 7 as
follows.

Step I The Hencky surface profile is obtained for a gi@nQ , and field of view ¢

) with M2 hole diameterf,,, ).

Hyo =2tar(q)dl_2+( d , (40)

f /,-';)

sys
where "QT1 is system F/#Q is a distance from M2 mirror surface to focal plane of

the A1-M2-M3 systemd, , :%, andR is the base radius of curvature of Al. In Ef)(

Q ¥ agmn is the ray bundle size at the surface of M2. The M2 hole "Size
accommodates the ray bundle footprint, while taking into account the shift of the ray bundle

by an amount O A+-'Q
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M3 position
A Upper Inner Ray

Intermediate
Focal Plane

-+
%\

Lower Marginal Ray

Figure 42. Analytical model showing the ray trace used to determine the systematic design space set

by the mirror positions and critical dimensions of the corrector optics pair (M2 and M3).

Step 2:Calculate the height,) of the incident ray (labeled as Upper Inner Ray inufég

42) at A1 which results in an image heighttéf,, /2 at the initial intermediate focal plane.

hot = D,/2 is the height of the marginal ray at Al (labeled as &oMarginal Ray in
Figure42).

Step 3:The intersection of the Upper Inner Ray and the Lower Marginal Ray determines
the location of M3 where the ray bundle size is minimized with spherical aberration of A1,
as well as its hole sizeH, ;).

Step 4:Given the distancel, , between M2 and M3, the location of M2 is updated.

Step 5:The height of the lower marginal ray at the updated location of M2 determines the

diameter of M2 D,,, ).

Step 6:Diameter of M3 O,,,) is calculated by equating tr(ef /#)Sys with (f/#)MSas

_(R/2)
(f/#),,= 2, (42)
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_d2-3+dIF
(f/#)Ma - DM3 ’ (42)
2h,
Dys =(dy s e ) =%, 43
( )R /2 (43)

Step 7:Geometrical photon collection are@4,,,) of the system is calculated.
Cpﬁeo = ( hiut - th)p . (44)

The above steps are iterated utjl value converges.

An iterative analytical model is run using ther@meters in Table 2.

Table 2lterative analytical model parameters.

Model Parameters  Value

Ri 50 m

D1 [12m13m14m15m 16 m 17 m]
d2-3 2.2m

dir 200 mm

d +0.05°

The results of the parametric sweepXffor R =50 m and its comparison with the results

calculated by geometrical raytracing software (ZEMAX, CodeV) are listed in Table 3. The
shape of the M2 and M3 mirrors are optimized to provide diffraction limited performance.
The geometcal photon collection area of Al calculated by the analytical model is in close
accordance with the ZEMAX model. Table 3 shows that the iterative analytical model can
be used to accurately predict the optical design parameters without having to ga throug
the entire design process using ray tracing software. One important finding from the first
order analysis is that Hencky surface profile of Al requires M2 and M3 diameters

exceeding 1 m.
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Table 3Comparison of parametric sweep of D1 for R1 = 50 m betweethe analytical and ray tracing

software (ZEMAX models).

Analytical

Geometrical SOOI
D1 di-2 Dwm2 Hwm2 Dwms Hwms Photon Collection
Area by ZEMAX

(m) (m) (m) (mm)  (m)  (mm) Area 2

2 (m?)

(m?)

12 25.7705 1.33 141 1.15 134 102.55 100.31
13 25.5295 1.52 149 1.24 208 116.62 116.3
14 25.2675 1.74 156 1.34 301 129.62 129.21
15 24.9872 1.97 164 1.44 410 141.49 140.91
16 24.6881 2.23 171 1.53 533 152.29 151.72
17 24.3737 2.51 179 1.63 665 162.61 161.67

Note) D: Entrance pupil diameter of Al;.,: Distance between Al and MRy.: Diameter of M2 Hwy:

Hole diameter of M2Dwus: Diameter of M3, anéiuws: Hole Diameter of M3

3.4 Characterization of A1 Surface Profile Figure of Merit

Theiterative analytical model can accurately predict the sizé@M2 and M3 mirrors,

and the geometrical photon collection area. The model is applied to different combinations
of Al profiles and entrance pupil diameters to determine suitable Al surédidespvhich
minimizes the M2M3 mirror sizes while satisfying the science requirement for collecting
area. An alternative to forming the primary mirror from a flat membrane is to utilize several
preformed slices of membranes (gores) tha stitched togther to create the desired
surface profile. L'Garde Inc provided surface profile data for epasibolic shaped
reflectors formed from gor&s These were compared with the case of an ideal parabola
and Hencky surface. The results are shown inr€éig3.A 1-m monolithic membrane

Al prototype was measured with Nikon APDIS laser radar and the measured surface

profile was shown to be in close accordance with the surface predicted by FAIRL. code
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Although tte L 6 G a r-pambolgpuoéiles results in smaller M2 and M3 mirror sizes
compared tadhe Hencky surface, they are still larger than those resulting frondeal
parabolic shapeTo reduce the required diameter of M2 and M3 further system

optimization is required

—Ideal parabola —— Hencky LGarde quasi-parabola\ .
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Figure 43. Comparison between the (a) M2 mirror diameter, (b) M3 mirror diameter, and (c)
Geometrical coll ection area of i-gaabdafgpR>50 manda , Henc

d =0.5%¢ase.

Let P1 be aguastparabolicreflector profilewith base rdius of curvature of 50 mat
nominal pressureP1 is decomposed to result in a best fit parabola and the residual W
curveshown inFigure 44 The Wecurve is fit to an 8 order polynomial ané transverse

ray analysis performetb identify the individualkontribution of aspheric coefficients to
the overall aberratiomduced by P1The btal aberration induced by P1 is equal to the

combination of defocusvy,,) , aberration induced by"brder term of Wcurve (w,,,) ,

and aberration induced Iiye 6™ order term othe W-curve (w,,,) as shown in Eq (45),
6= 2 B/# (B, F Ay, ‘7 By ©). (45)

The 8" order term is neglected as its contribution to tiwerall aberration is small

compared to the other termsThe transverse ray analysis yields values of,
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6,=671.3 mmw,,, =10.4 mnw,, =129 mmarfd #=. Substitution into Eq4®)

then yieldsw,, =164.4 mn.
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Figure 44.W-cur v e : L 6 parabdleedata & Alrprofile is fit to an ideal parabola with base

radius of 50,033.53nm and the residual error is plotted as a function of radial distance from the Al

optical axi s. ( Not e: This radial -puver only shows th

Defocus affects the @ation of mirrors and can be accounted for during the design process.

The spherical aberration termg,, and w,,, affect the M2M3 corrector mirror sizes.

Reduction in the contribution of these two terms resualésnaller mirrors. A scaling factor

is applied to A4 and A6 aspheric terms to demonstrate its effect on M2 and M3 sizes (Table

4).

Such scaling factors can be realized by adj
data for quasparabolic prdiles with Ri= 50 m, O = 20 m at £10%, £20%, and +30% of

nominal pressure were analyzed to see if any of these are a close match to the profiles
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predicted in Table 4. The profile at 20% lower than nominal pressure results in a M2
diameter of 500 mm and is close to the profidcualated using a scaling factor of 0.1.
However, 20% lower than nominal pressure is not sufficient to prevent wrinkles in the
membranes. Therefore, a conservative scaling factor of 0.15, corresponding to a pressure

yielding a wrinkle free surface, is guted.

Table4dVari ati on of M2 di ameter as a function of scal

parabola A4 and A6 aspheric coefficients of the Wurve.

Scaling Factor M2 Diameter Peak t(_) valley error
(mm) w.r.t best fit parabola (mm)
1 1322 13.53
0.5 592 6.9
0.1 456 1.6
0.01 370 0.4

3.5 Inflatable Optical Telescope Design Solution Space

The updated definition of the Al sag profile is used as input to the iterative analytical model
and the resultant output is used to devaopesponding ZEMAX models. The next step
involves numerical evaluation of the performance of these Al profiles over the entire FOV.
The goal is to efficiently couple the photons collected by the telescope into the focal plane
instruments (i.e., the hetelgne receivers) over all the observation bands. The OASIS

receiver band wavelength definitions are listed in Table 5.
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Table 5. OASIS receiver bands

OASIS Receiver Band Wavelength
1 660-520 & m
2 272-136 &m
3 120-1 03 & m
4 63 &m

The effective collection area is defined as the product of geometrical photon collection area
and the areaveraged Strehl Intensity Ratio (SIR) and is a function of the coupling
efficiency from the telescope optics to the beam expected by the heteredgivers (F/16

for OASIS).The SIR can be approximated®as

ol

SIR= 27 ¢ (46)

~|
1O

where s is RMS (Root Mean Square) wavefront error as designed. Since the design
accommodates FOV af0.05, s averaged over FOV is used for Eq (46). Under the

assumption ok quadratically increasing over the FOV,

S()=( 1w - Fad* Foas @7

wherer is the normalized field FOVs is the RMS wavefront error at FOV = 0 deg,

on- axis

and s is the RMS wavefront error at FOV 0%°. Areaaveraged SIR is calculated

off - axis
as

& S ot aiam i 2+ i
1 —32[}( off - axis son/ams) Bn -axis

SIR( 1) =2fjre®
0

1o 0:0f

(48)
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The dfective photon collectiorarea EA, of the system is then calculated as

a (s - s .S)rz +s
off - axis on-axi on- axis
- 2/; ;

1

EA(r)=2 3A fye®

10:0: 0:0l

o
=

(49)

whereAq is the geometrical photon collection area.

Figure 45 showsthe contour plots of the resulting solution space over all the four
observation bandsrhe diameters of M2 and Ma&re overlaid on the effective photon
collecting areaas a function of reflectoradius of curvature (R1) and effective pupil
diameter (EPD)The effective areas of Bands 1, 2, and 3, are similar to each other, since
the wavelength is much longer than thealasign optical path difference of wavefront error
whereas the Band 4 contouofd suffer from the decreased coupling efficiency due to the

shorter wavelength.
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Figure 45 (a) to (d) Inflatable optical design solution space contour plots of as designed models over
the four OASIS observation bands. Effective photorcollection area and diameters of M2 and M3

mirrors are plotted as a function of Al radius of curvature and EPD.

As a test of design robustness Al, M2, and M3 are individually perturbed by introducing
decenter in X, Y, and Z directions and tilt about X ahdxes with values tabulated in
Table 6. The system RMS wavefront error is then estimated by the Root Sum Squares

(RSS) rule of the wavefront errors of individual optical components under perturbations.
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The system RMS wavefront erras ) with respecto decenter iiX, Y, andZ directions,

tilt aboutX andY axes of individual optical elements is given by

ssysz\/ Sy +5, +is -Eas%ﬁne, (50

where the RMS wavefront error eéchindividual optical elements is

Selement:\/ §Deg X + %e_c y +2§e_c z _?_ﬂ_ﬁ X z#ms" (51)

S s Is substituted in Eq (51) and the results are shown in Figure 46.

The contour plots show that the effective collecting area decreases due to wave front
aberrations and hence the system performance degrades as thengthvgéts shorter.
Tolerancing helps in determining the sensitivity of different bands to the overall system
RMS wavefront error due to the perturbations of the individual optical elenfrégise 46
showsthat Band 1 and 2 aress susceptible due to thdonger wavelengths. After
tolerancing, Band 4 shows significant degradation in the effective photon collection area.
Depending on the importance of each band (e.g., concept of operations, quality and number
of astronomical targets, integration time), swution space can be recalculated using a
weighing factor. The combination of Al radii of curvature and entrance pupil diameters
which would satisfy the science goals (effective collection areajaeadithin system
architecture constraints (M23 mirror sizes) can theheidentified by comparing these
weighted solution space contour plots. The systematic optimization flow involved in the
parametric design space search resulting in solution space contour plots are presented in

Figure 47
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Figure 46(a) to (d) Inflatable optical design solution space contour plots post tolerancing over the four
OASIS observation bands. Effective photon collection area using EgX) and diameters of M2 and

M3 mirrors are plotted as a function of Al radius of curvature R1 and EPD
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L’Garde Inc data for parabolic Al
at nominal pressure

}

Aspheric terms scaled by 0.15

]

Iterative analytical model used to
derive optical design parameters

]

ZEMAX modeling and optimization

l

Calculating Area Averaged Strehl
Intensity Ratio

]

Calculating Effective Collection
Area for different wavelength bands

}

Solution space
represented as
contour plots

Sensitivity analysis to
evaluate system
performance

Figure 47.10 OASIS parametric design space search process and inflatable optical design optimization
workflow.

Table 6. Baseline design parameters and the OASIS optical performance sensitivity analysis

parameters.
Parameter Value
Ri [40m 50m 60m]
D1 [15m16 m17 m 18 m]
do-3 0.7m
dir 100 mm
U] +0.05°
Decenter X = 0.5 mm Tilt X = 0.007°
Al Decenter Y = 0.5 mm Tilt Y = 0.007°
Decenter Z= 0.5 mm TitZz=0°
Decenter X = 0.1 mm Tilt X = 0.0071°
M2 Decenter Y = 0.1 mm Tilt Y = 0.00T
Decenter Z= 0.5 mm TitZz=0°
Decenter X = 0.1 mm Tilt X = 0.007°
M3 Decenter Y = 0.1 mm Tilt Y = 0.001°

Decenter Z= 0.5 mm TitZ=0°
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As an example of design optimization utilizing &g 46 a to dlet us assume that due to
the requirement on the maximum mass of inflatant and the rate of change of surface profile
with respect to pressure, a radius of curvature of 50 m is selected for A1. The corresponding

data from the contour plots f& = 50 m ae listed in Table 7.

Table 7. Effective area and mirror diameters for Ry = 50 m.

EPD (m) Effective Area (m?) Mirror Diameter (mm)
Band 1 Band 2 Band 3 Band 4 M2 M3
15 156 158 147 119 574 450
16 170 171 149 103 634 510
17 173 173 129 71 708 590
18 161 185 145 71 792 600

Considering the maximum effective photon collection area for each band and ignoring the
constraint on mirror diameter, Band 1 has a peak at 17 m EPD, Band 2 at 18 m, Band 3 at
16 m, and Band 4 at 15 m. From Table 7, an A1 &WBD of 16 m for R= 50 m is the

best choice as it still delivers close to maximum possible EAs at Band 1, 2, and 4. But if
achieving the smallest possible mirror diameter has higher priority than the maximum
possible EA, EPD of 15 m for;R 50 m turns outo be the best option. Thus, plots of the
type shown in Figre 46help in efficiently navigating the multiariable dependencies of

the design space and in identifying the most suitable Al profile

3.6 FOV Scanner Design

A Field of View (FOV) of£0.05 (3 arcminuteg is part of the OASIS design specifications

in Table 1 Thisis achieved by scanning the intermediate image with-alttimirror. The

stop is placed at Al in the OASIS design. A field lens made of HRFZ Silicon is placed at
the intermediatedcal plane to minimize the size tfe scanning mirror and to avoid

vignetting during scanning. Absorption loss of HRFZ&uld be acause of concern. But
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since the central thickness of the field lenssudficiently thin, 2 mm, the maximum
absorption loss ist mostl5 %, which occursn Band 4 (Figire 43. Reflection loss is
mitigated by using the right combination and thickness of AR coating material such as

Parylené’.

357

Band 1: A1 = 582um
Ll ——Band 2: A2 =200um
Band 3: A3 = 200um
Ll——Band 4: \4 = 63um

[#5]
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%]
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=
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Figure 48. Absorption loss of HEFZ Si as a functia of central thickness of lens.

The optical layout of the scanning mechanism is shown iar€ig®. The tiptilt mirror

M4 scans the intermediate image and then it-isnaged by an ellipsoidal mirror M5 to
achieve the F/16 system as per the OASIS desgigaification in Table 1f the absorption

loss of 15% at Band 4 needs to be eliminated, the field lens can be replaced with a pair of
mirrors as shown in Fige 4%. The mirror pair is rigidly connected to the tip/tilt M4 and
shares the same axis abaeulich they are rotated. In addition to the reduced loss, this

configuration can also support a wider FOV of +0.1°.
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From A1

b) FOR scanner with reflective field mirror pair

Figure 49. OASIS FOV scanner layout with (a) HRFZ Si field lens, and (b) mirror pair (RFL1 and

RFL2) replacing the field lens.

3.7MidEx Class 14 m diameter OASIS Optical Design

Driven bytheheritageof large inflatable mirrgf and system architecture constraittthe
diameter of A1l was selected to be 14 m for the NASA MidEx proposa@he
methodologies detailed previous sectionareused to redesigand optimizehe corrector
module, FOV scanner, and calculate the effectoleectionarea for all the bands.
L6Garde | nc pr anAl diaeeter of 24w addadiua of CuovatureRoC)

= [40 m 50 m and60 m]. The data was fit to ai"®rder polynomial and the aspheric
coefficients scaled by 0.15 to produce the new Al surface prditiesterative analytical
model was used to design the corrector module-kA82. Table8 shows the preliminary

modeling resultby ray-tracing software (ZEMAXJor all the three radii of curvatur&he
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RoCof 40 m provides the largest geomepiwton collectiorarea withthesmallestmirror

dimensions
Table 8ZEMAX modeling results for different Al radii of curvatures.

Radius of M2 M2 Hole M3 M3 Hole M2-M3 Geometric

Curvature Radius Radius Radius Radius Distance Collection
(m) (mm) (mm) (mm) (mm) (mm) Area (m?
40 240 50 216 50 700 142.77
50 265 50 195 65 700 126.93
60 241 50 170 75 700 100.62

The FOV scanning system shown in tiig 49wasredesignedo be compatiblevith a

commercially available hexapod (M4)811 from P¥. To preventwignetting due to the

hexapod and considering mounting constraints, M4 is mounteaff4éxis. M5M6 mirror

pairs are used for further correction and to achieve /16 sy3terae flat mirrorsM7,

M8, andM9 are used for folding the beanside the packging volume Figure 50and 51

shows theMidEx Class OASIS optical design using mddiameter inflatable primary

antenna and the spot diagrams showing diffradiiaited optical performanca t

eEM

(Band 3)

o

A sensitivity analysisvasperformed, anéffectivecollectingarea calculated as described

in Section3.5. Table9 providesthe effectivephoton collectingareaderived using Eq (51),
along withthe aperture efficiency, which is the ratio between the Effective Collection Area

(EA) and theGeometical Membrane AredAy).

111



84

14 m

~

~
r— T T T T T T T T T T T T T T T T T T T T T T T T T e e T |
| |
| |
| |
| |
| |
| |
| |
| |
| M2 ¢0.48m :
| |
| |
| ! ) - |
l M8 ) :
| | |
: I e ‘ |
B N |

Y

: X\va :
| Todetector unit I
| Field lens I
: M4 (FOV steering mirror) :
S S S -

Figure 50. Ray-trace model showing the MidEx Class OASIS optical design including the corrector

module, field lens, FOV scanner, and folding mirrors for 14 m diameter primary antenna Al.
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Figure 51.MidEx Class 14 m diameter OASIS spot diagram showing diffractiorimited performance
at OA, 0.03A, and 0.05A FOV for & = 111 e&m (Band 3)

Table 9 Effective photon collection area of the MidEx Class 14 m diameter OASIS.

Band | &= ( ¢ Effective Cér?ﬁ:lzc)ectmn Area Membrane Area (n?) Aperture Efficiency
1 582 142 154 0.922
2 200 140 154 0.909
3 111 130 154 0.844
4 63 108 154 0.701

3.8 Resolution of A1 Pressure Control Unit

Sincethe Al surface profileandlocation of intermediate focal plane of A12-M3 is a

function of A1l pressure, the resolution of tipgessure control unit becomes a critical
parameteto matchtelescopdeam waist at the location of heterodyne recei@ata from
L6Garde I nc for D = 14 m, R = 40 m at nomir
pressurés analyzed to determine tihate of change of base radius of curvatuitl vespect

to change of pressure. For this configurationnumerical simulation shows

dr/dp=1.72 mm/mP:. Considering a resolution of 0.1% of nominal pressure,

dp= 0.1% of P = A% of 4.37 P& 5 mPa,
\ dr =8.6 mm.

The current design can accommodatédisplacement of A1 along-Zxis) of 0.5 mm

(Table 6).A maximum change ofir =2 mmcan be compensated for by usithg M4
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hexapod. Thus, a pressure control unit with a resolution of 1 mPa is required to maintain
optimum system performance. If actuataigh atravel £1.65 mmareincorporated into

the boom design, then a resolution of Barwill suffice.Long exposure of the reflector to
solar UV could affect theuniformity of the polymer. However, by proper choice of
coatings, deformation effects cé® minimized and brought into a range that can be

mitigated by the pressure control systand/or the boom actuatd?s

3.9 Discussion

Starting with analytically or numerically derived surface profiles, this work has shown it

is possible to realize high performance telescopes with large, inflated apertures. The next
challenge from the opticalesign viewpoint is the compensation for thermal deformation

(or unforeseen aberrations) in A1 by implementing adaptive optics (AO). AO is not
required for OASIS but may prove necessary for future telescopes with inflated primaries
operating at shorter walengths. AO is widely used on ground based telescopes to
compensate for rapid variations in the ref
turbulence. The changes in surface figure expected in space based inflated optics due to
thermal effects Wi occur over minutes or hours, reducing the complexitgraf demand

onthe AO system. In addition, the shape of A1 can be controlled by precisely modulating
the pressure. This can be used in conjunction with the AO to correct for tivammatibns

in Al.
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Chapter 4: Terahertz Heterodyne

4.1 Introduction

This chapteris a literature reviewof the type of mixers used in terahertz heterodyne
receivers Heterodyne or Coherent detection involdesvn convertingamplifying, and
filt ering a signal prior to detection. These systems can produce high resolution spectra but

due to limited bandwidth they are not suited for broadband continuum radiation.

Antenna Optics Mixer IF amp
TA L opt L Fix GIF
T T T Detector

opt mix

J —

LO

Figure 52. Block diagram of heterodyne receivet.

Figure52 shows a simple implementation of heterodyne receiver system. Assuming that
the reader is familiar with the basic working principle of this system, the different types of
mixers utilized in coherent detection systems will be explored in the followingsscti
Currently there are three types of mixers being employed to cover the different ranges of
terahertz (THz) regime from 0.3 to 5 THz. These are: Superconductor Insulator

Superconductor (SIS), Schottky diode, and Hot Electron Bolometer (HEB) mixers.
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Forany THz heterodyne receiver, there are three primary parameters which are important
for evaluating the receiver performance: noise temperature, IF bandwidth, and Allan
variance time (stability). Considering that the receiver system is properly desigeed, t
main contributor for the total receiver noise is the mixer. Conversion loss and noise
associated with the mixer makes up a significant portion of the noise budget for a coherent
receiver system. In order to better facilitate broad spectral linewidthcantihuum
observations of extragalactic sources, higher IF bandwidth is required. Increase in IF
bandwidth results in decrease in mixer power stability. This in turn affects the Allan time.
Coherent Detection conserves both phase and amplitude inforro&ti@incoming signal

but due to the restriction placed by the Heisenberg uncertainty principle, it gives rise to a

fundamental noise parameter called the Quantum noise.

E,=hf, =T,

P P

L _hf,

p _E J (52)

whereEp, = Energy of a photon

fp = Frequency of operation

Tp = Effective photon temperature

The above equation gives the quantum noise for a Double Side Band (SSB) receiver.
Essentially, itds the noise seen attedhe out
with a matched load. As seen from the above equation, quantum noise increases with
frequency and becomes significant at THz frequency. The minimum quantum noise power

corresponds to a noise temperature of 48 K at 1 THz.
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Figure 53. Measured DSB noisgemperatures of Schottky, SIS and HEB mixers with respect to their

minimum guantum noise limit3%,

4.2 Superconductor Insulator Superconductor Mixer

SIS mixersaremade by sandwiching a thin insulating lapetween two superconducting
films. In theory SIS devices can reach the quantum limit of sensitivity if the photons can
be coupled efficiently to the tunnel junction. But the junctions are small which means that
waveguide probes or planar antennas are required. They also require an énunitiy

circuit to compensate for the high capacitance of the junction. But it is difficult to design a
tuning circuit at high frequencies since RF impedance of the junction capacitance is small

and the superconductor or metals used for the tuning indoetome lossy.

Sensitivities for the SIS mixer fall closelti2k =0.05 K/GHz for frequencies up to several

hundred gigahertz and are within a factor of ten ofltmgs, up to 1 THz. Receiver noise
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temperatures dominated by antenna, optics and mmgent losses vary from less than 50

K at 100 GHz to over 500 K above 1 THz.

| Superconductor
o = Insulator
—=° Q Superconductor
A
hv

Figure 54. SIS Junctior’?,

SIS devices reach a natural frequency lindtorr at approximately twice the
superconducting energy g&b °3.5kT. for ambient temperatures well below the critical
temperaturelc. This upper operating frequency is dependent upon the tunnel junction
material compositionfeuf © 146Tc. For the most common SIS tunnel junctions, niolliium
aluminumoxide niobium with Tc=9.3 K, this frequency falls near 1350 GHz. Alternate
materials such as niobiumitride (Tc=16 K) or hightemperaturesuperconductors based

on YBCO ({>90 K), have much higher operational frequency limits, but acceptable tunnel

junctions are yet to be formed for these compoghds

J.W. Kooi. et al**investigated the noise stability of SIS receivers and found that the mixer
is stable to at least 6 seconds in a 100 MHz bandwidth. This limit is set by how well we
can suppress the Josephson effect in the superconducting tunnel junction and possibly also

by SIS mixer bias noise, which modulates the mixer gain. In a passively cooled dewar, the
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Allan variance stability was measured to be 9 seconds and in an actively cooled dewar the
situation was much worse with a measured variance time of 1.5 secondsninastice,

the Josephson effect does not limit the stability of SIS receivers, rather the stability is set
by external factors such as: acoustic vibrations on LNA and local oscillator chain; micro
phonic noise on the LNA and SIS mixer bias lines, andc8ifStant voltage feedback bias

noise.

4.3 Schottky Diode Mixer

Schottky diode mixers lendghemselvesfor applications where sensitivity of room
temperature detectors is sufficient at THz frequency range. Planar diode mixers have been
constructed and spacqualified at frequencies as high as 2500 &Hgith noise
performance below 5000 K double sidebaN@ise arising from Schottky barrier is a
combination of thermal noise and shot noise at low current levels. At high current densities,
hot electron noisdue to the electron temperature crossing the barrier being higher than the
lattice temperature adds the above two noise sources. Thermal noise, shot noise, and hot

electron noise are assumed to be uncorrelated as they arise from different mechanisms.
C.
A
l
R;

Rsso <25 Rsepi  <v2»

(<)
N/

<i?>»

Figure 55. Circuit model of a Schottky Diode including noise sourcé$
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Each resistive element shown in the above figure generates noise and hence has a noise
source associated with it. Shot noise is given by:

QVO
2k

Tshot =

(53

Voi s the diodeds inverse gstooegpondptaashamertt er . A
: hKT , . . .

V curve. \, is often expressed as— where the ideality factof? is equal to unity for an

ideal thermionic diode. Hogver, tunneling, electron heating, and other effects incriease

beyond this ideal vald& The thermal noise source can be modeled as:
ar 84kT R f (549
whereT,; is the equivalent noise tempéure of the electron distribution.

The effective noise temperature of the diode can be written as:

V4R & 5 BRZ
Td = % %ij 6F|-eﬁ,epi Fﬁgp T-O RS @% (55)

Where RT = R +F§),epi ﬁsut

Schottky diode mixers have higher LO power requirement than SIS or HEB mixers. The
required LO power is usually determined by the desired input 1 dB compression point of
the mixer and is typically specified at 5 dB above this level. The series resistance dissipates
much of the LO power before it reaches the-hoear junction impedancand the junction
capacitance tends to short power around the junction. In order to increase the coupling

efficiency bet westucture dnethediode dselfditds ingpartart ta make



93

the junction capacitance as small as possible. Thidtse an increase in the series

resistance.
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Figure 56. Sensitivity of Schottky Mixers®.

From the above figure it is clear that the preferred frequency domain for Schottky diode
mixers is under 2 THz. Due to the considerable conversioragssxiated with higher LO
power requirements and high noise levels above 1 THz for Schottky diode mixers, HEB

mixers are preferred for above 1 THz operation.

4.4 Hot Electron Bolometer Mixer

Superconducting HEBs utilize the steep rise of resistance gesicgunductor close to the
critical temperaturdc. The superconducting bridge is connected to electrical contacts on

both ends and is driven into a resistive state by sending a DC current and coupling of
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radiation by means of a waveguide or arcbip antena. HEB can be phonon cooled or
diffusion cooled based on the length of the bridge. The device mentioned in this paper

belongs to the diffusion cooled class of HEBs.

In diffusion cooled HEBs the superconducting bridge is small compared to the thermal

healng length and the out diffusion to the contacts dominates the heat transfer from hot

electrons. The thermal relaxation tirhg; can be given as:

_ L
- pzD (56)

[diff

Lv is the length of the bridge amis the diffusionconstant. Figur83shows the calculated
IF bandwidth of a diffusion cooled HEB in case the diffusion constant equal¥< foma

10 nm thick Nb bridge.

10 4

[F bandwidth (GHz)

[¢] - T v T - T T 1
50 100 150 200 250 300
Bridge length L., (nm)

Figure 57. IF bandwidth as a function of the length of superconducting bridg#.

It is clearthat by shortening the length of the superconducting bridge, higher IF bandwidths
can be obtained. But due to strong dependence of the mixer gain and noise vs mixer bias
voltage and current the Allen time is shorter for smaller mikeféie contacts mudie

large and thick compared to the dimensions of the bridge and their thermal conductivity
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should be high compared to the bridge. In order to prevent a thermal barrier at the ends of
the bridge, the contacts must be made of normal metal. Due to the garesen

superconducting gap in the contacts electrons with energy lesser than the gap energy are
not diffused out but are Andreev reflected. This ensures that there is no transfer of charge

without the transfer of heat.

4.5 Noise Analysis

The total noise poar from a matched load including the quantum noise equivalent power

according to Calleiweltorfis

I:)CW (TO): ahf 0 +? EPIanck(Tc) _5_ (57)
&b -

r, | Pl [1r ~r

E souree E « E load E

E EPCW(TVIUM‘): :'

' Source ! + Load '

Figure 58. Noise from a matched load according to Calleielton*°,

Referring to the above figurd.,, (TO) describes the noise power from a source delivered

to a matched load. Alo=0 K, the source will radiate a noise powerQa;E. This is the

guantum noise part and cannot be @otied as real power. The noise power can be

transformed into an equivalent noise temperature
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hf
_ kT, | hf & hfB &1
TCW_TO' i%g E ?DPlanck(To) _-Z'L 9(_8 (58)
e ]

In order to determine the RF noise from the bolometer we must first understand the concept
of hotspot mixing. Thelectronic hotspot is formed due to a combination of heating by DC
and RF power. Modulation of the dissipated power in the microbridge by the application
of a second small signal with a slightly different frequency, modulates the length of the
hotspot, ofwhich the length oscillates at the intermediate frequency. This is known as

hotspot mixing®.

LO + small signal IF signal

Py g+ Pg

contact pads

Figure 59. Temperature profile inside the microbridge®.

The approximate model accounting for such a situation is described by two resif®ances;
represents th passive RF resistance zones of the bolometeRatite zones, which are

actively converting RF power to IF power. The passive zones are not only the central Hot
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Spot zone, but also the zones between thespot and the contacts that are

superconducting
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Figure 60.Equivalent circuit of a receiver®.

The total noise power dissipatedRa for each sideband is given as

— 4RA
Ptot,A - 2
(Re+ R, +R)

[Fow(T9- Rs +Ped T). Fefl Tk R, (59)

When the bolometer is matched at the RF, the quantum noise part is given as

_3RR, RR RR OB R
PNA_ 2 o th. 60
wTR "R TR %2 TR 0

Thus, the bolometer itself contributes to the single sideband RF noise with
Rw(T) ® Foaned T) £ hfB/2  ChfB/2 (61)

At THz frequencies and,=10 K B, (T,) can be neglected. The total quantum noise

limit for the matched bolometer cas{®fB)due to the fact that both sidebands contribute

to the noise independently.
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Figure 61.DSB receiver noise temperature and the contributions from optics and quantumoise.
Kolberg et al., predict that close to 50% of the total receiver noise temperature of the THz
HEB receivers may be traced to quantum noise phenomena for frequenci&8 Hz

rangé™.

4.6 Summary

For operating frequency under 1.2 THz and when cryogenic cooling is available, SIS
mixers are the mixer of choice as they can work close to the quantum noise limit (hf/k).
Schottky diodes work throughout the terahertz regime but have relatively highandise

require prodigious amounts of LO power. HEB mixers can operate from ~0.5 to 5 THz
with sensitivity reaching ~10 times the quantum limit. They can support moderate IF
bandwidths (~4GHz). HEBs are very sensitive to LO power variations, which often limits

their Allan times to <20 sec.
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Chapter 5: OASI S Receiver Archit
5.10ASIS End-to-End Optics Loss Budget

OASIS employs cryogenic superheterodyne receiver systems (SIS and HEB) with 4
frequency bands ranging from OThelrfeceivero 4. 7
architecture is shown in Figure 58. The OASIS receiver system design is based on GUSTO

Explorer balloon missidn.

D: Dichroics
M: Mirror
BS: Beamsplitter
JT. Joule-Thompson
WG. Waveguide
B3LO
Frequency Multiplied LO

B1,B2LO’s
Frequency Multiplied LOs

pe

g Locks |
£ » QCLB0

5 » Mixer/LNA

= » Bias Box

. 4

Em";f’c Optics shown undergoing

Instrument Electronics Box calibration sequence” J

Figure 62.Block diagram of OASIS receiver architecture.

Dichroics, beam splitters, and reimaging optics are needed téeciigpbeam from the
intermediate focal point to the focal plane mixers. The telescope beam is spectrally split by
a series of dichroics and coupled to their respective band mixers via coupling optics
(ellipsoidal mirrors). The mixers downconvert the signe intermediate frequencies (IF)

in the microwave range. Cryogenic LNAs amplify the IF signal and pass it to an IF
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processor at ambient temperature to be filtered. The filtered IF signal is sent their respective

spectrometers and the resulting speatesstored.

Table 10.0ASIS optics loss budget.

Module | Elemen Type Material Loss | Band | Band | Band | Band
t 1 2 3 4
C1l Canopy Transparent 0.02 | 0.02 | 0.02 | 0.02 | 0.02
- Kapton
< Al Reflector Aluminized 0.01 | 0.01 | 0.01 | 0.01 | 0.01
Kapton
M2 Asphere Aluminum 001 | 001 | 001 | 0.01 | 0.01
M3 Asphere Aluminum 001 | 001 | 001 | 0.01 | 0.01
FL Field Lens Si 0.02 | 0.02 | 0.02 | 0.02 | 0.02
s M4 Flat: FOV Aluminum 001 | 001 | 001 | 0.01 | 0.01
5 scanner
qt’ M5 Asphere Aluminum 0.01 | 001 | 0.01 | 0.01 | 0.01
o
O M6 Asphere Aluminum 001 | 001 | 001 | 0.01 | 0.01
M7 Flat Aluminum 0.01 | 001 | 0.01 | 0.01 | 0.01
M8 Flat Aluminum 001 | 001 | 001 | 0.01 | 0.01
M9 Flat Aluminum 001 | 001 | 0.01 | 0.01 | 0.01
D1 Frequency Mesh 0.05 | 0.05 | 0.05 | 0.05 | 0.05
Diplexer
D2 Frequency Mesh 0.05 | 0.05 | 0.05 | 0.05 -
Diplexer
D3 Frequency Mesh 0.05 | 0.05 | 0.05 - -
Diplexer
_ B2 Beam Splitter Mylar 0.01 - 0.01 - -
'ng B3 Beam Splitter Mylar 0.01 - - 0.01
§ B4 Beam Splitter Mylar 0.01 - - - 0.01
& F1 IR Filter Mesh 002 | 0.02| - - -
F2 IR Filter Mesh 0.02 - 0.02 - -
F3 IR Filter Mesh 0.02 - - 0.02 -
F4 IR Filter Mesh 0.02 - - - 0.02
M10 Flat Aluminum 0.01 - - - 0.01
M11 Elliptical Aluminum 0.02 | 0.02 - - -
Transmission 068 | 069 | 0.74 | 0.78
efficiency
Aperture 0.922| 0.909 | 0.844| 0.701
Efficiency
Transfer 0.63 | 0.63 | 0.62 | 0.54
Efficiency
Membrane Area 154 154 154 154
Effective 96.6 | 96.6 | 96.0 | 84.2
Collection Area
Requirement 56 56 56 56
(10x Herschel)
Margin 42% | 42% | 42% | 34%
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Estimates for the absorption and scattering losses associated with Al, the corrector module,
and receiver optics are listed in Table T@ese values are included in determining the
endto-end transfer efficiencyf) andEA of the system. The resultseasummarized in

Table 10. The Aperture Efficiency in Table 8 was used to estimate the effective photon
collection area while considering all the optical components depicteduneF@and62.

Our analysis indicates a 14 m diameter OASIS meets missimcecrequirements with
margin.

Since OASIS receiver system design is based on GUSTO Explorer mission, the design and
modeling of coupling optics for 1.46 THz (OASIS Band 2) GUSTO local oscillator (LO)

optical path is discussed in the next sections.

5.2 QUSTO Explorer Balloon Mission

Galactic/Extragalactic Ultra Long Duration Balloon Stratospheric Terahertz Observatory
(GUSTO) mission will survey the Milky Way and Large Magellanic Cloud in three

i mportant interstellar | iemme saand[ JIQI]] aatt 165:
understand stellar formation in interstellar medium (ISM) throughout cosmic time.
GUSTO6s balloon borne, 0.85 m telescope an
provide the spatial and spectral resolution necessary to plopbases of interstellar

me di umds The man tedegcope é.an F/10 Cassegrain system with the front
surface of the primary mirror coated with aluminum. The main telescope beam is a
Gaussian beam and after passing through a dichroic mirror systdmminates three

mixers (F/21, F/28 and F/60).
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Figure 63. Life cycle of ISM and the spectral lines used to probe its different phases. By probing [CII], [NII] an

[Ol] spectral lines, we can understand all the phases of ISM life cycle.

Figure 64. GQUSTO Payload
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5.3 Design of 1.46 THz LO Coupling Optics

5.3.1 LO Gaussian Beam Parameters
Gaussian beam profile is given by

-2r?

P = R, (62)

wherer = Radial distance from propagation axis,
z = Distance along the direction of prggdion,

Po = On axis peak power

m(z) = Beam radius

Equiphase \
Surface N ) \

5 4 3 2 A 0 1 2 3 4 5
Radial distance from propogation axis (r)

Figure 65. Left- Gaussian Beam Profile. Right Cut through beam showing equiphase surfaces, radius

of curvature, beam waist and beam radiu®.

The beam radius is definedthg distance from the beam axis at which the power drops to
1/& of its onaxis value.w, denotes the beam radius at z=0 and is called the beam waist
radius. The focus for the Gaussian beam is defined as being where beam rapliabkts e
beam waist radius.

The asymptotic angle of growth of beam waist is given by
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/
G =——
Py

, (63)
where/ = wavelengtrand 1, = Beam waist radius
From the Virginia Diode, Inc nominal ho specification she&t w;, for WR-0.65 over

1100 to 1700 THz is given as 0.41 mm. Knowingand z, we can calculate the beam

radius at z and the radius of curvature using

o
2

e 3 59
M2)= Wl £ G U and (64)
g cP ¥ <y
¢ o G
R=2zd =— 5 (65)
5 lz =
g ¢
For z = 12.5 mm, > = 205.48 & m,

W(Z) =2.04 mm andR = 13.03 mm

From ©3)

g, =9.06

5.3.2 Coupling Optics Parameters

The Gaussian beam from the LO source is relayed to the beam splitter using a system of
two ellipsoid mirrors. Consider an ellipsoid which is rotationally symmetric about its major
axis. The length of major axis Ba and the minorxs length is2b. The equation of the

ellipsoid surface in Cartesian coordinates is given by

2 2
+
xy+zj.

b? a (66)
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The distances from the two focal poirfes and F, to thepoint P on the surface ar&®

and R,, where
R+R 2a. (67)
Also,
b=RRcosg , (68)
whereg = Angle of incidence of the beam relative to the local surface normal.

The eccentricity is given by

& b 0
e=ad — 0 (69)
g =
and he separation of the foci is
A =2ea. (70)

Figure 66. Geometry of ellipsoid reflector. F1 and F2 are the focal points of ellipse, and R1 and R2 are the
distances from the point P on the surface to the focal pointg is the angle of incidence of the beam relative to

the local surfacenormal2

For optimum focusing performance of ellipsoid, we must select the section of the ellipse

where R and R, are equal to the input and output beam radius of curvature i.e.,






































































































