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An adventure in applied superconductivity:
from cosmology to x-ray beamline science

« Superconducting Transition-Edge Sensors

« Photon detection from microwaves to x-rays
« Multiplexing for large arrays

* Microwave polarimetry for cosmology

« X-ray spectroscopy at synchrotron and FEL light
sources



Thermal detection of photons

Anything that can be converted to heat can be
measured with a thermometer

Photon

Thermometer
: | |
| ol .
=) 1= —
5 & G
21 cC
& | |
C G Thermal -
Heat . Conductance
Capacity

Time

Photon — Heat




Sensitivity requires low temperatures

Incident Radiation, P, E

P=Gx Bolometer

E=Cx Calorimeter

Absorber 4 ’
(Heat Capacity C) % Thermal Conductance, G

Thermodynamic power noise: NEP2=4k;T2G  (W/VHz)?
Energy fluctuations: AE, 2=kgT?C (J)?

Operate at low temperatures (T~ 0.1K to 0.3K) where C,
G and thermodynamic fluctuations are small.




Superconducting transition-edge sensors (TES)

Transition-Edge

Seneel (IN=s) SQUID current amplifier
0.06 ' ' 00
o 0.04] o N
° | o : W
© o
2 002 ; - 11
P . o)
r | s _ T

O 000 o ao® I

95.8 96 96.2
Temperature (mK)

Photon —» Heat —» Resistance — Current



— Bias voltage

—— Superconducting
material

Current

Amplification by SQUIDs

Voltage signal
torest of electronics

SQUID

Insulator

* Measure current with a Superconducting Quantum
Interference Device (SQUID) amplifier

« Can be multiplexed to enable large arrays




TES spectrometers

o1 AR
o b M\
1 1 Iwoo T T T T T
X-ray a 0.06 | LI T
| — o “
thermometer 8 - o 7 = \
s r < 1 8 <
(o]
AY} -|(z) i o i g_ C
; ; S|
absorber 14 i o il
0.00 ! !
%thefma' 95.8 96 96.2 =T
isolation Tim
temperature e

TES spectrometers provide a
unique combination of spectral
resolution, efficiency, and
broadband coverage

AE X VEkBTE 44

Irwin et al., Appl. Phys. Lett. 69, 1945 (1996)

(MK)

But we need large pixel arrays!




TES photon detection across the spectrum

Submm: resonant | e

- | l -|

CMB: feedhorns with 55 aS el mmemmmemmmni L ] I m B e : “-é‘f
lithographic OMT Near IR & optical: TES Bne? €84 R
STEN[E 3 with antireflection coating o : s
(Sae Woo Nam et al.,
NIST)

ik

Energy {eV) 10~* 10°% 1072 107"  10° 10 107 107 10 10° 108

Gamma-ray: thick
superconducting foil

Wavelength {m) 102 10~7 10— 10—° 10 107 102 10-2 10— qp—M 1012

Frequency (Hz) 10t 1otz 10 10 10 10! 107 108 10f 10

Energy/ks (K)  10° 101 102 10° 104 105 108 107 108 109 1010
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An adventure in applied superconductivity from
cosmology to x-ray beamline science

. Superconductlng TranS|t|on -Edge Sensors

imetry for cosmology

« X-ray spectroscopy at synchrotron and FEL light
sources



SQUID readout

— Bias voltage Voltage signal
Photon . \ ; . torest of electronics
. \
ﬁ \ - Superconducting \ SQUID
‘ © material “~—
q " - Insulator
urren 4 p
7 /’r - 5 ‘ { B -
e / '
k//‘\'—/ . —./’\\__J/‘/‘ -\'
Qutput coi __,..:

* Quantum-limited amplifier based on superconducting quantum interference :
Superconducting Quantum Interference Device (SQUID)

 Current through the sensor is a function of the photon signal
» The current flows through a coil to create a magnetic field

» The SQUID transduces the magnetic field into a measurable voltage signal

Irwin, Appl. Phys. Lett. 66, 1998 (1995)



Multiplexed SQUIDs for large arrays

For large TES arrays, multiplexing becomes necessary to minimize
complexity and heat load from wires

combined output

000000
................

Multiplexing allows many TES detectors to be sampled with
one output line

Chervenak et al., Appl. Phys. Lett. 74, 4043 (1999)



Different ways to multiplex

Time division (TDM): different pixels
sampled at different times

TDM SQUID array

SQUID Output

Frequency division (FDM): different
pixels operated at different frequencies

100-SQUID series array
for
~MHz frequency-
domain readout with
Berkeley/LBNL/McGill

5
=
5
O
0
.
@]
(7))

A Temperatur

Same idea, different orthogonal modulation functions
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An adventure in applied superconductivity from
cosmology to x-ray beamline science

Superconducting Transition-Edge Sensors
Photon detection from microwaves to x-rays
Multiplexing for large arrays

icrowave polarimetry for cosmology

-ra n and FEL light
sources
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The CMB is slightly polarized

Vertical / Horizontal
differ by a very small
amount

15



Two types of polarization

Polarization maps broken into mathematical basis sets

// \\ 7
500 C

Density waves:
“divergence”, but no “curl”
“E modes”

Similar to the fundamental theorem of vector calculus
(Helmholtz theorem), but for a tensor field



Gravitational waves from inflation are only source of primordial B

Temperature anisotropy

E-mode polarization
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Lensing B- mndes neutrino mass = 0 eV

Primordial B-modes, r=0.2

650 1000

Multipole ¢




Gravitational waves from inflation are only source of primordial B

Temperature anisotropy

=

E-mode polarization

r: tensor-to-scalar ratio
Energy scale of inflation
" Intensity of B mode

T.J eV x et i

}/\’\F‘rimordial B—mnde@

20 80 220 400 650 1000 s~ 2250
Multipole ¢
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CMB polarimeters in the field

BICEP-2 ACTpol POLARBEAR

¥ Sapphire HWP
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Example TES CMB polarimeter

5 mm

Ortho-mode
transducer
couples to Si
feedhorn




Example TES CMB polarimeter

5 mm
- ﬁ: -- R 3

CPW-to-microstrip
transition

Band-defining stub
filter
&
stepped-impedance
LPFs




Dark
TES

Example TES CMB polarimeter

5 mm

4 TES \

Two TES
measure both
polarizations

_-ue ater

L

Loss




CMB polarimeters in the field
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BICEP2 high s/n B-mode map

BICEP2 B—-mode signal
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I(H1)Cp 22w [uK?)
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— lens+r
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Planck polarized dust
higher than expected:

How much of the signal?
Whatis r’?
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How to definitively measure the energy scale of inflation

Multiple frequency observations to constraint and clean
foregrounds
» Cross-correlation with Planck 353 GHz channel now
« Keck array 100 GHz channels: data being analyzed
 BICEP-3 100 GHz: deploying this season
* Multichroic pixels (ACTpol multichroic deploying soon)

Higher angular resolution measurements to delense
 SPT, ACT, Polarbear

Deeper maps — sky variance limited Al these steps wil

: : use more
Greater sky coverage in Chile advanced TES

« Better constrainton ‘r’

» Consistency ratio of inflation arrays
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Soft X-ray Detection: Conventional Technology
Soft X-ray Grazing Incidence Grating Spectrometers and its limitations

ol AL

TN

Conventional Soft X-ray Grating Spectrometer
e Limited Solid Angle
e Low Detection Efficiency

e High Resolution Possible (at a cost) Fraction Detected
e Small Spot Size Fluorescence Yield x
Soft X-ray Emission Spectrometer Detection Efficiency =

. 1% X 5x105 X 7% x 30%
) -dcc /
Entrz > J/ ~1 0-9 (~1 0-8)

Slit
Rowland Grating
Dispersive Grating 2-D Detector -

Spherical Focusing MCP stack

phosphour screen
and 120 Hz CCD

|sotropic Emission 4pi sr

Fluorescence Yield ~1% Solid Angle

~ 5x10-5 [4pi sr]
/ (1x10-4 [4pi sr])
101 2ph/5» 1% - 1

Grating Efficiency
~ 7% (20%) 35




Sensitivity of TES based X-ray Spectrometers at SSRL (in development)
Enabling Ultra-low Concentrations (ppm)

1 AL
[T

N

Defects/Dopants  107°-1020/cm? => 1017-10"8/cm3 _
New Science

Surface Sensitivity 1-10% monolayer => 0.01-0.1% ML Opportunities in
Material Science,

Chemistry, and

Solute Sensitivity 10-100 mM => 100-1000 uM :
Biology
Spot Size 10-100um =>1-10mm
Grating Spectrometer TES-based spectrometer

ransformative
Opportunities

Soft X-ray
Spectroscopy

1000

Grazing Incidence Gratings !

Soft X-ray Emission Spectrometer
L

J == G ¢ o ‘-‘/
Entrance / /
Slit

Rowland Grating

Dispersive Grating 2-D Detector

Spherical Focusing MCP stack
phosphour screen
and 120 Hz CCD

XES/XAS
applications

Resolving Power
100

10

0.1 1 10
Solid Angle x Efficiency (sr.%)




TES Spectrometer Arrays

&
-
"

160 Pixel TES Array with 2.5

eV resolution

SQUID multiplexing

electronics

We are now deploying a 240-
pixel soft x-ray spectrometer

array on SSRL BL-10-1
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Beamline hardware

,.:m-—\

cry o st at cryostat
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5 f
NSLS U7A beamline APS 29ID IEX beamline
« 200-1400 eV  400-2500 eV

 Prototype installed Dec., 2011 * Installed August, 2014 38



Demonstration spectra

Prototype NSLS 45-pixel
spectrometer:

« XES of eV-scale chemical
shifts (chemistry of
occupied valence states)

 partial-fluorescence-yield
absorption spectroscopy
(chemistry of unoccupied
valence states)




XES for forensics

Counts per 0.10 eV bin

Counts per 0.10 eV bin

f L3
4000 [\ s
28
s -
3000 .
!
:
'3
2000 petector energy response /.
(2.5 eV FWHM)
A N
A - +
1000 o i O¢N‘O'

970 375 380 385 390 395 400

405
X-ray emission energy (eV)
T + O =
4000 . |
‘ “u AN, Nay
\ \ H -
& 9&‘- 3 H o
Y i 2 @
3000
!
*
/ . i ) 8 )‘:'“3)_)‘
2000 -
Detector energy response |
(2.5 eV FWHM) k *‘T'.L r
! - o & 3
1000 - A, A,
‘
f’ NH NO; \\

970 375 380 385 390 395 400
X-ray emission energy (eV)

405

410

o1 AR
ol B 7 O

N emission in RDX is clearly
distinguishable from NH,NO.

XES probes the
nitrogen chemical
environment
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Carbon Fluorescence Yield (arb.)

PFY-NEXAFS of ODTC

[
o

&=
(00)
T

O
(@)
T

=
LS
|

o
N

o
o

- octadecyltrichlorosilane (OTS) -
near-edge fine structure C1 8H37C|3Si
\ 0.7% C (by mass) in SiO, .
beam )
cl, Cl
e T e e 0 S e e
270 280 290 300 310

Excitation energy (eV)

resulting NEXAFS spectrum

Better than MultiLayer Mirror (MLM) spectrum of same sample
Unlike MLM, also works at N, O, ... all other edges

320
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NIR detector array Moore’s Law

32x32
1983

62
5?§;8 20482
2008
Pipher et al.
256x256

1998
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TES spectrometer Moore’s Law: ~2 years doubling

SLAC
1 pixel
1996 45 pixel
2008
4 pixel 240 pixel
2000 2014
Long-term
_ effort will
S double
24 pixel 2 ol . solid angle
2004 0;» applications & CcOou nt
| rate every
: ~ two
application - yeal’S
011 T 1 43

Solid Angle x Efficiency (sr.%) 0



