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detection principle

massive particle absorber

energetic particle
x-ray photon

paramagnetic or superconducting
temperature sensor

absorber . operation at low temperatures

___SENSEEu « small heat capacity
— magnetometer )
* low thermal noise
e large temperature change

thermal link

no power dissipation in the sensor

thermal bath

no galvanic contact to the readout
circuit



SQUID based sensor readout

T=10mK T=10mK ... 4K room temperature

Detector Amplifier

Ty

S I

two-stage SQUID setup ¢ low noise
e |arge bandwidth

* |ow power dissipation



detector geometries

present working horses

Au absorber

Au absorber
Au stems

2nd Nb layer

I ' i Austems

Au:Er sensor
Auw:Er sensor

1st Nb layer 1st Nb layer




Magn. Flux Change [®]

temperature sensors

Metallic Magnetic Magnetic Penetration
Calorimeter Thermometer
40 140 | T T | | T
Au:Er 315ppm 120
30 |t —— 45mA 1 EO
—— 15mA 5 100
2
8 80
20 | @)
3 60
LL
c
10 | g 0
=
20
0 | | oeteveeeeee 0 ] | | |
0.00 005 0.10 0.15 0.20 0.25 0.30 0.000.02 0.04 0.06 0.08 0.10 0.12

Temperature T [K] Temperature T [mK]

Au:Er, Ag:Er, PbTe:Er, Dy:W, W:Fe ... Ir, MoAu, Hf, AuTi, MoCu, ...



signal shape

fast rise time

< 100ns @ 30mK for MMCs
< 1lus @ 30mK for MPTs

-04 -02 0.0 0.2 04 06
Time [us]

decay time

roughly single exponential
adjustable by metallic link
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Magnetization M [A/m]

signal size of MMCs

0P x

oM FE

0T Chot \

0,87mT

Specific heat C [104 J/(mol K)]

D | | |
0O 20 40 60 80
Inverse Temperature 1/T [1/K ]

100 120 140

10

Au:Er 300 ppm

—e— 10.6mT
o 85 mT

s 6.4mT
s 5 mT
—*— 3.8mT
ot 26mMT

= 13mT

20 40 60
Temperature T [mK]

80

100

signal size of MMCs can be predicted with confidence



signal size of MPTs

T.R. Stevenson et al.

©650r MoAu film placed on
meander-shaped

pickup coil  magnetic flux change

6001

e specific heat

GL models

m(T) (PH)
(&)
3

e magnetic work
450¢

400

calculation of signal size of MPTs challenging but feasible



hysteresis effects in MPTs

large area sensors show
hysteretic behaviour

non-hysteretic behaviour
for patterned sensors

Magnetic Moment m [10-6 Am?]

0.5

-1.0

-1.5

Temperature T [K]

1x107°

o

]
—_—

]
W

Magnetic moment m [Amz]
V)

1
iaN

Temperature T [K]




noise contributions

thermodynamical fluctuations of energy

Csens -m- Cabs

1/4
ABgwin = 236V kT ConsT2V/2 (2

Optimum for Ca,bﬂ ~ Csens

sensor ,intrinsic’ noise

e excess noise observed for Au:Er temperature sensors

amplifier (SQUID) noise

5‘
€s = 25; or €. = %LiSI

required ¢ < 50---500 A o Tecstussatly

magnetic Johnson noise 0

e thermal currents in metallic detector components
e can be kept marginal small



detector optimization

e pickup coil geometry

Signal e coupling scheme
* detector responsitivity
NEP AE
e energy fluctuations FWHM
. e amplifier noise
noise .

magnetic Johnson noise
* intrinsic sensor noise

Ay [€V] Ay [€V]
@ 50mK @ 30mK
1.1 0.6

High resolution
X-ray spectroscopy

1 2.2 1.2

500 50 25 a-, B- and y- spectroscopy
up to MeV energies



high resolution x-ray spectroscopy

1x8 arrays
1d and 2d arrays 1x16 arrays

for x-ray spectroscopy
with photon energies
up to 200keV

Expetiment: Untitled
Fit wave name: HistoFPH_fl_MnKal 2

150 | Fit Parameters

FWHM:232 +0.17eV
E_shift 0.50 +0.053eV
Amplitude: 164.4 + 6 counts
Counts: 2743

5 100 y0: 0.0+ 0 counts

] b meT

.......

Aoy = 2.3V @ GkeV
% lg: - ,4.!4-+L'I' +-L|-+'!' ||\l+.1+'|' A *\H-H‘} HH-I. ot ﬂ*..«...._h‘
£ i 'TT"+T'T'\'T I f T

-

T

T T
5BED 5850 3900 3910eV

oy ] GSFC 5x5 array, larger arrays in development



high resolution x-ray spectroscopy

Au absorber

Au stems

2nd Nb layer

single pixel device

1st Nb layer

non-linearity: 1% @ 6 keV

200 | sSMn
400
> i i
3 300 H e
S N
o
Py ~ 100 | i
2 200 b4 |
[ = /
> 2
* 100 w50 i
. ! 0 | ul | |M.—« -y
-0.004 -0.002 0.000 0.002 0.004 5.86 587 5.88 5.89 590 5.91 592
Energy [eV] Energy [eV]

AE.s = 1.8€V @ 0 keV Aoy, = 2.0€V @ 6 keV



,physics’ with MMCs / MPTs

maXs-20 x-ray lens

Ise tub led ADR
pulse tube coole electron beam ion trap (MPI-K,HD)




photon energy [eV]

,physics’ with MMCs / MPTs

12000

10000

8000

6000

4000

2000

SDD measurement of tungsten

2500

2‘30 J‘;OG 2400
Photon Energy [eV]

2000 3000 4000 5000
electron beam energy [eV]

6(

x-ray spectroscopy of HCl @ EBIT

(MPIK-HD, Heidelberg)

i

B B L L B L LA B L BRI L BN R R L
W 3d — 4f
W 3d - 5f W LMN DR
Ba 2p — 4d
Ba 21— 31
. A ST
,.,\LIW e R S2a
MJMMM el L 83
Kr 21-3[ Kr KLL DR
U Kr2l-al S2b
L T MLt s i m s isnine i st sttt an b s a ol s8]
*jm‘#*lh‘hﬂ%tthk [ PPTTE TR RIS EPTTTPIP STV BRI I

2000 3000 4000 5000 6000 7000

8000 9000 10000 11000 12000 13000

photon energy [eV]




Flux [Phi,]

detectors with position resolution

SQUID
AuEr sensor mj input coil

over meander

Absorber 0 Absorber 1
hydra (GSFC) s
Heat link to i
thermal bath
~ .
Internal %f/‘,—-‘r eeeeee
heat links = 1
\-._\
0.30- Absorber
) AbSOI"bE 0 Absorber 2 Absorber 3 stem
r
—— Absorber 1
.2
0.23 —— Absorber 2
—— Absorber 3
0.20 - 400 - 7
O.] 5 T (4.610.2) eV
300
0.10- >
Q
/ L
0.05f/ © (4780.2) eV
a'll a
* 200
0 T T | T 1 3 ‘g
0.8 1.0 1.2 1.4 1.6x10 o
(D] (4.440.2) eV
time [s] 166

(4.6+0.2) eV

| |
5880 5890 5900 5910

Energy [eV]



detectors with position resolution

magnetic flux in SQUID [m®]

time [ms]

,Pizza‘ (Heidelberg)
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further applications

neutrino mass measurements
investigation of the neutrino mass is one of the big challenges in particle
physics

«  OvBP—decay (AMoRE, LUMINEU)

e ECof 183Ho (ECHO)

* [-endpoint of 87Re (MARE)

radiation metrology
absolute activity and Q value measurements

spectroscopy of heavy ions and molecular fragments

... and many, many more...



time domain multiplexing

U g

successful TDM demonstration

GSFC detector, PTB Multiplexer, NIST DFB electronics

AE v = 4.1eV @ 6keV



microwave SQUID multiplexing

|
1Q demodulator
® o

synthesizer 300K
<100mK
L It
L de ] ]
o
load = =
inductor A
e
x-ray m
Pixel 1 Pixel N

single HEMT and two coaxes for readout of ~1000 detectors



microwave SQUID multiplexing

2 years ago @ LTD14 ...

voltage

9.8 uA/D
20 . .|.ILN0

-40 -20 0 20 40
input coil current
~andnow @ LTD 15 Frt ottt rtdr re ettt T ,

AEqyum < 5eV expected



conclusions

Events / 0.25eV

T Afee=20eV ) MMCs and MPTs

© ﬁ e flexible detectors

100 1 * fastrise times, excellent energy resolution, linearity
i N\WJ‘ large spectral bandwidth

}f . . . .
o M,J device fabrication ,mature
| Energy [eV]

A detector arrays and multiplexing

e small size arrays are ,standard’
e array readout is rapidly progressing
e detector arrays with ~100 pixel in near future

living, fruitful and collaborating MMC / MPT community

Brown, USA KRISS, South Korea NIST, USA
CEA, Saclay, France Leiceister, UK PTB-Berlin, Germany
Heidelberg, Germany NASA/GSFC, USA UNM, USA
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