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Metallic magnetic calorimeter
- Physical principle

« Choice of the paramagnetic sensor
 The calculation of signal size

 |Intrinsic sources of nolse

e Detector read out

« SQUID read out and performances

« SQUID-detector coupling
« Optimizations

« Signal to notse ratio

« Fabrication and experimental set-up
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- Applications
«External sources
« X ray spectrometry
« Gamma ray spectrometry
« Embedded source in the detector

* Activity measurement
 Beta spectrometry

« MARE project
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Physical principle of metallic
magnetic calorimeters
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Physical principle of calorimeters
Ep

article

': A photon with an energy Einteracts in the absorber
R —Temperature rise : AT = E/C,,,.,
Absorber .
SEFSOFOF The detector is weakly thermally coupled to a thermal bath
thermometer o
—=pReturn to the equilibrium temperature :7,= C,,..;/ Gp.y,
G, T
% bath . Pulse
A l—
v
] ] l t
)
Ta

Cabsorber = CE/ectron o’ (Metal) .
Coronon OCT? (Dielectric crystal, superconductor)

) AT maximised at low 7,



Physical principle of magnetic calorimeters

® Eparticle The sensor is a paramagnetic
N material, magnetized by an
_— external magnetic field B
—
B

— =g The sensor magnetization Mis
strongly dependent on the
TT”\TT temgy P
perature
SQUID
loop . — S

Absorption of a particle with the
energy Fleads to a temperature
rise and a change of M

A magnetization change induces a
flux variation A® in the SQUID

loop
50 C sn=C ., v [OMY___ Epaniae
. ! — Ho " Vsensor l\ aT ,‘é AN C
‘Jloop,’ rIoop S Y sensgv'_l_ absorber
e NI ¥l —
Magnetic Thermodynamic quantities of paramagnetic material
coupling factor F(B T, Veensors X)

5D expressed in units of the maagnetic flux quantum, ®, = 2.07x10-1> A/m



Thermodynamics quantities for free magnetic moments

Calculation of thermodynamics quantities using statistical physics

Example for localized spin of 1/2 interacting with B

—

=—-B

. . 7
Zeeman Hamiltonian H “®™m"

Two eigen energies &, =B AE=¢, —¢

J &,
Partition function of a canonical ensemble Z = Ze KT
n=—J

oinz AE
Internal energy (U)=N(¢)= NkBTZ( j =—N - AE tanh
or ), 2k

B

Ns in a U Ns in AE AE
Magnetization M =———= < >= P tanh[ j

Vsensor 88 Vsensor ZB 2kBT
a(U) AE )1
Spin heat capacity Copin :(8—Tj = NSpinkB(zk TJ Coshz(eAE/szT)zCsensor
vV B
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Thermodynamics quantities for the signal
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Magnetization

, 3
k.T/AE

Specific heat
Schottky anomaly
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(Ex. with C_pqorper fixed)

Possibility to use large Cg;, and
> couple absorber with large C,,. .,



Ideal magnetic calorimeters for spectrometry ~ ©

Each application requires a detection efficiency which fixes the absorber heat capacity.

One has to calculate the parameters B, 7,,,, X V,.,s,that maximize the
Signal/Notse ratio.

For spectrometry applications one needs a fast rise time and high energy resolution.

Ideal magnetic calorimeters :
- Large signal <= strong dependence of the magnetization on the temperature
No interaction between magnetic moments
No additional heat capacities Cgensor = Copin
- Fast rise time
{— Strong coupling between spins and the absorber heat capacity

la rg € Gsensor-absorber

| Csens;or

C
absorber
~C

spin

<

Thamn ~ 30 mK tias RODRIGUES DRTBTO09 11/05/2009



Different choices of magnetic ions and host ™

* Dielectric host
— TmAG:Er, YAG:Er
— CMN, CDP

High sensitivity but very long rise time due to a weak coupling between
magnetic moments and phonons

 Metallic host

— LaBg:Er (large additional heat capacity at low T)
— Au:Er (well known, stable)
— AQ:Er

Reduced sensitivity due to exchange interaction between magnetic moments
but fast rise time due to strong coupling between magnetic magnetics moments
and conduction electrons

« Semi metallic host (unstudied)

« Semiconductor (unstudied)
— Bi,Te; (E; = 0,15 eV) doped with Er

Matias RODRIGUES DRTBTO9 11/05/2009
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Signal size for
Metallic Magnetic Calorumeter
using Au:Er sensor
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Magnetic properties of AuEr. Er in cubic symmetry S

| | | [Krl4d™°4 f 115525 p°
 Electronic Zeeman interaction .
J=152  g,=6/5 \ (1, )~03A
HZeeman:gluB.j’ 0
18 (r,,) ~1A
100 I I |
M
4 B Au:Er

.01_ \\ _
101 \ B

] | |
100uK 10mK 1K 100K
Temperature T

Susceptibility x—x4is [2-U.]




Exchange interactions
Interaction between two localized spins S; and S;
* Dipole — Dipole interaction

Coupling between two localized magnet

H P =22 (g ) (2K )

\47[ ) (ZkF I‘ij)3

1—‘Dipole

« RKKY Interaction (Ruderman - Kittel - Kasuya - Yosida)

Interaction between two localized magnetic moments mediates through
the conduction electrons and their magnetic moment (itinerant electrons).

H RKKY _ 32 gz(gJ _1)2 4Vp2m:ké (§ .§_)COS(2kF rij)_/]#ZK"\rij 'Sin(ZkF rij)
T g weaf (2ker, f

V
1—‘RKKY

—

[rkky = 9 bipole

RKKY interaction leads to spin glass transition at ~ 1 mK with 300 ppm erbium
—> minimal T, 4, ~ 10 mK
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Thermodynamic quantities for the signal
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a reduced of the signal size



Thermodynamic properties of AUEr can be calculated by mean field

approximations or with Monte Carlo simulations.
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Tume structure
of the signal
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If we use a gold absorber

o ol asmag N (I 7=72910" K Imole
I EA 0, 0, =162,4K

* C,pin €lectronic magnetic moments (Zeeman+exchange)

* C, conduction electrons of Au:Er (~ 1% of Cg,)
» C 44 : INteraction of the nuclear quadrupole moments

of gold with the electric field gradient due to the
presence of Er3*

* Cces - Dyperfine interactions of the nuclear magnetic
moments of Ert®8. Using of enriched Ert®® or Erté’

X =900 ppm
B~5 mgp CAu Cspin Cadd
mJ/K/mole mJ/K/mole mJ/K/mole
20 mK 0.015 1.8 ~1/4 Cspin
30 mK 0.022 14 ~1/5 Cspin




We suppose heat diffusion through conduction electrons very fast

EPa rticle

\

pln e
/ Korringa relation, z.,,, = &T, k= 7xX10° K.s
'/— s RN
", : :
electron Lo Cspln YVV Cuq

=0.25 ps at 30 mK
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Thermalisation of the particle energy and pulse shape

7/ \
! \
! é : 12
\ 1
= | , } C., Pulse |
- a
7,~ 30 mK << osf o
2 g
O 0.6+ §<
N (<5}
E 0.4+ O+
i =
Td — Ctotal / G 9 L2 O
p) \
Gyapitza ~ 10 NW/K/mm? at 20 mK 0
Gmetal-metal preferable’ == GKapitza 0.2 0 5 10 15 20
Time (Ms)
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Fourier spectrum of the signal

20

(18 Ty ) ,8 . Cspin
2 2 o
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Intrinsic sources of notse

Matias RODRIGUES DRTBTO9 11/05/2009



A simple canonical ensemble with one system.

AU = [{U?)-(uY :\/kBTZ[

JS; (ev/iz)

Thermodynamic fluctuations of the energy

Eparticte-0()
c

s.

—> Low Temperature required! 7.~ 30 mK
1E-1 ‘ ‘ _ . _

i z-\m T—30mK,C—1pJ/K,Td =1ms
1E-2 :

|

| 4t
1E-3 ' S. =k CT2 d

i - (1+ 277, )
1E-4 :

| (2m'd )7l
1E-5 l’/

1E+0 1E+1 1E+P 1E+3 1E+4 1E+5 1E+6 1E+7

Matias RODRIGUES DRTBTO9 11/05/2009
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Thermodynamic fluctuations of the energy >

Canonical ensemble with two sub systems /EParticleﬁ(t)
(C,qq ignored). Tﬁ\p”;e

__ Cen gi1.c 10 C Copin
ﬂ - C_ +C y U 1< spin/ electron < 1 Tspin-e <7y electron Zeeman+exchange

spin electron
AT i 4t

SS in - k CS mT 1 Spm + ! g Td

i P {( 'B)1+ (Zﬂffsp.H f p (1+ 247, )

7,~ 30 mK

—> Low Temperature required!

1E-1 Celectron = C spin =S 05 p\]/K T = 30 mK,
—~ JAPKC,, T Topine =0.25 18,74 =1ms
e i N Fundamental limits of metallic
N | a ; .
t_: | \ o magnetic calorimeter :
“;1E-3 I N 3 P P
=2 | —— ‘< 1/4
’ | BN AU Ak T°C,| — LTS‘"”EJ
3 - | ! spin
e i RN A
277y )" 27r.
1E-5 :/( ) | mspWJ

1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1e+6 1e+7  Minimized for Cgpion = Copin
Frequence (Hz)



24
Other intrinsic sources of noise

100 L T T T

1/f noise of Au:Er sensor

detector
temperature.

Independent of temperature and
proportional to erbium concentration

2K 1
| K

Magn. Flux Noise VS, [ud,/VHz]
=

- 33 MK

'1 1 1 1 L
1 100 10000 10°
Frequency v [Hz]

Magnetic Johnson noise, random motion of conduction electrons in metals
from the sensor and the absorber

C—
— L Hy
Sa™ =~ pgJaokg TV fe ~4',Uo'0"z’t tzli W

— Pepends strongly on the way the sensor SQUID
ls coupled to the SQUID loop




Flux noise ®,?/ Hz
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—Total flux noise
—1/f from AuU:Er

Johnson noise

Thermodynamic fluctuations| :

10

10" 10° 10°

Frequency (Hz)

Matias RODRIGUES

DRTBTO09
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T=30mK
Cabsorber =0.5nJ/K
Cauer = 0.4 nJ/K

T,=1ms
Tq=9MS
Signal size :

d®,/dE = 1.7 mdy/keV

11/05/2009



Signal to noise ratio

10- T T Ut turvotyg

Tty
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10-16
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10 et

.

[N

ceok

Trog T T [ A A A

—Signal (U.A)
—Noise (U.A)
— Signa/Noise

10° 10

—) FWHM=35¢V

1 2
10

Frequency (Hz)

10

r rr ororocr¢

(Fundamental limit from thermodynamic fluctuations FWHM = 24 eV)
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How to read the
magnetization of the sensor

Matias RODRIGUES DRTBTO9 11/05/2009
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SQUID

Junction
Josephson

SQUID Noise
SCD,SQUID ~32- kBT\/LzQUIDCSQUID
I—squid zloo pHicsquid z:I'pI:’T

= /S ,squp ~0.15 l'lcpo/\/E

~100...300 mK

SulluL 0.0 1.0 20 30 Limited bandwidth ~ 1IMHz
resistor =
Flux ®/®, 1,E+01 -
— Ry, (150 Q)
e L. : . — 6XRy,
Amplification and linearization ﬁ — 35xR,
€ 1+
30 mK 300 K L TEO
/b
1,E-01 T
" 1,E+03 1,E+05 1,E+07
Vout Fréquence (Hz)
— oD QV, al Slew rate < 1®,/ps, rise time ~ 1 ps
1 YL Maximal signal size ~ 1@,
fb
SQUID Room temperature electronics

Noise limited by room

ug. et
0.15ud, /VHz  VSvee =033 NV/VHz & \[Sg g6, =17 “Qo/ﬁl:> temperature electronics
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1
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—Total flux noise
—SQUID noise 1
—1/f from Au:Er E
Thermodynamic fluctuation |
Johnson noise |

=
o
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=
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1 1
=
N
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/

Flux noise @,/ Hz
=
o
1
i

H

o
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w
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i

H
o
N
1
/

15|

10 10 10 10° 10 10
Frequency (Hz)

FWHM = 69 eV, sQUID electronics white noise of 1.7 u®d, / Hz'2
(FWHM = 35 eV with a noiseless electronics)
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Two stage SQUID set up

30mK -4 K Room temperature
Ib2
1 dh v
BMiSQ : 0
‘é 6‘1)2 ) Vout
be
E— %4
-[YY\ 9 i
Mﬂ)
SQUID 2
SQUID 1 (single or array)
4kBTRg SCD,Z SV elec
S = S +——+ + ———
®,SQUID d,1 V2 Gz V2 GZ
D1 o 02D
(015a0°f — 1 — —— —

(0.08...0.7x107f

<(2-1O_8)Z
/Sw.soup =0.5t01ud®, /Hz

(0.6x10¢ f

\/S(D,SQUID]/f (1 HZ) ~8 Hq)o/\/E

1 Vo = S
o~ oD
> L ! i
2 )
o 2 . N
= L
& W
w2
=
D...
= i ]
0.0 1.0 2.0 3.0
Flux ®/ @,
oV
oD
&DZ M is2

~

® &b, R Ry 7

JSe1 ~0.15u0, /vHz

Sy, ~0.15 ... 2ud, /vHz
R, ~1..50Q

Sy s #0.33uV/Hz

V, , ~200uV/D,, G, o ~3

@, max
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Lower power dissipation in the SQUID1 shunts



Flux noise ®,?/ Hz
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10-9 E t ooty t toror Ty t L t t ‘.“““
- —Total flux noise
10F —SQUID noise
10 s —1/f from Au:Er ;
Thermodynamic fluctuations
11 hnson noi '
10 11§ Johnson noise
10—12§ ﬁ
f —
107
10-14§ \
-15)
10 L rovoeorecrf c o rorororcerk crococorrerk L+ oc ek L r oeororrcy
10° 10" 10° 10° 10* 10°

Frequency (Hz)

FWHM = 45 eV, SQUID electronics white noise of 0.5 pd, / Hz1/2

(FWHM = 35 eV with a noiseless electronics)

Matias RODRIGUES DRTBTO9
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How to couple the

magnetization of the sensor
to the SQUID

Matias RODRIGUES DRTBTO9 11/05/2009



oD =

|

e

Magnetic coupling factor
between the sensor and
the SQUID loop

B
SQUID
loop
d ~ 50 um <|bias
SQUID H
< >
SQUID chip
T2 7:7Jazsat

Direct coupling

<
/ \
/

_'G\\

. o oM E
I'Y'sensor :uO 8T Csensor+c

noop;

/
S_v

absorber

Advantage
« High coupling factor
« Easy to realize

Disadvantage
« Josephson junctions are sensitive to B
- Reduce the signal to notse ratio of the
SQUID
» Thermal decoupling between bath and SQUID
chip
* Sensor size and SQUID noise limited by SQUID

loop radius 34 3/4
P N SCI),SQUID e LSQUID € Isouip

« Sensitive to magnetic Johnson noise

Matias RODRIGUES DRTBTO9 11/05/2009
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34
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16
I—w 12
8
20 |36
Igias (LA)
0 | | | |
0 20 40 60 80 100
cryostat (m K)
Matias RODRIGUES DRTBTO9 11/05/2009



35
Flux transformer
SQUID
F’ //— ~\\
lIGma Gin\\u
o-Laely (M)
T,.. SQUID chip Tpiok-ug/ OT ) Coens + Coaps
Pick-up coil Input coll
M Advantage
G =N in-SQ « Sensortthermally decouple from SQUID chip
™ Lyigeup + Linpue + Ly |+ Possibility to read large sensor, required for
applications needing a large absorber
Optimised for
L. — L Disadvantage
pick-up nput « Signal to SQUID noise ratio is smaller by a factor 2
L, —0 at least

pick—up
\/Sd),SQUID x

\/ I—pick—up

« Sensitive to magnetic Johnson noise

Matias RODRIGUES DRTBTO9 11/05/2009



Flux transformer with meander shaped pickup coil %

G = M in-SQ
in —
| |_ 2|—meander + I—input
— Input col
| I/\,_‘[\6/I7( (/\ p L oC Ameander
7L 7\ / = sensor meander D
: ’\ — - absorber
Meander pick-up coil :
L~
Advantage SQUID — Al bond wires
- Advantages of a flux transformer Input coil %ormal at T > 1K
* Insensitive to external magnetic field, o
Johnson magnetic noise N-st1

* No external field coil

» Gradiometric

« Microfabrication (reproducible, serial)
Disadvantage

| I
» Large current in the SQUID input coll ) \ /
« Microfabrication (expensive equipements) / \ /
« Signal size reduced Au:Er Pick-up coils
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Field distribution

Inhomogeneous magnetic field B

74 y x 5 pm

7 . F—— —
= |, absorber Ghag = B/ 4
( W=2...5pum
1 p=>5...10 um
€« < > ¥
W P
Magnetic coupling G, (MT)
0.2 0;4 _ _ 01.6 ; : O.LE l _ 1:0 , 1.2 . 1_:-1 _ l 1.6
0.305 - - |
" [] \Y M
— 0.25-: &D :l‘IL“'l—O\Gin AUEr J-Gmag * a— . P(Gmag)' dGmag
< 0.20 _| \ p/‘ Cabsorber_|_VAuErJ‘CAuEr ) P(Gmag)' dGia ot
& - - /
E 0.15 - N = I
= Caukr Magnetization
O 010
o |
a | i
0'05_.
ooo4+—+L L L 111 L 1T l .fy_\*—gh—‘.—,_,_
2 4 5] 8 10 12 14 16 18 20

Magnetic field B (mT)
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Optimization, fabrication
and
experimental set-up

Matias RODRIGUES DRTBTO9 11/05/2009
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Optimization

* T, @s low as possible but > 10 mK and fixed by the
cryostat

* Coorper @S SMall as possible but fixed by the
application

» Signal size as large as possible but < 1 @, in the
SQUID loop

* 7, as long as possible but limited by the count rate

* Bopt OCTbath

* X OCTbath

opt

. Signal ocC_, . ¥

absorber

Matias RODRIGUES DRTBTO9 11/05/2009
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Meander shaped pick-up coil

Current of 100 mA required in the meander
==> Good niobium film quality

: Heater

. Heater bond pads

. Field bond pad

. Meander pick-up coil made of Nb
: SQUID input coil bond pads

‘

ONWPN P

KIRCHHOFF
INSTITUT
FUR PHYSIK

»/2009



Sputtering of the AuEr

AUEr sensor

1500 i UErS._au | m,lgm., ert 1T FG_ L rs0.da
Bad Au:Er
t B8
~ i | ~
< 1000 <
S~ . [ ] N
< A0 c
K . S
t . &
r 500 ..-'. H =1.0 Ty il N
,; ..... xdmexp =-3.20 x1 O~5 .;
E ° e =-3.45 x10° (44}
T Conc. Er** =581.7 ppm %
¢ Fit range: 100K - 300K S
-
- 0 | E
0.0 0.1 0.2 0.3 0.4 05
1/Temperature (1/K)
450 T T —
Measured 139 mA .
400 Calculated L <110 mA
350 o 480 ppm, hAuEr= 2.5um |
L =56nH,h___=400nm
W Si02
~—~
eo 300 i
~ 2501 .
x
> 200- e
LL 44 mA
150
100 - _
50 o mA
O H | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50

080519_AuEr_Dreahspan_von_Sputtertarget2_oberseite_1Tesla_2K_to_300K dc.dat

3000 | ‘ T T \
2500 | Good Au:Er .
2000 | P i
1500 o .
.-" H =1.0Th
1000 o e =339 x?O'E )
-~ - = -3.45 %107
500 | / Gdonc‘ E’ =11233ppm |
/ Fit range: 100K - 300 K
0 L I I ] ! I |
0.0 0.1 0.2 0.3 0.4 0.5

1/Temperature (1/K)

<—== Good Au:Er atlow T

UHYV required < 108 Torr
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Wiring
T =25mK T=42K T =300K
heat switch A TS, .' A, * |
7" “—_ 'heater
o
T, .' PLOZLO OO OO OO N uOH_ﬁ/CC/‘\/‘\/“J\_ _ | field
input coil T~ e
A meander ¢/ 7A_e SIS LSS g e lpias
- SQUID1
3 amplifier
SQUID
\ + |
3Ly Teeeeesseses [ b
detector — Voutput
SQUID R rm_L
+
SA | ( “"”""’@9@9999\{: T Ifb

Matias RODRIGUES DRTBTO9 11/05/2009



In the cryostat

Dilution or ADR cryostat

SQUIDs of preamplification :
T reguled between 1.5 and 4.2 K

Thermalisation of the wires and filters

Detector stages. —— | [
Temperature regulation W=
with a PID at 15 to 20 mK * few pK

Matias RODRIGUES DRTBTO9
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Application

External sources

HOREA EESZEARCH IMSTITUTE
OF =TAHDARDE AHD SCIEHCE

NE

Le progres, une pass

ion a partagend

Matias RODRIGUES

DRTBTO09

11/05/2009



X ray spectrometry

[HEN
IS

45

® e measured
12 — fundamental limit
S
L 10
% e
x 8
E; 6 o
=
: ° o
2
0
Dec-99 Nov-01  Oct-03  Sep-05  Aug-07 Jul-09
T Cabsorber | Ceensor B B o®/6 keV | SQUID noise | FWHM
(PIIK) | (pI/IK) (mT) (@) udy/HzY? (eV)
30 mK 0.11 0.073 0.39 8 1.4 0.6 0.94
50 mK 0.19 0.067 0.26 12 0.65 0.6 2.2

Absorber: nx150x150x3 um3 == 95 % detection efficiency at 6 keV

Matias RODRIGUES

DRTBTO09

11/05/2009
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150

100

50

X ray spectrometry

n,.‘ fl
f

P A b | ] |
586 587 588 589 590 591
Energie E [keV]
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Gamma spectrometry
£ ! LNE eSD

Le progres, une passion a partager

47

T Cabcorter c B | &b/100 | SQUID noise | FWHM
(nJ/K) | (nIIK) (MA) keV ndy/HzY V)
(D)
30 mK 0.5 041 | 045| 80 0.17 0.5 45

Absorber: nx0.5x0.5x0.3 mm?* —==> 60 % intrinsic detection efficiency at 100 keV

- Absorbeup —~

*Ms‘:.mwu




Intrinsic detection efficiency
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Gamma spectrometry

7 '
= LNE &

Le progres, une passion a partagend

o Experimental data
— Monte Carlo simulations

50 100 150 200 250 300 350 400
Energy (keV)

o
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Application

Embeded sources
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Absolute activity measurement of >°Fe

Source enclosed inside the absorber
—> 4 p detection geometry

Gold absorber: high stopping power

thickness 12 um: = 99.9 % absorption

for electrons and photons up to 6.5 keV
— high detection efficiency

Au foil >>Fe source
absorber AucEr
: sensor
SQUID
loop — -j T B
substrate

£ LNE

Le progres, une passion a partager
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Emission probability

Magr)etlc 98 %
K Capture Ca|0rlmeter
6539 eV ,
88 £3 % A e Semiconductor 30 9%
. UCLC U
Liquid scintil- .
L capture  Auger latjion counting 60 %
769 eV electro
M, N capture \ g g3 o4
<84 eV '
1.64 % I
/ log (
204
154
104
5]
0 I I IIIJ]HIIHU 1 HIHH 11 HI 10 1 I’IH HHIIIHHHHHIII Hﬂ’l“ IIHIJIHFIIJ]HPII I I I I T I
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
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KIRCHHOFF
INSTITUT Beta spectrometry
IMIC  FURPHYSIK

Using 1x1 mm?2 meander

pick-up coll | |
Absorber 800x800x500 pm3 Calibration source (57Co)
=
/50 000 counts Z — Feldman / Wu 1952
(3.2 cps) =
— Willett 1967
AE =750 eV a 122 keV — Sastry 1972
| — Reich 1974 _
— MMC 2005
- Theorie C(W) Sadler 1993
| |

0 200 400 600
Energie [keV]
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Flux transformer with meander shaped pickup coil

~
/

SQOUID

>/

Meander shaped
pick-up coil

I\/Iin—SQ

L +L

meander input

oC /\neander
P

L

meander

G .7

mag

B?

Input coll

Advantage

« Advantages of a flux transformer
* No external field coil

54

* Insensitive to external magnetic field, Johnson

magnetic noise

« Microfabrication of arrays

Disadvantage

* Large current in the SQUID input coll

» Microfabrication
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MARE Mi%ocalorimefer Array for a rhenium Experiment

m, 90% C.L. sensitivity [eV/c?)

pulse hight [a.u.]

MARE project, neutrino mass

-5,
p“p:10,5' AE = 5eV
P=10 :AE = 10eV

o f
-u- £, .
= fpup=10 . AE = 20eV

total statistics N, [decays]

pulse shape of Al and AIMn at 26mK and 100mA

A W F PR L T L T 5, T T T

1.0 |-
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08 [ | .

Al absorber J
+ AlMn absorber -
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Superconducting absorbers
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Thank you for attention
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S7

C.aq (hyperfine interactions between the C_,qq (interaction between the quadrupole

nuclear magnetic moments of Erl68)

moments of gold and the electric field gradient

| =7/2 due to the presence of Er3+)
20 0
10 * . ' '
'.-; Au:Er 480ppm _ . AUETr
— *

~ 16 F * ¢ —e— 106mT - \¢ N~

© a— 6.6mT - N

S —x= 3.9mT B3 *e
<> %= 2.5mT £ 10 .

o 12} —0=— 1.9mT A - 0.‘

O &

© 8| . &

g < 10—4 % n A

= Q 4 cn 1000 ppm ® el

O E e Ctot 600 ppm o &

8 e ) @ m Cn 480 ppm )
) (% ® c¢n 300ppm

- ¢cn 600 ppm, quadrupole model
0 ! ! | | 10_6 . .
0 20 40 60 80 100 0.1 1 10 100

Temperature T [mK]

Temperature T [mK]

AgEr could be a better choice below 20 mK
even if the RKKY interaction is stronger than for

Matias RODRIGYES DRTBT09 11/05,/2009



58

L]
sputter-deposition WSS opin coating _ exposuring m
—_— —_— —_—

Silicon Silicon Silicon Silicon
Nb (400nm) AZ 5214E

developing m chemical etching . . . . . stripping - NN W

—_— —_— B ———
AZ 351B Silicon |1 HE Silicon DMF Silicon
6 HNO3

10 H,0
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The activity of the source
was measured
with a HPGe detector
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{c mzn'g}

Germanium Z =32 Gold Z=79

10"

{cmzig}

4 | | | |
10 10° 10" 10 10? 10° 10" 10
Photon Energy (MeV) Photon Energy (MeV)

i)
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Tension (U.A.)

-1,5

Flux (D)

1,5
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