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LNE Cham

Cnam LNE

PRI " ps ants er meTins i1

University established in 1794
Staff: 2,500: Students: 70,000 Providing calibration services since 1901

Store the metric standard since 1848 Staff: 1,500

Note that Bureau International dd2oidset Mesuresis a
metrology international organism but not link @hamor LNE



LNE Cham

Thermometry
One part of
Photometry and
Radiometry

LNE (78 Trappes)

The other part of
Photometry and _
Radiometry g

LNE (75 Paris)

Length



Thermometry

We never measure the temperature directly; we measure an effect that
depends on the temperature.

During this talk, | will present measurements on pressure, capacitance
resistance, magnetic susceptibility, acoustic resonance, microwave

resonance, phase transition of pure substances, superconductor
transition,noiseand liquid dilation.



The very first thermometer

The first scale made by Torricelli, Ferdinand Il de Medici and Galileo in 1650

from https://www.museogalileo.it//en



The very first thermometer

In 1650 -50 years before Fahrenheit and 100 years before Celsius

0
A A thermometer repeatable Alcohol 80 %

after 370 years!!
A More than 300 thermometers
were produced.
A Exchangeable thermometer.
A Use of freezing point of water

as temperature reference in
1650 !

Spacement for the
graduation 1,8 mm

freezing point of water!!!
Used to seal
thermometer

Camuffo D.andBertolinC. A The earl i est IR@R7 dignetgrfrom

observations in the world: the Medici Network (16541 1,1to 1,2 mm.
1670)0 Climatic Change (2012)




A good thermometer

A The relationship between what we measure and the temperature must be established by the laws of physics.
A The thermometer should be able to be used across a very wide range of temperatures.
A It should be precise and stable over time.

A It should be robust, easy to use, affordable and with very high resolution.
A It should be able to be used in environments inaccessible to humans: chemical, magnetic, nuclear, vacuum, etc

Thi s t her momet er donot e X



The Low temperature at LNECnam

Living range of Pb become
temperature superconducting Quantum computer

l 10?2 ] ] 107 K

Gold Liquid Nitrogen Liquid He, Lowest temperature
Melting point of Triple point of Superfluid He, ~ obtained with our re-
ice 0°C Hydrogen Plank Spatial frigerator
Telescope Superfluid H

AGT and SPRIGT Too T2000

k Tvae4'Tvae3

TZOOO



Outline

A International System of Units
A Boltzmann constantletermination
A Thermometrybelow 1K
APLTS2000
A SDR1000
AMFFT
A Resitanceneasurement
AITS90
A 0.65K5K vapor pressure of Hand Heg
A Primarythermometer SPRIGT and AGT
A 24.5Kk273K Fix point and CSPRT25
ARdFe
A Conclusiorandthe searchof metrologicalsensor




Why aninternationalSystem of Units ?

In the past different country = different units
This harmed commerce and the spread of idea

?S @ Over time many systems of units were used:
The F:stEmpemf Ching Sumerian Nippur cubit 4500 years old
Wi _ , Egypt cubit 3500 years old
o= R & ‘ P y

B B & _ .

Length Capacity  Weight | China __ (chi) 3000 years old
France Lieue de Paris 1700
English British Imperial Unit 1825

France metre and the metric system 1790



https://en.wiktionary.org/wiki/%E5%B0%BA

France 1789: register of grievances

Extrait du cahier de doléances de Nimes (1789). Arch. dép. du Gard : C 1196.



The historical metric system (1793)

Decimal unit

Divide by 10 000 000 any ¥ of meridian of Earth
and you have 1 metre

Acubeof ImI1mI 1m filled with water is 1000 kg

With a metre long pendulum you get 2 second

Can be realized anytime, anywhere



The historical metric system (1793)

Concept not easy to realize, not precise enough

7 years for two surveyors to measure 1000 km along a
meridian and get 1 metre

Depending of the temperature of the water and its quality

Panssium adst m
- T L1]
Gravity is not constant on Earth. To get 2 s the
0.997 m pendulum length is actually 99.7 cm
o

Artefact Is more stable and easy to use



Units defined by artefacts before 2019

Mass Length Thermodynamic Temperature

Kilogram Meter Kelvin
Platinum -iridium kilogram Platinum -iridium meter bar Triple -point of water cell

Artefacts are convenient to use and standardize but not stable for long term



The historical metric system (1793)

A 1799 metric system adopted by law of the french republic

A 1800-1810 Napoleon impose the metric system in all Europe except UK

A 1860 Maxwell and Lord Kelvin add electric units and make it coherent (CGS)
A 1870 Metre convention (17 countries) only for m and kg

A 1971 The Systéme International (SI) with 7 base units

Si

@e@

BUT all those units were linked to artefacts, and
A the artefacts are not stable over a long time period (100 years)
A the artefacts reduce the possibility of innovation

new S| e



The new Sl opens the way to new possibilities

Units redefined by universal constants

The 7 commandements

U Time the caesium hyperfine frequency, 3.=9 192 631 770 Hz
U Length the speed of lightin vacuum, c=299 792 458 m/s

U Mass: the Planck constant, h=6.626 070 15x 1034 Js

U Electric Current: the elementary charge, e=1.602 176 634x 101° C

U Thermodynamic Temperature: the Boltzmann constant, k=1.380 649x 1023 J/K
U Amount of Substance: the Avogadro constant, N,=6.022 140 76x 10 mol-

U Luminous Intensity: the luminous efficacy of a defined visible radiation,
K.g= 683 Im/W

Consequence In temperature: the triple point of water loses
Its central role In temperature measurements



Boltzmann constant determination

LNE 2017 Helium
k=1.380 648 37(81) I 1023J/K

relative uncertainty
u(k) /k = 0.60x10°

k=1.3806481073 1K+

Depuis 2019

Peter J Mohr et al. Metrologia 55 (2018) 125;

Laurent Pitre et al. Metrologia 54 (2017) 856

2017 Boltzmann constant

6.44 6.46 6.48 6.5 6.52 6.54
I | T | ' | 1 | | . | !
¢ Dielectric Constant I I -~ : NIST-88 (Ar)
¢ Johnson Noise I
. : : — | LNE-09 (Ar)
Acoustic Gals I NPL-10 (A1) |
: . — LNE-11 (Ar)
6 |— . LNE-15 (He)
0.5x10 K—m0u 1, . I INRIM-15 (He)
|
—e-—o LNE-17 (He)
'6 ____.-'?
1.5x10 'k —e—i NPL-17 (Ar)
: — : PBT-17 (He)
| — : NIM-17
o NIM/NIST-17
I |
i CODATA-17
1 | 2 1 i 1 1 ] 1 1 ]
6.44 6.46 6.48 6.5 6.52 6.54

k/(10° J/K)-1.380] x 10
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Boltzmann constant determination

The situation in 2008

Uncertaintyis 7 timeslower comparedo theotherresults

w b
o O
1

Colclough,Quinn, _
| and Chandler. Schmidt et al.

4

N
o

¢+

Moldover et al.

Daussy et al.

(k -k codata)/k codata.lo6

AW N B =
o O O O o o
L L L L L L

He et al.
'50 [ [ [ [ I I
1975 1980 1985 1990 1995 2000 2005 2010

year
if k=1, body temperature=.2822209384000000000224 *3#&K

If the numerical value of k is correct, no experiment should detect any change due to the redefinition of the unit




Acoustic Determination of the Boltzmann Constant

Principle of the experiment

Boltzmann constant
W

KT

2
F I : p— -
or real gas U A gpg - (1+ éa(T) p+. )
specific heats ratig X acoustic virial coefficient

976 atomic mass

' U (mst
s, Uerp(MS)
074 Gas helium
5T

3m Pressure (MPa)

972 01 ©62 03 04 05 06 07



Standing wave in a spherical cavity

Speed of sound Speed of light

Eigenvalue EM
A EM EM
= % < fnl + Dfnl > < fnl + Drnl >
/ / o
- | Resonance
Igenvalu€  Resonance frequency
frequency Skin depth
Boundary layer Holes a?md

tube and
microphone effect

Antennas effect

kHz

-~




k determination with speed of sound measurement

Principle of the experiment

Simultaneous acousticyf) and microwave €) resonances in a cavity

Acoustic resonancesrmeasurement
Y- Boltzmann constant/butllinked to :awvolume

Microwave resonances:measurement
Y- Volume measurement

Flow
Tube in

Gas flow minimizes the effects of impurities

Non-quite spherical simplify the microwave measurements

Flow
Tube out



Acoustic Determination of the Boltzmann Constant

Relationship between the Boltzmann constant

and acoustic/microwave measurements

zMe

KT
With U3 =05~ (1+6,(T)p+..) RadluSZp < t2+DF > Radius:

Speed of light in
Gas atomic mass vacuum (exact)

EM EM
210 < fnl + DfnI >

Measured resonance frequencyCorrection (theory)

2

~2 A 5
nl
§ im §< f Dfnllev>§

5T

tp,water

Quasid LIK S NB Q& Polynomial
eigenvalues extrapolation to
Zero pressure limit
Averageovermeasuredacoustic Ratio: removes artefact
andelectromagnetianodes effects at the first order



k determination with speed of sound measurement

. bymnous Synthesizer
A 3.1 liter sphere D ——

A | Rl 20 Instruments
Amplr /] Amplifier H W

E'acoustcn - used at the
i ;Q state of the art

f +DFA> §
8
DntIEM >z

Adiabatic Cryostat
(weak link to the thermal bat

Ultra clean gas handling systems

With a piston gage as pressure measurement
Feedback loop

_________________________

. P1
|
Getter P2 dh=5um
3 — Tl @ |1
Pressure
PR control < Absolute Piston
Pressure Gage
S > Flow
Bdfiiags - § Control
Volume
He
Liquid Helium Vacuum
4K
gas Cold Traps gere o Ll
and Cryostat

Gas Bottle



ab initio calculation for the thermephysical propriety of Helium gas

Microscopic propriety Macroscopic propriety
% % i ‘ ‘ i ~ ‘He
1 i 1 & | .
10:000: : S T T
1,000 |~ — -‘L‘-—-. -3
o L ] 0 —t _:- . T -
o7 | K 1: i i k/ B 1 0 5 10 1l5 20
[ - i f -1 F o 0.3 \
a 2 : E
.'“’ f 0 5 10 15 20 ZE_)’ 0.0 — t lr‘_]-'{_‘ll_—;—%
“ g 05 s [
Simulation of many coII|S|ons W|th the helium % l I o o e e oo
interaction potential 7 i 00 =T 01 ﬂ
05 F ) 00 |-t g%:{‘:l[g——-
200 400 S[I)O 8{;0 100 0.1 F %
Temperature (K) 200 400 600 800
COndUCtIVIty Of h6|lum-4 gaS Temperature (K)

viscosity of helium-4 gas
Ab initio calculation of fluid properties for precision metrology

Giovanni Garberoglio, Christof Gaiser, Roberto M Gavioso, Allan H Harvey, Robert Hellmann, B o g u dezigyski, Karsten Meier, Michael R
Moldover, Laurent Pitre, Krzysztof Szalewicz, Robin Underwood J. Phys. Chem. Ref. Data 52, 031502 (2023)



A Non Quite Spherical Cavity

AThe use of a slightly deformed spherical geometry, a triaxial ellipsoid, removes the degeneracy of
resonator modes

, , , Electromagnetic measurements in

X LY 4+ 2 -1 very good agreement with the
(89.950° (89.975° (90.000 theoretical model
TM11 BCU3
0.0035 2 time the amplitude
0.003 Z equal amplitude =‘l_ re
0.0025 _===
é 0.002 \ £ %
Inner shape the ‘% 0.0015
differencebetweenr, R 0.001
and His0.025 mm: . 1 sl
0

H: 90000 mm 2617.5 2618.0 2618.5 2619.0 2619.5 2620.0 2620.5
R=89.975 mm frequency (MHz)

r =89.950 mm



Uncertainty of the Boltzmann constant determination

Uncertainty of the Boltzmann constant determination in function of the time

- 100000
=
- 1 %= | Boltzmann's constant
2 10000~ -
O .
2 l C
E 1000 ;
Q. ]
2 : -
5 100 R
> ] [ u
= 1 =
= 10 -
S E
= ]
= i
2 1 5 .
£ ] O}
Ccé: |
0.1 T T T T T T T J T T ;
1900 1920 1940 1960 1980 2000

Year

2020

After 2017, the Boltzmann
constant will no longer be
measured because its value
has been established by
definition.

LNECham



If you want more information about the changes to the Si
_(International System of Units)

Search on Google: 'YouTube LiiEé'
Find 7 talks about the 7 units (in French, one hour each, with hardly any eqyations



Temperaturemeasurementat low temperatures

The cryocooler revolution

Mikulin Matsubara Eindhoven Giessen Ehv/Gies
200 '

100
T [KIf
10 F

> E.mmm-uﬂ X s
v ;

A lambda pxntof  “He

4 K — & NO need fOr |IQUId hehurnmso 1985 1990 1995 2000 2005

Year

Time Is not more a problem
But also no more thermometry check at 4.2K



Thermometry below 1K at LNECham

Living range of Pb become
temperature superconducting Quantum computer
10¢ 10: 10: 10: 10° 10+ 10~ 10=K

Melting point of Gold Liquid Nitrogen Liquid He, | 1K Lowest temperature
Plasma temperature Melting point of Triple point of  Superfluid He, ‘ obtained with our
ice 0°C Hydrogen Plank Spatial refrigerator
Telescope Superfluid He;
ﬁ

PhDstudentClément Tauzin
A constructed a reference scale, PLTS-2000.

A calibrated this against a stable instrument, the
SRD1000

A compared our PLTS2000 to a primary
thermometer, the MFFT

A compared our scale to three resistively
calibrated thermometers from three different
companies.




Provisional Low Temperature Scale 2000 or PLTS2000 gf]

Base on thehermophysicamelting curveof HeIiumB4 He, Melting Curve
pm/MPa= > " ai(T2000/K)’
i=—3

with the following coefficients:

a_3=—1.3855442. 10712,  4_» =4.5557026- 1077,
a_; = —6.4430869 - 107°, ap = 3.4467434 - 10V,

—4.4176438 - 10", ar» = 1.5417437 - 10!,

a) =

az = —3.5789853 - 10!, as =7.1499125 - 10!, IR | )

as = —1.0414379 - 107, ag = 1.0518538 - 107, 2':30-2 - '1'0_1 ' \ S—

a7 =—6.9443767 10!, ag = 2.6833087- 10", 72000 (K)  Minimum:

a9 = —4.5875709 - 10", P=2.93113 Mpa
T,000=315.25 mK

We measure P we deducg{,

The equation yalid from 0.9nKto 1 K covering more than three decades.



Why Provisional in PLTS2000 ?

4L Univ. Florida w T
o
O
3T A
Below 7TmK o < “Hl;"( Tmnn) CRTE -
T2000 is the g
average ofthe | & 1 e S - ¥ -
scales from 3 NIST
PTB and the =0
University of L - .
Florida. It is ~ 4 S . AT -
why the world y
provisional in 2 [/ |
PLTS2000 PTB _
3L 1 -
| 1 ! Lo aal i ! L g gl L i P T B B
1 10 100 1000

T 000! MK
From New evaluation of -T2000from 0.02K to 1Ky independenthermodynamianmethodsJ.Engertet al. https://doi.org/10.1007/s1076516-21234



Capacitance strain gauge

SHIELD — N AW

CAPACITOR
PLATES

EPOXY

SINTERED
SILVER

FILL—>
LINE

-——— STAINLESS -STEEL
BRAIDED COAX

o

} MILLED GROQOVE

DIAPHRAGM

N *He CHAMBER

GOLD-PLATED
COPPER BASE

72

I-——Icrn—-l

Fig. 1. Melting curve thermometer.

8 Digits instrument



Understand the Melting Curve oh Heliu@?

Pressure (MPa)

La
far]
|

367

347

3.21

0.2 0.4 06 0.3
Temperature (E)

ClausiusT Clapeyron equation

dP\  SL—Ss

dr7 )~ Vi — Vs
VL=VS+1,314&mol
VL>VS

o .
T os
>
[« 8
2
< 0.4 y
w
0.2 -

Q.0
€
]
i
5
&
e
a
1 1 ] | (b)
C,0 0.1 0.2 0.3 0.4 0.5
Temperature (K)
From ATHE 3HE MELTI

NG CURVE AND MELTI

0.128 T | | T T T T T
0126
0.124

0.122

gz

1

0120 |

UL INDIL

0.1i8

0.ll6

o.li4
0 0.1 02 03 04 05 06 07 08 09 1.0

T (K}

ig. 2. Density of liquid and solid *He along the melting curve plotted
ising data from Refs. 3 and 4. Other details are given in the text.

NG PRESSURE

THERMOMETRY » E. DWIGHT ADAMS,chapiter 4; Progress in Low Temperature Physics



How to isolate the Melting Curve Thermometer?

Normal use of a DR
Every stage at 1.1K

Capillary [ Digiquartz®
T il 5 _‘| 5
300 K Capillary
(Gas handling
™ L 300 K i X L] system
42K — .
T 42K ] He-3
‘\R\““& bottle
—
T pressure regulation
) 1 K pot +bottle N2
Smallcapillary sty 1Kpot |[[] |
] ] Piston Pressure gage
Less than 0,5mm i sill | ] |
Miing E’é — He3solidplug NODIU
chamber Mixing E% p g
c . :| chamber :|
omparaison :q]E_\
bloc Comparaison Cq:Tj\
bloc

MCT isolate and can be

MCT can be calibrate witlnsecondary pressure sensorligitquartz
use as a thermometer



Calibration of the capacitance strain gauge

pallier de pression

2e-054

1.5e-057
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©
o o
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35626 .
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o
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Hysterisysof the same capacitancestrain gaugeover time

(D) qeIpa

C——Reference plate

{ ) Supporting ring

-+ geriel 2000
e gerie 2
& — Central plate
203 o +° ‘ The bolt and the
o] 1999 ’ Q Supporting ring indium joint play a
< g 23 3 31 5. 32 33 } L .
° ¢ a " " 3 — Moving plate critical role in the
+ © 7" 2 mechanical behavior
b o9 o +<>‘ Pomy %4" — Diaphragm )
TR RV VR VAN VA S of the capacitance
501 + D .
* o Heat exchanger strain gauge.
1007 + Pression (MPa)
o
1503 o To o el *He fill line
residual with a polynome of the Tth order
model PTB
000 e deerease GO19)] B 1000 . . — e 600 - .
OP increase (2019) 4 St calibration 400 °
500 || ™ P decrease (2020) i | E . 2021 O ~2nd calibration ’ ’
® P increase (2020) l i R 2019 ch 500 N *Q o~ s | 3rd calibration |] 200 . 2(022 5
AN ? 2 =
o] . e
& Eg_ o0 =9 % O 3 & ofo
5 0,.-"“;2._!‘.. 5 " i 2020 < 0t o ‘o $O AL A OO - ; . )
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8 2 00t W o " { ° °
=500+ é (@] 1 = }/O O 40 400 F o) 5 5
> . y e s -600 o
-1000 : : : : ‘ ; 1000, 31 3 33 34 35 36
28 3 32 34 36 38 4 C /pF 98 3 32 34 36 38 4
Pressure /MPa % 10° p Pressure /MPa



Very precise realization of the melting pressure minimum

2007

Pmin=2931130Pa ™

315.6

o
& oo S0
=
S 315.4
% —~~
: < 3153
;:é 500 — 315.2
& 315.1
By
315
T T T | T T T T T T T T T
a 200 T 400 500 A00 314.9

. . time
Time (min)

504

Passage through the melting pressure minimum in step of

1 mK with rising and falling temperature



Stability of the melting pressure minimum

30.0235-
30.023481

o 30.02346

& ]
£ 30023444

Pmin=2931130Pa’g ]
{% 30.02342

300234

30,0233

30.02336

stability

5Pa

5 10 15 20 25 30 25
Time (h)

Because PLTS2000 give the pressure of the minimum
We can use the minimum to estimate the hydrostatic correction

40



Temperature of the melting pressure minimum

Pmin=2.931 130 MPa
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Time constant of the melting curve thermometer

Constantes de temps des MCT
100000

@ Bell labs run 7

® Bell labs run 6

. * Tws x
6696 - : Ir92Rh08 B0 mi ANIST run 6
66.95
% 66.94 .
Saaall ® PTB sinterl
£ 10000 B sinterless
6693
66.92 .
L 1 L 1 i pee o 1 1 1
0 100 200 300 400 500 600 700 800 900 @
3 time (s) =} .
X0 8

A 0 il °0 o

L] T
R U0V DV S ' 1000 ®e
A A A, ¢
AL —= [r92Rh08 60 mk - residuals
0 ﬂIJO 260 360 460 560 GEIJO 760 S(IJO 9EIJU

time (s) ‘ ‘
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Doctorant



Comparison of Two Melting Curve Thermometers

[EY

T2000-T BlueFors (mK)

o
=

Direct comparison of 2 MCTs and
BlueFors thermometry
m T2000 Bell labs - T BlueFors

A
» T2000 NIST - T BlueFors i
A
A
A
f A J
..M &
® 4
A
. A
A
. |
10 100 1000 Ciément Tuzin:

Doctorant

T2000 (mK)



Uncertainty of PLTS2000 at LNE

0.4

Temperature (K)
III.E-
)
The complete El
uncertainty budget = 05 W 0E N
2024 is not finished, but E

it is expected to be
better than, the one
from 2002.

0.2

0.4

Uncertainty of realisation of PLTS 2000 at the BNM-INM

Uncertainty of PL'TS 2000 in thermodynamic therms



Low temperature thermometry compared to PLTS2000

SRD1000

CBT
RdFe

CMN




Low temperature thermometry regulation

10.113
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X
£
o 10.111
o
&
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Regulation at 10 mK
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Clement Tauzin
Doctorant



Low temperature thermometry regulation
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SRD1000 from HDL

SRD1000 Superconducting transition

We

obtain the transition temperatures of 13

superconducting elements by measuring their magnetic
susceptibility.

1.2

0.8
0.6
0.4
0.2

Inside of an SRD1000

=¥ We compared 2 SRD1000,
one (sn005) which shows
the aging of the sensor
- over more than 20 years
' and the second, (sn237)
| bought in 2021 is tested in
order to compare 2 same
Sensors.

o
L

Difference over 20

* sn005 2002 years in the Irg,Rhg
*sn0052023  _ mee®e, % = transition at 65 mK
® sn237 2023 :./ (0.11 mK)
L d
A Difference between
o = sn005 and sn237
“ (0.51 mK)
*
o’ Each sensor needs
63.5 65.5 67.5 to be calibrated
72000 (mK) independently.

1000
950 -
900 -
850 -
800 -
750 -
700 -
650 -

600 L

T

T

(13) Pb

(10) Al (12)V \

(9) Zn \
(8) Cd \\ (11)\In

\

(7) Auln,
(6) AuAl,

(5) Ir
(4) Ir,Rh .

(3) Ir,,Rh_, =

(1w

10

100 1000 10000
T [mK]

i NS
A / 2 «‘&
Clement Tauzin
Doctorant



SRD1000 from HDL

0.62

0.60

Vv /mV

0.56

0.54

0.52 4

Use of sigmoid function models on the transitions (conducted in collaboration with Rod White (N2)).

SRD1000 sn 005 100 mK

x Experimental 2002
—— Fit 2002
Experimental 2024
— Fit 2024
Tc 2002 = 98.95 mK
7 s |Tc 2024 = 98.94 mK |
97.0 97.5 98.0 98.5 99.0 99.5 100.0 100.5
T2000/mK
SRD1000 sn 005 20 mK
x Experimental 2024
—— Fit 2024
240
220
>
[
=
S 200
180 |
160 Tc 2002 = 20.35 mK
R X 3 Tcz 2002 = 20.25 mK
19.7 19.8 19.9 20.0 20.1 20.2 20.3 20.4
Tz000/mK

SRD1000 sn 005 200 mK

M XK KK X XX
x X XX R
0.79 1 X
0.78 4
0.77 4
> 0.76
E
=
> 0.75 1
Tc 2002 = 207.85 mK
Tc 2024 = 207.77 mK
0.74 4
0.73 4
X Experimental 2002
= Fit 2002
0.721 Experimental 2024
— Fit 2024
206 207 208 209 210 211 212
SRD1000 sn 005 500 mK
0.808 1 x Experimental 2002
- Fit 2002
< Experimental 2024
0.806 4 — Fit 2024
0.804 -
>
E
= 0.802 A
>
0.800
0.798 4 Tc 2002 = 518.70 mK

Tc 2024 = 519.04 mK
Tcz 2002 = 524.40 mK

Tc; 2024 = 523.87 mK

515.0 517.5 520.0 522.5 525.0 527.5 530.0 532.5
T2000/mK

The data points represent the average of at
least 15 minutes with very stable regulation,

where half the points are taken during a rise in

temperature and the other half during a
decrease... showing no hysteresis.

Two sigmoid functions can
accurately fit even a more
complex transition.
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SRD1000 from HDL over 22 years

SRD1000 sn 005 100 mK

x Experimental 2002 S S 27 2
0.62 4 — Fit2002
Experimental 2024
- Fit 2024
0.60 -
2 0.58 -
=
e .
>
0.56 1
0.54 -
Tc 2002 = 98.95 mK
= ———— Tc 2024 = 98.94 mK
G'Sz L T T T T T T T T
97.0 97.5 98.0 98.5 99.0 99.5 100.0 100.5

T2000/mK

The SRD1000 from HDL is
very stable; however, the
shape of some transitions
changes over the years
Uncertainty budget will
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SRD1000 from HDL

SRD1000 sn 005 30 mK

os0 F 0 . 125 UA ,seman = Influence of the
x - ' N - -
033- = 50 UA . excitation cu.rr.ent in
' Jd 97 | « = the Be transition at
0361 % .. 20 mK with the sn237
g > B (0.3 mK)
= 0.34 - A x
(R 2oz s e 93 | - Even the shape of the
] o1 me s = transition has
onl 1 x_ cxperimentr 200 50 505 51 changwed btrreriucing
! - < Experimental 2024 :
0.28 | — Fit 2024 TZOOO (mK) e curre

T2000/mMK

Without microwavefilter  With afilter
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TMFFT fromMagnicon

Metallic
temperature Superconducting
sensor input loop

SQUID

Fit on 56 averages of 1000 points
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TMFFT fromMagnicon
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TMFFT fromMagnicon

Metallic
temperature Superconducting
sensor input loop

VA2/Hz
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A Over three months of noise integration

A 120 temperature measurements

A Work in progress (uncertainty budget not yet complete), but results are very
promising.

A Excellent linearity of PLTS-2000 as a function of temperature from 8 mK to 800
mK, even with a 12-parameter polynomial for PLTS-2000!

A Primary relative temperature measurements at 2.1768 K and 315.24 mK are
equivalent.



Resistive Thermometer and T2000 at LNEnam

Same bridge
Same position
Same excitation
Same sensor

RuQ

QDeuvil
low
pass
filter

Impedance
bridge
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Resistance vs Temperature
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Resistive Thermometer and sampling

Temperature measurement performed at
LNECnam on the 4 K plate @ 10 Hz Frequency analysis But if we use only instruments and settings provided by

4 K plate temperature (K)

3.26
3.25
3.24
3.23

3.22

Bluefors we cannot observe any thermal oscillations

60 becausethe sampling rate is too low

40 1.4Hz

<
>
20

W

500
Time /s

O .
1000 01234567
Frequency /Hz

Temperature measurements were conducted by L NE
Cnamon the 4 Kplate of a DR fromBlueForthusing a 10
Hz digitaimultimeter to measure a&Cernox

thermometer through a 4wire resistance measurement
method. sinusoidal temperature oscillations

are well visible



