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THERMOMETRY
above 1 Kelvin
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from the Highly correlated systems team
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THERMOMETRY above 1 K

• Introduction

• Thermometer types 

• Measurement techniques

• Regulation and magnetic field issues

• Conclusion  
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INTRODUCTION

Determination of a temperature T with :

• Thermometer = device with reproducible f(T) 

• Primary thermometer = f(T) is predictable

• Secondary thermometer = 
f(T) needs to be calibrated with primary thermometers
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INTRODUCTION

In practice  :

• Primary thermometer are (non exhaustive) :

• gas, vapor or noise thermometers

• impractical for daily uses 

• used for metrology purposes

• Secondary thermometer are :

• of various types : resistance, diode ...

• to be carefully chosen for a given purpose

4
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PRIMARY THERMOMETERS 

Gas thermometers : PV=NRT

N = known gas quantity

V = known volume

P = measure

⇒ determination of  T

(tricky and only ok while some gas is left ... above low T)
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PRIMARY THERMOMETERS 

Vapor thermometers : vapor/liquid coexistence

P = measure when the equilibrium is reached

⇒ determination of  T 

liquid/vapor used : 3He, 4He, N2, O2 

magnetic field independent
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PRIMARY THERMOMETERS 

7

Magnetic thermometers : M = CH/T

(for paramagnetic substance)

C = Curie constant

H = applied magnetic field

M = measure

⇒ determination of  T
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THERMOMETERS TYPES 

Secondary thermometers : sensor choice  ?

Quality of measurement  :
temperature range,  resolution, reproducibility 

Experimental constraints :
size,  power dissipation, thermal response time

Environment : 
magnetic field, vibration, ultra high vacuum 

Finance and utility  : 
cost and interchangeability (standard curve)
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1.

2.

3.

4.
5.

Secondary thermometers from Lakeshore website

resistance

resistance
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Principe : semiconductor, voltage is measured across a p-n junction.

Most common type : SILICON

Temperature range : 1.4 K - 500 K

Interchangeability : yes
standard calibration within ±0.3 K

Cost : from 180$ (robust)

Magnetic Field : 
sensitive, orientation issue (H//I is better)

DIODE

www.lakeshore.com             Lake Shore Cryotronics, Inc.           (614) 891-2244           fax: (614) 818-1600           e-mail: info@lakeshore.com

 Sensors 35Silicon Diodes

See the appendices for a 
detailed description of:

Installation
Uncalibrated sensors
SoftCal™
Calibrated sensors
CalCurve™
Sensor packages

Ordering Information
!"#$%&'($)*+,-*"-.(
/)*0,12, !"##$%&'(#'%&$%)(%$*&+#)&%,-./0%&1234567
/)*0,32& !"##$%&8#0%)-9:%&;-9'&<(+&-//0(:-;0%=*&&
+#)&%,-./0%&123456>7
/)*0,42& !"##$%&/-:?-@%&#)&.#A98(9@&-'-/8%)&B&(+&#)'%)(9@&&
-'-/8%)*&$A;$8(8A8%&8"%&-'-/8%)&$A++(,&+#)&8"%&C1&$A++(,*&+#)&&
%,-./0%&123456>3!D7

5$%&'($)*+,-*"-.(
/)*0,12, !"##$%&'(#'%&$%)(%$*&+#)&%,-./0%&1234567
/)*0,32& !"##$%&/-:?-@%&#)&.#A98(9@&-'-/8%)&B&(+&#)'%)(9@&&
-'-/8%)*&$A;$8(8A8%&8"%&-'-/8%)&$A++(,&+#)&8"%&C1&$A++(,*&&
+#)&%,-./0%&1234563!D7
/)*0,42& C/%:(+E&8"%&:-0(;)-8(#9&)-9@%&$A++(,&:#'%&-+8%)&8"%&.#'%0&9A.;%)&
-9'&/-:?-@%&$A++(,*&+#)&%,-./0%&1234563!D3F7GH7

For information on 
mounting adapters 

available for use with the SD 
package, see page 25.

To add length to sensor leads 
(SMOD), see page 28.

CO adapter — 
spring loaded 
clamp for  
easy sensor 
interchangeability

!I!3CJK& !%)8(+(:-8%&#+&:#9+#).-9:%
6##*--.(&*-,-788*-)*+,9.(,&"-)$%%$)&.",:,
-**,6##*--.(&*-,-*#)&.",9.(,97%%,+*-#(&0)&."-,
C8E:-$8L&%/#,E
>/(%M#9L&@)%-$%
N6O&P;*&F6O&C9&$#0'%)
Q9'(A.&$#0'%)
RSJ356TF&U-)9($"
P"#$/"#)&;)#9M%&V()%
W-9@-9(9&V()%

Upgrade Conversion Chart

, ;(.<2, =.2

C%9$#), >=?@AB, >=?CAB

X-9'& FF& >

& FF>& >F

& FY& X

& FY>& XF

& FT& !

,,>=?CAB, !-0(;)-8(#9&Z-9@%&CA++(,&!#'%$
& KA.%)(:&+(@A)%&($&8"%&0#V&%9'&#+&8"%&:-0(;)-8(#9
& H%88%)$&)%/)%$%98&8"%&"(@"&%9'[&1\F66&]*&H\TY^&]*&_\^66&]
& & & &
D.+*%,"7<'*(, !"#$%, 1E@>, 1E@F, 1E@G, @>, @F, @G

1234YF3_Z& & & & & &
123456>3C1&
123456>F3C1&
123456X3C1&
123456XF3C1&
123456!3C1&
12345613C1&
1234563C1& & & & &

&W#A98(9@&-'-/8%)$&-)%&-U-(0-;0%&+#)&A$%&V(8"&8"%&C1&/-:?-@%&B&&
&)%/0-:%&C1&$A++(,&V(8"&.#A98(9@&-'-/8%)&$A++(,
!I & & & &
!D*&HZ*&! *̀&J2*&&
XI*&W2& & & &
!D3_2& & & & &

123456J3XZ3F6 ;-)%&:"(/&$(0(:#9&'(#'%&$%9$#)*&aA-98(8E&F6

Note: upper temperature limit package dependent – see Sensor Packages section
Other packaging available by special order – please consult Lake Shore

6##*--.(&*-,$H$&%$'%*,9.(,-*"-.(-
CK3!I3!F& !I&$8E0%&$%9$#)&:0-./$&&
& +#)&C1&/-:?-@%
J!ZQ2& J,/-9'%'&(98%)/#0-8(#9&8-;0%
b666& !-0(;)-8(#9&)%/#)8&#9&!13ZIW
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Principe : 
metallic, R(T) decreases with T. 

Example : PLATINUM

Temperature range : 14 K - 800 K

Interchangeability : down to 70 K
standard calibration within ±0.3 K
METROLOGY application

Cost : from 82$ (fragile)

Magnetic Field : 
sensitive

RESISTANCE : positive T coefficient 

!
!

"#$%!&'()%!*)+(,)(-./01!232!4/*()$5%!65789!:%0,%)7.55%1!;<!=>?@AB@@@@!!!CCC95#$%0'()%9/(D!
E'(-%!FGH=I!@JHBAA=>!!!K#L!FGH=I!@JHBH>GA!!!%BD#.5!0#5%0M5#$%0'()%9/(D1!0%)7./%M5#$%0'()%9/(D!

!"#$%&&%$'(")!"#$*+,$'("#)-(*)
.&%$'"+/)01#'#$%",1)231*/(/1$1*#!
"#$%&'(!"#$%&)(!*+,!"#$%%%!
N'%!ENBH?A1!ENBH?>1!#-8!ENBHHH!#)%!C.)%BC(O-8!,'%)D(D%,%)0!#-8!-()D#55+!O0%8!#0!
0%/(-8#)+!0,#-8#)809!<(C%7%)1!,'%0%!,'%)D(D%,%)0!0'(O58!P%!,)%#,%8!.-!,'%!0#D%!D#--%)!
#0!#-+!Q)%/.0.(-!.-0,)OD%-,9!R,!.0!)%/(DD%-8%8!,'#,!,'%+!-(,!P%!0OPS%/,%8!,(!#-+!
O--%/%00#)+!0'(/$!()!)(OT'!D%/'#-./#5!,)%#,D%-,9!
!

R-!)%#8.-T!,'%!,'%)D(D%,%)1!.,!.0!.DQ(),#-,!,(!O0%!,'%!Q)(Q%)!D%#0O).-T!/O))%-,9!U-!%L/%00.7%5+!
'.T'!/O))%-,!C.55!/#O0%!S(O5%!'%#,.-T!FRAVI1!,'O0!T.7.-T!%))(-%(O0!)%#8.-T9!"#$%!&'()%!
)%/(DD%-80!#!D#L.DOD!Q(C%)!8.00.Q#,.(-!FS(O5%!'%#,.-TI!(W!H?!X:Y!,'%!0#D%!#0!O0%8!.-!!
/#5.P)#,.(-9!N'%!)%/(DD%-8%8!D%#0O).-T!/O))%-,0!,(!#7(.8!S(O5%!'%#,.-T!#)%!#0!W(55(C0Y!
!

?!Ω!,(!A??!Ω! ?92!DU!
A??!Ω!,(!HA??!Ω! ?9H!DU!

!

N'%)%!#)%!,')%%!#0Q%/,0!(W!O0.-T!#!/)+(T%-./!,%DQ%)#,O)%!0%-0()!C'./'!#)%!/).,./#5!,(!.,0!(Q,.DOD!Q%)W()D#-/%Y!HI!Q)(Q%)!
D(O-,.-T!(W!,'%!0%-0()!Q#/$#T%1!AI!Q)(Q%)!S(.-.-T!(W!0%-0()!5%#8!C.)%0!#-8!/(--%/,.-T!C.)%01!#-8!>I!Q)(Q%)!,'%)D#5!#-/'().-T!
(W!,'%!/(--%/,.-T!C.)%09!U5,'(OT'!,'%!0%ZO%-/%!.-!C'./'!,'%0%!/(-/%)-0!0'(O58!P%!#88)%00%8!.0!-(,!W.L%81!#55!%5%D%-,0!
/(7%)%8!O-8%)!%#/'!#0Q%/,!0'(O58!P%!#8'%)%8!,(!W()!D#L.DOD!(Q%)#,.-T!/#Q#P.5.,.%0!(W!,'%!0%-0()9
!
-./0#102!343"#567!
ENBH?ABU"!#-8!ENBH?>BU4!%#/'!.-/5O8%!#!Q5#,.-OD!VN[!0%-0()!D(O-,%8!.-,(!#!W5#,!#5OD.-OD!P5(/$9!N'%+!/#-!P%!D(O-,%8!,(!
#-+!W5#,!0O)W#/%!C.,'!#!GB>A!()!4>!0/)%C!F-(,!.-/5O8%8I!#-8!R-/(-%5\!6%55%7.55%!C#0'%)!F.-/5O8%8I9!
!
3,*89:;!<*9:;=*>?!G?GH!U5!P5(/$!FEN!D(O-,%8!,(!#8#Q,%)!O0.-T!*(,)(-./0![O)#P(-8\!J2?!U5BP#0%8!#8'%0.7%I!!
3@!>:*,A?!NC(!?9?H?B.-/'!8.#D%,%)Y!H?9HG?!]H9A3?!DD!F?9=??!]?9?2?!.-I!5(-T!!
3-!>:*,A?!NC(!?9?H?B.-/'!8.#D%,%)Y!H29A=?!]H9A3?!DD!F?9G??!]?9?2?!.-I!5(-T!!
@:*,!<*9:;=*>?!E5#,.-OD!!
-*AA?!ENBH?ABU"Y!>9@!T1!ENBH?>BU4Y!A9H!T!!
@=<=9*9=B+?!N'%!#5OD.-OD!#55(+!5.D.,0!,'%!OQQ%)!O0%WO5!,%DQ%)#,O)%!(W!,'%0%!/(-W.TO)#,.(-0!,(!@??!^!
!
"#$%&'$3@! "#$%&)$3-!

!

from Lakeshore website
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!"#$%&'($ (#&))*+*,-. !"#$%&$'"##$()

!"#$%&'($ (#&))*+*,-/0 !*#$%&$'*##$()

!"#$%&'($ (#&))*+*,-/ #$%&$'+"#$()

RESISTANCE : positive T coefficient 

!"#$%&'($ (#&))*+*,-. !"#$%&$'"##$()

!"#$%&'($ (#&))*+*,-/0 !*#$%&$'*##$()

!"#$%&'($ (#&))*+*,-/ #$%&$'+"#$()

!"#$%&'($ (#&))*+*,-. !"#$%&$'"##$()

!"#$%&'($ (#&))*+*,-/0 !*#$%&$'*##$()

!"#$%&'($ (#&))*+*,-/ #$%&$'+"#$()

!"#$%&'($ (#&))*+*,-. !"#$%&$'"##$()

!"#$%&'($ (#&))*+*,-/0 !*#$%&$'*##$()

!"#$%&'($ (#&))*+*,-/ #$%&$'+"#$()

Principe : 
metallic : R(T) decreases with T. 

Example : PLATINUM

Temperature range : 14 K - 800 K

Interchangeability : down to 70 K
standard calibration within ±0.3 K
METROLOGY application

Cost : from 82$ (fragile)

Magnetic Field : 
sensitive
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Principe : 
semiconductors, R(T) ↑as T ↓.

Type :  CERNOX (replacement of Carbon-glass)

Temperature range : 
0.1 K - 420 K owing doping level

Interchangeability : NO

Cost : from 100$ (quite robust)

Magnetic Field : 
|∆T| < 0.4 K for T>4K and H<8T
→ useful under field

RESISTANCE : negative T coefficient 

from Lakeshore website

Cernox
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 Sensors 53Germanium RTDs

See the appendices for a 
detailed description of:

Self-heating
Installation
Uncalibrated sensors
Calibrated sensors
CalCurve™
Sensor packages

Ordering InformationFor information on  
the packages and 

mounting adapters available for 
germanium sensors, see page 25.

To add length to sensor leads 
(SMOD), see page 28.

*NOTE: The GR-50-AA calibration is not useful above 5 K
Other packaging available through special order—consult Lake Shore

Principe : 
semiconductors, R(T) ↑as T ↓.

Type : Carbon-glass 

Temperature range : 1.4 K - 100 K 

Interchangeability : no

Cost : from 276$ 

Magnetic Field : ok up to 20 T (<4%)
magnetoresistance less then Cernox 

RESISTANCE : negative T coefficient 

14
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Principe : 
semiconductors, R(T) ↑as T ↓.

Type : Germanium (Ge)

Temperature range : 0.05 K - 100 K 
very accurate and sensitive.

Interchangeability : no

Cost : from 286$ (fragile)

Magnetic Field : sensitive

RESISTANCE : negative T coefficient 
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 Sensors 53Germanium RTDs

See the appendices for a 
detailed description of:

Self-heating
Installation
Uncalibrated sensors
Calibrated sensors
CalCurve™
Sensor packages

Ordering InformationFor information on  
the packages and 

mounting adapters available for 
germanium sensors, see page 25.

To add length to sensor leads 
(SMOD), see page 28.

*NOTE: The GR-50-AA calibration is not useful above 5 K
Other packaging available through special order—consult Lake Shorefrom Lakeshore website
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!"#$ %&'()*)'+'(,
Principe : 
semiconductors, R(T) ↑as T ↓.

Type : Ruthenium Oxide (RuO2)

Temperature range : 0.01 K - 40 K 

Interchangeability : 
yes but error up to 5K

Cost : from 99$ 

Magnetic Field : 
useful below 1K but sensitive

RESISTANCE : negative T coefficient 

16
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Principe : Seebeck effect,  V=Sx∆T
junction of  positive and negative thermoelements 

Example type : «Chromel-Gold/Iron 0.07%»
negative thermoelt = Au + 0.07% Fe
positive thermoelt = Ni-Cr alloy

Temperature range : 1.2 K - 1500 K 

Interchangeability : yes

Cost : from 50$, 
small, robust, easy to measure 

Magnetic Field : sensitive see lakeshore data

THERMOCOUPLE 

17

V=Sx∆T

from H. Godfrin
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Principe : C(T), 
NO variation with field B,
!!! variation with thermal cycling.

Purpose : 
precise regulation under field B
in complement to a thermometer

Temperature range : 1.4 K - 290 K 

Interchangeability : no 

Cost : from 440$ 

CAPACITANCE 

from H. Godfrin
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MEASUREMENT TECHNICS 

- diode set-up

- resistance set-up

- general requirements (including wiring precautions)

- general Wheatstone bridge technique 

19
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DIODE SET- UP 

20
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156 Appendix B Sensor Characteristics

Types of Temperature Sensors
Any temperature dependent parameter can be used as a  
sensor if it fits the requirements of the given application.  
These parameters include resistance, forward voltage (diodes), 
thermal EMFs, capacitance, expansion/contraction of various 
materials, magnetic properties, noise properties, nuclear 
orientation properties, etc. The two most commonly used 
parameters in cryogenic thermometers are voltage (diodes)  
and resistance. There are distinct reasons for choosing diode 
thermometry or resistance thermometry.

Diodes
A diode temperature sensor is the general name for a class of 
semiconductor temperature sensors. They are based on the 
temperature dependence of the forward voltage drop across a  
p-n junction. The voltage change with temperature depends on 
the material. The most common is silicon, but gallium arsenide 
and gallium aluminum arsenide are also used.

Silicon diodes can be used from 1.4 K to 500 K. From 25 K 
to 500 K, a silicon diode has a nearly constant sensitivity of 
2.3 mV/K. Below 25 K the sensitivity increases and is nonlinear. 
The temperature response curve is shown in Figure 1. Diode 
temperature sensors from Lake Shore (the DT-470 Series and  
DT-670 Series) typically are mounted in a special semiconductor 
package (SD package). The semiconductor packaging is robust 
and allows for solder mounting for probes and circuits and easy 
installation and handling.

Silicon diode sensors are typically excited with a constant  
10 µA current. The output signal is fairly large: 0.5 V at room 

temperature and 1 V at 77 K. This can be compared to platinum 
where a 100  PRT with a 1 mA excitation has only a 100 
mV signal at 273 K. The straightforward diode thermometry 
instrumentation is shown in Figure 2.

An important feature of silicon diodes is their interchange-
ability. Silicon diodes from a particular manufacturer are 
interchangeable, or curve-matched over their whole range. This 
is typically defined in terms of tolerance bands about a standard 
voltage-temperature response curve. They are classified into 
different tolerance bands with the best accuracy being about 
±0.25 K from 2 K to 100 K and ±0.3 K from 100 K to 300 K.

The large temperature range, nearly linear sensitivity, large 
signal and simple instrumentation make the diode useful for 
applications that require a better accuracy than thermocouples. 
Also, because of the large signal, a diode can be used in  
a two-lead measurement with little lead resistance error.  
AC noise-induced temperature errors, to which resistors are 
immune (aside from heating effects), can be prevalent in diodes.

Resistors
Temperature sensors based on the changing resistance with 
temperature can be classified as positive temperature coefficient 
(PTC) or negative temperature coefficient (NTC). Platinum RTDs 
are the best example of PTC resistance sensors. Other PTC RTDs 
include rhodium-iron, nickel, and copper RTDs. Figure 3 shows a 
typical resistance sensor instrumentation schematic.

A PTC RTD is typically metallic (platinum) and has a fairly  
linear temperature-resistance response. NTC RTDs are 
semiconductors or semi-metals (doped germanium, Cernox™). 
They have extremely nonlinear response curves, but are much 
more sensitive to temperature change.

Figure 1 – Curve DT-670

Figure 2 – Typical diode sensor instrumentation schematic

Figure 3 – Typical resistance sensor instrumentation schematic
Temperature (K)

Vo
lta

ge
 (

V)

Appendix B: Sensor Characteristics
from Lakeshore website

I = 10μA → V(300 K) = 0.5 V and V(77 K) = 1V

! Wiring ! :  noise currents produce shift in measurement
Solution : AC-filters
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RESISTANCE SET- UP 

21

4 LEADS TECHNIQUE (with a lock-in)

Input : AC current I → Output : AC voltage V

Determination of R by V=RI
TO GET RID OF THE RESISTANCE OF THE WIRES

I(t) = Io sin(wt) 

V(t) = Vo sin(wt)

When R decreases linearly with T : single current excitation ~1mA (ex : Pt)
When R strongly↑as T ↓ : current must be varied from ~0.01μA to ~1mA (ex: cernox)
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MEASUREMENT TECHNICS 
General requirements :

- measurement set-up impedance  : Zset-up>>Zthermometer

- grounding : ONE reference for all instruments and cryostat

→ to avoid current flows and thus voltage offsets

- reduce AC signal interference : problem : wires = antennas 

i/ continuous conductive shielding connect to the ground from the 
cryostat to the instruments

ii/  twisted and short wires pairs (= bad antenna)

iii/ if needed additional AC-filters

22
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MEASUREMENT TECHNICS 

General requirements :

- wiring thermalization to avoid heat load into the thermometer

- thermal contact of the thermometer : screw, clamp, GE varnish ...

- thermometer self-heating ? (test/adapt the current value)

- configuration between thermometer and sample : good thermal contact ?

- time constant of the sensor (sensor construction + thermal contact and distance 
from the heater ...)

23
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MEASUREMENT TECHNICS 

24

The Wheatstone bridge :

to measure small changes of resistance (capacitance or inductance) 

R three known resistances, R3  can be adjusted 

Rx sensor resistance : to be determined 

R1 R
3

Rx R
2

Vout
Vinput

Bridge balance 

when  Vout =0 

 then

Rx = R2. R3 / R1
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MEASUREMENT TECHNICS 

25

The Wheatstone bridge :

to measure small changes of resistance (capacitance or inductance) 

R three known resistances, R3  can be adjusted 

Rx sensor resistance : to be determined 

R1 R
3

Rx R
2

Vout
Vinput

Bridge balance 

when  Vout =0 

 then

Rx = R2. R3 / R1Cryo
genic re

sista
nce bridges ar

e based on the Wheasto
ne bridge principle.
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REGULATION ISSUE 

How to adjust the heat Q to regulate a temperature ?

PID technique : commonly used 

P = proportional,  Q = P. (Tset-Tmeas)

I = integral, Q = I . ∑ (Tset-Tmeas)

D = derivative, Q = D. d (Tset-Tmeas)/dt

P ~ on/off regulation

I ~ smooth the P regulation (if I is not too high, otherwise T wobbles) 

D ~ fasten the regulation IF the measurement is not too noisy

26
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REGULATION ISSUE 

How to REALLY regulate a temperature under a magnetic field ?

Regulation on a capacitance 

(or on an insensitive sensor but very few other type are available)

1°/ H = 0 T : regulation on a sensor R

-> determination of the capacitance value at T : C

2°/ H-sweep : regulation to maintain C constant (bridge technique)

27
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THERMOMETRY above 1 K
Needs : range ? precision ? regulation stability ? cost ?

thermometer type 
measurement settings
calibration checks ?
regulation settings

28
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