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Chapter 20
Thermal Control

We shouldbe carefulto get out of an experienceonly the wisdomthatis in it—and stopthere;lestwe be like the catthat
sits down on a hot stove-lid. Shewill neversit down on a hot stovelid again—andthatis well; but alsoshewill neversit
down on a cold oneanymore.

-Mark Twain

20.1 Introduction
We often needto control the temperatureof somesubsystemn an instrument;typical examplesare power
semiconductorsgiode lasers,infrared detectorsand mechanicaktagesrequiring extremeaccuracy These
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different jobs needdifferent mixes of capacityand precision.

Powertransistoravhich dissipatelarge amountsof heatneedto be kept at temperature®elow 150°C, but

operatewell over a wide range;a large passiveheatsink sufficesfor the job. Infrared detectoramustoften
be keptvery cold, but normally the control requirementsare modest.Their leakageis usually acceptable
providedthe temperaturas kept below a certainupperlimit, but accuratecalibrationof their dark current

and shuntresistanceanay requirecontrol at the 0.1° to 1°C level.

Single modediode laserscan be run at room temperaturebut their high thermaltuning sensitivity of the
orderof 0.1 cm/K (betweenmodejumps), makesmillikelvin-level stability necessaryor the besttuning
accuracy To compoundthe problem,diode lasersdissipatepowerthemselveswhich canleadto
considerablehermalforcing if their operatingpoweris changed.

Translationstagesalsowork nearroom temperatureand haveno significantthermalforcing, but they must
be ableto movefreely, soyou cant just swaddlethemwith styrofoam.

Thereare someinstrumentssuchas detectorsystemdor infrared telescopeswhich mustbe cryogenically
cooled.Cryogeniccooling is boundup inextricablywith vacuumtechnology which is a lore-intensive
subjectbut beyondour scope;accordingly this chapterconcentrate®n heatingand cooling a bit closerto
room temperaturemainly using heatersandthermoelectriccoolers.

20.2 Why do | care about thermal control?

20.2.1ThermalExpansion

The bestknown consequencef temperatureswing is dimensionalchangesobjectsexpandwhen heated.The
expansionincreasesll dimensionsof the objectby the samefractionalamount(assumingt is of uniform
composition).For example heatinga washercauseghe hole diameterto grow aswell asthe outerdiameter;
the materialdoesnot expandinto the hole. The fractional length changeper degree the coefficient of
thermalexpansion(CTE), is a materialcharacteristicWhen partsof your of your optical systemchangein
length, badthings may happen Diode lasersgo out of collimation; etalonsbecomemistuned;interferometers
shift by manyfringes’ worth; lensesbecomeloosein their mounts;translationstagesbind. In seriouscases,
lensesshatteror leftover globs of epoxytearchunksof glassout of prismsand mirrors.

Theseeffectsare of two basickinds: mismatchbetweenthe CTEs of elementsn contact,leadingto stress,
andthermalchangesf pathlength. The normaltendencyof thingsto continueto work whentheir
dimensionsncreaseby a partin 10* makeuniform temperatureehangesenignfor the mostpart. Whereit
matters,we cancombatthermalexpansionn a coupleof ways:force the temperaturdo be constant
(temperaturecontrol) or balancethe expansionf different partsso thatthey sumto 0 (temperature
compensation).

Example 20.1: Stress Due To CTE Mismatch

Considera BK-7 glasswindow (CTE=810%/°C), 5 mm thick, heldin an aluminumtube by a threadedaluminumring which
just touchesthe glassat 60°C. If the assemblyis cooledto -40°, the window will contractby 5mm-100°C-8-10° = 4um,
while the spaceit occupiesin the aluminumwill contractby 5mm100°C-23-10° = 12um. The 8um differenceis takenup
principally by stretchingthe aluminum.The axial stressS, in the aluminumis found from Hooke's Law, assuminga uniform
cross-sectionadrea:

" Most practicalthermalcontroltasksinvolve cooling morethanheating;accordingly we will usuallyrefer
to the temperature-controlledurfaceasthe cold plate.
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- g U2Bmodum) 108 N/m (16,000psi) (20.1)

S
4 Smm

whereE is Youngs modulus.If the tube hasthick walls, the total force may be very large, enoughto damagefine threadsor
evenshatterthe window. Evenwith thinner stuff, the window is likely to show pronouncedstressbirefringencenearits
edges(Yoderrecommend$00 psi asthe "birefringencetolerance"of glass).

20.2.2Thermalgradients

Gradientsandtransientsare lessbenignthan uniform thermalexpansionandthey can do somesurprising
things. Acton givesthe exampleof a 1 mile long railway track (L= 5280ft), fixed at both ends.During the
night, somepracticaljoker comesandweldsin anextral foot of track (¢-L = 1 ft). The (extremelystiff)
track bendsinto the arc of a circle; how high off the groundis the peakof the arc?(take a guessbefore
looking at the footnote). This is analogougo what happensvhen one side of an objectgrowsa bit dueto
a temperaturegradient.

Thermalgradientscauseobjectsto bendby making one side longerthanthe other andthe resultscan be
similarly surprising.An initially straightrod, subjectedo a uniform gradientacrossits thicknesswill curl
into a circle of radius

1
R=_ -~
20.2
cre 41 (202
dz

sothata lengthL held at oneendwill warp awayby L%2R, or

_ L*CTEdr (20.3)
2 dz
If the rod restson its two ends,the heightof the archin the middle is L¥8R.

AZ

Example 20.2: The Hot Dog Effect’: Bendingof a Rail

Considera pair of 304 stainlesssteelrails for a translationstage,of length 10 cm, width 4 mm, and roughly squarecross-
section,sitting on a cold optical table. A warm He-Nelaseris attachedo the slider of the stage.The laserdissipatesl5W,
mostly via conductionthroughthe stage From Table 24, we find that a=15W/K/m, andthe CTE is 9.6:10%K. The
temperaturggradientin the steelis

dar _ p (20.4)
dz aAd

or 1250K/m,a temperaturalrop of 5°C over 4 mm thickness.The rails will wantto bendinto circlesof radius83m, a
runoutof about60 um in 10 cm (15um archheight), which is enoughto makethe stagebind if it is not constrainedlIf the
upperrails are designedso asto bendto the sameradius,the stagewill still run freely, althoughlateralgradientsin the rest
of the stagemay resultin sometwisting.

If therails wereheldrigidly at the ends(asin the railroadtrack example),e.g.in a massivealuminumblock, the average
changein lengthof 2.5°C would producean arch heightof 10cm(2.5-9.6:10%°C-3/8)2 or 30um, which is abouttwice

that dueto the hot dog effectin this example.

The bendingproblemis so prevalentthatif you're trying to track down a thermallyinducedmechanical

" It's 44.5feet—the heightis h=L(3¢/8)"2

" For thoseunfamiliar with North Americanfood, barbecuedot dogsbendslightly.
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problem,alwayslook first for bending. The figure of merit for resistingdistortiondueto thermalgradients
is a/CTE (higheris better).A high a reducegshe gradientanda low CTE reducests bendingeffect. Brass
rails would havebeen3 timesbetter and hard aluminumfive times, althoughthey are much softet

20.3 Heat Flow

20.3.1Heat Conductionin Solids
In mediathat do not themselvedlow, heattransferfollows Fouriers law of heatconductionwherethe heat
enegy ( flowing out of a surfaceelementdA in unit time is

Q=-aVT-ndA (20.5)
wheren is the outward-directedunit normalvectoranda is the thermalconductivity Using the divergence
theorem this becomeghe heatequation,

o vt (206)
ot
The constank is the thermaldiffusivity, which is relatedto the massdensityp and heatcapacityat constant
pressurec, by

k=% (20.7)
PCp

Onespecialcaseis a uniform 1-D thermalgradient,which simplifiesto

O0--aT (20.8)
dz
This is the mostcommonlyusedformula for doing thermaltransfercalculationsby hand,becauseve are
usually dealingwith complicatedshapesandwith poorly understoodnterfaces—thepproximationis as
goodas our knowledge.In this sectionwe’ll hormalizeeverythingto unit cross-sectionahrea—dort forget
to put the actualareabackin whenyou're choosingthe heateror cooler

For temperaturecontrol, we needthe frequencyresponsef heattransfer too (sincewe’re eventuallydoing
electricalengineeringwe’ll use€“ for the time dependence)A half-space(z>0) of material,whosesurface
temperaturegoesase** hasT given by

24 je, 20.9
T(z,t) =ele V2V * (209)

Thus as a sinusoidalfrequencycomponenpropagatesnto the material,it falls off asexp (-(w/2k)"%2), and

suffersa phasedelay of (w/2k)*?z radians.For a sheetof thicknessd, insulatedon the other surface(so 0=0
there),we canpatchthe £(1+j) solutionsto get

T(z,t) = e/*' COSh( Byo(z *d)> (20.10)
cosh(B o d)

wheref} is given by

*

The authorheardthis piece of advicefrom Dr. Erwin Loewen,of RichardsonGrating Laboratoriesa
masterof spectrographandruling engines.
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If we computedT/dz at the surfacein the two caseswe get

Q1) = apAfwe

Q1) 0=aBA¢$ef““tarﬁ1(w6d>
-
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(20.11)

(20.12)

(20.13)

andsowe cancomputeT(zt) vs w for constantheatingpower and get the transferfunction from heating
powerin to temperatureehangeout, with z asa parameter:

1

Y

NGE

cosh(B /o (z-d))

Hw |2)= T20)
Qe](.)t

H(w|zd)=T@01d)
Qe]u)t

apBy/wAsinh(py/wd)

(20.14)

(20.15)

Thermalmassm,=m¢ representshe enegy requiredto increasethe (well insulated)objects temperaturéoy
1°. Assumingthat thermaldiffusion is fast, the rate of temperaturéncreases given by

a_ o

da m

th

(20.16)

which agreeswith the low frequencylimit of (20.15).0f course the temperaturewill not continueto
increaseandefinitely, becausehe plateis not perfectlyinsulated.If the thermalresistancdrom cold plateto
hotis 8, the low frequencyresponsagoesas 1/(1+2mfOm,), andis asymptoticallyconstantat f=0. For a
sufficiently well insulatedcold plate, this pole appearswvell below the loop bandwidth,andso s of little

importance.

Table 24: Thermalpropertiesof commonmaterials.

Material

Metals

OFHC Copper
Copper Wire
Free-Cutting Brass

1100-TO soft
Aluminum

6061-T6 Aluminum

304 Stainless

o W/(Km)

390
120-220
110
240

180
15

CTE
ppm/K

17
17
20
23

23
9.6

Ce

JI(kgK)

390
390
390
900

900
470

103p
kg/m

8.96
8.96
8.5
2.7

2.7
8.0

10°«
(m?/s)

11.2
3.4-6.3
3.3

9.9

7.4
0.40

Pe
pQ m

(te)

0.017
0.0175
0.06
0.03

0.05
0.57

(1/pg)ope/oT
(T an/aT)

+0.0043
+0.0043
+0.0015
+0.004

+0.004



Manganin 23 ?2? 0.42 +110°
Nichrome 13 17 430 9 0.34 1.08 +1.1-10*
Constantan 22 17 400 8.4 0.66 0.71 -310°
Oxides

Alumina 35 7 800 3.6 1.2 10t

Beryllia 300 8.5 1100 2.9 9.4 7t

Fused Silica 1.38 0.52 750 2.2 0.084 t 1+9-10°
BK-7 Glass 1.1 8 700 25 0.063 t t+1.5-10°
Plastics

Nylon-66 0.25 80 1700 1.1 0.013 4t

Acrylic 0.2 72 1500 1.4 0.010 2.61

Styrofoam 0.02-0.03 ??

Other

Sn/Pb Solder 50 241 170 9.3 3.2

Silver Epoxy 125 ?? <10

Indium Paste =30 (varies) ??

(Indalloy)

OB-200 Thermal 1.3 ??

Epoxy

Best Thermal 2.3 2000 2.5 0.046

Grease

Thermal Grease 0.8 — 2100 2.4 0.016 — —
Bismuth Telluride 15 13 550 7.5 0.036

Water 0.6 — 4200 1.0 0.014

Example 20.3:How fast is heat conduction?

Let’s plug a few numbersinto (20.9). If the materialis a thick pieceof 1100-TOaluminum,with k=9.910°m?%s, a 1 Hz
excitationwill decreasdoy 1/e in 5.6 mm, andwill be phaseshiftedby 1 radianin the processin 304 stainlesg(k=0.4:10%),
it'sonly 1.1 mm, andin plasticor genericthermalgreasg(e.g.that joining the sensorto the heateror cooler),only 100-
400 um. Thin layersbehavea bit betterthanthis would suggestbecausef the effect of the oppositeboundary but don't try
usinga thick layer of glue to attachyour sensar

Note that becauseof the powerlaw, you lose bandwidthquadraticallywith thickness:doublingthat5.6mmof aluminum
reduceghe 1/e bandwidthto 0.25Hz.

If the aluminumblock is 1 cm squareand 8mm thick, we cancomputethe gain and phaseshift dueto thermaldiffusion for
temperaturesensorgight at the heater(z=0), placedin a small drilled hole at z=1.5mm,and clampedon top at z=8 mm, as
shownin Figure20.1. The curvesgo like 1/f neardc, becausehe responsés dominatedby the thermalmass.The fun starts
wherethe effectsof the othersurfacebeginto die out. The curvefor z=0 just goessmoothlyfrom f* to f*, because¢he mass
of materialbeingheatedat that rate startsdecliningasf, which is okay. As soonasthereis any materialat all in between,
though,the exponentiaffalloff kicks in and high frequenciesbecomeinaccessibleNote howeverthat the phaseshift 1.5mm
into the 8 mm of aluminumis acceptableut to f=15 Hz, so that a really fast sensolis neededo getthe best
performance-we’ll almostcertainly be limited by the diffusion of heatin the glue or greasef we’re not careful.
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Gain (K/Ws) Phase (deg)
100 ¢ . -360
8 z=0 z=15mm z=8mm m,approx 1
10 £ -315
i -270
3
i 225
0.1 3
-180
0.01 ¢
g -135
0.001 |
: -90
0.0001 45
1E-05 : : : S 0
0.001 0.01 0.1 1 10 100

Frequency (Hz)

Figure 20.1: Gain and phasetransferfunction of thermaldiffusion in an 8mm thick plate of 6061
aluminum,for sensoranountedat z=1.5mm andz=8 mm.



750

20.3.2RadiativeTransfer
In Chapter2 we sawthat surfacesat finite temperatureagive off electromagneticadiation.A point on a
surfacewill receiveradiationfrom 1t steradiansThis is becausehe thermalspectralradiance

L,(v,T) = ScosBey(v,T)
n

_ 2hn*vicos (20.17)

Ty
c? ek‘*Tfl)

(seeChapter2) containsa cosineobliquity factor—otherwiséat'd be 21 A surfaceof areaA at temperature
T,, completelyenclosedby walls at temperatureT, will receivea net heatinflux of

P =mnAoc €? <T14 - T24> (20.18)

wheree is the averageemissivity of the surface.This approximationbreaksdown if the areaA is not convex
(think of a teakettle,wherethe inside hasareabut communicate®nly throughthe small spout),if the
absorbedoweris a large fraction of the total emissionof the walls, or if significantamountsof A’'s
radiationis reflectedbackto A, e.g.if A werea filamentat the centreof a polishedmetal sphere.You'll
haveto put a fudgefactorin to take careof casedike that, for exampleby usingthe outsideareaof the
teakettleplus the areaof the end of the spout.(We're usually doing one-significant-figurealculations

anyway)

Table 25: Thermalpropertiesof gases

Gas a(W/K/m) BP AH,
25°C J/g
t0o°C

Hydrogen 0.171% 20.3K 452

Helium 0.143t 4.2K 20

Dry air 0.026

Nitrogen 0.025 77.3K 200

Argon 0.016% 87.5K 163

Propane 0.016 -43°C 455

CO, 0.015t -78.5°C 618

CHCIF, 0.01n -40.8°C 233

(dust-off)

Freon-21 0.0097 +9°C 417

HCFC

CHCLF

Krypton 0.0090 121K 108
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Xenon 0.0055 -107°C 96

20.3.3HeatConductionin Gases

For gaslayersthicker than 1 meanfree path,the thermalconductivity of gaseds independentf pressure;
Table 25 showsthe thermalconductivity of commongasesAt low pressureg<=1 torr) the thermal
conductivity startsto drop off towards0 at O torr. Thermalconductivity for monatomicand diatomic gases
goesroughly as 1Mm, sothat, for example xenonhasa muchlower thermalconductivity than helium.

Xenonis pretty expensivestuff, so moleculargasessuchasbutaneor HCFCsare good alternativesat
ordinarytemperaturesEven CO, has40% lower thermalconductivity thanair, andis nearly as cheap;the
HCFCslisted are competitivewith krypton.

20.3.4Convection

Natural convectionis intrinsically complicatedon shortlength scales particularlyin realistic surroundings.
Heatlossfrom the heatsink dependn the temperaturegradientat the surfaceand the thermalconductivity
of the gas.Circulationbrings cool air nearthe sink, thus sharpeninghe gradientandimproving the cooling.
Whereair canflow easily e.g. heatsink fins orientedvertically, convectionis roughly linear for objectsnear
room temperaturewith the thermalresistancelecreasingyraduallyasthe objectgetshotter dueto the
gradualthinning of the boundarylayer asthe air flow increasesandthe increasedhermalconductivity of
hot air vs. cold.

20.3.5Getting Uniform Air Temperature
As you canseefrom the table, air is not a very goodthermalconductor This is greatwhenwe wantto
insulateour houseshut not so goodwhenwe needto eliminategradients Whatdo we do?

The two basicstrategiesareisolationand stirring. If you havea room with air temperaturegradientsputting
a closedbox aroundyour setup,with a little fan inside stirring the air, will do a surprisinglygoodjob of
homogenizinghe temperatureTwo nestedones(eachwith its own fan) are evenbetter;conductionthrough
the box thenbecomesghe limiting factor Flowing air canbe homogenizedrery effectively with a well-
stirred plenum:a cardboardbox plenumwith a fan hasbeenmeasuredo exhibit temperature
nonuniformitieslessthan 3 millikelvins nearroom temperature

20.4 Insulation

Therearetwo typesof insulation:vacuumandstill air (vacuumis better).Insulatingmaterialssuchasspun
glassbattsand styrofoamare basicallyimmobilized air: they work by preventingconvectiveheattransport,
andaccordingly the good onesall haveaboutthe samethermalconductivity asthe gasfilling their spaces.
Nearroom temperaturethey’re especiallyusefulfor reducingthe thermalforcing dueto rapid air
temperaturehangese.g. whensomebodyopensthe lab door. Fibrousor loose particle insulationis usually
unsuitablein instrumentsasit’s hardto control all the fluff and dust.

20.4.1Styrofoam

Styrofoamhasgood mechanicapropertiesfor an insulatingmaterial,beingresilientand easily worked. Best
of all, it is availableeverywhereat a very low cost.Its only major disadvantageare inflammability and low
strength (NB: the fumesaretoxic). Solid styrofoamis completelysafe,chemicallyinert and moisture
resistantUsethe soft stuff with the very fine holes,that squeaksvhenyou rub it hardwith your finger; the
harderstuff with the biggerholes(that crunchesnsteadof squeaking)s inferior.
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20.4.2Dewars

The insulatingquality of a decentvacuumis the basisfor Dewar flasks,bestknown as Thermosbottles.
Small Dewarsare madeof glasswith a shiny metallic coatingto reducethe thermalemissivity of the surface
in the infrared. The low thermalconductivity of glass(especiallyat low T), andlong and contortedthermal
pathminimize heatconduction.

Aside: Condensation Condensations a commonevil in cooledinstrumentslt corrodesmechanicaparts,stains
lensesJeavesdepositson optical surfacesand promotesthe growth of fungusand mildew. On circuit cards,it causesevere
drift, leakageand 1/f noise,and may destroycomponentsand connectorseventually All instrumentsmustbe condensation
free, andthat doesnt happenby accident.An instrumentthat staysdry in Scotlandmay drip in Louisiana.

Relativehumidity is not an absolutemeasureof the watercontentof the air, but ratherthe ratio of the partial pressureof
watervapourin the air to the equilibrium vapourpressurgi.e. the point at which fog just beginsto form). Humid air in
equilibriumwith liquid is saidto be saturatedThe vapourpressureof wateris a steeplyincreasingfunction of temperature;
30°C air canhold threetimes morewaterthan 10°C air. The dew point is the temperatureat which a given body of humid
air reachesaturation.The atmospherdorms a very large sourcereservoir so if any exposedsurfaceof your instrumentis
below the dew point, dewwill form onit. If you rely on externalinsulationto preventcondensationmakesureit forms a
hermeticseal,or it will eventuallybecomewet, andthe waterwill be trappedfor long periods,which is especiallybad. The
bestapproachis to put the cooledsystemin a well sealedroom-temperatureanwith a room temperaturevindow, any
necessarynsulationbeinginside the can. Additional measuresuchas heatingthe window or eventhe canitself may be
neededf the instrumentis to be movedfrom cold environmentdo warm ones,e.g. airbornesensorsor portableinstruments
broughtinside during the winter. Dew point sensorsan help determinewhen heatingis necessary

Condensatiorcanoccureveninside sucha can,unlessthe air insideis very dry. Use HCFC (e.g. Dust-Off), dry gas,or
really dry air. Dry air canbe obtainedby runningroom air througha cooledmolecularsievetrap, or for limited temperature
rangeprototypesby putting the disassembledanin a chest-styledomesticfreezeruntil it equilibratesandthenassembling
it beforetakingit out. (Using a chest-styleunit keepsthe dry air from escapingvhenyou openthe freezerfor assembly

Desiccantsuchas Drierite canbe usedto help control condensationbut watch out for their dustand makesurethatthe
desiccanis kept cold; a -30°C cold finger canbe a much strongerwatervapoursink thanroom temperaturelesiccantso all
the waterwill eventuallywind up there(warm silica gel is especiallypoor). In cryogenicallycooledsystemsmolecularsieve
materialsare better but with all desiccantshewareof dust;it's a poor tradeto replacecondensationwith powdered
desiccatordust. Permanentlysealedvacuumsystemsusually usea gettersuchas metallic sodiumto control residualwater

In infrared systemswherea room temperaturavindow may be a major problem,you can cool the window and
useflowing dry gas(e.qg. blowoff nitrogenfrom the cryostat)to keepthe moist air away from the window. This will require
someexperimentation.

20.5 Temperature Sensors

20.5.11C sensors

Thereare a numberof good IC temperaturesensorswhich producea voltageor a currentproportionalto the
temperaturesuchasthe popularLM34/LM35 and LM335 (National)and AD590 (Analog Devices).They
arestableandlinear, sothatdV, /0T is constant.Thusthey do not contributeto the loop nonlinearity which
is an importantbenefit. Their outputis very suitablefor on-line checking,too, sincetheir outputslopeis
usually10mV or 1pA perdegree(F or C), sothatthe temperaturecanbe readoff directly from a DVM

with fair accuracy(x2°C typically).

On the otherhand,they are not as stableas platinum RTDs or good quality glassbeadthermistorsare
somewhatensitiveto stresson their leads,havea narroweroperatingrange,typically -40° to 100°C,and
dissipatesomeheat(10uW to a few milliwatts) themselvesTheir mostseriousdisadvantagés that their
thermaltime constantis many secondswhich may easily dominatethe loop response.
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20.5.2Thermistors

A thermistoris a type of carbonresistorwhosevalueis a strongfunction of temperaturetypically changing
-3% to -4%/°C. Thesecomein a wide variety of stylesand prices,from lessthan$1 to $20 for the fanciest
ones.For temperaturecontrol purposesthe bestonesare small glassbeaddevices(1 mm diameter)with
well specifiedtemperaturecharacteristicand reasonablyfast time constant(1s). Thesecanbe imbeddedin
your cold plate with heatsink epoxy and survivewell, althoughtheir valuesmay changeslightly with
mechanicaktress.They comein resistorlinearizedversions, andin interchangeabléypeswhoseR(T)
curvesareidenticalwithin £0.2°C, althoughstrongly nonlinear Their high stability, high sensitivity and low
noisemakesthermistorsthe bestchoicefor narrow-rangegemperatureontrol systemspor thosewhich don't
needa human-readablendicator Linearizationis worthwhile for wider temperatureangeapplicationssince
thermistorsare so nonlinearthat the temperatureresolutionat the upperlimit will be poor otherwise.

Watchout how much heatyou dissipatein the thermistor and makesurethatit doesnt changewith time
(it's OK if it changes little with temperaturesincethe thermistoris nonlinearanyway).Runit from a
stablereferencevoltage.

20.5.3PlatinumRTDs

PlatinumRTDs (resistancaemperaturaletectorsyre also thermistors really. They comein wire woundand
thin film types,from 100Q to 1kQ. Wire wound RTDs are very expensiveput the thin film onesare now
below $25, and someaslow as$6. Their characteristicgre very stableand repeatablenot only overtime
and history, but unit-to-unit as well—after adjustingfor the initial resistanceaolerance RTDs of the same
type areinterchangeablat the 0.02-0.1°level, limited by materialpurity and mechanicaktresson the
resistiveelement.

Their sensitivitiesare smallerthan carbonthermistors’,more like +0.35%/°C.They work over a wide range
of temperatureshut cannotbe linearizedas simply asthermistorssince R(T) is concavedownward.On the
otherhand,if you usea simple positive feedbackcircuit (e.g.the onein Figure 20.2)to apply a negative
load resistanceof about-24.7 timesthe 0°C resistanceof the RTD, you geta systemlinear to within £0.2°C
from -150°Cto +500°C,andsignificantly betterover narrowerranges.The 10 mV/K outputslopeof the
circuit makesit easyto makehuman-readabléhermometers.

The very low 1/f noiseof platinum RTDs (similar to metalfilm fixed resistors)makesthem suitablefor high
stability control eventhougha 1kQ RTD’s voltagesensitivityis 30 dB worsethana 10kQ carbon
thermistots for the samepower dissipation(why?). Thin film RTDs are alsofast; a 1mm aluminasubstrate
hasa thermaltime constantof around100ms,andthinneronesare faster A fast RTD attachedwith solder
or silver epoxywould be a good matchfor the thermaltransferfunction exampleabove.

Table 26: ThermocoupleProperties

Type Composition  0V/OT (0°C) Tonax

puv/eC
K Chromel-Alumel 40 1250
T CopperConstantan 39 750
S 90%Pt/10%Rh-Pt 55 1800

" A resistancesensorof quantityx whoseR vs. X curveis concaveupwardscanbe linearizedby putting a
resistorin parallelwith it. Carbonthermistorsarelike this, but platinumRTDs areconcavedownwardssothey
neednegativeshuntresistancesThis requiresactive devices.
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+4.267V
20.0k
121k

®

Output

10.0k '

Rin A

1000 %} 24.7k-
@ 273K o % 1.00k

Vo = 2.477V + 10.00mV T ('C)

Figure 20.2: Negativeresistancdinearizerfor platinumRTD; V vs. T is now linear to £0.2° from -150°Cto
+500°C.
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J Iron-Constantan51 1400
E Chromel-Constantan 59 900
N Nicrosil-Nisil 26 1300

20.5.4Thermocouples

Thermocouplegeneratea voltagerelatedto the temperaturalifferencebetweentwo junctionsof dissimilar
metalwires, andare a painin the neck. Their outputis very small, andthey requirean outsidetemperature
referencefor the otherthermocouplgunction (the ‘cold junction'), or a cold junction compensatobasedon
an IC temperaturesensomlus a judiciously chosennonlinearity (you cant useresistorlinearizationbecause
they arent resistancesensors)Their low sensitivity makesthemvery susceptibleo noiseand pickup. They
arethe naturalchoicefor sensinggradientsbut apartfrom that their only advantages$or instrumentuseare
thatthey canbe madevery small, so that their thermalresponsecan be fast, and that they dissipateno
power This mattersin someapplicationse.g.laserheatingof delicatesampleswherethe heaterhasvery
fastresponseandthe loop is detectodimited. They may also be usefulin a compositecontrol loop: usea
dc-coupledintegratingservowith a slowerbut more accuratesensorbut usea separateéhermocoupleand
amplifier, ac coupled,to providethe high frequencyresponsesomethinglike the high voltagepower supply
stabilizerof Section15.9.5.This avoidsall the cold-junctionproblems,while keepingthe speed.Copper
Constantaris a good choicefor this sort of use,becauséoth materialsare solderable For lessspecialized
applicationsavoid thermocoupledike fleas.You canlearnall you everwantedto know aboutthemfrom
the OmegaEngineeringcatalogue.

20.5.5Diodes

A really cheapbut not too accurateéemperaturesensoris an ordinary silicon diode, driven with a constant
current.As we sawin Section14.6.1,a diode hasa temperaturecoefficientof about-2.1 mV/°C, although
asusualtransistoramakebetterdiodesthan diodesdo. The one greatvirtue of diodesastemperaturesensors
is this: a temperaturesensingdiode comesfree inside every diode laser You may know it betterasthe
monitor photodiode but it makesa really greattemperaturesensorlf you forward biasit by 1 or 2
milliamps, any plausiblephotocurrenwon’t perturbthe measuredemperaturanuch;a 10pA photocurrent
will causea forward voltageshift of 100-200uV, which is 0.05-0.1°C,andthat canbe correctedfor

anyway This diode canbe a remarkablyfast sensarbecausat is brazedright to the diodelaser
header—measuremeritglicate sub-secondesponsaimesfor 9 mm diode packagesindistinguishablédrom
the responsef a 75umwire thermocouplesilver-epoxiedto the header You canevenusea simple chopping
circuit to senseboth the monitor photocurrentand the temperature.

20.5.6PhaseChangeSensors

Phasechangedn materialsare occasionallyuseful as sensorsExamplesare dew point sensorspsefulin
preventingcondensationandice point calibrators,which usethe freezingpoint of somepure material
(usuallywater)to provide a well bufferedtemperatureeference The bestthing abouttheseis that they're
sureto correlatewith whatyou’re trying to measure.

20.5.7PreventingDisastersThermal Cutouts

Instrumentsbreak.A circuit fails; someoneblows up a poweramplifier by droppinga screwdown insidethe
caseand causinga short; someoneputs a magazinedown over the cooling louvresand overheatghe whole
box; thelist is endlessln power circuits, this can causea fire, or collateraldamagesuchas singeingthe
circuit cardor delaminatinglenseslt is thereforeimportantto havesomesort of thermalcutoutto chopthe
power beforethis happens.

Therearetwo basickinds: bimetallic strip thermalswitches(like thermostatsand thermalfuses.Thermal
fuseshaveto be replacedafter blowing, but thermalswitcheseitherresetthemselver canbe resetwith a
pushbuttonIf your instrumentcandissipatemore than 50W underfault conditionswithout blowing a fuse, it
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shouldhaveone of these.

20.6 Temperature Actuators. Heaters and Coolers

Heatersare 100% efficient, and everybodyknows how they work. Thereare threeproblemswith using
heatersfor temperatureontrol. The first is asymmetricslewing—if the temperatureovershootsijt hasto
recovervia thermallosseshnot by refrigeration.Unlessthe heatlossis comparableo the heatercapacity the
cooling ratewill be smallerthanthe heatingrate. Sincethe steady-statéemperatureehangeis proportional
to the rate of heatinput ¢, the slewratein eachdirectionis limited by how far from that temperaturdimit
we are,regardlesf the actuatorwe’re using; with heaterspnetemperaturdimit is at ambient,which is
very inconvenient.The slew asymmetryof a heaterbecomesextremewithin a few degreesf ambient,and
that's a majorimpedimentto goodthermalcontrolif heatersaloneare used.Next mostimportantis
uniformity: how to makesurethat the partsthat needmore heatgetit, so that the whole assemblyremains
at constantemperatureThe third oneis nonlinearity;a resistanceéheateris approximatelya squarelaw
device,sinceheatdissipateds I°R, andR is nearly constant.You canget roundthis oneif you uselinear
control, and put both the heaterand the transistoron the sameplate—sincethe supply voltageis constant,
the total dissipationis VI.

20.6.1Electric Heaters

Electric heaterscomein a very wide variety, from a powerresistoror a small coil of resistancevire usedto
preventwaterfrom condensingon a window, up to big Chromaloxelementdor industrialovens.The most
usefultype in instrumentss just a thin Nichromefilm imbeddedin a siliconerubberor polyimide sheet.
Thesecanbe tailoredto give a desiredprofile of dissipationvs. position, which is very usefulfor
maintainingtemperatureuniformity acrossthe whole plate.

Heatingis in principle nearlyinstantaneoudyut in practiceit isn't trivial to get good transientresponsewith
mostheatersThey are usually madeof low thermaldiffusivity materials,andit’s hardto makea good
thermalinterfacebetweenthe heaterandthe hot plate, especiallyif the gradientsundertransientconditions
arelarge.

For small-scaleapplications e.g.temperaturecontrol of a single diode laserpackagepr verniercontrol of a
TEC, you canuseceramicsurfacemountresistorswhich havedecentthermalperformancebecausehey're
madeof alumina.lf you needa low power heaterwith flat surfaceso mountsomethingon, Caddocks
precisionsurfacemountresistorsmakenice little ceramicheatersof 2015o0r 2520siz€, andyou canpick
whateverresistancesalue suits your heatrequirementand supply voltage. The resistanceslementis down
inside the ceramicwhereit cant getdamaged.

Manufacturers: Minco, Omega,Chromalox,Kyocera,Caddock.

20.6.2PTC Thermistors

A PTC (positive temperaturecoefficient) thermistofs resistancancreasesy 3 ordersof magnitudein a
narrow temperaturegange(choicesrange40°C-300°C),andtypically hasa slopeof 25%/°Cin thatregion. It
canthusbe usedwith a fixed biasvoltageto makea nifty combinationheaterandtemperaturesensarAt
minimum resistancethe heatingpowersavailablerangefrom 1W to severalkW per device.You cant beat
it for simplicity andreliability, and sinceit’s a proportionalcontrol, you get no switchingtransients.

The regulationis fairly poor. PTC thermistorsare a good matchto coarsetemperaturecontrol applications
suchasheatinghygroscopiclR windowsto keepthemdry, periodically baking out small vacuumsystems,
keepingmetal vapourlampswarm, that sort of thing.

" Theseare EIA surfacemount outline designations2015 is 0.2x0.15inch (3.8x5.1mm) and 2520 is
0.25%0.2inch (6.4x5.1mm).
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PTC thermistorshavepoor settability (the deviceswitcheswhereit feelslike it) andare hardto getleadson.
Becauseof the transientat turn-on, solderedleadsdie very quickly from metalfatigue, so useclamps
instead.Therewill be a certainamountof sliding aroundbetweenthe clampedthermistorandits mount, so
makesurethe mountis madeof a soft materialsuchasbrassor aluminum.

20.6.3ThermoelectricCoolers

A thermoelectriTE) cooleris a thermocouplerun backwards Although this wouldn't work too well with
chromel/alumethermocoupleswhenyou useP- and N-dopedbismuthtelluride ceramic,you wind up with a
cheap,effective coolerthat can supporta maximumtemperaturedrop of about60-70°C.TECscanheatas
well ascool, by reversingthe current.Oncecooling is admitted,the slew asymmetryproblemgetsbetter but
is not eliminatedsincethe availableheatingand cooling capacityare strongfunctionsof the temperaturesf
the controlledbox andthe environment.

Sinceeachthermocoupledropsonly a tiny voltage, TECsare madeby wiring dozensof themin series.Each
junction forms a finger joining the hot and cold plates,which aretypically madeof alumina,lappedvery flat
to facilitate mounting. The entire sandwichis usually 3-8 mm thick, and sizesfrom 10 mm to 40mm square
arereadily available.

TE coolersare not asgood asreal refrigerators due to 1°R lossesand heatconductionthroughthe fingers.
Convectioninside the active devicecontributesat large AT. This of courseassumeshatwe don't do
anythingtoo dumb, for exampleusing shortpiecesof large-diametercopperwire to connectto the deviceon
the cold plate, or mountingthe TEC upsidedown, so that the fat power supply wires wind up on the cold
side of the device.

TE coolersare especiallysuitablefor useright aroundroom temperaturewith nearzerotemperaturedrop
acrossthem. There,the insulationrequirementsire modest,the power dissipationis relatively small, and the
cooling capacityis large, so that the cold plate can be slewedup or down nearly symmetrically

CheapTECsdon't standrepeatedvide rangethermalcycling very well. A hundredcyclesfrom -40 to
+85°C (with a fixed heatsink temperatureof 10°C) will kill one.Thereexist slightly more expensiveones
constructedwvith hardsolderthat will work reliably near200°C,and standlots of temperaturecycling.
Manufacturers: Melcor, Marlow, Ferrotec,Tellurex.

20.6.4Mounting TECs

TECsare mechanicallysomewhatragile, becausahe weak ceramicis the only sourceof mechanical
strength.Like mostceramicsit is strongin compressionyeakerin tension,and hopelessn shearor peel.
Crackingoccurswherethe ceramicis undertension,so applying a compressivereloadof about120N/cnt
(200 psi) to the coolerhelpsits shearstrength,aswell asimproving thermaltransferby thinning out the
greaseand helpingto eliminatevoids. Unfortunately it is sometimedifficult to do this without dumping
large amountsof heatinto the cold plate by conductionthroughthe clamp. One approachis to apply the
preloadvia the cold-plateinsulation.

TE coolershavefairly large CTEsin the thicknessdirection. Although the cold plate may be at a well-
regulatedtemperaturethe restof the TEC isn’t, sothereis a net expansionasthe heatsink warmsup.
Bewareespeciallyof diodelaserssoldin TO-3 canswith integral TE coolers—they’ligo out of focuson
you asthe heatsink temperaturecehangesAnothergotchais the small CTE of the aluminaend plates,which
causesa big stressconcentratiorat the heatsink and cold plateinterfaces A rule of thumbis that for large
AT, don't usesilver epoxy or solderto mountcoolerslarger than 15mm square Use indium pasté (or

" Indalloy paste from the Indium Corporationof America.
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thermalgreasdf you must)and clampingscrewsinstead.If you havemorethanone TEC, and are working
at significantAT, clampthoseonestoo. Otherwisethe shearstresscausedby the cold plate shrinkingandthe
hot plate expandingwill crackrigidly mountedTECSs.If you needbetterlocation of the cold plate than
clampingcan provide, usesilver epoxy on one TEC and clampson the others(remembetthe big CTE of the
TEC in the thicknessdirection.

The screwscan be a seriousthermalshort, especiallyif they aretoo large. Stainlesssteelis very strong,but
you canuseonly sosmall a screw A #2-56 stainlesssteelmachinescrew(1.9 mm meandiameter)spanning
al.5cmgapat AT=65°Cwill conduct180 mW, anda brassonenearly1W. If your applicationallowsiit,
usenylon screws;a #6 nylon screw(2.6 mm) in the sameplacewould conductonly 6 mW. Nylon screws
tendto loosenwith time andtemperaturecycling, so usespringwashersand don'’t expecttoo muchof them.
Stretchedsteelwires with spring-loadednountswould be a possiblesolution.

20.6.5Heat Sinking TECs

The AT is measuredrom the hot plateto the cold plate, so a poor heatsink or poor thermalcontactwill
limit the minimum temperatureve canreach. TECsworking at large AT producea hugeamountof waste
heat,soif you needa low temperatureyou’ll needa really good heatsink. A little aluminumplate with fins
like the onesusedon CPUswon'’t cut the mustard;you’ll probablyneedforcedair cooling, or watercooling
in extremecases.

If you're determinedo usethermalgreasewith TECsat large AT, makeit extremelythin, 10pumor less.To
achievereally thin greasdayers,you haveto makesurethat both sidesare very smoothandflat. Buy TECs
with specifiedflatnessandusea fly cutteron a milling machineto removeany anodizingand surface
irregularitiesfrom the heatsink. The fly cutter shoulddo a good enoughjob on its own, but, if not, finish up
by polishingthe sink with crocuscloth, or with abrasiveslurry anda spareTEC asa lap. Lappingthe sink
and TEC togetherwith slurry (e.g.fine-gradeautomotivevalve grinding compound)works well if you
havent got a machineshop.

20.6.6StackingTECs

TECscanbe usedin multi-stagearrays,wherea large cooler coolsthe hot plate of a smallercoolet which
canthenreacha lower temperatureYou canbuy themlike that, or build your own. Somemanufacturerare
good at stacking,but somearent—get specsfrom a numberof them beforebuying a multistagecooler

If you're building your own, the secondstageshouldbe of the samefamily asthe lower one,with about1/3
of the area;wire the two stagesn series,andrememberto useindium pasteand an aluminumspreadeplate
in between.You don't getas muchimprovementasyou’d expectwith multiple stagespbecausehe lower
onesall operatewith big Q..+ A 4-stagecoolerwith a watercooledheatsink canreach-100°Cfrom room
temperaturebut not muchfartherthanthis, dueto the poor efficiency of the coolers—theearly stagegust
dissipatetoo much heatfor the later onesto copewith easily Use multi-stagecoolersin vacuq andbe sure
to thermally groundthe power and signal wires to eachstage, with enoughslackto preventreally bad
thermalshorts.Detaileddesignof thesemultistagecoolersis nontrivial onceyou get beyondtheserules of
thumb.

20.6.7Connectingto TEC Stages
The detectoror sourceon the cold plate will needpower ground,andsignalleads,which haveto go from
the last stageof the TEC to ambienttemperature.

The figure of merit for interconnectindeadsis the productof electricalresistivity p andthermal
conductivitya. Although copperhasan a 20 timesthat of somealloys, its electricalresistivity is so low that
it wins the pa race.Copperis alsohighly solderablethe only problemis that you may find yourselfusing
extremelyfine wire, whosemechanicafragility makesit difficult to handle.
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A 2.5cm pieceof #36 AWG coppermagnetwire (127umdiameter)hasan electricalresistanceof about
30mQ, canhandleabout50 mA, andwill conductabout10 mW of heatacrossa AT of 65°C. This sounds
smallbut canaddup if you needlots of wires (small CCDs needaround20). Very thin copperwire is too
weak andfloppy to handleeasily sotry fine solderablehermocouplewvire suchas constantanwhosea is
10 timeslower (soyou canuse3x coarserwire) andwhich is much stiffer. Diametersof 75umor evenless
areeasilyavailable,e.g.from OmegaEngineering Make sureyou usethe samekind in both sidesof the
circuit, to eliminatethermocoupleoffsets. You don't haveto worry aboutthe junctionsat the endsof the
wire; thereare an evennumberof them, wired so that their voltagescancel. The cancellationis perfect
providedthatthe two hot junctionsare at exactly the sametemperatureandthe cold onesaretoo. Make
sureyou thermally ground the leadsby clampingor gluing themto their respectiveplate. If you’re doing
low-level dc voltage measurementsjse manganinwire instead.lt hasvery low thermocouplesensitivity
with copper andlow a, but cant be soldered;usesilver epoxy spotwelds, or ultrasonicbondingto attach
it. Of course,if you haveaccesdo a wire bonder very thin gold wires work well too.

A recentdevelopments fine-line flexible circuit board.You canget 100pumthick Kaptonfilm with 0.5 oz
copperon one side,and connectorsexist for it. Thin conductorsetchedon one side of that are probablythe
bestof all worlds for wiring to cold fingers,especiallyif you havesomethinghugelike a CCD mosaic,
whereyou might needdozensof wires.

20.6.8Modelling TECs

The control characteristicof TECsare peculiar Becausehey arethermocouplesthey exhibit a voltage
offset that varieswith AT (in fact they are sometimeausedas generatorsasin spacecrafnuclearpower
supplies).Their I-V curveis alsocomplicatedand nonlinear;an extra half volt doessomethingvery different
whenAT is 5° vs. 50°. Voltageis thereforenot a good control parameter—usa settablecurrentsource
instead.

The heatingand cooling characteristic®f a TEC are a complicatedmixture of Peltiercooling, I°R heating,
andthermalconduction,so that a simple control law is difficult to generateThey are strongfunctionsof hot
and cold plate temperatureand current;if you drive a TEC too hard, 1?R will dominateandthe cold plate
will startwarming up again—whoopsyour negativefeedbacksystemjust turnedinto a positive feedback
one,andsomethingwill eitherrail or melt, in a hurry. This soundsunlikely, but it caneasily happenif your
heatsink cooling wateris interrupted,for example.A thermalcutouton the heatsink temperaturewill
preventthis. (We'll talk more aboutcontrol circuitsin a bit.)

This strongnonlinearitymakesit usefulto havea modelfor how TECswork, and onethat canbe extracted
easily from datasheetparametersmaximumcooling pPOWer a0 ATpa andl,, TECsgeta bit more
effective asthe temperaturegoesup, but not enoughto preventT,,, from going up asT,, does;AT goesup
abouta quarterasfastasT,,. Thesefine points makedetailedmodellingcomplicatedbut we cangetan
approximateexpressiorfor the cooling power We know that the cooling capacitygoesquadraticallyto O at
0O =0, I=l,, andAT,,,, andalsoat Qo™ Qmae | = Imax @NdAT=0. From theserelations,we canderive
the very usefulequation

Imax I 2 A Y;nax

max

. . 21  I? AT
Qo = Qmax[ e ] (20.19)

where Q.4 is the heatflowing into the cold plate (negativefor cooling). The heatflowing into the hot plate
Ono IS €qualto the VI productplus the net heatextractedfrom the cold plate,

Qpor = VI-Q, 0y (20.20)

andis equalto
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Qhor =Vi+ Oload (2021)

in the steadystate.The thermocouplecoefficientof a single TEC junction is about430uV/°C,andthis
dominatesV for low currents.At higher currents this voltageoffsetis reducedandthe voltageis dominated
by the resistanceR =V ./l s CONservativelywe’ll sumthe two to geta roughupperboundfor VI,

which givesus an upperboundfor T,

12
Teoia = Ty + B5q [1“‘ +1-(430pV-NAT)
iy (20.22)
— . 21 _ Qload_ 12
ATmax I— 2—

max Qmax I max |

whereN is the total numberof thermocouplgunctionsin the TEC and 8¢, is the thermalresistanceof the
heatsink.

20.7 Heat Sinks

20.7.1Natural convection

Whatyou're buying in a heatsink is a way to dissipatelots of powerwithout a hugetemperatureise,i.e. a
low sink-to-ambienthermalresistanceéds,, measuredn °C/W. Decentair cooledheatsinks operatingwith
naturalconvectionhavea 65, roughly inverselyproportionalto the volumethey take up. Their 65, decreases
with temperatureby about40% from its zerodissipationvalue at T;,,=100°C.One gotchais that quotedg,
is the averagefrom 0 to 100°C, so that closeto room temperatureyou haveto add around30% to the
claimedvalue.

Natural convectionis very easyto screwup by putting thingsin its way: it doesnt turn cornerswell. A
louvredbox, for example,caneasilytriple 6, if you're not very careful. Especiallywatch out that the heat
sink fins are orientedvertically, so the air can easily flow upwardsbetweenthem,anddon’t do anythingto
plug the endsevena little.

20.7.2Forcedair

Forcedair canimprove 6, by a factor of 5 to 10 if you move air fast enough(3-6 m/s). Resistthe
temptationto savemoneyon the fan; noisy or failed fans are commoncausef field failures. Forcedair
heatsinks operatevery far from the thermodynamidimit, becausehey are really designedor natural
convectionandretrofittedfor forcedair; a properly designedheatsink (not availablecommercially
unfortunately)canbe a factor of 10 betterfor the samevolume, albeit at a higherback pressureWatch out
for fan vibrationsand noisein your measuremenapparatusand be sureto investigatehow much back
pressureyour fan will encounter—quiefansdon't handleback pressurewell.

20.7.3Water Cooling

Circulatingwateris aboutthe bestway to removea lot of heatwithout a big temperatureise. The high
thermalconductivity and specificheatof water makeit an excellentcoolant.lts low toxicity is helpful too.
Particularlywhenusing thermoelectriacoolers,which put out a greatdeal of wasteheatand havea limited
AT, a watercooledheatsink will makea big differenceto your cold finger temperature.

20.7.4Phasechangecells

If your thermalload hasa small duty cycle, considerusinga phasechangecell to spreadit out in time.
Many substanceselt at a very well definedtemperatureandabsorba lot of heatdoingit. The resultis just
like a big thermalmassin a small package The phasechangeis a built-in thermometerphasechanges
involve volume changesso you canusea pressuresensorto control the heatingor cooling of the cell. Fill
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the cell with copperwool or the equivalentto improve the thermaldiffusivity.

For example,considera focal planearraythat needsto dissipatea few wattsat -90°C. This is an enormous
load for a stackedTEC, soit looks like a job for a mechanicalfridge, a LN, cold finger, or (if we can
standgoingto -78°C) dry ice and acetoneHowever if the duty cycleis 1%, the average( of the 4-stage
TEC would probablybe large enough,and a small reservoirof heptang(C,H,¢) on the cold plate (T=-
90.6°C,AH, =141 J/g) would absorbthe peakload and keepthe sensorfrom warming up. The tradeoffis
cost, maintenanceand complexity for the conventionalapproachess. longer cooldowntimesfor the TEC
and phasechangecell. Be sureto choosea non-toxic materialwith a liquid rangethat extendswell above
room temperatureandput in a thermalcutoutanda rupturedisc; you don't want a nastyexplosionif your
controllerbreaksandthe cold plate getshot (heptanes a major constituentof gasoline,soit’s pretty safe
stuff apartfrom its inflammability, andit boils at about+68°C) Acetone(T,,,=-95°C, AH,,,=98 J/g,
Tg=156°C) is anothergood possibility.

20.7.5Thermallnterfaces

Heatsink greases actually a lousy thermalconductoy but it's betterthan air; useit for low-performance
applicationsonly, andkeepit very thin. If you needbetterheattransfer considersolderingor using silver
filled epoxy suchas Circuit Works 2400. Solderis bestif you canuseit—high thermalconductivity low
cost,very convenientlt doesnt stick to everything,though,and doesrequirehigh temperaturesindium
solderwets glassand many ceramics and melts at much lower temperaturesso it may be a good alternative
whentin-lead or tin-cadmiumcant be used.

Silver epoxyis very good, but is muchmore expensiveand considerablytouchierasregardscuring. Cured
properly by bakingat 100°Cfor severalminutes,it is twice asgoodas solder and 150 times betterthan
genericgreaselmprovementf 8° to 10°Cin T4 havebeenreportedwith a single stageTEC by replacing
the greasedoint betweenthe TEC andthe (watercooled)heatsink with a thin layer of silver epoxy NB:
That "properly cured"bit isn’t automatic,andis vitally importantfor its strength,dimensionalstability, and
electricaland thermalconductivity; be sureto bakethe epoxyaccordingto the manufacturées instructions,
and measurdt to be sureyou’re gettingwhat’s claimed.Sometimeghereare unpleasansurprisedurking.

Example 20.4: Thermal Spreader Plate

Heatersand coolerstendto be somewhanonuniformin their heatoutput. Evenif they're perfect,any externalheatload will
causegradientswhich canbe a real problem; makesureyou usean aluminumor copperspreadeiplateto evenit out. The
basematerialof TECsis usuallyalumina,which is polycrystallinesapphire(Al ,0,), G=35 W/m/K. Thin-film heatersare
usually polyimide or silicone rubber which are nearly 100 timesworsethanthat.

Consideran aluminaTEC plate, 30 mm squareand 0.6 mm thick, with a localizedheatload of 20W uniformly distributed
acrossa 17 mm squarepatchin the middle (e.g.from anotherTEC stage).Solving the exacttemperaturerofile is
complicated but a very simple approximationwill showthe problem:assuminghat the heathasto travel laterally by 1 cm
on averageandthat the perimeterof the heatflow regioncanbe takento be 70 mm, the temperaturedrop will be of the
orderof

o7~ 10mm 5o (20.23)
a 70mm x0.6mm
which is far too high. The moral of the story is that you haveto usebig chunksof aluminumto evenout the temperature
drop, if you're dissipatingany amountof heaton the cold plate. Lateral gradientsthis large are not fantastic:peoplehave
destroyednultistageTECs built without spreadeiplatesby simply turning themon too suddenly causingthesehugelateral
gradientsto developandthe hot areasto melt.

Example 20.5: TEC on a passive heat sink
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Figure 20.3: Designinga TE coolersystemusinga passiveheatsink: cold platetemperaturevs. | and
heatsink thermalresistanceg,. (T,=25°C)
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Passiveheatsinks are poor matcheso TECsusedat large ATs, but are usefulfor applicationsnearroom temperature.

Considera 15x30mmrectangulaiTEC with |,,,=6A, V,,,=4.50.5V, AT, ,=65°C, and (),.=14W, usedwith a finned
aluminumsink at 25°C ambient.What shouldthe thermalresistanceédg, of the heatsink be? We canfind this from (20.22)

by setting Q'Cmd to 0. As we seefrom Figure 20.3, T, is seriouslydegradedy a relatively small heatsink thermal
resistancelf we needa cold platetemperaturef -15°C, thenwe’d just makeit with a 1°C/W sink, e.ga Thermalloy6159B,
104x152x45 mm (which is fairly big). If the interior of our instrumentcangetto 40°C, which is not uncommonin racksor
during the summey the best T, we cangetwill be around-3°C with this heatsink. On the otherhand,a fan canmakethe
2.33C/W curveimproveto the level of the 0.33C/W one.

The calculatedheatsink temperatureat the upperright is abovel00°C, which will cook someTECs.

For smallerTECsthanthis, the little CPU coolerswith integratedfans canbe a good match,if you canstandthe vibration.

20.7.6Controlling TECs

The previousexampleshowsthat controlling TECsin high AT applicationsis a bit fraught. The sign of the
loop gain changesat the minima of the T, vs lgc curves,causingimmediatedestructionof the TEC dueto
runawayheatingunlesswe havea thermalcutoutor well-chosencurrentlimit. The problemis thatthe
minimum moves,dependingon 65,. The right approachhereis to senseT,, aswell asT,,, andwatchfor
AT gettingtoo large, eithermoving the set point, shuttingdown, or whateveris sensiblein the application.
Lower AT applicationscanjust put in a currentlimit at somevalue below the lowestplausiblevalue for the
minimum T, andwatchfor the currenthitting the limit, becauseof a high ambientor reducedcooling.

How the drive poweris appliedmatterstoo. Whateveryou do, don't usebang-banglrive, e.g.a thermostat
or unfilteredpulsewidth modulatorcontroller with a TEC.

The ripple currentfrom the PWM (or other high-ripple source)transfersno heatbut doescausel’R
dissipation seriouslydegradingthe AT. It may also hastenthe deathof the coolerby electromigration.
Slowercycling, e.g.a dead-banaontrollerlike a domesticthermostatjs evenworse;the massivethermal
cycling encounteredby the junctionsandthe solderin the TEC will sendit to an early grave.

Voltagecontrolis alsoa disaster TECs arethermocouplesfter all, so their voltagedrop dependson AT;
they alsohavea low impedanceso that the currentwill go all overthe mapif you usevoltagecontrol.

Two control strategiesvork well: linear currentcontrol, wherethe operatingcurrentis variedin real time to
keepthe T4 steady or constantcurrentdrive with a variableheateron the cold plateto do the real
controlling (the heatercan be bang-bangcontrolledif you like). If you needa wide rangeor very
symmetricalslewing,thenlinear controlis the way to go. On the otherhand,if you're operatingin a narrow
rangenearAT, .., the heaterapproachworks very well, and can havefasterresponsesincethe heatercanbe
thin andlaid on top of the cold plate. The heaterapproachs (somewhafparadoxically)also bestfor
multistageTECSs, sincetheir transientresponsdendsto be extremelycomplicatedand hardto compensate.

The disadvantagés thatin orderfor the temperaturdo be ableto drop rapidly undertransientconditions,
the heaterand TEC mustbe fighting eachother quite hard underquiescentonditions,which degrade\T
andincreasegpowerconsumption(a partial solutionwould be to uselinear control only on thelast TEC
stage).

20.7.7MechanicalRefrigerators

Mechanical'fridges comein severalkinds. The mostpopularis the Stirling cycle, a closedcycle with a
floating piston.’Fridgesare a lot more efficient than TECs, but a lot more expensiveand lessconveniento
use.If you dont needcryogeniccooling, you're betteroff savingpower by usinga really small TEC with

" Similar to a Ferrotec6300/035/060A(around$12 in quantity 100).



764

goodinsulationthangoing to a mechanicalfridge. You shouldnt considerusing a 'fridge for lab useunless
you haveto go below 77K, which is pretty infrequentin the optical instrumentbusiness.

Table 27: Cryogensand low temperaturemixtures

Recipe Temperatur&K (°C)

Ice water 273.15 (0)

Ice andNacCl, 2:1 255 (-18)

Ice andCacCl,, 1:1 225 (-48)

Dry Ice (CO,) and Acetone 195 (-78)
Boiling Liquid N, (1 atm) 77.3  (-195.8)
Boiling Liquid He (1 atm) 4.2 (-269)

20.7.8ExpendableCoolantSystems

Open-cyclecooling systemsare a betterway to getlow temperaturen the lab. The melting or boiling
points of commonsafesubstancesarevery convenientandholesin the warmerend of the list of
temperaturesvailablecan often be filled in with mixtures,asshownin Table 27. Note that the thermal
diffusivities of thesemixturesare very low, so that eitherstirring or a heatspreademadeof copperor
aluminummeshwill provide muchbettertemperaturestability (the boiling of LN2 and LHe provide stirring
automatically).

Liquid nitrogenis the defaultcryogen.It costsabouta buck a quart, boils at 77.3K, andhasa reasonable
heatof vaporization,200 kJ/kg (water's is 2.26 MJ/kg). Nitrogentemperaturés cold enoughfor almost
anythingoptical, exceptfar-IR photoconductorsywhich makesit a goodchoice.LN, is easyto handle,
needingonly neoprengylovesanda face shieldto protectagainstsplashesit lastsfor a while in an open-
toppedDewar so you caneasily do simple experimentswith it, suchasfreezinga metalresistorto do noise
measurement®r measuringhe shuntresistanceof your InSb photodiode.

Liquid heliumis not for the faint of heart.It is very expensivehasa small heatof vaporization(20 kJ/kg),
andrequiresspecialDewarsthat are also not cheap.Changingsomethingin a helium Dewartakesa whole
day if you haveto bring it up to room temperaturePurpose-built'optical Dewars"are availablewith
windowsin them, but gettingyour beamin andout of oneis nontrivial. The clear diameteris small andthe
pathlong, so you haveto work nearnormalincidence;the multiple layersof windowswind up looking like
a hall of mirrors, all alignedperpendiculato your beam.The etalonfringesarethusvery large if you're
usinga laser Circular polarizerscan help somewhat.

20.8 Thermal Design

20.8.1How fastcanwe go?

For accuratecontrol in the face of strongperturbationsye want lots of bandwidth.Therearetwo reasons
for this: firstly, we want fast responseo rapidly changingthermalloads,suchasa TE cooleddiode laser
being switchedon; secondly we needhigh loop gain at lower frequenciesAs we sawin Section15.4.1,
phaseshift is what limits how fast we canroll off the gain with frequency That meansthat low frequency
loop gainis purchasedy stability at high frequencies—i.elow and stablephaseshifts.

Accordingly, thermaldesignis an exercisein maximizing bandwidthand reducingthermalforcing. Thereare
two main bandwidthlimiters: slow thermaldiffusion, which we’ve seenalready and large thermalmasses
being controlledby small-capacityheatersand coolers.

Assumingfor the momentthat () is locally linearin somecontrol voltage,a temperaturecontrol
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loop hasan integratoralreadyin it, sincewe control ¢ but measuresomethingroughly proportionalto its
time integral. The unity gain crossoverfrequencyf, canbe movedby introducingadditionalgain, andthe
phaseshift canbe changedocally by usingan RC circuit in the feedbackioop, just aswe did in frequency
compensatingmplifiersand PLLs. The limit to thesesortsof gamesis setby loop nonlinearityand excess
phaseshifts dueto thermaldiffusion.

Loop nonlinearitycausedroublein two ways: by makingthe turn-ontransientresponseunpredictableand
by changingthe loop gain asa function of hot and cold plate temperatureAny othersourceof parametric
variation, e.g. cooling watertemperaturechangesor changesn thermalmass,will do the same.

20.8.2Placemenbf temperaturesensors

As we sawin Example20.3,the slow diffusion of heatputsa limit on temperaturecontrol bandwidth.
Accordingly, we haveno choicebut to put the temperaturesensorgight at the heateror cooler evenif the
heatertemperaturasn’t what we careabout.

20.8.3Handling Gradients

We cant usually put the temperaturesensorright on the laseror detectoy but we canusecommoncentroid
designto cancelgradients A symmetricallayout of sensorsand actuatorswired up so that the effectsof
gradientscancelat the position of the active devicecando an excellentjob of correctingfor externalinputs.

Example 20.6: Common Centroid Design Of A Diode Laser Mount

The ISICL sensorof Examplel.12 useda diode lasermountas shownin Figure 20.4. For packagingreasonsthe mounthad
to standupright. The lasef's temperaturevas near25°C, but hadto be stableto 10mK or better with heatsink temperatures
from 15°C-45°C. Becauseof the longerheatconductionpath of the upperTEC, a temperaturegradientof a few degrees
could exist, especiallynearthe upperlimit of T,,, wherethe TEC is putting out a lot of wasteheat.A symmetrical
arrangemenof the two TECs,with a matchedpair of glassbeadthermistorspottedinto drilled holesin the cold plate, just
abovethe centreof the TECs, solvedthe problem.The thermistorswerewired in series,so thatwhena gradientmadeTD,’s
resistancencreaseslightly and TD,’s decreasdy the sameamount,the seriescombinationcontinuedto reflectthe
temperatureat the midpoint, which waswherethe laserwas. The thermistorswere nominally 10kQ at 25°C, and
interchangeablat 0.2° accuracyhe position of the neutralpoint could be adjustedup and down the cold plate with a 100K
potentiometerwired asshown,to null out any residualgradientsensitivity

The collimating lens andthe spacerwere alsotemperaturecontrolled,which kept the focal length andthe stateof focus
highly stable.The lensmountis an annulardisc of fusedquartzheld on with a very thin (10 um) glue layer.

20.8.41s the SensorTemperaturaVhat You Care About?

Controlling the temperatureof an objectwith a single control loop is in somesensean ill-posed problem,
sincetemperaturds a function of positionaswell astime. What we careaboutis the temperaturef the
activeregionof the device(laseror detector)mountedon the cold plate. Becauseof thermalgradientsand
the speedof thermaldiffusion, this may bearonly an oblique connectionto the temperatureof the sensor

You can makethemmore similar by makingthe cold plate out of copper aluminum,or beryllia, makingthe
thermalpath from actuatorto active deviceshortandfat, and keepingthe cold plate dissipationconstant.
More complicatedsolutionsinclude using the actuatorcoupledsensorfor ac control, anda secondone near
or in the active device packageto sensethe devicetemperaturge.g. occasionameasuremendf the forward
voltagedrop of the monitor photodiodein the laserpackagewith the laseroff).

Gradientscan be reducedfurther by insulatingand shieldingthe cold plate very carefully

20.8.5DissipationOn The Cold Plate

Sincetemperaturecontrol loops neverhaveenoughbandwidthto suit us, we usually haveto work hardto
reducethe high-frequencythermalforcing. High frequencyforcing rarely comesfrom the environment,
unlessyour systemhasto work evenafter being chuckedinto the ocean.The perturbationausually come
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Figure 20.4: Cancellation of temperaturegradient by common centroid design. (a) Thermistors placed
symmetricallyaboutdiode laser.
(b) Seriesconnectiongives T,,=T,s, allows vernieradjustment.
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from turning on the temperaturecontroller or the active deviceson the cold plate.

The turn-ontransientcan be dealtwith in the controller e.g. by usinga baby-scaléwo speedoop (see
Section15.4.5),by feedforward,or just by enduringit, sinceit is usuallyinfrequent.Active deviceturn-on
or modulationshouldbe nulled out with a heaterwhosedissipationkeepsthe total ()., COnstantideally,
the spatialdistributionof (..q Shouldbe constantin time aswell. For example,a diode lasermountshould
havea small heaterright at the laser driven so asto hold the total dissipationconstant.This techniqueis a
nice matchto the slow cooler/fastheaterapproachto TEC control, sincethe load dissipationcanbe
measuredandthe heaterpower adjusted much fasterthanthe thermalsystemwill respond.Slight errorsin
the computation(which is usually donewith resistors)will be trackedout by the feedbackoop eventually

It is alsopossibleto usea subsidiarycontrol loop, basedon a local heaterand sensorto control the active
devicetemperaturebut this approachneedsvery carefultesting.Bewareusingtwo loopswith comparable
bandwidths—thideadsto oscillationsand flakiness.

20.9 Temperature Controllers
20.9.1Bang-BangControllers:Thermostats

All this stuff aboutfrequencycompensatindoops andlinearizing (1) may strike you asoverkill for your
application,and maybeit is. After all, domesticheatingand cooling are controlledwith thermostatsand
they seemableto handlea window being openor the ovenbeingon. Why not just usea thermostat?

Thermostatsare bang-band(i.e. on-off) controllerswith sometemperaturenysteresisuilt in; the heatgoes
on at 66°F and off at 69°. The temperaturenscillatesirregularly with time, but is usually betweenthese
limits, providedthe heaterhasthe right capacityandthe thermostais properly placed.Too large a heatey or
slow heatersensorcoupling,will leadto pronouncedvershootespeciallyon heating.If your application
canlive with theselimitations, a thermostatcan be just the right medicine(but seeSection20.7.6for a
caution).

20.9.2Linear Control

A linear controllef continuouslyadjuststhe heatingor cooling to maintaina constantemperatureBecause
the controllerhasno deadzone,the temperaturés much betterdefined,but the loop is more difficult to
design,becausescillation mustbe avoided,and goodtransientresponsamaintained.Thereare threebroad
typesof strategiesreferredto as proportional,proportional-integra{P-1), and proportional-integral-derivative
(PID), dependingon the time dependencef the loop filter. The namesare a historical accident,dating from
the time whenthe three componentseededhreeseparatenodules,whoseoutputswere summed.Having
separateadjustmentof P, I, andD is convenientfor setup,but a mistakein a commercialinstrument:
whatevercan be adjustedcan be misadjusted.

A proportionalloop is just a dc amplifier with constantgain A,,, so thatthe transferfunction H(w|z,d)
providesall the filtering; you just setthe gain to a value wherethe loop remainsacceptablystableover the
rangeof loadsandtemperatureso be encounteredlts finite dc gain meansthat any thermalload will lead
to a statictemperatureerror, anddialling the proportionalgain up to reducethe error will leadto instability.

This error canbe eliminatedby using an integrating(P-1) loop, which is nothing more exciting than putting
a largish capacitorin serieswith the feedbackresistorof the loop amplifier This makesthe amplifier gain
A, extremelylarge at dc without messingup the high frequencyperformanceThe extradc gainkills the
staticerror, which lets us reducethe proportionalgain to improve stability at high frequency

" They’re commonlycalled proportional controllers sincethe error signalis linearin the error, but this
leadsto confusionwith proportionalasopposedo integraland derivative.
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For deviceslike current-controllednotors,wherethe actuatorhasa two-pole responsatself (the currentsets
the torque,which is proportionalto the secondderivativeof shaftangle),we needa derivativeterm aswell,
so thatthe loop filter mustbe rising nearthe unity gain crossing.Loopsthat havethis bathtub-shapetbop
filter gain are called proportional-integral-derivativéPID) loops. They're worsethan uselesdor high
performancaemperaturecontrol, becauseof the extremelylarge phaseshifts at high frequency—thdast
thing we wantto do is jack up the gain out there.Nowadayswe havelots more control over our loop filter
thanjust P, I, and D, but the namestuck.

Eliminating static error andincreasingthe loop bandwidthare very nice, but not a completesolution,
rememberbecauseve’re still only controlling the temperatureof the heatersor coolers.Nonethelessa
singlelayer of temperaturecontrol, with aninsulatedcold plate, caneasily achievel0 mK stability in the
lab.

20.9.3FrequencyCompensation
Temperaturecontrol loops areintrinsically more subtlethan ordinary op ampsbecauseve are measuringl

but controlling ¢, which makesthe temperaturecontrollerinherentlyintegratinglike a PLL at low
frequency Loss of communicatiorwith the edgesof the plate addsa phaselead at mid-frequenciesand
thermaldiffusion betweenthe actuatorandthe cooleraddsan extraphaselag that canbe very large at high
frequenciesThe main job is to makethe loop as stableand widebandas possible thenwork hardto make
the controlledtemperatureequalthe active devicetemperatureperhapswith a fixed offset dueto device
dissipation.

You can estimatewhat the openloop transferfunction is from (20.15);don’t be dauntedby the unintuitive

form—your favourite math program(or 20 lines of C++) will give you nice plots of it. Remembethat () is
roughly proportionalto | for a TE coolet but to 12 for a heater(both havea parabolicnonlinearityat large
signals);you may needto linearizethat parabolain orderto avoid hugebandwidthvariationsand possible
loop instability.

Ignore the heatsink responseat ac, becausehe heatsink is normally much larger thanthe cold plate,and
high frequencieddeally contributeno net heatover a cycle. This is a usefulguideto the early stagesof
design,becauset will help you estimatehow much bandwidthyou canachievewith a given mechanical
design.

Example 20.7: Temperatue Contmoller
Let’s try temperature-controllinghe 1 cn? by 8 mm thick aluminumplate, with a fast sensor3 mm abovea fast ceramic
thin-film heaterof 25Q resistanceWe’ll work well aboveroom temperaturewherethe quiescenheaterpoweris 0.25W, so

5}
thatV, = 2.5V andits gainK,= 875 =200 mW/V, andwe’ll usea silicon diode sensomwith K = -2.1 mV/K.
h

The responsecalculatedfrom (20.15)andthe desiredoverall responsere shownin Figure 20.6. The loop filter is a simple
lead-lagnetwork with a zeroat 0.13rads' to give us high accuracyat low frequencywhile not destabilizingthe loop. Now
we needto makesurethat the overall gain, which is including the TEC capacity temperaturesensorgain, and loop filter
gain, makethe openloop unity gain crossovemnccurnear13 rads/s(2 Hz). The requiredhigh frequencyvalueis 4000 W/K.

Theloop gainis the productof all the individual gains,A,, = Ky, - K - Hyae * Hamp SinceH,,,, hasflattenedout well
beforethe unity gain cross,but beforethe thermalmassapproximationfails, this is easyto solve approximately The low-
frequencylimit of the plate’s responseds

" SeeExample15.1.
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with m,= pc,V, which is 8x10° m® - 2.7x10° kg/m® - 900 J/(kg K) = 1.94 J/K.
Thusthe high frequencylimit of H,,, is

H(w'|z) ~ w-0 (20.24)

,1. -1
. 13rads” -1.94JK ~6x10% (20.25)
02WV 1-2.1x103VK ™!

This is a pretty big number If we saythatthe linear rangeof our heateris a volt, the loop will remainlinear for temperature
excursionof only 8 mK, so the settlingbehaviouris liable to be ratherpeculiar This is a good applicationfor a two-speed
loop, which we discussedn Example15.4.5.The differencehereis thatin this case,we wantthe fastloop time constant
after settlinginsteadof the slow one.

To geta wider linear range,we canrelax the speedrequirementLusea biggerheater linearizethe parabolicheater
characteristicor usea more complicatedoop filter that haslower gain at low frequencies.

amp

Final optimizationof the loop filter will be necessarybecaus€20.15)will be wrongin detail, especiallyat
high frequency(say abovel Hz). You will needto measurehe amplitudeand phaseof the openloop
responseUse hand-tweakingor a very, very slow loop filter to getinto the right operatingregime,and
measurehe stepresponsef the combinationwhenyou put a small currentstepdirectly into the heateror
cooler Taking the Fouriertransformof the result, divided by the transformof the stepfunction input, will
yield a good estimateof the openloop responsef the coolerplate-sensocombination(rememberto unwrap
the phasebeforeusingit). The low frequencyresponsewill of coursebe wrong, sincethe loop is not really
opendown there,but sincein the real circuit, the loop gain will be high at thosefrequenciesthatisn’'t much
of a problem.Make surethat you repeatthis measuremenpver a sufficiently wide rangeof conditions(e.g.
heatsink temperatureand cold plate dissipation)that you havea good set of worst-casdimits—you want
the worst caseto happenin the lab and not in the field.

Onceyou havea measuremendf the openloop transferfunction, proceedjust aswe did in Section15.4.1,
but usecare;temperatureontrol loops whosetransferfunctionsare too tightly tweakedmay fail dueto unit-
to-unit variationsin TEC efficiency, thermalinterfaceresistanceandso on.

1. RobertA. Pease;What's all this box stuff, anyhow?" ,Electronic Design August22,1991,p. 115-116



