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Effect of Pressure on the emf of Chromel-Alumel and Platinum-Platinum 
locI Rhodium Thermocouples 
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(J{ccl'ivcd 30 :'Ilarch [(Jill) 

.\ diJTcrcntia1 techniq\lc has becn \I~d til measure the al,soilite e!Teet of prl'''~lIre on the cmf of Chromei
.\ llImel and I'l·· I'II(JI{h tl1<'rtll()COlll'k~. The cxperiml'nl, II"lTl' conducll'd ill a solid pn'SSIIrl: medium 
pistun- c}lindcr apl'a ra lll ~ 10 .,5 U,ar and 1000 C. LXlrap"l:tliuil of the,c d:lla "hows Chrome! .\1ul11cl 
10 rcad a, much a, lX' C high al Sll kl,ar alld 120We and 1'1 l'tll)[{h as much as 2~oC low at 50 khar and 
2000"C. (jraphs arc IHl'St'nll'd which "holl' cOITl'clion \'ollat;l' \'('rsus tCllIpcralnrc for \'a rious pn:s,urcs. 

INTRODUCTION 

The problem of temperalure measurelllcnt in high 
pressure sluu ies has become more aCltle as the range of 
accessible pressures and temperatures has cxpanded. 
The high strengths requireu to contain tens of kilobars 
has led to extensive use of inLertl;tlly heated pressure 
cells. Such cells require tcm,pera ture lllc,lsuring tech
niques capable of accurately sensing interior tempera-
tures through large temperature and prcssure gradients. 
);'0 such tcchnique has yet proven to he free of problems. 

By far the besL technique lo date is the USc oi thermo
couples. Their small size and s implicit~· make t.hem 
particularly \I'e11 suited to high -pressure work. Although 
thermocouples ha\'e been s tudied extensi\'e1~· al room 
pressure, their beh;tvior in typical high -pressure en
\'ironments h;t5 not been wcll dctermincd. 

T!~,c I"..i"f vf (\ llu:: , JIIULUlIpie arises ironl the tClllpera

t ure depcndence of t he Fermi energies of t hc metals 
which make up the thermocuple, Because the fermi 
energy of a metal is pressure sensitive, thc calibration of 
a thermocouple changes wit h pressure, 1 nsu nicient 
progress has been made in the t heoret ical underst anding 
of the thermoelectric effcct to accurately predict this 
pressure dependence . A review of some of the efiects 
involved here is presented by Bourassa et at. I 

This paper presents our measurements oi the ab-
solute corrections for the eO'eet of prCS!:illfe on Pt
PLlORh and Chromcl-Aluml'l the:rmocOllpl.:s extrapo
lated to 50 kbar, and the maximum usable: temperature 
of each thennocouple based Oil detailed mca"urements 
to 35 kbar and 1000°C. 

EITects other than pressure contribute to the change 
in calil)ration of thermocouples as they arc (,()Illmon ly 
used in high-pressure applica t ions.2 Among these are 
cold working of thc therllloelemenb, electrical shunt
ing, diffusion between thermoelements, and chcmical 
con tamina tion. 

Figure 1 shows schematically a typical It igh · prcssure 
thermocouple installation. The high-temperature junc
lion and parL of th e wire, o\,er which a sub!:itantial 
fraction of the temperature drop occurs, are subjec ted 
to pressure, The thermoelectric cmf's genera tcd in these 
pn'ssurized sections of the thermocouple difier from 

int mduCl'd ;tt thl' pl'L'ssure seal where the compressed 
and u ncolllpn:ssl'd scglllcn t S of the t herllloelemen t \\·i rcs 
I1l CC t. 

The \'oltage of a thermocouple may be thought of a~ 
bcin~ generated over a given temperature interval 
wiLhout specific reference to the junction (Peltier) 
and ~radient (Thompson) emf's separately : 

( 1) 

wlicre To and 1'./ are the rcfen:ncc and hot junction 
tempera tures, respec tively . The relative Seebeck co
efficient (fnb includes both the junction and gradient 
elTects and is comlllon ly known ;tS the "thermoelectr ic 
pOWI'r." The emf of a thermocouple is given by all 
in t cgral over tempcratu re of somc coefficien 1 (J"b \\'h ich 
d("!)('nr1~ hnth AI" P!·~~~'...!!·~ :!!"!d ~~,~-::;;:.;:·~~turc. T}iu~ l~l\-, 

emf i~ L'fiected by the composition and/ or the state of 
stress oi the t.hermoelcments onh' \yhere there is ;t 
tell1perature gradient. 

The effect of prcssure is to modify this cocllicient 
o\'(:'r the temperaturc interval which takes place uncler 
pressure. Thus Lhe emf of ;t pressurized lhermocouple 
is gi Vl'n by 

(2) 

where (f'"b is the pressure-modified Sc(;beck coeflicient 
and Ts is the pressure seal temperature, 

Th e effect of pressure is the amount by which the 
scwllcl tcrm di riel's from the emf which would have lxt'tl 
produced at 1 alm O\'er the same tempcrature range: 

(3) 

This is the voltage we seek in preparing corrcction 
tables for thermocouples used at high prcssure . 

The relative Seebeck codTicienl applies (0 a pair of 
thcrmoelcments (/ and b. It is the clitTerence of two 
alJ~o l\lte Seebeck cOCtliCicllls, (;«cb of which applic:> to 
onl~' one thermoelcll1ent: 

thosc gencr:lt<:cI at 1 atm, l\lso, new junction cmf's arc Tht.: 
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thermocouple is then 

b.E= l
1'J 

(uu-uo')dT-l1'J 
1's 1's 

(5) 

whtTC ua' and Ubi are the pressure-modified absolute 
Seebeck coefocients. Thus we sec that the change in 
emf of a pressurized thermocouple is just the difTnence 
of the chnnges in each kg separat<:ly. 

~leasurement of the pressure elTel't on each kg of a 
thenllocouple separatd~' is experimentall~' ea~ier than 
J1lea~urcl1lent of t h(' effect on the thermocouple itself. 

1 n order to make these mtasun'ments, a homogeneous 
wire i, subject ed to a pressure and temperaturc dis
tribution as shown jn Fig. 2. The wire i" thereby sub
ject cd to two tempcratllre gradients, one at high pres
sure and the other at 1 atln . Because the temperature 
gradients arc opposed, the observed tlHf is just the 
clilTerence in the emf's generated in each gradient. 

TJ 

EsJl'= 1 (Ua-Ua')dT. (6) 
1'8 

\\'e refer to this as the single-wire voltage because it 
involn' s only one thermoclement. The difference of 
t\yO single·wire voltages gives thc corrrction for a ther
mocouple with it hot jllnction at T J and a pressure seal 
at Ts as in Eq. (5). 

PRF.VTOTTS WORK 

An experiment for directly obscrvin~ the pressure 
effect on the emf of a thermocouple was performed by 
Birch.J His technique was that. of holding a pressurized 
thermocouple at a known temperature and observing 
its apparent t.emperature. His experiments showed a 
decrease in the emf of Pt- PtlORh amounting to several 
degrees at lOOO°C ancl -J. kbar. He found essentially no 
ciTect Oll Chromel-:\lulllel to 600°C and -! kbar. Ue-

T 
Sample Temp, T

J 

Pressure Seol Temp, Ts 

x- -

]'1(;. 1. Scht'matic vi,'\\' of typical hi).:h. pn·"sun: c<'il sill'" ill>: 
lt01I,craturc and l'rt's,url! diSlributiull. 

Reference Pres I 

Po ~ I bar 

T 

Cold Seal Temp, Ts 

x
P Tesl Pressure, P 

X'-

FIG. 2. Schcmat ic dew of single.\\ irc experiment cell showing 
temperature and prc,surc distribution. 

cause he failed to record sea l tcmperatures, Birch's 
measurements arc applicable onl~' to his particular 
apparatus . 

Measurements 011 a single wire were [H'st made by 
Wagner4 to 100°C and 300 kg/ cm2• Bridgman" ex
tended the experimental range to 1200 kg/cm~ . Un
£0!·t1,.!!1~!:e!::, .B~· ic!gr!1~!~'s '.\.~0!,1: did !10t ir'~cl~!dc ~!:~/ of 
the more commonly used thermoelcment pairs. Thus 
his results have not proved useful in determining the 
pressure corrections to be made to measurements of 
temperature at high pressure. 

BundyG extencled the measurements to 100 kbar and 
100°C. He presented data on many of the commonly 
used thennoclements and his results and the current 
results agree \\'ell within the ullcertainties where the 
ranges invcstigated overlap. 

Bell et aU reported corrections for Pt- PtlORh and 
Chromel-AlLUllel to 5 khar and 500°C. Freud and La 
:rvIoriB ha,'e presented some prelilninary data to 4,0 kbar 
and 400°C for the same two thermocouples. Their re
sults are in substantia l agreemcnt with this work. 
They also have presented results to a. few kbar at 
cryogenic temperatures for Cbromci-Alulllel and cop
per-constantan. Some of the data. presented in this 
paper have becn pre"iollsly presented in sUlllmary 
fashion by Cd ting and Kennedy.9 

Experimt:nts designed to measure the diiTerence in 
pressure etTed un two dilTerent lhermocouples have 
been carried out to considerahly higher temperatures 
and pressures than haH; absolute measurellH:nts. Thus, 
a pair of thl'nnocouplcs may he taken to the same 
tempcrature :llJd pressure, and the apparent dilTerences 
in temperature they record can be mcasured. This will, 
of course, yield the dilTerence ill the elTeet of pressure 
on the two thermocouples. HUlltlyfi reportc(l results of 
a relativc pressure experiml'nt intercomparing the 
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readings of Chromel-Alumcl thermocouples and Pt
PtlORil thermocouples O\'cr a range of 50 kbar and to a 
temperalure of 1200°C. However, evidence from ollr 
presently \"l'ported experiments and earlier l:\'idence by 
Hanneman and Strong2 suggest that the relative pres
sure elTect which Bundy attempted Lo determine was 
masked by chemical contamination of his lhermo
couples and other decalihration efIects at temperatures 
above severa l hundred degrees. 

Hanneman and StronglO •2 anJ Hannl:man cl al.H re
port resul ts invoiving the 111 t ercompanson ot two ther
mocouples. They measured the relative pressure efIect 
for se\'eral pairs of thermocouples to 1200°C and 50 
kbar. Their results arc in reasonable agreement with 
results by Peters and Ryan,I2 Hell el a1.,7 and the rela 
tive eITect as calculated from this work. 

The cliiference in the effect of pressure on the enu of 
Chromel-Altmlel thermocouples and .:\Io- :\IoSORe has 
been reported by Strombl'l'g and StephensY 

Hanneman et al.IO ,2.1l have also estimated the ab
solute efIect of pressure on the emf of thermocouples. 
Their values were determined by intercOlllparing the 
temperatures of predicated phenomena at high pre:;
sure with the temperatures of the phenomcna as ob
served by pressurized thermocouples. There arc size
able uncertainties associated with this procedure, how
ever, and substantial disagreement exists bet wee11 their 
estimated absolute corrections in the highl'l' lempem
ture-presslln.: regions and the directly measured values 
reported ill this work. \\'Clltorf I4 has measured absolule 
corrections [or Pt- PttoRh to SO kbar anrl llOUoC by 
the measurement of thermal noise. The results from 
this extremely oiificult experiment are close to the esti
mates of Hanneman et 01., hut show slightl~'larger cor
rection!'. 

EXPERIMENTAL ASSEMBLY 

Our single-wire experiment wa.s conducted in an end 
loaded piston-cylinder devicl' . .:\feasurellll'nts welT 
made to 3S kbar and lOO()OC. Figure 2 sholl'S the ideal 

FII .. 3. Sin;.:Ic-\\·ire experiment 
pressure cell. 

U:mpcrature and pressure distribution required to make 
the desired measll\'cmrnls. One portion of the wire in 
the chamber is subjected to pressure whereas the other 
portion sees no pressure as it extends down an axial 
hole through a tUllgsten carbicle bushing. The bushing 
supports the pressure outside it and provides a I-atm 
environillent around the wires, well into the pressure 
cell. An internal resistance heater was used to genemte 
a temperature maximum at the inside end of the car
bide bushing where the high-templ:ra ture seal is located. 
'lhus the wire is subJccted to one temperature grac!1rnt 
at high pressure and an opposed gradient at 1 atm. 

ldeally, the regions of temperature gradient should 
be i~obaric. The regions of pressure gradients should be 
isothL:rmal. The length of the pressure cell was extended 
from our normal 5.08 cm to 15. 2-1 cm in order to permit 
more uniform temperaturc distribution within thc pres
sure scals. The diameter of the cell was 3.18 cm. The 
dcsign and construction of thi s relati\'ely large .J.O-kbar
pressure vessel is discllssed by Au and Getting. Is 

The detailed confIguration of the pressure cell is 
shO\\'l1 in Fig. 3. Test wires passed through the full 
length of the pressure chamber, entering a,n axial hole 
in the piston at one end and lea dng at the other end 
through a hole in the carbide end-load plate. In the 
pressure seals and the regions where the wires were at 
1 atl11, they were contained in a 6-1101e 99% Ab03 in
sulat ing tube. However, the AbO~ insulating tube 
proved much too strong to permit uniform transm ission 
of pressure to the wires in the high-pressure environ
ment. Here the wires were embedded in binderless 
horon nitride prcviously dried at S(lO°C for 5 h. Several 
rllns were made with silver chloride substituted for the 
BX in order to produce more nearly hydrostatic pres
sure on the wires. These experiments were limited to a 
maximum temperature of approximately 500°C by the 
melting of silver chloride. 

A coaxial graphite heater was Hsed to produce a 
tell1j)nature maximum at the hOl sl:al where the win's 
kaye the 1-atm ellvironment and c:nter the high-prrs-
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~urc region. 1n tbe co,lxial healer, the heating currenl 
flows in opposite direct ions in inner and outer slee ye~. 
This great ly n:cluces induct i" e pickup in Ihe test "irc,;. 

All materials sUbjected to high tempcratures ins iu l" 
t.he pressure cell were previou~ly fll'ed to avoid their 
givin~ of! water during th e course of the exper iment. 
Small traces of water quickly react with Chromcl and 
:\lu lIlcl at high temperatures causing contam ination 
and deca lihratiol1. Thc massin: talc pressure medium 
did not gel hot l"nou.t;h to dewater and was 11 0t lin·d. 

In t he experimental assembly sho \\'n in fig. 3 then: 
<Ire t wo pressure sea ls, one at high temperature and the 
ot her a t low t empem lure. The temperature of each of 

these seals was measured with a butt-welded Chromel 
Alumel thermocouple. Their location is indicated in 
Fig. 4 . The leads of these thermocouples were taken 
out of the atmospheric pressure side of the sea l. Thus 
pressure did not arieeL their calihration. 

Suh~tantial ca re was taken to avoid parasitic emf's 
it nel leakage currents in the 10"'-!eyel J1leasurin~ ci J"
cu its. The emf from cach Ihermoclement in the tes t was 
measured with an absolute accuracy uf ±2 J.LY un a 
1-mV span strip chart recorder. Polarity is indicatecl in 
Fig. 2 and is in accordance with that of Bridgman:; 
At the highest furnace currents, a small amount of in 
ductive pickup was not ed . This '\"as rell1(lVed by a one
stage R-C tiller. 

FOllr thermoclemenL matcrials werc tested simuJ
Janeous!)": Pt, PLlORh , Chromel- P , and Altune!. Th e 
noble met al thermoelemeJllS were 0.305 -mm,C\ia III 
reference gra r! e thermocouple wire secured from Engle
hard Industries: P t , bar number 72385 ancl Pt10Rh , bar 
number 737-10. The Chromcl and AI1U11el ,,'ere suppli(>(l 
by H oskins Inc.' in the form of 0.320-Il1Il1-diam wire: 
Chromcl-P coil, number 3831 and Alumel coil, number 
640·1. All four materials were received in the annealed 
conditiun. No further annealing W<l5 done, though ca re 
was t aken to avoid undu e bending of the wires during 
assembly of the experiment. The therJl10elclllents were 
cleaned with p etroleulll ether before assembly' and th en 
hanuled only with cleaner! tweeze rs. This was don e to 
avoid the introduction of contaminants on the surface 
of the \\"ire~, 

Wh ereas Pt a nd 1't IORIt seemed clea n initi a lh'. 
Chromel and ,\I umcl required suhstant ial rleanin~. 

,\rgon \\'as Ilu:;hecl through tlt l" l -atlll high-tem]lL'ratur,' 
region for 1 It bdore tIl<' l 'lr~t temperatu re excursion. 
This was done to in~ure ("!Tectin' ITI11O\'a l of oxygen. 
The argon Ilo,,' was th {' n continued througlHlll t thl" 
l·"periment. 

Pressure was !irst raised to a nominal " ,tlue of 1 khar. 
Th e pressure on the wires inside ,,"as probably \'ariabll' 
a nd Ie:;::; tha n 1 kbar. Th e rU'st temperature cycle W ;IS 

madl' at this ex tremely' low pressure to the hi~h l",;t 
telllperat ure to make ::.ure there wa,; no si ngle-wire cmi 
in th e aiJsencc of pressure. Dat.a was recorded on the 
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FIG, -1-, Sin~iL'-lI"ire experilll ent temperaturc (\islrihutinn. nor
maliLcd temperature along tilt; prcs,urc cell as del e rmined by live 
fixed thermocouples. Data lI"a5 taken at maxim um temperatu res 
uf 300' , 600°. and ()OOO('. , \rro\\'~ indicate maximum exten t of 
the pressure seals . 

increasing and decreasing part s of the cycle. The pres
sure was then rai sed. 

Both isobaric and isothermal excursions were made 
,lcross the explored region of th e pressllr~-1f'mrH'r!1tlll'P 
plane. 

r n the isobaric excursions the piston load was gen
erally taken Lo a li.xed value and maintained . This meant 
regulating the oil in th e piston ram to counter the 
eflects of thermal expansion a nd contraction. Tempera
ture was t'ypically cycled between room temperature 
an e! 1000°('. 

At each data point. the hot sea l temperature was held 
constant for ~-1 min bciore the single-wire voltages 
were recorderl. During thi s lime, one of the single-wi re 
voltage5 wa.s lllonitored on th e strip chart recorder in 
orner to obscrvc an." t ill1e dependency. Onc-half 
minute was t)'pi ca lly sutli cient to establi sh suitable 
stress and temperature equilibrium in the cell to 
terminate :tll shorl-le rllt drift of the s ingle-wire volt 
ages. Occasion all :' the hot -seal tcn lperaturc was main
lained constant for 15 min 10 obs<T\'e all\" longer- term 
cha nges in the yollages. Thi:; was generally done at the 
highest temperature of each cyrk. Data were reco rder! 
on hol.b I he increasing a nd (kcrl"a~ing p:l rt " oi each 
tempera ture cycle 10 ob,,!'rn' an:' h,'s lere"i ,; introduced 
by thermal expans ion indlllTd rh:lnges in s lrl':' '' on the 
wires. Tcmperature excursions '\Tre mack :It 12, 23. 
and 33 khar; :\I1rl t1wn ap::lin ;I t 23 ;\ 11[1 12 kklr tu check 
reproducibilil:' . 

The values reco rded a L each data point ,wr\.! the 
"ingle-wire ,·olt :l).!;e ior each ni the four therl11ol'ielllen ts. 
hot pressure se:l l tem]lcraLlIlT 1'./. n)ol :;("a l tCIll]lL"ra 
ture 1'8. oil prc,;.;ure in thl" pi~t on r;llll, and thl" ]l0<; itiol\ 
of th e piston as Illonitured with a dial gauge. 



'y 

J. l'. (; ,.: T T , '\ (; . \ .'\ I) (;. ('. K. ,.: .'\ .'\ I': I) \ . 

The isothermal rUIlS were made 1)\' raisi ll!!; thl' hot 
seal temperature to a fi"cd valuc <lll'd maintaining il. 
Prcssurc was Lhen c\'Cled het \\'('('n scveral kilu!J:lr,; and 
3.1 kbar. SCYl' r:d c\:c1es \\Tn: genera lly made at earh 
tcmpera ture . Durin'g the roursv of thc';c r~Tk~ I Ill' mid 
seal would cot1 tinu c to hcal up slightly Lh us ch:lnging 
the rna~t1itll!ll: of the prcssuril.ed tcmperaturc intcryal. 
This changt' \\"as typicall~' It-ss th:lt1 2% hOI\T\Tr. 

Both isobaric and isothermal e:-.cursions werc made 
in a few runs. \\ost runs WlTe linlited howcver to one 
type of cycle due to mechanical bilure of the wires. 
Runs generally lasted froill.) to 10 h. The scatter associ
ated with cyClillg manv Limes, pcrforming both types 
of cycles Ol~ the same' wires, holding at thc extreme 
pressure and temperature for up to 15 min, and ex
posing the thermodements to lip to 10 h of cycling all 
appears in the tinal data. 

Pressure was determined b\' monitoring the oil pres
sure in the pistoll ram \Viti] a Heise Bourdon lube 
ga,uge. In the runs \\'here prcssure excursions were made, 
hysteresis loops relating sin~le-",ire emf to ram oil 
pressure we re plot ted. The centers o[ these loops were 
taken as indicating the el1ective pressure. Corrcnions 
determined [rol11 these runs were applied to the indi
cated pressure of temperature cycles. 

Strangely, ill some cases the hysteresis loops seemed 
to show higher pressure on compression than that indi· 
cated by the Heise gauge and lower pressure on decolll
pr~:;5ion. Th~~ ~~ th~ rcve :'s~ cf th:!.t c:-:~rt': ~ 0d 'll1( 1 hn~ 

never been encountered in any prior measurements ill 
this laboratory. Similar results in a solid medium single
,,,ire experiment have been reported by Freud and La 
:\10ri.8 \\'e tentativelv attribute this effect to lack of 
completely hydrostatic pressu re on the test wires, but 
do not have a clear understanding of the phenomenon. 
The strength of the nurmal pres!>ure medium was ,~reatly 
reduced by replacing the talr. and boron nitride with 
si lver chloride \\'ithout signilicant eficct on the shape o[ 
the hysteresis loops nor on the magnitude of the single
wire emf. T est wire geomctr~' was varied from the usual 
longitudinal orientation to a hl"lical configuration in one 
silver chloride run, aga in wi th similar results. 

Corrections to the pressure indicated by the Heise 
gauge wcre everywhere less than t kbar, positive on 
comprcssion. rrcssures dete rmined in this manner 
ditTerecl from Ihose calculated frolll the ccnter of piston 
displ acement hysteresis loops by as much as " kbar, 
around 10 kbar. The pressure gradient in th e talc sur
round in " the test wire region \ras determined from 
Ei I - ll"transilion studies. 1t corresponds to a maxi
mum 3,kbar pressure drop along the wires at the highest 
pressures and room telllperature. Guided by these 
quantities, the pressure ullcert;lintr is estimated as ±3 
kbar over the entire pressure range. 

1L is crucia l in these measurements to show that the 
pressure graclient at both the high-temperature seal 
and the low-temperature sea l take place over a region 

of essl'nti ;dlv uniforll1 telllperature. Therefore, ill (1\1t ' 

e:xpni ll1l'nt the tempcr:ltulT distrihution al()n~ the a,IS 
o[ the n :11 was e.\]ll\lrcd by live li :-.ed thl'rnlOCOupk" 
and i~ shown in Fig. -I. The Il'mpl'ratlll'l' gradient 
anos" the hot sc,t\ amPllllll'C1 tn only 2(';- of the 1l1;l\i 

Jllum tCll1peraturc rl':tI'I1l'd and t.hl' gradient ;ttTO~;; the ' 
cold seal amounted to 110 more than -V i , :\ cl'uracy in 
the ddtTll1ination oi I he pressuril.cd tl'll1pl'ra t lire in · 
ten'al TJ Ts is ±S~C. 

RESULTS 

The experimental data are presentecl in Figs. 5- 10. 
ln Fig. 5 wc present the data taken at 12, 23, and 33 
kbar for platinulll, h,CS\t!IS arc plotted in terms of Ihc 
observed single·wire voltage versus temperature di ITer, 
ence between the hot seal and the cold seal. Similar 
data for Ptl0Rh are sho",n in Fig, 6; data for Chrome! 
are shown in Fig, 7; and data for Alulllel are shown in 
Fig. 8. Data in these four figures were taken on isobaric 
excursions, i. c" the pressure was held constant and the 
temperature \Vas varied. In Figs, <) and 10 we ~ho\V 
typical dat '1 for Pt, Pt lORh, Chromel, and Alumel with 
the Leillperature held constant and the pressure varied. 
Fiu, 9 for Pt and P t tORh shows reversed h \'s teresis 
lo~s of the type we have discllssed, Figur~ 10 for 
Chromcl and Alulllel illust rates data wh ere one hystere· 
sis loop is normal and the other reversed, Solicl curves 
shown in these six li gures do not necessa rily represen t 
1.!1\. L\.. ~t f...~ tv tl; \:; (! ~tt~, i :1 ~~~C:h E.~urc. Th er(: :lrc (:l!rv~~ 
taken from the smooth surface constructed to Ii t all 
our available data as discussed in a subseCluent portion 
of this paper. 

Th e single-wire em[ for Pt varies linearly wil h either 
pressure or temperature, but for Pt10Rh it is slightl~' 
COil cave toward the voltage a:xis in both cases. The 
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negative therrnoelernent, Pl, ShOll'S a consistently larger 
single-wire \"oltGge than clocs the positive lhermo
elcment, PtIORh. Thus, a Pt- PllORh thermocouple 
will read low under pressure. The signs of the single
wire voltages of both Pt and PtlORh, however, are 
everywhere positive. Thus thc eHect of prcssure on 
each thel"moelcment la rgely compensates for thc efiect 
of pressurc on thc other. The cI ilT erCllce in the single-
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wire voltages for Pt and PtlORh is only about 30% 
of their mean. 

The signs of a single-wire voltagc for Chromel and 
for Alumel are also everywhPrI' p()~i I ivp Pyrppt for ? 

small part of the range for Chromel where tempera
tures and pressures arc relatively low. Both Chromel 
and Alumcl show curvature towards the voltage axis 
with increasing temperature, but are Ilcarly linear \"ith 
pressure. The dilTerence in singlc- II'ire \'oltagcs for 
Chromel and Alulllcl is not of constant sign , however. 
The pressure correction is positi\'e a t low temperatures 
but becomes negative at approxima tely -l-OOo-600°C 
and is strongly ncgative at very high temperature. 
(See Fig. 12.) 

DATA REDUCTION 

~rech anica l and chcmical failures led to the rejection 
of a certai n amolln t of c1nt:1.. Pressure and temperature 
wcre limi ted b~' collaJl~c of the tllng,,;ten carbide bush
ing during thc course of the experiments. \\ 'hen this 
took place, the II'ires could not be [lulled freely from the 
bushing aftc r the run. In such cases all the data takell 
abuve the first arrival at 25 kbar werc discarded. 

?llechanical fnilurc of the wires took place in the 
pressu rc-scal regions. Si nce t h esc rc;!;ion,; were C~,;L'n

tially isotherma l, the" plastic deformation associ .. t: c1 
with mcchanical failurl' should have h:ld li ttle ciTed on 
the thermoclectric voltages. In fact 110 anomalous re
suI ts were associa led \l'i th wires \I'll ieh subs{:(.j lIt'lltl y 
failed at a seG I. Thus data from runs lcrminatecl by 
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mechanical failures of the ",ires wcre not eliminated for 
Lhat reason alone. 

What is presumed to he chemical deterioration of the 
Lhcr£10d":l11dlb I',l" a :,ig,nillcanr proniem ~lL l1rst. 
Effective flushing of the i-atm temperature gradient' 
with an inert gas was essential to obtain reasonable re
producibility with Chromel and Alue! at tempemtun:s 
approaching 10000

('. On man~' of the runs these two 
",ires had a darkened surface at the region of highest 
temperatures bot'h in the i-atm ~radient and in thc 
high-pressurc gradient region whcre they were in EX. 
Runs whose maxilllum temperature was limited to 
60Qo C did not sho\l' this effect. Since there was no 
apparent discrepancy in the data from the two cases, 
data were not e limina ted from rUlls with slightl~' di s
colored Chrome! and Alull1el wires. 

Two l'llI1S were made \yith Agel as the pressure 
mcdiUlll immcdiately adjacent to the test wires. In 
hOlh cases the data for Chromcl and Alumcl werc 
highly erratic, tillle dependent, and irreproducible. All 
the Chromel and Alu11lel data from thesc two runs 

T.\IJLE 1. Slantlard dc\·i.Llion of smfn.n · fits to original 
single-wire \·oltn.gc elata. 

l'tiORh 
Pt 
Plmillus PllORh point hy (loinl 

Chromcl 
Alumel 
;\l umc1 minus chromel point b)' p('int 

±8 ~.v 
±l-lJ.LV 
± 10 J.LV 
-f:16 J.LV 
±8 J.LV 

±13 J.LV 

,,'erc discarded. Pt and PLlORh were not adverselv 
aJfccted by thc AgCl up to the maximum test tempera
turc of SOO°e. 

Part at the Chromel and Altlnlel data from several 
other rtlns was eliminated owing to ~l progressive 
change in the single-wire yoltages of one or both of the 
wires, 

In general, all data were retained which included both 
thermoelements for cither thermocouple and were se1£
consistent throughout an entire run. 

The retained data for Pt- Ptl ORh included 7 runs, 
21 excursions across thc P- T plane and back, and 273 
data points. There were 3 runs, 9 cxcursions, and 11.) 
data points for Chromel- Alumel. 

The yoltagcs for each thermoelemcnt were fit by 
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lcast-sCjuare~ analysis with polynomial surfaces of the 
form 

+a:;11 TJ p2+a611 1'3 P, 

where P is the pressure as dclcrminccl above and 
j,T= 1'J - 1'8 is thc pressurized temperaturc interval. 
This permits smooLhing over both independent ,-,ui
abIes simultaneously as well as appropriately weighted 
consideration of the data from both types of escllrsions. 
Thc surface represented above is a general pol)-nomial 
surface with onl.\· the cross-product terms retained. This 
constrains the surface to pass through the 111' and P 
axis assuring compliance with the bOllndary conditions 
that the single-wire voltage be zero whcnever thc pres
sure cell is isoth ermal or whencver the pressure is zero. 
Ultimately it is the dilTerences in single-wire voltages 
which <lPPC,U as the thermocouple corrections. These 
difTercnccs were calculaLed point by point from the 
data for indi\'idual Lhcrmoelements and also fit wiLh 
surfaces. Table 1 shows the stanclarcl dcviation assoc'i 
a Lcd wi t h each Ii t _ 

These daLa include.: implicitly th e specilic rdaLiull 
between the two sl!al t.emperatures 1'J ' and Ts \\'hich 
occurred in Lhis particular njlerimental se tup. In order 
Lo generalize the result:', this relation ll1U~t be detl!r
mincd explicitly and taken into accollnL for each of 
Lhe original <bta points, IJnlh TJ and 1's were recorded. 
por condudi\"c hl' :tt transfer to the cold seal from the 
hot seal w!!ion, the relaLion beLween the two seal tem 
pcratlll'l'''; should be lill .. :lr aL L'l[tlilibriulil. Tht.: rll hy 

35 

Nominal Pressure (Kb) 

least-squares analysis was 

with a standu rd deviation of ± 12°e. The stanclarcl 
deviation wns essentially unchanged for polynomials of 
higher degree. Thus the rise ahove amhient of the cold 
seal was 9% of the pressurized kmperature interval. 

We would like to determine the single-wire voltages, 
and hence the thermocouple corrections, for the case 
in which the colel seal temperature remail1L'd fixecl at 
nmbient, 20°e. The single-wire voltages, like t hcrmo
couple volt;lges, arc additive O\'er adjacenttelllpemtme 
intervals. Thus, for example, the voltage generated be
tween 1000° and 20 0 e is eq U:l I to that !!:encra LCcI be
tween 1000° and 1100 e plus that bctwl!cn 110° and 
20 0 e. This principlc was applied to our data in a one 
sLep iteration to calculate generalized single-\\"il:c volt 
ages and subsequen t thel'lnocollplc correc lions. 'fhi,.; 
process increases the templ'1'aturc uncerta inty sli~htly 
Lo ±6%_ 

\Ve have also extrapolat('(1 tht' daL;L frum 35 kbar 
and lOOQ °C. to 50 kbar and :.W()O°C for PL l't lORh 
and 50 J.;.IJar and 1 :WO°C for Chromd-:\lllllll'1. Smoulh 
graphical extrapolations on l'\'cnh- spaced i~ohari( and 
isoLhermal proJlks \\'l!l'<! mat/(' to the surf:lcL' Ii t s. XC) 
additional L'xperimental daLa is included in thl''';l! ex
trapolations, ho\I"L:vl'L 

Thc fin al results arc sho\\"n in Fi~s. 11 and 12_ I Il!re 
the thermocOlq,k corrections (thl! dilTLTenCL'S in sillglc 
wirc volta~cs) arc plotted \'l'rSUS a gener:tiil.ed L(,llIpera 
ture seal\.! aL various jll'l'~~ur('~. Tht' \'olt:l:';L'S ..,holl n ar~' 
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the corrections which would be appropriate if the pres
sure seal where the thermocouple wires exiLed from the 
high-pressure region remained at 20°C. 

Eslimates of the uncertainties of these thermocouple 
corrt',tions wt're made based on: (1) the pressure anel 
temperature uncertainties, (2) the slopes al1(i relative 
magnitudes of the various fit , ·oltage surfaces, (3) the 
number and di,;Lribution of data points, and (-l) the 
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FIG. 12. Corrections for Chrullld:\llIlllellherlllocouplcsoperat
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10 kb 

1500 2000 

1"1(;. 11. Corrections for Pl-l'tIORh 
I herlllocoupics opcralinl! with a s(,al 
tempera ture of 20-(", The dashed lines 
indicate the uppn lilllits of the experi 
mentally explored region. 

scatter in the obselTeti voltages. The fll1al uncertainties 
are ± (10%+10 J.l\-) for Pt-PtlORh and ± (20%+20 
IN) for Chromcl--A lumeL They have been indicated by 
error bars in Figs. 11 and 12. They arc applicable only 
within the experimentally explored region . Although 
these plotted uncertainties appear fairly large, Lhey 
contribute only about ±O.2% to the ullccrt,tinLy of it 

fmal temperature measurement. 
Surfaces of the sa me form as abo\"e ,,·ere fit to the 

\"alues shown in Figs. 11 and 12. Table II gives the co
erticients of these surfaces which may be used to gen
era Le tables of thermocouple corrections. The devia
lions of these fits contribute negligibly to the correction 
uncertainty. In the e.'\perimenlally explored region, up 
to 35 kbar and lOOQoC, the maximum deviations from 
( he values shown in Figs. 11 and 12 are L 7 JL \-t·for 
.Pt-PllORh and 8 J.l \' i for Chromcl-AluJ1lcl. Also in
clueled arc the coefficie-nts for the individual thermo
clements. 

TEMPERATURECOC) 

[ .J<: . 13. Relative See heck codlicienl of Pl- l'tlORh at 1 aun a,;:t 
L.. function of telllperature. 
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TABIX II. CocflicicnLs of surface fits 10 single-wire and thermocouple correction dala wi I h gCllcraliz(:d temperature a:\is." 

PtlORh J't Correction 
------

01 o ...l-H87 X 10-2 0.15302 X 10- 1 O. 101l53 X 10- 1 

a, O. 85626X 10- ' o . -1-9-1-1\8 X 10- ' - 0 . .I(d39X 10 .\ 
a3 0.54252 X 10- ' -0. 607-l-5 X 10- ' --0. 60326X IO - b 

'" 0.973-l-1-X 10- 9 -0 .1 1-1-52 X 10- 7 -0. IU25 X 10- ' 
a. -0. 10(,22 X 10- 7 -0.263I3 X IO 9 O.I03SYXlO 7 

aG -O.123i2XIO- S O. -1-9230 X 10- h) O. 12S6-1-X 10 s 
Standard clc\·iation 

±2.0 p.V ±O.6p.Y ± 1.7 p.V 

Chrome! _\I umcl Correction 

{/1 - 0 . 26i-l--l-X 10- 1 -0. 29198 X 10- ' 0.2382-1- X 10- 1 

a, o. Jl950X 10-' O. 71560X 10- 3 - O.5i939X 10 " 
aa 0.-!238-1-XIO-· O. 16332X 10- ' -0.26052 X 10- ' 
a. -0. 1 1720X 10- ' -0 . 95802 X 10- ' 0.21-1-01 X 10- 6 

a, -0.83299XIO-G -0. 2lJ829 X 10- ' 0.53471 X 10-' 
a. 0.17245XIO-' O. 27371:!X 10- 8 -0. 1-IS27XIO- 7 

Standard <ieviation 

±-t.4p.V 

a The va lues of ~illgle-\': ire or corn.'Clioll \ , (,lta~e!:' ma}' he calc lliated frol11 
Ihc:o:e coclncients b}· us'::: of the followin g equation: 

wbere / =TJ -20. the liOl :-t"al (101 ~ip g l<" - wi re voltage .... ) 0:- hot junc tion 
(for thermocouple correction \'oilage~ ) teTllpCralUre lI\illtl~ 20°C; an 

CALCULATION OF CORRECTIONS 

I!~ 1110St :lPP~:-~t~4:J) the j)rcssi..i.j-(:. 3Cu.! dv~3 i -iV~ i'\..j-'-lU.;i-l 

flxed at ambient temperatures. II is still possible to 
calculate the corrections appropriate to such a case 
from the generalized plots in Figs_ 11 and 12_ First, 
lhe volt age corresponding to the junction tempera! ure 
at the appropriate pressure is found from the pIal. 
From this is subtracted the voltage corresponding to 
the pressure seal tempera! ure at that same pressu re_ 
This difference is added to the observed thermocouple 
voltage_ The temperature is then found by reference to 
(hc standard l-atm thermocouplc tables_ 

Alt.ernati,-ely, if a cOITt'ction in tcrms of temperature 
rather than thermocouple voltage is desired, Ihe voltage 
correction as ckterminl'd abo\"(: should be divided lJy the 
l-atm rda t iYe Seebeck ("oellicicnt (thermoelectric 
power) oi the thermocouple. Fo~ r'hromel -.-\lumcl this 
coefficient is essenlial constanl at -+1 jJY/ °c. The value 
for Pt- PIIORh is more tl'mjll'rature depcndent anc! is 
shO\\"l1 ill Fi .~_ 13. :\ samplL- c;tlculalion ior I't I'tlORh 
is gi,"Cn helo\,· i(\r a thl'l"lllClt·OUplL- opera! ing at ~()()O(' 

anc! 3() k.lJ:lr I\"ilh a seal tl'mp('nllul"l' oi I.'iOoe. The 
correct ion ,"ultage corrt'spollclin!.!; to the junl"l ion tCIIl
perature, + 1-+1 )1.\"- Frtlm thi" is subtracted the cor
rcction ,·olt a~t· for thl' seal temperature, +3,:; )1. \ -, 
resultin~ in a tinal correction oi +107 )1.\'- The lcmpera
lun: correctioll is ioul\d b_,- Ji,-idin~ this quantity b:, 
the rclatiye S~'l'IH:ck coeiliril'lll at S{)()OC, l!l.~ jJ \ ' j 0c. 

It is +t)_C) 0c. 

\\"hile I he temperature axis ill thesc plots is actually 
true telllpL"rat\ll"c, lIsing the: intlicated thermocouple 

±3.11"- ±6.9p.V 

P = pre:-Sllre ill kba:. 
TI1{: ::l (" coefficient" reple :--C'lIt our ... ill~le- \\"ire and conection \'oll<l~e~ to 

50 kbar allit lOOO°C for I't an,t I'llORh anel to 5U kbar afllt 12UO°C for 
Chl'c)lIll~ l and .\ lumcl. .\11 \'ttlUf>:; above JS kbar and IOUO°C ale ba.;.ed On 
glalJhic~li extra!)olatiol1 :> . 

temperature for the hot junction temperature intro
duces a negligible erro r. The error introduced in the 
_ _ _" 1 1 1 . • 1 1 , 1 1 of 'T T ,... of n,.,. 
;:)(LLllJJt\.,. \...ull. .... Uid .. l.IUJI ,lIJU\ L. \\IUlUtt Ut.: Ultl.\ 1. J..L" 01 \J. L I...J. 

For Pt- l'tl0Rh the tinal correction is actually more 
sensitive to accurate delermination of the elTectiYe seal 
temperature than the junction temperature because 
the curycs have greater slopes in the seal temperature 
region. For Chromcl - Alumd the rase is just the re
verse. In the seal temperature range of most apparatus, 
the slopes and magnitudes of the Chromel- Aluml'l co r
rectioll curves are eXlremcly small. This makes correc
tions to this thl'1"lllocouple parlicularl~' insensiti , -e to 
accurate seal temperature determinatioll_ 

Several important factors enter into the accurate 
applicaLion of these observed corrections_ ] 11 solid 
medium high-pressure applications, the rmocouples arc 
often installed inside a high-strenglh cn<lmic protection 
tube. The stress lldd un the thermoe!ements can be 
extremely nonhydrostat ic in such cases_ Experiments 
in this laboraton- under such conditioll,; have sho\\"n as 
llIuch as a factor of I\\"o dilTerence in the elTectiYe pres 
sllre 011 the win's at. the same nOlllinal (·ell pn;~s ure Oil 

compressio n a net decompression pa rt s of a pn'5SU re 
cycle, Thus the ;Ippropriale ("OITl'Cl ion can difier from 
that for the nominal L"l:ll pressure b,- :t major irarl ion 
of the correction as a result of stres,; and temperaillre 
grad ien ts occurri ng simul taneously in tile same regIOn 
oi the \\"ircs_~ Soml' L',;timatL' of the pressure- tempera 
ture distrihution along th e wires ,;llOuld be madc 10 

account for these elTecls_ This is usu.rll_,· ,-cry diJ1icult, 
11O\\"c,-er. 

\ \"hat is thought to be chemical contamination has 
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frcqucntly bcen a severe problem in high·pre~sure 

thermocouples tlSl", p:1.rticula rl y :1.1JOvc"-' 70()OC for 
Chromcl-Alumcl and abovc "-'1300 oe for Pt-i'LlORh 
in this :1.nd othcr work in thi~ laboratory. H anlleman 
d. 1.2,11 report sim ilar flll<iings . These elTects can often 
be larger than the pressure elTeet itself. 

In ordcr to apply these corrl'Clions at all, prcssure 
seal temperatures Illust be mcasured. For prc\-ious l'.\
pcrill1ents without this information, estimatl's would 
h;\\·c to be made. 

The corrections for l't- PtlORh arc cOllsiderably 
smaller than previous values. At the extremes of the 
explored region, 35 kbar and lOUnoe, om result s arc 
just hal.f the estimates of Hanneman ct al.~,ll This rela
tion also holds fr·r our extrapolated values to the ex
tremes of their estimates, SO kbar and 1200°C. The 
values of WentorP4 arc approximately 20% greater than 
t hose of Hannel11:1.n et a1. in this region. 

The initial slopes of our correction curves for Pt
PtlORh arc vcr\" similar to those of Hanneman et a1.2.11 
The discrepancy at high pressure and temperature arises 
from a greater curvature in our co rrection cun-es with 
both pressure and temperature . 

For Chromel-Alul11el the co rrect ions a re particularly 
small and insensitive to pressure and temperature in the 
temperature range where Chromel-Alumel is highly 
reliable, below "-'iOOoe. Above that the correction 

cUr\'es take on br~c lH:g;l Li\'c ~Iopl:s k~ldillg 10 quite 
large m:ga tiw corrections. This is ill ("Olltr~lst to the 
,,<.lIne,; of Hanneman cI 1I1. ~· 1I which ;In: abo sm:1.11 al 
100\'cr lcmpt'rutures, bUL reillain positi\-e to 1200°('. 

ACKNOWLEDGMENTS 

Our thanks alT duc to 1.. FallS and J. Yamane for 
thl'ir p:llient skillfu l \:ITllrls ill machining lhe many 
intricate pa rts. D. Criggs, J.lIaygarth , and D. \\'illiams 
have LOntrilmted many valuablc cOl1\'e rs:l lions. Partial 
financial sllpport was pro\'ided by ::\SF C;:-\ 1-t5l). 

I R. R. Bourassa, D. Lazarus, and D .. \. Blackburn, l'hys. Re\·. 
165, 8,'i.l ( 1968) . 

~ R. E. Hanneman and H. ~1. Stron~, ]. ;\ppl. l'hys. 37,612 
(1966) . 

'F. Birch, Re\". Sci. Inslfum. 10, 137 ( 19,~9). 
'E. \\"agner, .\nn . Phys. 27,955 (1908). 
• P. \\'. I3ridgman, Proc. :\mer. Acad. Arts Sci. 53, 269 (1918). 
6 F. P . Bundy, J. Apr!. Phys. 32, 483 (1961). 
7 P. :\l. Bell, F. R. Boyd, and j. L. England, Symp. Accurale 

Characlerization High Pressure Environmenl. Carn{'~ic Inst. of 
\\"ash ., 1968 (to be published), 

, P. j. Freud and P. ~. La Mori, in Ref. 7. 
, l. C. Geltin~ and G. C. Kennedy, in Ref. 7. 
10 R. E. l-Ianneman and H. ~l. Strong. j . :\ppl. Ph~·s. 36, ,'i23 

( 1C)65 ) . 
" R. E. Hanneman , H. M. Stron~, and F. P. Bundy. in Ref. 7. 
.. E. 1'. Pelers and J. J. R"an, J. App!. l'h~·s . 37, 933 ( 1%6). 
" H. D. Strombcq:: and D. l\.. Slephens, CCRL- Lawrence, 1966. 
1< R. II. \\"entod, Jr. , in j~cf. 7. 
,. K. X, Au and 1. C. GCllin~, ~at. ::\Iccting" ArChE, )iC\I" 

Orleans, 1969, ( to be published). 

JOURXAL OF APPLIED 1'IIYSICS \ ' 0 J. U ~I E 4 t, X U ~I 131·; R t t OCT 0 B I'; R t Q ; 0 

Basis for Picosecond Structure in Mode-Locked Laser Pulses 
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(Received:; ]\[ay 1C)70) 

In careful experimental measuremcnls of mode· locked la5cr pulses, usinq nonlinear media, a number of 
workers have found evidence for what appl'ar to bc coexisting subpicosccond pul,;es, ant! pulses in the 
ran~e of 10- 40 psec. Tn this leller we describe a model of a Ii"hl pulse in which a Gaus~ian random-rad ialion 
field (i.e., a lherm al field) of limited spectral exlent is modulated by a temporal pulse envelope, and we 
show Ihat predictions based on such a model are in excellent delailed a~ reement wit h published experimental 
results. We also consider the case of a pulse of linearly chirped rad iation, and shnw lhat a ci<':u distinction 
can be made bel ween this casc anrl a pul~e of Gaussian random radiation. 

The role of coherence in determining cont rast ratios 
in the two· photon fluorescence measurements of pico
second light pulses has been understood for some 
time. I - .

j Coherence considerations are also important 
in methods which usc interacLing orthogonal polariza
tions in second- or third-harmonic generating media, 
although in these cases the background level is absent 
and the question of contrast docs not arise. In this 
paper \\'e calculate the exposures 8(T), resulting when a 
radiation field is c1i\'ided into two equal pori ions and 
then recombined, with an adjustable delay T, in a 

medium which produces a signal proporlional La either 
the square or cube of the fundamental intensity. Thrcl' 
specific cases of interest are two-photon tluorescencC, 
second-harmonic generatiol1, and third -harmonic gen
eration. In carrying out our calcula tions we will use 
two models for the radia t ion flelcl: 1, a pul se of spec· 
trally ftlterecl thermal radi a tion, and lI, a coherent 
pulse whose frequency changes linea rly with time 
(linear chirp) . Steady-sla te thermal radiation and a 
single coherent pulse (without chirp) appea r as Jimitill ~ 
cases of I or II. 
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