
JU,IotIcIAclror'e.Iee.and ---.... _--
C41bTU ..... ~lJIr~ 

""""CoI""" 

The JPL cryogenic dilatometer: measuring the 
thennal expansion coefficient of aerospace 

materials. 

Peter G. Halverson, Matthew J. Dudick, Paul Karlmann, Kerry 
J. Klein, Marie Levine, Martin Marcin, 

Tyler J. Parker, Robert D. Peters, Stuart Shaklan, 

-_ .... ---.... _--
CaIb'ranv.&.taIJlT~ _Col""" 

David Van Buren 

ITCC29IITES17 conference 

June 24-27, 2007 

Binningham, Alabama 

System diagram 

3 

....... _ ... --... _-
CIImru~IJIT~ 

-~ 

Overview 

• Measure thennal strain from -20 K to 324 K 

• Stmin accumcy 

- better than +/- O.S nm, 2E-8 strain above 180 K 
- better than SO nm, 2E-ti strain below 180 K 

• Tempemture accumcy 
- better than +/- 0.25 K near room temperature 
- sample dependent error Increases to roughly +/- 1 K around 100 K, to 

+/- 5 K around 25 K 
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Dilatometer chamber and laser source 

Heterodyne shifters 
and coupling 
to fibers-optics 

Chamber 

Behind 
chamber: 
Liquid He 
chiller 
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Laser: 

Laser Source 

- Innollght ''Prometheus'' 1 W @532nm,doubled Nd:YaG 
- Iodine stabilization: stable to 5E-13 (10,000 seconds) 

- Iodine line frequency: 5.63260223471E+14 Hz, 532.613501716 nm 

• Laser frequency shifters 
- Brimrose accousto-optJc frequency shifters, one at 80 MHz, the other at 

879.984 MHz provide16 kHz frequency difference for heterodyne 
Interferometry 

• Coupled to two fibers using two OFR ''Snap-on'' fiber collimators. 

• Two laser signals brought into the test chamber on polarization­
maintaining fibers with vacuum feed-through by Oz Optics. 
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Interferometer 
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Laser Source 
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Stabilized laser splltte Frequency shifters 
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Interferometer 
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Collimator mirrors (off-axis parabolas) 

Collimated 
reference beam 
5 cm dia. 

Copper cryo chamber 
(with insulation removed) 
mounted on piezo 
actuated sample 
alignment stage 

Beam pattern: four beam are 
directed down onto the 
sample. Central beam reflects 
from pillar, outer beams reflect 
from base. 
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Sognals trcm 
pliolOlfoodes. 
16kHi sllIIJSOlds 

Sample stage 

Electronics and software 
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, Connection to 
chiller: copper 
braid wrapped 
in MLI 

: 8am~1e piller 
length chang. 
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Electronics & Software 

Tip/tilt piezo control int~,rf~I'!I'I Sample 

monitoring 
/

temperature 

~-"""!;j"ll and control 
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• This work: 

Materials 

- Silicon Carbide, Hoostek Davor 
- SHicon Carbide, Xinetics flavor 
- Invar M93, Imphy 

z.e. detector 
JI __ -- temperature 

controllers 

Digital -1---_ phasemeter, 
4 of 6 channels 
used 
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- Silicon, single crystal reference material for accuracy check 

• Past materials: 
- ULE, Corning 
- Zerodur, Schott 
- PMN & custom PZT actuators, Xlnetics 
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Accuracy/Error Budget (briefly) 

• System instabUities, inherent. This includes laser wavelength, 
length readout, temperature readout, deformation or the optics and 
supporting hardware. 

• System instabUities, temperature dependent. 

• Error due to the accumulation of contaminants on the sample. This 
is has emerged as a significant issue but it only affects data taken 
below l80K. 

• Interferometer nonlinearity. 

• Sample instabUities. This includes sample creep and hysteresis. 

• Sample length at room temperature measurement error. 

• Temperature measurement errors: calibration. 

• Temperature measurement errors: sensor contact with sample, 
sample temperature gradients and thermal lag. 

• (Error is dominated by the two underUned sources: contaminants 
and sensor contact and gradients.) 14 
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Xinetics Silicon Carbide 

Mixture: mostly SiC with some fraction of Silicon. 

Complex shapes possible by machining the "green" precursor. 

Can be polished to mirror finish, but crystal boundaries scatter. 

Could not optically contact piUar to base. 
- Had to "glue" pillar to base using thin layer of vacuum grease 

Yes, this means erE of grease wiD cause a &mall error 
More Importantly, this weak the base-pillar bond prewnted WI from attachl"llihe 
temperature sensors ta the pillar. 
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Boostek Silicon Carbide 

• Mixture: mostly SIC. 

• Complex shapes possible by machining the "green" precursor. 

• Can be polished to milTOr finish, but crystal boundaries scatter. 

• ESA was able to optically contact pillar to base. 

Silicon carbide sample with temperature sensors attached 
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Single-crystal silicon 

High purity material, easily obtained from microelectronics 
industry. 

• Reference material used major standards labs (NIST, AIST, PTB ... ) 

• CTE is not sensitive to crystal orientation, preparation method. 
- Lab-to-Iab eTE ioter-comparison is consistent to a few ppb. 
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• High thermal conductivity, easily polished, easy to optically contact. 
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Imphy Invar M93 

• Iron-Nickel alloy. 
- Mostly Fe, J5 to 36.5% Ni, 0.2 to 0.4% Mn 

• Used In liqulfied natural gas transport applications (pipelines, 
tankers) 110 Kelvin typical temperature 

• Could not optically contact sample pillar to base; used magnet 
under base to hold pOlar. 

Invar sample with temperature sensors attached 
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References for non-JPL strain curves 

-MPDB (Materials Property Database), JAHM Software, .b.ttJti1 
www.jahm.com/ 

-MPDB data for SiC is from Thermophyslcal Properties of Matter, 
vB, Y.S. Touloukian, R.K. Kirby, R.E. Taylor & T.Y.R. lee, 1977, IFI/ 
Plenum, NY, NY 

'Silicon 
-"linear thermal expansion measurements on silicon from 6 to 340 

K", K.G. lyon et aI., Journal of Applied Physics, Vol. 48, No.3, 
March 1977 

·JPl silicon results: "linear Thermal Expansion Measurements of Single 
Crystal Silicon for Validation of Interferometer Based Cryogenic 
Dilatometer", Karlmann, P.B., et aI., ADVANCES IN CRYOGENIC 
ENGINEERING. AlP Conference Proceedings, Volume 824, pp. 35-42 
(2006) 
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• SIC·Boostek, 22 to 324 K 

JPL Strain fits 

- Straln=·1.26S77S9E-4 ·S.8446496E-9T +J.1697174E.U1fAl .7.9J64llSE-llTAJ 
+1.J477868E-IJTA4 .J.6873691E-I6TAS +J.11J1869E-I9TA6 

• SIC·Xlnetics, 22 to 315 K 
- Straln=.1.J6197J4E-4 +4.1I0lSI6E·7T .9.204IS75E-9TAl +6.6J73348E·IITAJ 

·1.J1I0118E-llTA4 +9.J7I4J51E-I7TAS 

• Silicon cryslal, 30 to 324 K 
- Straln=·2.09605420741701E·04 .6.79449065IJJllSE-07 +3.7J5881467128J8E 

.08TAl .9.54JJ15J11414880E-U1fAJ +1.14SSI46090I48IE-IITA4 
·8.00J48056849206E-14TAS +J.67876889144067E·I6TA6 ·1.14556044207J23E 
·18TA7 +1.JJ790823596450E.1ITA8 .2.8IS07343197412E-24TA9 
+1.S0799U48919SSE-27TA 10 

• Invar M93, Imphy, 35 to 305 K 
- Straln=·J.08J1959E-4 +3.9075588E-6T ·2.7049666E-7TAl +S.9917891E-9TAJ 

·6.902419JE-IITA4 +4.956J418E-IJTAS .1.J40617JE-ISTA(j +7.1741764E-I8TA7 
.1.4JIISIJE-lOTA8 +1.6146J81E-2JTA9 ·7.9S27239E-27TAI0 

• Of course, number of digits does not Indl~ate a~~ura~y. Rather, this many digits are 
necessary ror the fits to atturately reproduce the experimental results. 
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JPL CTE, 1st delivative of strain fits 

• SIC·800stek, 22 to 324 K 
- Alpha=-S.8446496E-9 +6.3394J48E-IaJ' ·l.J809240E-IITAl +S.J911472E·IJTAJ 

·1.84J6846E·ISTA4 +1.9179121E-I8TAS 

• SIC·Xlneties, 22 to 315 K 
- Alpha=+4.1I0lSl6E.7 ·1.8408JISE-8T +1.9912004E-IaJ'Al ·S.2440872E-IJTAJ 

+4.6857176E·I6TA4 

• Silicon cryslal, 30 to 324 K 
- Alpha=-(j.7944907E-7 +7.4717629E-8T ·1.8619976E-9TAl +4.5820584E-IITAJ 

·4.001740JE-IJTA4 +1.20726IJE-ISTAS ·8.01891JIE-I8TA(j +1.870J266E-lOTA7 
·1.5JJ566IE-2JTA8 +1.S079922E-26TA9 

Invar M93, Imphy, 35 to 305 K 
- Alpha=+J.907S588E-(j ·S.4099331E.7T +1.797SJ68E-8TAl .1.7609677E-IaJ'AJ 

+1.4781709E-llTA4 ·1.4043764E-14TAS +S.09192J5E-I7TA(j ·1.1449110E-I9TA7 
+I.45J174JE-llTA8 ·7.9S17239E-26TA9 

• Number of digits does not indicate a~~_y. Rather, this many digits are nKessary ror 
che fits to a~curutely reproduce the experimental results. 
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Enor-..ce 

8y&1Bm lnsIabl61les. Inharen1' laser 
wavelength. lenglh readout, 1emperature 
oonIrot. __ 01 optIce and 

supporting hardware 

SyslBm 1nsIab16tles, ternpenm.. 
dependent. 

Contemblatlon 01 sample 

InterleromelB' non-tinearlty (cydIc 8fT0I') 

Sample lnsIablllIies This Includes 
sample creep and hysteresis 

Sample length BI room temporBlure 
me~ement error 

TOqJerature measurement errors. 
cahbrallon 

TSqJerabJre measurement ermra" 
sensor oontact with sample. sample 
tsmperahn gracDenta 

Magnitude 

.1-300pm 

~250pm 

25 nm typlcel? 

.1-IISpm 

Nearly 0 

+1·1 
micron 

+/-025K 

Blialn 

.~ 1.2E-8 

.1-IE-8 

Depends on accumulation limo. sya18m 1----., bakeout EYalualB lor each run 
-8E-7 
Inver 

.'-4.6E-9 

Nearly 0 

.1- 1.4E-8 

+1-1.6E-8 

Asymmetric 

Only all .... platea ... and naar-zero 
GTE'eglons 

Set to zero, redundant with error 
sou'ces I and 2 

Depends on GTE 
Se@7OK Subsumed by na><1 6na. error source 8. 1----., 
.1-1.IE-7 
Invar@1OK 

Depends on CTE. Varils with 
1-.-~-2.-5 -K -,nY-ar-@-+-.-I--,.-1E--a----itempe'BlureandsamptooondUCbVlty 

10K Inyar @7OK 
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