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I. INTRODUCTIO N

The advantages of reflected laser beams for the measurement of
dimensions in changing thermal environments have been documented, t ’ 2

The use of interferometric techniques for these measurements results in
the elimination of dependence on a reference material . The laser f requency
can be re adily known and stabilized , throug h use of the Lamb dip, to one
part  in IO~ in 500 hr . When all the optics are placed in the test (vacuum)
chamber , there is no possible erro r from refraction in beam paths , window

effec t s, or opera brs , since all information is generated at the beam
spli t t e r ( s ) .

A Michelson interferometer was originally used in The Aerospace
Corporation Materials Sciences Laboratory (MSL) to stud y len gth changes

Iof samples heated to ±250 C. In thi s case , one arm of the interferorneter
included both ends of the test sample , which resulted in a lar ge opt ical pa th
leng th (OPL) di f ference  between the two beams required to recombine in
order to for m the necessa ry  fringe pat tern.  An extensive anal y sis indicated

that there are several possible sources of error  inherent in thi s approach.
Because the OPL of the sample was so much greater (70 times) than that to
the reference  mirro r , er r o r s  could ar ise  as a result  of d i f ferences  in pres-
sure or temperature  of the residual gas in the two OPLs. More importantly,
because all the optics used in the sample OPL were held on the same support
plate , any temperature changes in any part  of this plate would change the
sample OPL, which the int erferomete r would then confuse with a sample
length change. In principle , this erro r coul d be avoi ded b y a ze ro coefficient
of thermal expansion (CTE) support plate . Thi s would be approximated by

1E. G. Wol ff and S. A. Eselun , Absolute  Length Changes by Remote
In te r fe romet ry ,  TR_ 0076(69 50 -0?) -  1, The Aerospace Corp. , El Segundo ,
Calif . ( 10 December 1975).

G. Wolff , “Measurement Techniques for Low Expansion Materials ,
Nat. SAMPE Tech. Con!. Ser. 9, 57 (1977 ) .

-3-
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k
ultralow-expansion glass (ULE) near room temperature  ( C T E”~.’0 ±0 . 0 3  X
10

_ 6 O C
_ l

). A suff iciently large and stiff plate , howeve r , is ex-
trernel y expensive (st iffness provides immunity from vacuum chamber
distortions on puinpdown or ambient temperature fluctuations).  The error
might also be avoided b y the use of a water-cooled copper basepla te attached
to a thermostatically cont ro lled bath . Undesirable vibration could resul t ,
however , because the optics would have to be attached rigidly to the plate.
Another problem with a one-channel in ter ferometer  is that 10 or 11 reflec-tions mus t be aligned sequentially for recombination with a reference  beam .

-4-
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II. THEORY OF TWO~ CHANNEL INTERFEROMET~~~

The principles of a two -channel Michelson interferometer  are

il lustrated in Fig. 1. The original laser beam (frequency-stabil ized He-N e)

is split 50/50 at beam sp li tt er BS3 in to ri ght and lef t (sample) side inter-

fero meters .  Wi th the sample ends designated S and the mirrors  M, it can

be seen that , for the right-hand side , the interfe rorneter opti cal path length

difference (OPLD) is

OPLD 1 = B~~~ - B 1M6 
( 1)

Similarly

OPLD 2 = B2M5 - S2M4 - B2M4 
(2)

Now

~~OPLD 2 - ~ OPLD 1 = ~~B 2M 5 
- ~ S2M4 - ~~B 2M4 - ~~B 1S 1 + B 1M 6 

(3)

Assume that

~~B2M4 ~~B 1M6 
(a)

~~B 1M4 = I~ B2M5 
(b)

Note that

~~S2M4 + ~~L5 + t~S1B 1

-5-
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where L is the sample length . Hence

= ~~OPLD 2 - ~IOPLD 1 
(4)

Consequently, the sample length change ~~L5 is merely the d i f fe rence

between the changes in the two OPLDs.

-7-
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III . EXPERIMENTAL APPARATUS AND PROCEDURE

Three methods studied to support the tes t  sample are i llus t ra ted in
Fige.  2 through 4 . In all cases , the cross section of the material  is

a rb i t r a ry ,  the length is limited onl y by the size of the vacuum chamber

(and resu l tan t  optics separation) available , and the size is limited by the

amount of heat flow (again chamber-size limited) the system can to le ra te .

Another samp le support  method that  was investigated involves the use of

axial adjac ent quartz  rods supported on ULE blocks outside the cooler/

heater  unit .  Expansion was discontinuous, probably because of sample

wei ght-induced f r ic t ion  e f f e c t s  on the support  used. The use of thin

(—~0. 125-in, thick) horizontal t ransverse  support rods (usuall y made of Invar)

(Fig. 2),  has met with much success , primarily because slight variations in

heat flow along the rods have a minimal effect  on the position of the sample

in space , and the sample suppor t s  are approximately room temperature  at

all times . Tempera ture  changes of the sample support  are minimized b y

placing the support s t ruc tu re  (Invar cy l inders)  far  away f rom the sample

(and heat or cold source) . The large volume of Invar at the extremit ies  of

the 1/8- in,  cross bars acts a~ a heat sink; these bars are designed to have

low sur face /volume ratio for  thi s purpose. The surfaces  are also polished

to increase  ref lectance of radiation. Absorban t  coatings on the sample

help to increase  the eff ic iency of heat  t r ans fe r  to the sample and to minimize

heat flow to the supports .

The sample support  shown in Fig. 3 was sens i t ive  to small tem-

p er a t u r e  gradients and hence caused sample ro tat ions.  High (Cu) ,

medium (Invar) ,  and low (Si0 2 ) CTE supports  were  t r ied .  An additional

disadvantage of thi s approach is the conduction of heat to or from the op tics

suppo rt plate . The use of a copper plate to minimize tempera ture  gradients

in the optics support plate is also i l lus t ra ted in Fig. 3. There is need for a

zer o-CTE (over ±250 C) materia l  to suppor t  the tes t  sample. Piano conv ex

9- PAGE ~~~~~~~~~~
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focusing lenses* are also used to ensure that the reflected beams recombine

with the reference beam in spite of small sample rotations. The system

under test for very low temperature work is shown in Fig . 4. The radiation )
heat transfer method (Figs. 2 and 3) requires very long time periods to
achieve temperatures much lower than - 100 C. Coolin g is a more difficult

task than heating, not only because of r educed radi ation hea t tr ansfer , but

also bec ause the requir ed use of liquid N 2 or He imposes greater temperature

gradients on the system.

The electroni c signal processing used to convert the four photodetector

signals to an analog voltage proportional to the sample length change is shown

in Fig. 5. The SP beam splitt er s (SPI and SP2) separ ate orthogonal com-
ponent s of the circularly polarized laser beam, an essential feature in

detecting the directionality of f r inge  motion. The clipping circuit  then

digitizes the resulting silicon photodetector signals. By combining two
dependent signals , the logic circuit  is able to count the ~~L changes in steps

of X/ 8  and s t ra in  in steps of X/8L0, which, for a 4-in, sample , equals

7 . 79 x i0”~
’. If required, interpolation can be achieved by recording the

original analog voltage (Fig. 6); a 2 iT phase (o)  change is equivalent to

X/ 2  and

V(signal) V DC + VAC cos ~ (7)

With this technique , ~ can be obtained to hi gh resolution. In general ,
however , system vibration and noise (which are phase dependent , as shown in
Fig. 6) limit the sensitivity to X f l 0 0 0 -X / i 0 0 .

~E. G. Wolff and S. A. Eselun , “Thermal Expansion of a Fused Quartz
Tube in a Dimensional Stabili ty Test Facility,” Rev. Sd. Instrum . (to be
published , 1978).

ii
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IV. ERROR ANALYSIS

The accuracy of the system, Eq. (4) , depends on the validity of the

assumptions (a) and (b). The combina tion of distance from the test sample

and symmetry ensures that assumption (a) is incorrect  by only a small

amount , because the temperature difference between these regions is small

( �0.3 C). Hence ,

AE 1 = c~B2M4 AT = (3 x 1o 8) (2 ) (0 . 3) 1.8 x io 8 in. (8)

The strain error in a 4-in, sample then is 4. 5 X 1O ”
~~.

Assumption (b) is similarly incorrect, but the low CTE support plate

ULE compensates for the greater  significant length (20 in. ) and somewhat

higher temperature differentials . The copper plate (Figs. 3 and 4) is used

to reduce temperature gradients to �1 C a t  the test temperature extremes.

Henc e,

AE 2 eB 2M5 AT = (3 x 1o~
8) (20) ( 1) � 6 x 10 7in. (9)

and , for a 4-in, sample, the strain erro r is ~ 1. 5 x IO ’~~,

Besides the design errors discussed above , problems may arise as a

result of shifting of the sample ends relativ e to the laser beams and because

of temperature gradients within the sample. Sample support rotations must be

minimized in orde r to avoid signal loss. In practice , such losses occur before

errors  caused by off-axi s beam reflectance become significant. Mere

translation of the reflecting surface would not result in measurement errors

if the end faces are parallel to each other and perpendicular to the

sample axis. If there is a small ang le y between the end planes , and

_ 17 -

PRECEDING PAGE bLAM(.~NOT I

hh-.. ~~

-
,~ - - -~~~~~



-.

shrinkage of support posts occurs, an error is induced even without sample

expansion or contraction. It can be readily shown that this error is

AE 3 = 15o~~~T y (10)

where s refers to the support material in the direction perpendicular to the

laser beam axis. For 1/8-in ,-thick Invar supports (Fig. 2) and y of 1 deg,

AE 3 
for AT of 250 C is 5.45 x 1O ”~ in.; angle y can be~~ 8 deg before the

strain error exceeds 1 p.c on a 4-in. -long test sample at the temperature
extremes.

Thermal strain errors may arise if large (radial) temperature gradients

• are set up in the sample as a result of rapid heating or cooling. In the

Appendix, it is shown that the length change erro r will be

~~
L5

( 1 + v ) ( T 5~~~
T
~
)

AE4 = L5 Ac 2( 1 - 2~ ) ( 1 1)

where ~ is the Poisson’s ratio, and T and T are the sur face  (r = R ) and
S c

center (r = 0) temperatures, respectively. It can be shown that, for times

equal to or greater than R2/a, where a is the thermal diffusivity, the

gradient T - T remains constant at
5 d

1 dT R2
T - T  = — — ~- -— (12)

s c 4 cit a
A 4-in, fused silica rod of 1/4-in. diam can achieve a steady gradient in

about 12 sec (= R2/a). If v = 0. 17 , dT/dt—~5 C/mm (0.083 C/s), AE4—’ 
•

4.4 X 10 7
in. This error will decrease for higher thermal conductivity

materials and slower rates.

-18- 
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V. EX PERIMENTAL RESULTS

The data in Fig. 7 were obtained from several tests of the NBS-SRM
739 fused silica standard (1 = 3. 35 in .) ,  which was polished and lightly
coated at the ends with a thin film of aluminum for reflectance. The scatter

band is well within the NBS standard d eviation of ±6 x io 6 in/in AL/L.

Some of the data obtained during these tests from reading two bidirectional

counter s (I j , I~
) and a digital readout of the average tempe rature are  given

in Table I . Since the three individual thermocouple readings were not read

simultaneously, only their rang e about  the average is indicated. This range

decrease s wi th higher conductivity materials.

I

I ’

- 19-
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Fig. 7. Calibration Data Obtained with NBS-SRM-739 Fused Silica
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Table 1. Typical Data Sheet for Sample Fused Si02 (SRM 739) a

Time . AL/L
4/20/78 TAV, K TAV~ 

C T range ,K I i 12 Iz
_ I

i xio-t ,

1:15 300 27 0 0 0 0 0
1:36 273 0 2 10 -2 . 5  - 12 .5  - 11 ,6
1:41 263 -10 2 14 -2 - 16 - 14 ,8
1:45 253 -20 2 . 5  16 -3 .5  - . 19 . 5  - 18. 1

1:50 233 -40 3 21. 5 -6 -27 , 5  -2 5 . 5

1:55 208 -65 4 24 -7 , 5  -31 , 5  -29. 2
2:00 183 -90 4 .5  23 - 12 -35 -32 , 5
2:08 153 -120 5 12 -22 -. 34 -31 . 6
2:14 143 - 130 4 7 -25 - .32 -2 9. 7
2:27 153 - 120 5 2 -29 -31 -28 .8
2 :41 183 -90 6 14 -22 -36 

- 
_ 3 3 .4

2:54 2 13 -60 7 12 -20 - .32 -29. 7
3:01 233 -40 5 9 _ 18  -27 -25 . 1
3:28 300 27 5 10 - 10 0 0

aNBS~,SRM.,739 uses T = 20 C , not 27 C shown here .
bAL/L = X/ 8L (12 - 1I~

21 _
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VI. DISCUSSION

The interferorrietric technique may be refined by the use of
thermoelectric cooling elements for  complex_ shaped samples. These
elements are thermod ynamically in efficient , however , and heat dissi pation
could cause problems. Thermal positio ning actuators  are being studied by
means of the ultralow-temperature apparatus (Fi g. 4). Results of pr eliminary

tests indicate that slig ht sample ro tations can be co r rected by heating a
sample support post. The use of a piezoelectric crystal attached to the M6
mirror (Fig. 1) may also improve the technique. Electronic control to

maintain AS 1B 
~ 

= AB 1M6 means that AL~ 
AOPLD 2 only, and tha t onl y one

detection channel is required.

The most serious problem has involved signal losses that resulted

from slight support rotations at the extreme temperatures and excessive
time required to achieve very low temperatures .  The ultralow-temperature

F apparatus (Fig. 4) is expected to correc t  these two remaining problems ,
nei ther of which affects measurement  accuracy.

The sensi t ivi ty or resolution of the automatic recording system is
X/ 8  (791A , 3.11 p.m . or 7 . 78 x t0

’
~ strain on a 4-in,  sample). Fringe

in terpolation could be used to reduce these fi gures  by a facto r of about 100 .
The accuracy of these measurements , however (in principle, a measure of

their t raceabil i ty t~ a s tandard) ,  is affected by thermal  g rad ien t s  in the

sys tem and by sample end face geometry.  The former e r ro rs  are approxi-
mately proportional to the sample temperature  excursion , and thus the total
strain values are more accura te  at 0 or 50 C than at ±250 C. With all ULE
op tics supports , y = 1 deg and dT/ dt  = 2 C/m m , the sum of all er rors  for
a 250 C excursion equals 3. 34 x IO ’~ st r ain , equ ivalent to an rms strain
erro r of 2 .07  x ~~~~~~~~~ in a 4-in, sample. At 0 or 50 C, the lat ter  f igure
diminishes to ~ = 4 . 8 x to 8. An average CTE measurement  on ULE
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(where c = +60 p.c at -200 C) implies an rms erro r of 1. 2 X 1O ’
~

The error in AT measurement is 0 .7 C because it depends on temperature
difference between two thermocouples that have an absolute accuracy of onl y
about ±0. 5 C. Fringe interpolation would be needed in order to realize this
accuracy in CTE inasmuch as the resolution of the automatic system is
slightly greater than ~ . The automatic system could then determine the

1
CTE t o ± 3 . 5 x 10 ° C
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APPENDIX

CALCULATION OF STRAIN GRADIENT FOR CYLI NDRICAL
SPECIMENS FOR GIVEN TEMPERATURE DIST RIBUTIONS

With the surface temperature defined as

T = T  + k t
5 0

where k = A T/At , upon reaching steady state

T = T + k t -~~~~(R 2 - r 2)

and

kR 2
T = T + k t - —~-

where a is the thermal diffusivity. Under plane strain condition s

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~ 
[
~~~ 

TI

But

c =~~T + ~~
1 ’

~~azz F zz
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c = ~ ( 1 - ~~ ) T - ~~ Tzz I - Z v

2c~kR 2 ’~re = c~T 5 - (1 - Zv)B~~ 
+ ~ + 

R
2 .1

and since the measurement is made at r = 0 ,

- T )  (1  + ~~
2 ( l - Z v )
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THE IVAN A. GETTING LABORATORIES

The Laboratory  Operations of The Aerospace Corporat ion is conducting
experi mental  and theore t ica l  investigations necessary  for the ev aluation and
application of scient i f ic  advance s to new mil i tary concepts and systems.  Ver-
sati l i ty and flexibility have been developed to a hig h degree by the laboratory
person nel in dealing with the many problems encountered in the nation~s rapidly
developing space and missi le  systems . Expert ise  in the latest scientif ic  devel-
opmer.ts is vital to the accompli shment of tasks related to these problems. The
laboratories that contribute to this research are:

Aerophysics Laborat ory : Launch and reentry aerod ynamics , heat trans-
fer . reent ry  physics , chemical kinetics , struc tural mechanics , fl ight dy namics.
atmospheric pollution, and hig h-power gas lasers.

Chemistry and Physics Laboratory: Atmospher ic  reactions and atmos-
pheric  optics , chemi cal re actions in polluted atmospheres , chemi cal reactions
of excited species in rocket plumes , chemical thermodynamics , plasma and
laser - induced reactions , laser chem istry,  propulsion chemistry, space vacuum
and radiation eff ects on mater ials ,  lubrication and sur face  phenomena , photo~sensi t ive materials and sensors , high precis ion laser ra ng ing, an d the appli-
cation of physics and chemistry to problems of law enforcement and biomedicine.

Electronics  Research Laboratory: Electromagneti c theory, devices , and
• propa gation phenomena , including plasma electromagnetic s; quantum electronics ,

lasers , and electro~ optics; communication sci ences , applied electronics , semi-
conducting , supercon ducting,  and crystal  device ph ysics , optica l and acoustical
imaging;  atmospheric pollution; millimeter wave and fa r - in f ra red  technology.

Mate r ia l ,  Sciences Laboratory; Development of new materials;  metal
matr ix  composites and new forms of carbon;  test  and evaluation of graphite
and cerami cs in reen t ry ;  spacecraft  materials  and electronic components in
n uclear  weapons environment;  app lication of f r ac ture  mechanics to stress cor-

• ro sion and fa t igue - induced  f rac tu res  in s t ructu ral metals .

Space Sciences Laboratory: Atmospheric and ionospheric phy sics , radia-
tion fro m the atmosphere ,  density and composition of the atmosphere, aurorae
and a i r g iow; magnetospheric  phys ics , cosmic ‘-ays , genera t ion  an d propagation
of plasma waves in the magnetosphere;  solar ph ysics , studies of solar magnetic
field s; space astronomy, x_ r a y  astronomy; the effects  of nuclear exp losions .
magnetic storms , and solar act ivi ty  on the earth’ s atmosphere , iono sphere , and
magnetosphere; the effects of optical , electromagnetic . and partic ulate radia-
t ionø in space on space systems .
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El Segundo , Californi a
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