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High-precision and reliable inspection of thermal deformations is necessary in terms of simulating the effects of
space in the ground-based experimental processing of antennas and mirror systems of spacecrafts. Inspection of objects
up to 1.5 m in size is considered in the paper. In practice, it can reach sizes up to 10 m. Requirements for thermal de-
Sformation are in range of 10-200 micrometers. The deformable surface is rough (Ra » Aypic). The measurement error,
however, should not exceed + 1 micron.

The electronic speckle pattern interferometry (ESPI) method is the most suitable for solving this problem. The
method allows to inspection objects with a randomly inhomogeneous surface. The method assumes that it is necessary
to calculate the wave phase values from the recorded picture by the digital matrix. It is the phase that contains informa-
tion about the deformation, and the spatial phase shift method is used to calculate it.

One of the measuring systems based on this method is the measuring system PulsESPI (Carl Zeiss Optotechnik
GmbH production, Germany). It has a high sensitivity which is about 50 nm. However, this measuring system is de-
signed for single measurements. In this regard, an additional software module for processing and visualization the re-
sult of a series of several hundred measurements has been developed.

The experimental test bench with a test object has been developed to research the metrological characteristics of the
PulsESPI system in accordance with thermal deformations measurements (multiple determinations). The PulsESPI sys-
tem and the Renishaw XL-80 interferometer introduced into register of measuring instrumentation of Russian Federa-
tion were located on different sides of the object 1.5 m in size. As a result of measuring the surface displacement meas-
ured by the Renishaw XL-80 interferometer and its corresponding point from the PulsESPI system deformation map are
compared. Three types of tests were carried out at the developed bench. The root-mean-square deviation of single
measurements was no more than = 0.2 um. Error was no more than = 1 um when the series of measurements was con-
ducted in which a total strain of 200 um was obtained. The results obtained suggest the possibility of using this system
for high-precision inspection of thermal deformations of large objects.

Keywords: electronic speckle pattern interferometry, method of spatial phase shift, measurement system for thermal
deformations, thermal deformations measurement.
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B ycnosusax umumayuu 6030€icmsus KOCMUYeCcKo20 npocmpancmed npu Ha3eMHOU SKCRepUMEHMANbHOU 00pabom-
Ke aHMeHH U 3ePKANbHbIX CUCHEM KOCMUYECKUX annapamos Heobxo0um 6blCOKOMOYHbIU U HAOEXCHbLIL KOHMPOTbL mep-
Mmodepopmayuii. B pabome paccmampusaemcs KOHMpoib 00beKmos8 pasmepom 00 1,5 m, HO Ha npakmuke pasmep
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moacem Oocmueams 10 m. Tpebosanus no Geruuure usmepsemol mepmooeopmayuu HAXOOUMCs 6 npeodenax
10-200 mrm. [lecpopmupyemas nogepxnocms 00bIUHO s61semcsi uiepoxo8amotl (Ra » Aqymu). [loepewnocms uzmepenuii
npu 5mom 00axHCHA Obimb nopsaoka 1 mrm.

Memooom, omeeuaowum  mpebosanusM  OAHHOU  3a0auu,  AGIAEMCA  MemoO  IAEKMPOHHOU  CHeKi-
unmepghepomempuu (ESPI). /lannwiii memoo noseonsiem KOHMpPOIUPosams 00beKmbl O CAYYAHO-HEOOHOPOOHOU NO-
sepxHocmyio. TIpu ucnonb306anuu OaHHO20 MEMoOd GbIYUCTIAIOM 3HAUEHUe (Pa3bl BOIHOB020 PPOHMA, PESUCTIPUDYEMO-
20 yugposoi mampuyeti kamepvi. Paza cooepaicum uH@opmayuro o deopmayuu, a s ee 8bIYUCIEHUS UCNOTIb3YEMCs
Memoo NPOCMPAHCMEEHHO20 Pa3068020 COBU2A.

OO0HOUL U3 UBMEPUMETILHBIX CUCEM, OCHOBAHHLIX HA OAHHOM Memode, A6Aemcs usmepumenvuas cucmema Puls-
ESPI (npoussodcmeo Carl Zeiss Optotechnik GmbH, I'epmanus). Ona obradaem 6biCOKOU 4y8CMEUMENbHOCIbIO, KO-
mopas cocmaensiem nopaoka 50 um. OOHaKO OAHHAS USMEPUMENbHAL CUCEMA NPEeOHAHAYEHA 05l bINOHEeHUs. eOu-
HUYHBIX UsMepeHull. B cesazu ¢ smum paspaboman 0ononHumenbHolil RPOSPAMMHBIL MOOYIb O/ 00PAOOMKU U GU3YATU-
3ayuu cepuul U3 HeCKOAbKUX COMEH U3MEPEHUIL.

s uccnedosanus memponocuveckux xapakmepucmux cucmemvl PulsESPI, npumenumensHo K usmepenuo mepmo-
depopmayuil (MHO2OKpamHble UMEPEHUsL), pa3paboman IKCREPUMEHMATbHBIU CIMEeHO ¢ MeCmOoB8bIM 00bEeKMoM pasme-
pom 1,5 m. C pasneix cmopon obvexkma pasmewanucey cucmema PulsESPI u unmepgepomemp Renishaw XL-80,
eHecennvlll 6 I'ocpeecmp cpeocme usmepenuti P®. B kauecmee pe3yismamos cpasHUBAIUCy CMEueHue nogepxXHOCm,
usmepennoe unmepgepomempom Renishaw XL-80, u coomeemcmeyrowas eii mouxka ¢ kapmeoi oepopmayuii cucmembol
PulsESPI. Ha paspabomannom cmende nposedeno mpu suoa ucnoimaruii. Cpeonexsaopamuyeckoe OmrIOHeHUue eou-
HUYHBIX UsMepeHuti cocmaguno e bonee + 0,2 mxm. Ilpu nposedenuu cepuu usmepenuil, 8 KOMOpsiX NOIYYEHA CYMMAP-
nas deopmayus 200 mxm, owubka cocmasuna ne obonee + 1 mxm. Ilonyuennvie pe3yibmamol NO360AIOM 2060PUND
0 BO3MOICHOCIU NPUMEHEHUsL OAHHOU cUCmeMbl OJisl 6bICOKOMOYHO20 KOHMPOIsL mepmodepopmayuti Kpynuozabapum-

HBIX 00BEKmMOos.

Knrwouesvie crosa: snekmponnas cnexki-unmepgepomempus, Menoo HpOCMPAHCMEEHHO20 (Paz08020 cdsued, cuc-
mema usmepeHusi mepmooegpopmayuti, usmeperue mepmooepopmayuil.

Introduction. To determine the temperature effect on
the geometrical parameters of spacecraft elements under
conditions of simulation influence of space factors, high-
precision and reliable inspection of thermal deformations
of objects about 1.5 m in size is necessary. Special atten-
tion is paid to reflectors and mirror systems, which ther-
mal deformations should be measured with an accuracy of
1 micrometers. The maximum deformation for the entire
test period is about 200 pum, and the error of its measure-
ment should be no more than 1 pm.

The objects to be used in tests to determine thermal
deformations of surfaces are carbon fiber reflectors, the
surface of which is usually rough (Ra » Aqpic). The diame-
ter of the objects does not exceed 1.5 m, and the depth of
its central part relative to the edges is no more than 0.5 m.
At the same time, the distance between the object and the
measurement system is in the range from 1 to 6 m. Hori-
zontal vacuum installation unit with the capacity size of
600 m’ will be used to simulate the effects of space. Tests
are conducted under conditions of simulation influence of
space factors (p = 1.333 * 10-3 Pa; t+ 150 ° C).

The measurements of a test object made of aluminum
with dimensions of 1.5 x 1.5 m and having thickness
of 5 mm were made as part of this work. The surface of
the object was rough. Tests were conducted under normal
conditions.

Method of measurement. A review of contactless
methods for measuring large-sized objects with a rough
surface showed that the required metrological characteris-
tics of the inspection are provided by the speckle-
interferometry method [1-3]. In order to inspection the
thermal deformations of spacecraft elements, it is neces-
sary to use the modification of the method with the use of
electronic image registration devices — the method of
electronic speckle pattern interferometry (ESPI). This
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method has been widely used for non-destructive testing
of deformations [4], displacements [5], vibrations [6] of
various kinds of the studied environments, and also,
unlike standard methods of interferometry, this method
makes it possible to inspection objects with an optically
rough surface (randomly heterogeneous), which most of
the elements of the apparatus in the aerospace industry
possess.

The method of speckle interferometry makes relative
measurements, at which changes in the surface shape be-
tween the initial and final states are recorded. Wherein,
the shape of the object can be arbitrary. The interference
pattern is obtained both on flat and on volumetric objects.
At the same time, the depth of the object should not ex-
ceed the value of half the coherence length of the laser
interferometer.

In the optical scheme of a speckle interferometer, the
coherent radiation of the laser 1 is guided by the mirror 3
and scattered by the lens 4 on the surface of the object 7
(fig. 1) [7].

The spatial separation of the reference and object arm
occurs on the beam splitter 2. Then, the addition of the
reference wave passing through the lens 5 and directed by
the beam splitter 8 is performed with the object scattered
by the object formed by the lens 6. The intensity of final
speckle pattern distribution depends on relative phase
shift of these waves formed as a result of the deformations
on the object 7.

Digital camera 9 registers the initial and deformed
state of the object in the form of speckle images, which
are described by formula (1) [8]. The difference of the

illumination vector k, and the observation vector k,

gives the sensitivity vector s of the whole system. De-
formations are recorded in the direction of this vector. As
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a result of performing a number of arithmetic operations,
computer 10 forms a picture of interference fringes (fig.
2), which is decoded and transformed into the field of
displacements of the test surface.

1

result

(1

Information about the change in the surface of the ob-
ject carries a change in the phase ¢ of the object wave. To

refer COS(Q@+AQ) .

=1+

refer

+2, 1l

calculate it from formula (1), it is also necessary to know
two other unknowns: the intensity of the reference /g
and the intensity of the subject /,,; waves.

Thus, to determine these three variables, it is neces-
sary to register two more images that will have a known
phase shift Ag . At the same time, during the acquisition

of all three images, the object must remain stationary and
not undergo any changes (fig. 3).

Fig. 1. Key diagram of the speckle interferometer

Puc. 1. [IpunrunuansHas cxeMa CeKI-HHTepdhepoMeTpa

Fig. 2. Interference fringes

Puc. 2. HTepdepeHunoHHbIe MOJI0CH
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Fig. 3. Temporal phase shift method

Puc. 3. Metoa BpeMeHHOTO cliBUTA
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Fig. 4. Spatial phase shift method

Puc 4. MeToz npocTpaHCTBEHHOT'O C/IBUTa

For the m/3 shift, we obtain a system of three equa-
tions 1. Solving it, we obtain formula (2) for determining
the phase. This is the time shift method. In practice, the
sequential acquisition of three images with a motionless
object is often impossible.

Ircsult 1 1

result 2

¢ = arctan NE] )

I result2 — 1

result 1 result 3

Another way to obtain a system of three equations for
calculating the phase is the spatial phase shift method [9].
Reference wave I.¢. is projected onto the matrix at a cer-
tain angle, thereby setting the known phase shift between
adjacent pixels. As a result, you can get one image and,
moving it pixel-by-pixel, get the values of Lt 15 Lresult 25
Liequrr 3. Substituting the obtained values of illumination in
expression 2, we obtain the phase o (fig. 4).

The composition of the measuring system. One of
the measuring systems based on this method is the system
for measuring thermal deformations of surfaces PulsESPI
(hereafter — PulsESPI), manufactured by Carl Zeiss Op-
totechnik GmbH, Germany (fig. 5). Its work is based on
the spatial phase shift method. The sensitivity of this sys-
tem is less than the value of the wavelength of optical
radiation and is about 50 nm. It shows good results in the
quantitative analysis of the correlation fringes of high
contrast obtained using a pulsed laser [10; 11]. Moreover,
for work in conditions of a thermal pressure chamber
simulating the climatic conditions of a spacecraft, it is not
always possible to create ideal conditions for the stability
of the base. In this case, the application of the double-
pulse laser mode [12-14] is also important. It is also
known that the PulsESPI system was used to measure the
deformations of the reflector in the thermal vacuum
chamber in the DLR in Berlin [15; 16].

The main components of the PulsESPI system are:
synchronization wunit 1, data analysis system 2
(FRAMESplus), HLS-R20 ruby pulsed laser 3 (wave-
length 694 nm, pulse energy 1 J, pulse duration 20 ns,
coherence length 1 m), optics 4, CCD camera 5 (resolu-
tion 1280 x 1024 pixels, pixel size 6.7 x 6.7 microns).

The data analysis system (FRAMESplus) is designed
to work with a single measurement of deformation. Cycle
processing from several single measurements is possible
using additional software packages. At the same time, this
processing takes a long time. Therefore, for processing
and analyzing a series of measurements, an additional
software module has been developed that allows one to

load source data into FRAMESplus automatically and
save the results in a separate file. With this software mod-
ule it is possible to process and visualize a series of sev-
eral hundred measurements with minimal operator in-
volvement.

System testing. To test the PulsESPI system in order
to determine its metrological characteristics, a bench has
been developed, the scheme of which is shown in fig. 6.

An aluminum sheet 2 with dimensions of 1.5 x 1.5 m
and a thickness of 5 mm is used as the test object. The
elements of the spacecraft, in turn, may have a reflectivity
different from aluminum. Therefore, in the process of
setting up the PulsESPI system, one of the stages of ad-
justment is to adjust the brightness of the object beam.
The reference beam in all experiments has a similar inten-
sity, and the object beam is adjusted to it. For this, the
possibility of changing the object beam diameter and the
diameter of the aperture diaphragm of the camera lens is
provided.

The PulsESPI 1 system is placed at a distance of no
more than 6 m on one side of the object, and on the other
side of the sheet a reflector 3 and the Renishaw XL-80 4
displacement interferometer are placed. The object is rig-
idly fixed to the inflexible columns 5, thereby providing
the necessary rigidity. The surface area measured by the
Renishaw XL-80 is deformed by the actuator 6. The
measurement results compare the displacement readings
recorded by the Renishaw XL-80 and the corresponding
point from the deformation map obtained by the PulsESPI
system. This is possible due to the fact that the sensitivity
vector § of the PulsESPI system and the direction of
measurement of the linear movement of the Renishaw
XL-80 coincide.

The Renishaw XL-80 interferometer and object col-
umns are mounted on a massive base 7, which ensures
their immobility relative to each other during the tests. To
ensure the accuracy of measurements, external sources of
vibrations and fluctuations of the measuring point were
eliminated, optical paths were isolated, the synchronicity
of reading registration and the PulsESPI system at the
level of not more than 0.01 s. was provided.

Three types of tests were carried out:

1. Determination of measurement error between adja-
cent frames. In the process of testing the object is station-
ary, it has no effect. One hundred and twenty frames are
recorded. Fig. 7 shows an example of a decoded interfer-
ence pattern and a color matching scale in the image of
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the deformation value. It can be seen that the right, left
and lower parts of the object are not deformed. These
areas correspond to the columns and the area measured by
the Renishaw XL-80 (indicated by a white mark), which
is stressed by the actuator. The upper and central parts of
the object are free and can oscillate, which can be ob-
served on the deformation map.

Fig. 8 shows a histogram of the measurement error
distribution frequencies: the difference in measurements
at a point obtained from the deformation map of the Puls-
ESPI system and measured by the Renishaw XL-80 inter-
ferometer. The standard deviation was 0.17 pm.

2. Determination of the measurement range between
two adjacent frames. The object is stationary, the area
measured by the Renishaw XL-80 is deformed (indicated
by a white mark). The magnitude of the deformation dur-
ing the test is constantly increasing. It starts with a value
of 0.5 um between adjacent frames and ends with a value
of 10 pum. It is necessary to determine at what amount of
deformations the interferograms will be correctly proc-
essed.

Fig. 9 shows an example of a decoded interference
pattern and a color matching scale in the image of the
deformation value.

It can be seen that the right and left parts of the object
corresponding to the columns, are not deformed. At the

same time, the area measured by the Renishaw XL-80 is
deformed by an actuator by a value of about 10 um. Be-
cause of this, there is a pass of the fringes in the lower
part of the object when decoding the deformation map
(areas are marked with white rectangles). When an object
is deformed by an actuator of about 5 um, no pass of the
friges is observed (fig. 10).

Fig. 11 shows the difference between the readings of
the Renishaw XL-80 interferometer and the PulsESPI
system. The difference is random up to a deformation
value of 6 um, and its value is similar to the error value of
test 1. However, with a deformation of 7 pm or more,
when a pass of the fringes occurs, the error increases and
begins to be systematic.

3. Determination of the total range of deformation
measurements at which the measurement error does not
exceed 1 um. The object is stationary, the area measured
by the Renishaw XL-80 is deformed (indicated by a white
mark). The value of the deformation during the test is
constant and equal to 5 um (fig. 10). Seventy frames are
registered and thus the total deformation obtained for the
entire test is of about 350 microns.

Fig. 12 shows the difference between the accumulated
readings of the Renishaw XL-80 interferometer and the
PulsESPI system. It can be seen that the difference in
readings is less than 1 um up to a value of 230 microns.

Fig. 5. General view of the PulsESPI System

Puc. 5. O6muii Bux cucreMsl PulsESPI

Fig. 6. Test bench layout of the PulsESPI

Puc. 6. Cxema cTena ajis ucnbitanuii cucremsl PulsESPI
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0.43 pm
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-0.56 uym
-1.55 pm
-2.53 um
-3.52 um
-4.51 pm
-5.50 pm
-5.49 um
-7.48 um

-8.47 pm

-9.46 um
Fig. 7. Object deformation map. Test 1 (deformation at point 0 microns)

Puc. 7. Kapra nedopmarnuii oobexra (redopmarius B Touke 0 MKM)

Fig. 9. Object deformation map. Test 2 (deformation at point 10 microns)

Puc. 9. Kapra nedopmaruii oobexra (nedopmarius B Touxe 10 Mxm)
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Fig. 10. Object deformation map. Test 3 (deformation at point 5 microns)

Puc. 10. Kapra nedopmanuii oobexra (aepopmanust B TOUKE 5 MKM)
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Fig. 11. The difference between the measurements of the Renishaw XL-80
interferometer and the PulsESPI System. Test 2

Puc. 11. Pasnuna nokasanuii naTephepomerpa Renishaw XL-80 u cuctemsr PulsESPI
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Fig. 12. Difference of total measurements of the Renishaw XL-80
interferometer and the PulsESPI System. Test 2

Puc. 12. Pa3unna cymmapHbIX rokasanuii narepdepomerpa Renishaw XL-80
u cuctemsl PulsESPI
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A possible reason for the appearance of an accumulat-
ing error is the instability of the temperature of the room
in which the tests were conducted.

When tested in conditions simulating the impact fac-
tors of outer space two changes will occur in the optical
measurement scheme: a window will be added, by means
of which optical radiation will be brought inside the vac-
uum unit and the refractive index of the medium will
change.

The presence of a vacuum has a positive effect on the
measurements, since there will be no air flow, and the
change in the temperature of the medium will not affect it.
Due to the relativity of measurements, the window will
not introduce an error in the measurement results. Error
will occur only if there is a temperature gradient on the
window [17].

Conclusion. As part of this work, the study of the
PulsESPI measuring system was carried out, based on the
method of electronic speckle pattern interferometry. This
method performs the inspection of changes of the object
surface relative to the initial state. To test the PulsESPI
system for the purpose of studying the metrological char-
acteristics, a test bench has been developed. As a result of
testing, the following data were obtained: the maximum
deformation between two consecutive measurements
(frames) is of no more than 5 pum (with a larger step, the
fringes gap occurs and, accordingly, the deformation
value is calculated incorrectly); the maximum total de-
formation for the entire test period, at which the error
does not exceed + 1 pm, is no more than 200 pm. The
results obtained and the chosen measurement method al-
low us to speak about the possibility of using this system
for high-precision inspection of thermal deformations of
large-sized objects, such as reflectors and elements of
mirror systems of spacecraft under conditions of simula-
tion of space impact factors.
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