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Million frames per second infrared imaging system
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An infrared imaging system has been developed for measuring the temperature increase during the
dynamic deformation of materials. The system consists of>a@ BgCdTe focal plane array, each

with its own preamplifier. Outputs from the 64 detector/preamplifiers are digitized using a
row-parallel scheme. In this approach, all 64 signals are simultaneously acquired and held using a
bank of track and hold amplifiers. An array of eight 8:1 multiplexers then routes the signals to eight
10 MHz digitizers, acquiring data from each row of detectors in parallel. The maximum rate is one
million frames per second. A fully reflective lens system was developed, consisting of two
Schwarszchild objectives operating at infinite conjugation ratio. The ratio of the focal lengths of the
objectives determines the lens magnification. The system has been used to image the distribution of
temperature rise near the tip of a notch in a high strength steel sa@4y3@0 subjected to impact
loading by a drop weight testing machine. The results show temperature rises at the crack tip up to
around 70 K. Localization of temperature, and hence, of deformation into “U” shaped zones
emanating from the notch tip is clearly seen, as is the onset of crack propagatioB00®
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I. INTRODUCTION duced dynamic fracture and shear band problems we are in-

Most of the energy that goes into permanently, or inelas:[erested in, deformation, fracture and the resulting tempera-

tically, deforming a material is dissipated thermally. Bending!""® increases of 10—1000K occur over time scales of a few
a paper clip back and forth until it breaks, and then puttingtens to hundreds of microseconds and over size scales of

the broken piece to one’s lips to feel the temperature increast?~1000um. Thus, to study deformation induced heating
easily demonstrates this phenomenon. In many industrigind the resulting effects on the deformation process, a means

processes and scientific problems involving dynamic, inelas@f measuring temperature accurately, with high spatial reso-
tic deformation of materials similar temperature increasedution and at rates of around one million frames per second is
occur. The increase in temperature can in some cases be végguired. Although there have been great advances in infra-
large in which case the temperature itself becomes an impofed (IR) imaging systems in recent years, there are no com-
tant parameter in the deformation process. Examples includ@ercial systems capable of imaging at such high speeds. IR
dynamic fracturé; 3 metal cutting? formation of adiabatic imaging systems typically run at television rates, 30 Hz, al-
shear band%® and ballistic impacf. These processes all in- though higher speed systems do exist, with rates of up to 34
volve extensive permanent deformation occurring over &Hz®? Temperature at a point or averaged over a region can
time scale that is too fast for the heat to dissipate to thde measured at very high speeds using single element IR
environment before the deformation is complete. Large in-detectors in conjunction with high speed data acquisitith.
creases in temperature lead to thermal softening of the ma-inear arrays of up to 16 IR detectors have been used to
terial, which promotes localization of deformation, and measure the temperature field around dynamically growing
hence, even higher temperatures. High temperatures can alsmacks' > Methods of measuring temperature during dy-
strongly affect the life of tooling used in manufacturing pro- namic crack growth are reviewed in Ref. 3.
cesses such as metal cutting. In other situations, such as im- Although a great deal can be done with single element
pact at high, but not ballistic rates, or stable crack growthand linear arrays of high speed IR detectors, to actually mea-
there may be temperature increases moderate enough notdgre the temperature field requires a two-dimensional detec-
have a strong effect on deformation. Nonetheless, such tentor array. To achieve the required framing rates of up to 1
perature increases provide a useful means of gathering infofMHz requires very fast data acquisition in conjunction with a
mation about energy dissipation in the process. high-speed IR detector array. The bottleneck in performing
In all of the examples described earlier it is desirable tosych measurements has been data acquisition. However, the
measure the temperature of the object undergoing dynamigailability of fast, relatively inexpensive digitizers has now
deformanon. Ideally, the mea§urement should be qoncontqc&“owed us to design and build an IR imaging system that
real-time, accurate, and spatially resolved. In the impact ingpaples the measurement of thermal fields at rates of up to
one million frames per second. The complete imaging sys-
3Electronic mail: atz2@cornell.edu tem, consisting of the focusing optics, IR focal plane array,
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FIG. 1. Block diagram of million frames per second IR imaging system.

multiplexing circuits, and data acquisition boards is de-to 10 MHz. Radiation emitted from the object as it deforms
scribed in the block diagram of Fig. 1 and shown in theand heats up is focused onto the IR focal plane array using a
photograph of Fig. 2. At the heart of the system is an88 reflective lens, built up out of two Schwarzschild objectives,
focal plane array of HgCdTe IR detector elements. Each oéach operating at infinite conjugation ratio. The magnifica-
the 64 elements has its own preamplifier, the outputs ofion of each lens is fixed, thus to achieve different magnifi-
which are fed into a bank of eight 8:1 multiplexers. The cations different lenses are used. In this system, there is no
multiplexed signals are then digitized using 4 two-channeljntegration of the signal between frames as in commercial IR
Gage 1012 analog/digitéf/D) boards, running at speeds up cameras; thermal resolution is sacrificed in favor of speed.

The details of each of the components of the system are
given in the next section, followed by examples of results
obtained with the imager.

Il. SYSTEM DESIGN
A. Optics

There are several requirements to be satisfied in the de-
sign of the optics. The setup of the system is greatly simpli-
fied if it can be focused using visible light. This leads to a
fully reflective lens. The size of each IR detector element is
100x100 um. It was desired to have fields of view per de-
tector ranging from approximately 180 to 20n. It is also
important that the light gathering capability is large, i.e., low

FIG. 2. Photograph of system in place in front of a cracked, steel sample th Number, and that the blur at the focal plane due to various

be loaded in impact at 6 m/s.

aberrations be less than 1@0n. Note that due to the rela-

Downloaded 14 Dec 2000 to 128.84.249.19. Redistribution subject to AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html.



3764 Rev. Sci. Instrum., Vol. 71, No. 10, October 2000 Zehnder et al.

15M OHM

HAS351
TRACK AND HOLD
B UF AMPLIFER

5 FT RG174

R
DETECTOR

FIG. 3. Ray diagram of 1.8 reflective IR lens. The lens consists of two BIAS VOLTAGE=39V =
Schwarzschild objectives placed back to back, each used at infinite conju-
gation ratio. Magnification is given by the ratio of the focal lengths of the

two objectives. =

FIG. 4. Transimpedence circuit used to amplify current from the IR detector
tively large size of the IR elements, achieving diffraction- elements.

limited performance in the optics was not necessary.

To obtain a range of magnifications, two lenses weregzach element is 100100 um with a center to center spacing
de3|gne_\d and _bU”L one with a magn'flcatlon of A.30r 4 130 um. To minimize detector crosstalk, a ground plane
1/1.3¢ if used in reversethe other with 1.& (or 1/1.8<).  gyrrounds each element. The array is indium bump bonded to
Each lens consists of two Schwarzschild objectiesach 5 fan out board that mounts in a leadless chip carrier, housed
operating at infinite conjugation ratio. Schwarzschild objec-i 5 side looking liquid nitrogen cooled Dewar. The detector
tives consist of a large, concave primary mirror with & cen-glements are in vacuum, in contact with the liquid nitrogen
tral aperture and a smaller, convex secondary mirror, locategygled Dewar's cold finger and mounted behind a 6-mm-
concentrically with the primary. The ratio of the primary ihick ZnSe window.
mirror to secondary mirror focal lengths depends on the con-  The detector elements operate essentially as photo-
jugation ratio used. At infinite conjugation ratio the bestgiodes; i.e., they output a current that is proportional to the
value isf primary/ f secondary 2-54-~ The 1.3< system is shown  incident radiation. This current is converted to voltage using
in Fig. 3. In the arrangement shown, the left side, or thghe transimpedence amplifier shown in Fig. 4. The elements
object side, is a lens with=47.5mm. On the right side is @ are held at a 3.9 V back bias, and the output is alternating
lens withf=63.3 mm. The ratio of the focal lengths of each ¢, rent (a® coupled to reject signals due to the detector’s

side determines the magpnification. Modules of this design argark current. The bandwidth of the detector-amplifier system
easily combined to achieve different magnifications. Theg 500 kHz.

lenses are located so that the focal point of the left side
coincides with the object, the focal point of the right side
coincides with the image. C. Multiplexers and data acquisition
For the actual lenses, rather than have custom lenses S . -
The key to acquiring images at the desired one million
ground, we used gold-coated planoconvex and planoconca\fe

. . rames per second rate is fast, low noise data acquisition.
mirrors from a standard catalfgedged and drilled to our S
e S . One approach would be to have 64 digitizers, one for each
specifications. Thus, small deviations from the ideal

Forimany! fsecondanfatio of 2.54 were allowed in the interest of pixel of the array. Such an approach is not only clumsy but

economy. The actual values range from 2.53 to 2.58. Wé/vas well beyoqd our budget. Thus, an aIter_ngyve approa}ch
: - : was taken using row-parallel data acquisition. In this
found by ray tracing that these deviations do not deteriorate . . ;
. ) Scheme, each row of elements is fed into its own custom
the resolution greatly. For example, in the X.8ystem, both . . . :
. . : . built 8:1 multiplexer. The output from each multiplexer is
the left and right sides have a mirror ratio of 2.58. The spot. ... . -
. . . digitized by one of the eight 10 MHz digitizers.
size on the focal plane arrdwhen used in the 18 magni- i R S .
S . ) The block diagram of the multiplexer circuit is shown in
fication) is only 4 um. The mirrors, housed in a black anod-

. . . Fig. 5. At the front end of each multiplexer are eight
ized aluminum cy!mder are mounted ahead of the IR detecto||;|A5351 track and hold amplifiers, configured for unity gain.
dewar as shown in the photograph of Fig. 2.

The first four inputs are fed to one CLC533 4:1 multiplexer
and the second four are fed to another CLC533. The outputs
of these are fed to a third CLC533. When, for example,
The temperatures of interest in dynamic deformation ofimages are to be acquired at one million frames per second,
materials range from 1-1000 °C. At the lower range of tem-a 10 MHz clock is provided to the timing circuit. The timing
peratures, most of the radiation is near Afh. Thus, to diagram is shown in Fig. 6. The timing circuit is essentially
achieve high sensitivity the IR detectors should have signifia decade counter. It provides a track and hold signal to the
cant response at this wavelength. For this reason and fdiA5351 causing it to track the inputs for 100 ns, then hold
reasons having to do with availability of IR arrays and will- them for 900 ns while the multiplexers switch through the
ingness of IR array manufacturers to build a custom array weutputs ten times per frame, i.e., every 100 ns. After the
chose to work with HgCdTe detectors. The IR detector arraight input signals are switched through the system, a 0.5 V
was custom built for this projeét It consists of a back illu-  signal is fed to the output for 200 ns. During the time the 0.5
minated 88 array of HgCdTe elements. The elements areV signal is sent to the output the track and hold amplifiers
sensitive to radiation from approximately 2—&én, with the  are tracking, then acquiring the signals. This provides suffi-
peak sensitivity at approximately8m. The time response is cient tracking and settling time for the HA5351. The 0.5 V
very fast, limited only by the bandwidth of the preamplifiers. signal provides a marker in the output record signifying

B. Infrared detector array
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FIG. 5. Multiplexer block diagram.

where a frame begins and ends. With reference to Fig. 5, theufficient time for the signal to settle before the data are

sequence of outputs from the multiplexer is 1A, 2A, 1B, 2B,digitized. Experiments are typically run in a single shot

1C, 2C, 1D, 2D, 0.5V, 0.5 V. mode whereby a number of frames are acquired at high
The output signals from the eight multiplexers are fed tospeed, stored on the memory of the A/D boards, and then

the inputs of four two-channel, 10 MHz, 12 bit A/D boards transferred to the host computer’s disk drive once the test is

(Gage 1012 mounted in an industrial PC. Each board hasover.

512k memory, sufficient to store up to 25 000 frames of data.

To ensure synchronization, the A/D boards are clocked exq]. SYSTEM CALIBRATION AND TEST

ternally using the same clock that drives the multiplexers. _ _

Data is acquired 40 ns after the rising edge of the clock. Thus 10 _€nsure integrity of the results great care must be

(see the timing diagram of Fig.) &lata is acquired at ap- t.ak.en.m cal|prat|ng the system, unde_rs_tandmg the systgm

proximately 40 ns after the multiplexers have switched fromlimitations, noise Ievgls, accuracy, precision, and both spatial

one output to the next. The settling time of the CLC533and temporal resolution.

multiplexers is about 25 ns, so the 40 ns delay provides\ Spatial resolution

, The spatial resolution is determined by the resolution of
time, ns the optics, by the element size, and crosstalk of neighborin
0100 200 300 400 500 600 700 800 900 1000 pucs, by ' 1eighboring
[ [ ! [ [ | ! [ [ [ | IR detector elements. The detector element, or pixel, size is

P o M B e T e T e T e M e B e B B 100 um square. The maximum magnification lens used is

\___ A/D board acquires data on leading edge of CLK 1.8X%, thus the best attainable spatial resolution is/58.
MUX AN 22118 551 1€ 5511055195V 5501 Resolution could be increased using higher magnification
address signal fed to A/D board lenses, however, since the radiation being imaged is in the
T/H LT H range of 10um wavelength, one cannot expect to do much
better than about 2@m spatial resolution. To test the actual
FIG. 6. Timing diagram for multiplexer and A/D board. resolution a vertically oriented 7dm diameter, NiCr wire is
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FIG. 7. Calibration of IR detectors using X3ens system and C-300 steel ﬂ ﬂ
sample. Each curve in the plot corresponds to a repeat of the calibration. ’
S »
placed in the object position and heated with an electrical "

current. Using the 1.8 lens the 75um wire gets mapped t0  FiG. 8. Schematic of notched C-300 steel drop weight impact experiment.
100 um on the focal plane array. If the focus were perfect

and if there were no cross talk between the detector elega|vin. The heated sample, instrumented with a thermo-
ments, once the system is focused to obtain the maximurgypie to record its surface temperature is placed in the ob-
signal on a single column of elements, there should be NQ.q¢ position. As the sample cools, the voltage output from
signal on the adjacent elements. In practice there is electric@lych of the IR elements is recorded by the data acquisition

cross talk between el_ements and the focusing is_not perfeggystem along with the sample temperature. This procedure
At the best focus, adjacent elements output a signal that iyoyides a voltage versus temperature curve for each ele-
15% of the element the hot wire is focused on. The next,ont

nearest neighbors output a signal that is 6%. The crosstalk  gjnce the IR system is ac coupled, the input radiation to
check is repeated with the wire in the horizontal position.ihe detectors must contain an ac component. This is achieved
Knowing this crqsstalk we can cprrect fpr itin the apaly3|s Ofby placing a chopping wheel in front of the heated calibra-
the data by setting up and solving 64 linear equations of thgg, specimen. A LED-photodiode pair is placed across the
form chopping wheel to synchronize the data acquisition with the
Si=15d i+ 0.15r ;1 +r_1+Ti_g+risg) chopping. While the chopping wheel is covering the calibra-
tion sample, 64 points are recorded. Another 64 points are
recorded while the wheel exposes the sample. Each of the
where the elements are numbeiedl,64,s; is the measured Sets of 64 points is averaged, then their difference taken to
signal from element, andr; is the actual signal on element Provide the peak-to-peak voltage output corresponding to a
i. The 1/1.84 term is there to give=s; when there is uni- given temperature. A typical calibration curve, obtained us-
form illumination. These equations are modified for elementdng the 1.3< magnification lens is shown in Fig. 7. Near
at the edges of the array since they do not have neighbors f§0m temperature, the sensitivity is approximately 1 mV/K.
one side. We have found that there are significant variations in the
outputs of the detector elements, thus each element must
have its own calibration. The system noise level, which, as
recorded by the A/D boards, is approximately 2 mV, corre-
The temporal resolution is limited by the bandwidth of sponding to a temperature resolution of 2K. The thermal
the detector-amplifier system and the 1 MHz maximum digi-resolution can be increased by using lower magnification,
tization rate. To verify the time response of the system, an IRausing each detector to gather radiation from a larger area.
emitting light emitting diodgLED) is placed in front of the The scatter in the calibration determines the uncertainty in
HgCdTe detector array and pulsed. The rise time in respongbe temperatures. For the X3ystem calibration plotted in
to a step input from the IR LED is approximately ds,  Fig. 7 the uncertainty in temperature is approximate§%.
equivalent to a 500 kHz bandwidth.

+0.06r ot 2+l 16T Tir16)],

B. Temporal resolution

IV. RESULTS

C. Calibration One of the applications of the system was to characterize

Calibration of the system is performed in a very directthe transient temperature fields associated with the process of
manner. A sample of the same material and surface finish agack initiation and growth in a high strength steel. A C-300
will be tested is heated in an oven to several hundred degreesaraging steel platgyield strength of about 1900 MPwaith
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FIG. 9. Temperature field for crack
initiation (color image. (a) Tempera-
ture field during loading(prior to
crack initiation. (b) Temperature after
crack begins to grow. Peak tempera-
tures move with crack tip. Note that
temperature contours are linear inter-

- . . . :

t=226 us 228 ps 230 ps 232 ps
|||\!!!!!I!I| |||i:!!!!!!!!| ||i‘lh; !I ||i!!!!|lll'tl
234 s 236 ps 238 us 240 ps

20 26 31 37 42 48 53 59 B4 70
(b)

a prefabricated crack, was impact loaded in a drop weight Two sequences of thermal images form the same experi-
tower as shown in Fig. 8. The IR imaging system was fo-ment are shown in Fig. 9. Note that the last image in Fig.
cused on an area of approximately 1.1 mm, as shown in  9(a) is the same as the first image of FigbP They appear

the figure. different because of the different temperature scales used in
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plotting them. In Fig. @), a more or less symmetric, “U” subject to impact loading by a drop weight testing machine.
shaped zone of high temperature develops at the crack tiphe results show temperature rises at the crack tip up to
about 160us after impact. This zone of high temperature around 70 K. Localization of temperature, and hence, of de-
corresponds to the region in which plastic deformation ocformation into U shaped zones emanating from the notch tip
curs. Thus, the thermal images show us that the deformatiois clearly seen, as is the onset of crack propagation. Many
is somewhat localized along diagonal bands emanating frorather applications of this system to solid and fluid mechanics
the crack tip. The temperature field stays symmetric untican be anticipated. A few examples include: temperatures in
about 226us. reactive flows, temperature rise in dynamic shear banding,
Asymmetry in the temperature distribution can be seerand temperature rise during ballistic impact.
to begin and build up rapidly in Fig.(B). This is an indica-
tion that the crack has begun to grow. This experiment proﬁA‘CK’\IOV\/LEDG'\/IENTS
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