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1. INTRODUCTION

There exist many laboratory studies in the areas oi .gnition, pulsed plasmas, and chemical kinetics that

require the recording of a linear array of data with time resolution on the order of microseconds.

Examples are spectra from a rapidly changing system and the propagation of shock waves in shock tubes

and pulsed plasma devices. The off-thc-shelf choices for instrumentation of such studies are film ind

electronic streaK cameras. The latter are optimized for much faster studies and provide limited spatial

resolution and dynamic range. The film sysicms, while made mort: useful by recent developments in

higher sensitivity film, retain the disadvantages of time for pro "essing, limited useful dynamic range, and

chemical handling and waste disposal. Other obvious electronic imaging possibilities such as a

high-speed, multiple-output linear array are not yet commercially available as cost effective systems.

Earlier applications of Charge Coupled Device (CCD) cameras have demonstrated faster frame -ales

either through on-chip storage of smaller images or tOrough binning and modification of the camera

coinu•ls. In the present siudy, we have evaluated the application of a CCD anray in which only a limited

number of rows are illuminated and the rest of the device is used for charge storage- This configuration

ahows slow, high resolution diiiti4eiiuvi wld-out at,-y -;uszom crnAponcnljs. A major ,rir

applications is rapid analysis of data to determine thle parameters of the next experiment. Another

advantage predicted for this approach is increased useful dynamic range. In imaging of shock data, for

example, it is desirable to observe smaller, secondary shocks that are often lost in a filtn record; the need

for dynamic range in spectroscopy is often critical. In addition, the digdtai records allow rapid interface

to compute" programs for making measurements from the records using the full image information via

least-squares 5tting or other :cchniques. Although not fully explomed in the present study, it is anticipated

that iraproved accuracy can be obtained in much less time with better analysis techniques than used

previously in our laboratory with film. The digita! records also allow for cosmetic operations, such as

minimizing noise due to laser speckle or window defects, which can help in visual understarding of

processes.

2. DESCRIPTiON OF EXPERIMENT

The measurements made in the present study are density gradienLs due to shock waves an.1 chemical
reactions in a 6.2-m-long shock tube. The shock tube is typically driven by helium which is pressurized

sufficiently to burst a mylar diaphragm. The subsequernt shock wave raises pressure and temperature and

I



is used tw study chemical kinetics and heat transfer. On the side wal! near the end of the tube are 20 cm-

long windows. A schldiercn optical system is set up through these windows to record the gradients during

the event. A schematic of the optical layout is shown in Figure 1. The main components are a nominal

5-mW HleNe lascr (632.8 nm), a pair of 20-cm-diarnetcr f1/6 mirrors, the window-length slit at the

windows, and two lenses for beam expansion and imaging onto the detector. A cylindrical lens was used

to focus the light froi the laser to a line near the focal point of the first mirror in order to fill the mirror

and provide parallel light through tie region which includes the end of the shock tube. The second mirror

re-images the source onto the wire, which blocks all light except when there is a density gradient change

in the region between the two mirrors. This arrangement is commonly referred to as dark-field schlieren

photography. The final lens images the long slit at the shock tube window onto the detector. This lens

was changed to vary the magnification--primarily to change the length of the window/slit in the field of

view. A 12.5-cm focal length lens gave approximately full coverage.

LENS
LAS[R

1_1 i R -OP RROR

SL IT-

'•- --"-•SHOCK TUBE

WI RE"/-7 - -TLENS

DETECTOR

Figure 1. Schematic Diagram of the Optical System Across the End of the Shock.

The df-tector syst rm is a commercial (Photometrics LTD, Tucson, AZ), thermoelectrically cooled,

scientific ("CD camera with a Thompson "IHX31156 sensor. The CCD is a 1,024 x 1,024 anay of 19-Am

square pixels. For the images shown here, the chip le- :)erature was near -35C. Full well depth on this

particular chip was measured at M8 Ke. Signals are digitized with 14-bit accuracy (16,384 counts full

scale). The drive software has been modified to allow a parallel register shift every 8.1 jps or slower
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during illumination, starling with an cxtemal triggcr. In our measurcmcnts, thc slit near thc shock tube

window is imaged onto approximately five rows of the chip. No masking was done on the detector.

Since the shit is imagcd near the top or dhe CCD and a relatively slow (5-ins opening) leaf shutter was

mounted on the camera, it was necessary to lock open the camera shutter prior to the event. A fast-acting

shutter was placed near the laser source where the bean diameter was small and laser illumination was

provided only while the CCD was parallel shifting. which avoided saturation and blooming. Beca'rse the

camera shutter was open for relatively long periods--up to a few seconds--a narrow bafidpass dielectric

filter was requited at the detector entrance to reject ambient light.

3. OBSERVATIONS

3.1 Open Air Shocks. The first set of experiments was done in a windowless configuration in order

to remove any constant schlieren streaks due to window imperfections. The main purpose of this step was

to avoid masking possible streaking from charge tansfer problems as the camera was operated. A

photograph of a typical event record taken from the computer screen is shown in Figure 2a. In this

piciut,- ,mim g .s f,-,,'m top to ,, s v,.l.u. ".'h n.11 nf thi tno•_ges zhown here, the CCD was shfted at its

maximum iate, corresponding to 8.1 ps/shift. The incident shock wave enters the field of view frorn the

right and reflects off an object just out of the field of view to the left_ Although they are difficult to see

in the photograph, the wave bounces back and forth at least one more time. Two later waves are seen

which are slower flows of gases out of the tube. Although the image does not convey the full dynamic

range of the record, it can be seen that there are no serious image lag or streaking problems due to the

rapid charge shift (i.e., we are operating in a comfortable range for the chip). A hidden-line plot of the

negative of this image is shown in Figure 2b.

Figure 3 shows the intensity values from a single vertical line near the center of the image (i.e., it

gives the signals seen at one position as the waves pass that point). Apparent are the excellent signal to

noise, good symmetry of peaks, and the useful dynamic range. The base of the left-hand peak suggests

an interference pattern from the laser diffracting through the slit at the window. The other major laser
effect is the speckle pattern which causes some of the light and dark variations across the image. The

laser speckle pattern does not change appivciably during an image, and can be readily removed or

miuimized. There are also well-established techniques for eliminating laser speclde from the original

image when required.

3



POSITION
(a)

M, 0, 1mi, =Amml]l a

(b)
Figure 2. (a) Photogmph jand (h) jjjdden-Line Plot' of Record of Overn Air Shock Wave Progagation.

(L.024 x 600 Pxels).
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Figure 3. Piot of Single Vrtceal Line Inrtcnsity From• Figure 2p.

3.2 Shon Time-Delay letonaton. Figure 4 shows an event through the windows of the shock tube

whiere P mixture of hydrugeni, oxygen, and argon arm subjected to incident amd reflected shocks which heat

the gases past the ignition point. A sharp reaction wave then popagates to the right from an ignition point

wrJr the end wall, which is on the left in the image. Later in time other events are seen taking place.

including the cooling of the gas by heat tiansfer to the end wall. Figure 5 shows an intensity plot of the

three sharp waves near the middle of the winoou Of intere.st to th- person stud)ing these reactions is

the relative widths of the waves. Th: maction wave is almost as narrow as the incidert shock (7 pixels

FWIM and 6 pixels FWHM. respectively), irmicating the vigorous reaction characteristic of a detonation

wave.

3.3 Cbargc Smear. To this point, the images appear to be easily satisfactory with excellent dynamic

range. Probleirs quickly arose whei image intensity was increased in order to fill the dynamic range of

the CCD. In Figure 6 is shown the result of having peak signals at a level near 9,000 counts as recordcd;

since the charge is clearly smearred over many pixels. lull charge capacity was probably approached or

exceeded at some locatiois. The degree of smearing is clearly much worse in a few places where the laser

l 5



Figure 4. Photograph of Streak Imag~e Record From Incident and Reflected Shocks Through Epxpiosive
Mixture and Subseqjuent~ SrnRection or Detonation. (1.q x 575 PxIs~.

20CC_

IOCOI

5-=.=

0

2C zo0 eU IC.-1 2
PIXEL NUMPER witfc)

Figure 5. Ž'erical Line Proffdes of Three Main Shocks at Fixed Position Near the Center of Figure 4.
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POSITION
Figure 6. Photo-grao, ot Streak Image of' Explosive Mixture With Prompt Reaction at Excessive Light

* I!ntensioy ! -evel, ("(1 x 50X Pixels).

was brightest. The degradation of wave intensities is shown in Figure 7, which is the intensity plot ot a

vertical line just to thei right of picture center. As can be seen, all three of the lines are asymmetric.

although the detonation wave is affected the most. The advantage Of Oigital imaging is that, if necessary,

time-of-amrval measurements could be made from even ihis poor quality dats by using the leading edges

of the waves.

4. DISCUSSION

Theli first measurements that are of interest from images such a3 those above are t11e linearity ari1d slope

of the incident and reflected shocks. From these values and knowledge of the preshock temperature and

pressure. thcminochemical calculations are performed to obtain the temrperatuire and pressure of the

post-shock gases. Note that pressure can be measred readily, and it is used as a check of the conditions.

* ~In the other images with detonation waves, the delay time and point of origin of the detonation are the

additional values ;o be measured. All of these paramecters are rradily obtainable from these images with

sufficient accuracy.
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Figure 7. Vertical Line Profile From Near Center of Figure 6 Showing Effect of Charge Smearing.on
Peak Shapes.

5. FUT.JURE STUDIES

The second major application of this technique in our laboratory is in the r2pid recording of spectra

from transient events. These events include both studies of the chemical kinetics behind the shocks

imaged above and atomic spectroscopy for temperature mapping in pulsed plasmas. Preliminary studies

have been done to demonstrate that imaging the spectra onto a few rows of an unmasked CCD chip is not

a major barrier. There are some interference effects of the laser as it passes through the slit at the shock

tube windows, as seen in Figure 3; these can be reduced significantly with modest effort. In the case of

the plasma, ititensity is clearly sufficient. For the chemical kinetics, absorption measurements are required

for quantitative measurernernts. The effect of constant, bright illumination of the chip or possible charge

transfer or blooming problems need to be studied in detail. It appears that chemical ignition/combustion

reactions may not have sufficient emission iniensity for recording in this manner.

For many studies of interest, one would like a 1-pls time resolution. This rate of shift had been our

goal at the start of the present study. Preliminary designs of specially fabricated chips that can shift



charge at significantly faster rates, and yet retain cost effectiveness, dynamic range, and large numbci of

pixels, arm presently being pursued under contract.

6. CONCLUSION

The application of a scientific grade CCD camera as a medium-speed streak camera has been

demonstrated successfully in the imaging of shock phenomena. Dynamic range Is excellent. The

advantages of rapid visualization and analysis of data cie obvious.
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