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temperature falls were essentially offset by n o d -  Reso~uces who contributed to discussions on this 
ward movement of the region. paper. 	 equivalent to a change equal to 1123,000 of 
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is necessary for beam-deflection measure- 
ments, stability is required only on a single 
optical path. 

- h o t h e r  significant advantage of beam- 
Quantitative Three-Dimensional Optical Tomographic deflectioll measuremena is that they can be 

Imaging of Supersonic Flows applied to larger systems. If a system under 
investigation is proportionally scaled to a 
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larger size, the beam deflections remain the 

GREGORY 	 L. RYER same size. That is, although the path length 
scales UD. the gradients scale down. and the 
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Three-dimensional imaging of the density of nitrogen in a supersonic expansion from a net deflection remains the same. This is in 
nozzle by means of beam-deflection optical tomography is described. With a very contrast to fringe-counting techniques for 
simple apparatus, images could be obtained with high absolute accuracy, high spatial which the n~unber of fringes increases pro- 
'resolution, and wide dynamic range. portionally to the integration length and 

may reach an impractical number. 
PTICAL DIAGNOSTIC TECHNIQUES dently, many planes may be measured at the AS a demonst&tion of the capabilities of 
are useful for making measure- same time, allowing simultaneous acquisi- beam-deflection optical tomography, we 
ments in many transparent sys- tion of three-dimensional images. have performed measurements of density in 

tems, including fluid flows, flames, plasmas, Optical tomography has been demon- a supersonic expansion of nitrogen gas from 
and the atmosphere. Optical techniques are strated with both phase (6-12) and absorp- a nozzle. The variation of the equation of 
nonintrusive and allow fast measurements. tion (13-15) measurements. Phase measure- state in such an expansion is well understood 
However, accurate spatially resolved mea- ments can give spatially resolved values of (13) and provides a good check for our 
surements of real physical parameters are density in single-compdnent fluid flows (6). measurements. The flow is also very repro- 
difficult to obtain with optical techniques. In constant pressure systems, phase mea- ducible. We have examined supersonic ex- 
Measurement techniques that involve multi- surements can give information about tem- pansions from single and multiple nozzles. 
ple-photon processes and scattering, such as perature (7, 10) or composition (7). Ab- For the single expansion measurements, a 
coherent anti-Stokes Raman spectroscopy sorption tomography can be used to mea- tapered nozzle with a half angle of 5.5" and a 
(CARS) (I) ,  fluorescence imaging (2), Ray- sure both temperature and concentration throat diameter of 0.84 mm was used. 
leigh scattering (3), and Mie scattering (4 ) ,  variations, which is useful in combustion We have measured beam deflections in a 
can give spatially resolved measurements but studies (15). simple manner, using a heli~un-neon laser 
do not easily yield quantitative images. Mea- Tomography based on phase measure- beam, an 80-mm focal length transform 
surements of optical phase (by means of ments has the advantage that the measure- lens, and a position-sensitive (split-element) 
interferometry, holography, or beam-deflec- ments may be made on any transparent flow, detector, as shown in Fig. 1.The laser beam 
tion techniques, for example) or absorption and no tunable laser is required. Tomogra- is deflected on transversh~g the supersonic 
are more direct. These correspond to the phy has been performed with phase mea- expansion because of the gradients in the 
measurement of the real or imaginary part of surements from beam deflection (6-8), in- index of refraction. The transform lens is 
the index of refraction, respectively. Howev- terferometry (9, lo) ,  and holography (1 1, positioned one focal length from the posi- 
er, these techniques give values that are 12). Because interferometric and holograph- tion-sensitive detector. For an ideal lens and 
integrated along the line of sight. With ic techniques involve fringe counting, there small deflections, all rays incident on the lens 
tomographic techniques (S), multiple views is ambiguity in the sign of phase change at a given angle are linearly mapped to a 
of integrated measurements through a flow across a fringe and a limitation on the unique position in the focal plane of the 
field may be used to reconstruct spatially dynamic range. Beam-deflection techniques lens. Thus the position-sensitive detector 
resolved values of a physical quantity in the do not have phase-sign ambiguities and can directly measure the beam-deflection 
system. Thus optical tomography allows continue to be useful when large gradients angle. A second 60-mnm focal length lens is 
measurement of spatially resolved parame- would create too many fringes to resolve or used to focus the laser beam, and this im- 
ters with the accuracy of integrated tech- when vibration could wash out fringes. proves the spatial resolution in the expan- 
niques. Beam-deflection techniques can be very sen- sion. A projection, or single view, through 

Optical tomography has other advan- sitive as well. We have demonstrated sensi- the supersonic expansion is taken by scan- 
tag&. Optical access is only required in the 
plane being imaged. This is important for 
systems such as jet engines and tokamaks, Vacuum 

where imaging perpendicular to the region 
of interest is impossible. In addition, be- Posltlon-

cause each plane may be imaged indepen- detector 
17-
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ning the nozzle through the laser beam with back projection algorithm is based on a duough the law of Gladstone and Dale (I?, 
a stepper motor. A second stepper motor straight-line model and ignores the effects of p = k(n - 1) 
rotates the nozzle between projections to &action and W c t i o n .  Applying such an where k is a constant. 
give multiple views. A total of 100 projec- algorithm to measurements made with opti- By reconstructing a number of horizontal 
tions with 120 measurements per projection cal plane waves without imaging optics can images at digerent heights and stacking 
are taken for each reconstruction. The spa- result in poor resolution (16). Because we them, we have been able to produce a three- 
tial resolution in the projections is 140 pm used a focused beam as a probe, these effects dimensional image. Using a set of 13 images 
horizontally and 50 pm vertically. We ob- were small. The largest beam-ddection an- from equally spaced heights between 0.210 
tained data and pedormed tomographic re- gle in these measurements was 0.5 mrad, so and 2.73 mm above the tapered nozzle, we 
construction with a Digital Equipment Cor- beam crossing was not a problem. have produced a three-dimensional image of 
poration PDP-11/44 computer. We used a Each reconstruction has 120 by 120 pixels the density in the s u p e ~ ~ ~ n i c  expansion. A 
variation of the convolution back projection on an 8 by 8 mm grid. The resulting recon- vertical section through this three-dirnen- 
algorithm, modified to perform on beam- struction gives values of the real part of the sional image is shown in Fig. 2a. The densi- 
deflection projections (6), to generate t o m  index of refkction, n, which can be accu- ty drops very rapidly after the nitrogen gas 
graphic reconstructions. The convolution rately related to the nitrogen density, p, atits the nazzle. There is more information 

in this image than can be shown in this 
reproduction. In an effort to show more 

Fig. 2. (a) Vertical detail, we have taken the logarithm of each 
section through z&yg:;  pixel value in Fig. 2a to generate the image 

shown in Fig. 2b. As a result, the barrel 
nitrogen density in a shock surrounding the supersonic expansion 
supersonic expan- is visible. The signal-to-noise ratio in Fig. 2b 
sion. (b) Logarithm #- : is quite good in spite of the logarithmic 
of the image in (a), 
showing the barrel processing, which greatly reduces the dy- 
shock. Each fiarne namic range. This demonstrates the wide 
represents a height of dynamic range in Fig. 2a, which is 500 to 1. 
2.73 mm. Horizontal sections through the three- 

dimensional image are shown in Fig. 3. The 
muctwe in the image of the barrel shock in 
Fig. 3, b and c, is real and not a reconstruc- 

Supersonic 
jet density Two iets Three jets 

z = 0.099 mm Z= 0.m mm 

Fig. 3 (left). Horhntal 
sections through three- 
dimensional reconstruct- 
ed image of nitrogen 
density in a supsonic 
expansion. The structure 
in the barrel shock is due 
to irregularities in the 
nozzle. Each h e  rep- 
resents a width of 8 
mm. Fig. 4 (rigM). 

three (d to f) nozzles. 
Each frame represents a 
width of 8 mm. The 
height above the nozzle 
at which the image was 
generated is denoted by 
the variable e. 



tion artifact. It is due to irregularities in the 
nozzle. 

High-resolution images such as those in 
Figs. 2 and 3 contain interesting structural 
information about the flow. However, the 
images also contain accurate absolute infor- 
mation on the nitrogen density. The esti- 
mated root-mean-square error in the abso- 
lute density throughout the three-dimen- 
sional image of the jet is less than 3% of the 
peak valuc. 

We also theoretically calculated the densi- 
ty in the supersonic expansion (13) by 
means of measured values of the plenum 
temperature and pressure, the nozzle diame- 
ter, and thc height above the nozzle. Com- 
paring the experimentally measured densi- 
ties within the barrel shock with the theoret- 
ically calculated ones at a height of 2.10 rnm 
abovc the nozzle yielded a root-mean-square 
difference of 1.8%of thc maximum density 
at that height, which was 0.045 mgicm3. 
There are no free parameters in the theoreti- 
cal calculation. The theoretical and experi- 
mental densities are calculated entirely inde- 
pendently. 

We have also produced images of multiple 
expansions. The density in horizontal planes 
above two and three nozzles are shown in 
Fig. 4, a to c and d to f, respectively. Here 
strong shock waves form at thc intersection 
of the supersonic expansions. Also visible 
are thc barrel shock waves surrounding each 
expansion. As for thc single expansion, thcse 
images also contain accurate information on 
the density at cvery point. 

Acquiring instantaneous two- or three- 
dimensional images with beam-deflection 
optical tomography would be advantageous. 
As the apparatus required for these measure- 
ments is very simple, multiple optical sys- 
tems can be constructed to simultaneously 
take a number of projections. This might 
involve multiple laser diode-detector pairs, 
rnoirC deflectometry systems (8) ,or differ- 
ential interferometry systems. Differential 
interferometers also measure gradients in 
the index of refraction and have some of the 
advantages described above for beam-deflec- 
tion measurements. Other experiments (7-
10,12,13,15) have shown that good quality 
images may be produced with a small num- 
ber of projections (ten or fewer). The tech- 
nique that uses position-sensitive detectors 
described here is particularly interesting be- 
cause both phase and absorption may be 
measured simultaneously. Combined phase- 
absorption tomography would be useful for 
concentration measurements in strongly re- 
fracting flows, for example. considering the 
simplicity of the apparatus required for 
beam-deflection tomography and the accu- 
racy, wide dynamic range, and high spatial 
resolution obtained, the teclmique may 

prove valuable in a variety of fields of study 
ranging from turbulence to plasma instabil- 
des. 
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Was Venus Wet? Deuterium Reconsidered 

The ratio of deuterium to  hydrogen on  Venus has been accepted as proof of a wetter, 
more Earth-like past on  that planet. However, the present-day water abundance and 
the nonthermal hydrogen escape flux on  Venus imply that hydrogen is in a steady state 
and that a hydrogen source, most likely cometary infall, is present. An alternative 
interpretation of the D/H ratio is offered, in which the measured value is consistent 
with a steady-state evolution over the age of the solar system. No  past water excess is 
required to explain the isotopic data. 

O'ITICELLI DEPICTED A WATERY 

birth of Venus, standing serenely on 
the shell of a giant clam. Planetolo- 

gists have held a similar view of the birth of 
the love goddess' celestial counterpart. 
However, it may not have been so. I t  is well 
established that Venus is approximately 
1x low5times as wet as Earth (1). The 
ratio of deuterium to hydrogen (DIH ratio) 
on Venus is 100 times as great as that of 
Earth (2, 3). This DIH ratio has been 
viewed as a residue from mass-selective frac- 
tionating escape of at least 100 times the 
current water abundance. According to this 
interpretation, the estimation of the primor- 
dial water endowment on Venus might be 
higher by an even greater factor if deuterium 
has escaped as well. An alternative explana-
tion of the observed D/H ratio, based on the 
current water abundance and nonthermal 
hydrogen escape flux, requires only a steady- 
state evolution of water on Venus. 

Evolutionary studies have typically con- 
centrated on accounting for the loss of water 
on Venus because it has been assumed that 
Venus and Earth had similar primordial 

Lilnar and Planetary Laboratory, University of Anmna, 
Tucson, AZ 85721. 

water endowments (4).A consistent picture 
emerged, supported by detailed modeling, 
that Venus lost its endowment through a 
runaway greenhouse effect that boiled its 
oceans, allowing rapid photolysis of water. 
The hydrogen thus produced escaped into 
space, first by an extremely rapid hydrody- 
namic flux and later, when the water mixing 
ratio fell below 15%, by various nonthermal 
processes (5, 6). 

The evolution of the DIH ratio on Venus 
has been presented as an example of Ray- 
leigh fractionation (5). The escape of these 
isotopes can be represented by two differen- 
tial equations 

where H and D represent the planetary 
inventories of hydrogen and deuterium, re- 
spectively, and f is the fractionation factor, 
which represents the efficiency of deuterium 
escape relative to hydrogen. The use of the 
constant K to represent the relation between 
hydrogen abundance and escape rate glosses 
over a much more complicated nonlinear 
function which has been derived by Kasting 
and Pollack (6) and Kurnar et  al. (5).How-
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