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Conducted by C. L. Stong

Kim Vandiver of the Massachusetts
J Institute of Technology has opened
= a new dimension in color schlicren
photography by adapting an air flash
lamp to the schlieren interferometer.
This lamp is one of many flash lamps de-
vised by Harold E. Edgerton of M.LT.,
with whom Vandiver works as a teach-
ing assistant. An appreciation of Van-
diver's technique requires a bit of back-
ground.

The schlieven interferometer provides
ameans of making regions of nonuniform
density in a column of air visible, The
instrument includes either a pair of
lenses or a pair of concave mirrors, The
lenzes or mirrors are silvered on the front
surface,

One lens or mirror of the pair bends
the d:i\'c:'g:ing rays from a norrow source
of light into a eylindrical beam of paral-
lel rays, The other lens or mirror inter-
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cepts the parallel rays and foeuses them
to a narrow bundle, Part of the bundle
is intercepled by a transverse straight-
edge, such as a razor blade. The remain-
ing rays proceed toa lens in the eve or in
a camera [see flustration belme].

If the density of the air in the column
of parallel rays is uniform, the resulting
image appears uniformly  illuminated.
Variations in the density of the air be-
tween the lenses or mirrors deflect rays
in the direction of increasing density.
For example, a region of disturbed air
can cause rays that would normally
reach the eve or the camera to fall on
the straightedge, The image would ap-
pear abnormally dark in the area former-
ly illuminated by these rays. Conversely,
other regions of nonuniform density can
deflect rays away from the obstrcting
straightedge. Areas of the image that re-
eeive this additional light would appear
abnormally bright.

The combined effects result in a pat-
tern of light and shade that depicts vari-
ations in the density of the air but does
not identify regions of abnormally high

-or low density. This ambiguity can be re-

solved by adding to the basic schlieren
interferometer an imln'nvcmeut that was
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Compenents and optics of the schlieren apperatus

deseribied in these columns three years
ago by Garv 5, Settles, then an under-
graduate at the University of Tennessee
[see “The Amateur Scientist,” Sciex-
e Astemcan, May, 1971]. Settles
provided the instrament with multiple
sources of light in the form of four slits,
each a distinctive color, They were ar-
ranged as a square array. A comparable
set of four straightedges intercepted half
of the light from each of the colored slits.
The resulting patterns were multicol-
ored, By taking account of the fact that
light of known color is deflected toward
regions of increasing  density, Settles
made the instrument into a powerful tool
for analyzing various disturbances in air,
including persistent supersonic fenar.

The instrament was not as elfective
for investigating transient disturbances
because photosensitive color emulsions
require relatively long exposure to the
incandescent Jamp  Settles  employed,
This limitation has now been removed
by Vandiver's substitution aof the air flash
lamp, which is based on the discharge of
electricity through air at a mate of about
20,000 kilowatts for .3 microsecond, The
lamp was deseribed by Edgerton in
1961, Vandiver describes the apparatus
and experiments that can be done with it.

“The potential subjects for coler
schlicren photogmphy include  most
events that cause a change in the refrac-
tive index of a transparent medium.
Such phenomena as the heat from a can-
dle, the streamers in a soap bubble or
the shock waves Ffrom a bullet, a fire-
eracker or an electrie spark ean be pho-
tographed in strong, saturated eclor. The
gradients of the refractive index can be
deduced from the colors, The technique
is sufficiently sensitive to reveal the heat-
ed air flowing npward from a hand,

“Most photographs of this kind that
have been published feature the How of
compressed air in supersonic wind tun-
nels, The steadiness of the conditions in
a tunnel test allows long exposures. The
shock waves from a bullet or an electric
spark require exposures of less than a
millionth of a second, The combination
of the color sehlicren interferometer and
a high-intensity, submicrosecond flash
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lamp enables the experimenter to make
striking photographs of many previously
unseen phenomena, such as a bullet pen-
etrating a soap bubble or a candle flame,
a shock wave expanding at the rate of a
mile per second from an underwater
spark discharge and the vortex shed by
the blade tips of an electric fan tuming
at 1,200 revolutions per minute,

“In the case of the underwater spark
five joules of energy were discharged in
about a millionth of a second. The vapor
cavily reverberated, that is, it emitted a
series of shock waves, Shock waves trav-
eled through the water at a speed of one
mile per second bul moved up the wire
even faster as disclosed by the relatively
straight wave front tangent to the sphere,

“The bright spots on the surface of the
soap bubble are normally unseen drop-
lets of excess soap solution. Each one
acts as a lens to refract the light. The
vortex shed from the tip of the fan blade
was made visible by heated air from an
alechol lamp below the blade,

“The apparatus will also serve for
making photographs in black and white,
An example is the fragmentation of lig-
uid by high-velocity jets of gas. The ac-
companying photograph [below] was
made in the course of investigating at-
omization as a technicue for the produc-
tion of powdered metal.

“The lenses or mirrors are the most
eritical parts of the schlieren apparatus.

Every surface irregularity in a lens or a
mirror generales a schlieren image, For
this reason the quality of these compo-
nents must approach perfection.

“Front-surface mirrors have numer-
ous advantages over lenses in this appli-
cation. Mirrors have no chromatio aber-
ration, meaning that they contribute no
spurious color to the image. Moreover,
the glass for a mirror need not be of
optical quality. Comparably corrected
lenses of optical glass are prohibitively
costly and all but impossible to make at
home, whereas thousands of amateurs
have made spherical mirrors of adequate
quality as an intermediate step in gen-
erating the paraboloid required for a
telescope objective.

“The diameter and the foeal length of
the mirrors or lenses determine the sensi-
tivity of the apparatus and the size of the
image. These dimensions should be
taken into account at an early stage in
constructing an instrument, Consider a
pair of mirrors or lenses of diameter I,
arca A (= % D%/4) and focal length F.
Assume also a light source in the form of
a slit of width t& and length . A color ap-
paratus would have four slits of identical
dimensions, Each slit would be a distinc-
tive color. The following discussion will
be confined to an instrument with a sin-
gle horizontal slit, but the same reason-
ing applies to instruments with multiple
slits and corresponding straightedges.

“The space between the lenses or mir-
rors of the instrument is known as the
test section. It is lluminated by a ho-
maogenecus mixture of parallel rays that
diverge from the slit or slits, A distur-
bance that alters the density of the air
may cause the light in that area to devi-
ate From its path by an angle ¢. If the
cross-sectional area of the disturbance is
A, then the fraction of light so affected is
ASA =d.

“A vertical deflection of ¢ radians may
cause that portion of the light {d) to be
displaced upward enough to miss the
straightedge. The remaining fraction of
the light (I — d} will remain focused on
the straightedge. The amount by which
the light is displaced at the straightedge
is proportional to the product of the focal
length and the deflection: F % ¢.

“If the intensity of the light in the test
section is expressed in lumens per square
foot (1), the amount of light that passes
over the straightedge and reaches the
lens of the eye or camerais I X A, X F %
¢/, The sensitivity of the system in-
ereases with the amount of light that
passes over the straightedge, Hence sen-
sitivity is directly proportional to the
focal length of the lenses or mirrors and
inversely proportional to the width of
the slit source, as measured in a divection
perpendicular to the straightedge.

“Light that grazes an opaque edge is
diffracted or bent. For this reason source
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slits rast be made at least .03 inch wide.
Diffraction limits the sensitivity the de-
signer can achicve by decrcasing the
width of the slit. Therefore instruments
of the highest sensitivity must have
lenses or mirrors of relatively long focal
length.

“The intensity of the light (I) varies
inversely with the square of the focal
length: 1 = BCP/F?, where BCP is the
beam candlepower of the light emitted
from the slit. For this reason long focal
lengths that result in high sensitivify
decrease the intensity of the light and
increase the required exposure time, In
practice the source is a rectangular slit
iNuminated from the rear by a lamp or a
flash unit.

“The beam candlepower can be in-
creased without Jowering the sensitivity
of the system by increasing the length of
the slit, leaving the width unchanged.
The length to which the shit can be in-
ereased is limited, however, by the di-
ameter of the lens of the camera directly
behind the straightedge. The depth of
the ficld that can be photographed varies
inversely with the diameter of the lens,
As in the design of many instruments, &
change in any of the dimensions requires
a corrcsponding change in all the others
for performance to be kept at an apti-
mum level. Good instraments stand as
monuments {o compremise.

“The design must start with the as-
sumption of some dimension. A reason-
able starting dimension is the size of the
camera, since the experimenter is likely
to own 2 camera and in any case the in-
strument represents a substantial invest-
ment. The selection of the camera lens
requires knowledge of the expected size
of the image.

“If the distance to the object in the
test section is made equal to half the
focal length of the lenses or mirrors, the
diameter of the eireular image of the test
section (d,) can be found by dividing the
diameter of the mirrors or lenses by the
quotient of the focal length of the mirrors
or lenses divided by the focal lcuglh of
the camera lens minus 1/2; d, = d/(F/
F.) = L1/2, in which F, is the focal length
of the cumera. For example, if the di-
ameter of the mirrors (d) is .254 meter,
the focal length of the mirrors (F) is 2.46
meters and the focal length of the cam-
era (F .} is .4 meter, the size of the image
would be .254/(2.46/.4) — 1/2 = .254/
5.65 = .45 meter, or 45 millimeters,
which can be photographed adequately
with a 35-millimeter camera, Disks of
glass for making spherical mirrors 254
meter (10 inches) in diameter are avail-
able in the U.S. from 2 number of dis-
tributors of optical supplies, including
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Assembly of colored slins

the Edmund Scientific Co. {300 Edscorp
Building, Barrington, N.J. 08007). 1m-
ages of larger size require sources of
light so wtense that they are too expen-
sive for most amateurs.

“Az 1 have mentioned, swstems for
making schlieren photographs in color
are based on the same optical principles
but cinploy a more complex set of slits
in color as sources, I made a square array
of red, yellow, blue and green by taping
to a glass slide four triangles of the kind
of colored filter found in stage lighting
i theaters [see ilfustration at left above).
The edges of the triangles meet to form
the diagonals of the square. Opaque por-
tions of the assembly were made with
black masking tape. As in the case of in-
struments with a single slit, the assembly
is placed in the focal plane of the mirror
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or lens and illuminated from behind, The
resulting light in the test section is a
homogeneous mixture of all four colors
and appears approximately white.

“The straightedge assembly consists
of four independently adjustable blades
that combine to form a hele 375 inch
square. Images of the four colored slits
fall on the opaque boundary of the
square. A disturbance in the test section
that deflects a portion of the filter image
{up and to the right, for example) causes
blug and green light to pass over the
edges that form the bottom and left sides
of the square. When the image is focused
by a camera lens, a blue-greom view of
the disturbance will be recorded en the
LN

“The sensitivity of the instrument can
be controlled by making each of the four
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straightedges independently adjustable.
I frequently retract one straightedge
somewhat, thus allowing light of & par-
ticular color to floed the picture. When
yellow is admitted, for example, the
blue-green image of a disturbance is
superposed on a background of yellow,
which not only improves the contrast but
also may result in o more pleasing image.

“As Indicated by the calculations, the
size of the image in the camera can be
adjusted by varying the focal length of
the camera lens, In my system, which has
mirrors 10 inches in diameter with an
eight-foot focal length, a camera fitted
with a telephoto lens having a focal

length of 400 millimeters projected a 45-
millimeter image on the film. The depth
of the field varies inversely with the di-
amoter of the square aperture formed
by the straightedge. Reducing the aper-
ture requires a comparable reduction in
the sizo of the colored slits at the light
source, which in turn reduces the light
and increases the time of exposure,

"Keep the diaphragm of the camern
wide open. The size of the effective
aperture is determined by the length of
the straightedges. Flace the camera lens
about half an inch behind the strajght-
edge assembly.

“Motion of the subject can be stopped
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only by short exposures, which require
bright light. Each of the four colored
slits of my instrument is 5/8 inch long
and 1/8 ineh wide-quite large com-
pared with the dimensions cited in the
technical literature. By using ‘Sun Gun'
Tamps of the tungsten-halogen type with
built-in reflectors of the kind designed
for slide projectlors, I could make pho-
tographs 45 millimeters square with ex-
posures of a sixtieth of a second. This
exposure is not fast enough, however, to
stop motion as slow as hot air rising from
a flame if the camera has a 400-milli-
meter lens,

“The solution of the problem of stop-
ping fast action lies in an electronic fash
lamp. The duration of most ‘strobe’
lamps owned by amateurs is about 5 X
10 second, which is sufficiently brief
for many events of interest, The flash
unit is placed behind and close to the
colored slits, as is the alternative incan-
descent lamp. Indeed, the schlieren ap-
paratus can be made with a rotatable
Axture for conveniently interchunging an
incandescent lamp and an electronic
Aash unit The continuous souree serves
for compaosing the picture and is replaced
by the flash for making the exposure.

“The simplest technique for taking
photographs is to black out the studis,
open the camera shutter and trigger the
flash., For photographing bullets in
flight a microphone can be employed to
pick up the pussing shock wave and trig-
ger the flash, Timing diffculties are
avoided by opening the shutter of the
eamera in advance, The color photo-
graphs raproduced in this article were
made with a 35-mm. camera having a
zoom lens of 1T0-mm. aperture and a
maximum focal length of 410 mm. 1
used ASA 160 high-speed Ektachrome
flen and a Microflash unit manufactured
by EG&G, Inc. (35 Congress Street, Sa-
lem, Mass. 01970).

“This unit genecrales white light of
remarkable intensity by discharging a
capacitor in 3 % 107 second through an
air gap arranged so that the resulting arc
adheres to the outer surface of a slender
quartz tube. As first deseribed by Edger-
ton in 1961, the fash unit consists of a
power supply that charges a .05-micro-
farad capacitor of low inductance to a
potential of about 18,000 velts, The fash
is penerated by discharging the capacitor
through a spark gap consisting of two
canductors in contact with the surface of
the quartz [sec bottom fllustration on
preceding pagel. This assembly is
housed in a Pyrex test tube about an
inch in diameter and six inches long. The
quartz tube and the clectrodes are sup-
ported by a rabber stopper that, along



with the test tube, tends to suppress the
noise of the spark.

“An appropriate electronic circuit for
developing the spark consists essentially
of a step-up transformer of 6,500 volts, a
pair of solid-state diodes designed for
service at 20,000 velts {such as the Varo
Type T715-20) and a pair of .1-micro-
farad capacitors of extraordinarily low
internal inductance [see top illustration
on opposite page]. Such capacitors are
made by interleaving sheets of conduct-
ing foil with shects of insulation and
connecting the many altemate conduct-
ing sheets at the edges. The fabrication
technique is costly, and the capacitors
are also expensive.

“Edgerton found that the shortest
flashes could be developed by discharg-
ing the capacitors in air. Gases such as
krypton and xenon, which are found in
conventional discharge lamps, continue
to glow strongly for a substantial period
of time after the electric current has
ceased. Edgerton also learned by experi-

ment that contact with the quartz tube |

tends to cool the are and quench it quick-

ly. He noted that the extended air spark |

over quartz has a higher resistance than
an open gap. A critically damped spark
must present to the circuit a resistance

of about 13 ohms, whereas the resistance |

of an open spark is a small fraction of
one ohm, The guided are helps to damp
out the oscillations in the circuit and re-

duce the flash duration. Moreover, the |

guided are is more efficient for producing
actinic (ultraviolet) radiation. The design
generates a flash of about five million
candlepower within an interval of less
than 300 nanoseconds [see botfom illus-
tration on opposite page].

“Triggering the spark to catch the ac-
tion at the desired instant can pose a
problem. In the case of a speeding bullet
the problem has an interesting solution.
Position a microphone to pick up the
shock wave as the bullet speeds toward
the target. After amplification the re-
sulting pulse of current can be applied

to a spark coil, such as the EG&G Type |

TR-50 trigger transformer. The output,
at a potential of some 25,000 volts, is ap-
plicd to a bare wire in the bore of the

quartz tube. The resulting ionization |

initiates the discharge on the outer sur-
face of the tube.

“The encrgy stored at 15,000 volts in
the low-inductance capacitors is danger-
ous. The capacitors must never be
touched until they have been short-cir-
cuited with a length of bare copper wire
fastened to the end of an insulating han-
dle at least a foot long. The triggering
transformer, however, is no more haz-
ardous than an autemobile ignition coil.”
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alignment
target collimation

angular measurement
optical leveling

Critical industrial requirements have generated a wide interest in the
Questar-Autocollimator which was developed to combine a variety
of features never before assembled in one instrument.

The Qu{'.slar-ﬁutm‘nllinmlur has a w&nking range of from 6 inches
to 220 feet and a focusing range of from 10 feer 1o infinity, It features for
| the first time both a wide-held and Ilighalmwrr finder system which
gremlr aids in initial J.HHIIII‘H.'I'I'I and substantially reduces the time
required to make a measurement. Unusually bright images coupled with
extended eye relief further accentuate the ease and speed with
which measurements can be made, The instrument also features inter-
changeable reticles, both AC and DC operation, and a line of high
quality accessories.,

Many of these features and advantages stem from the unique
design of the Questar-Autocollimator. Its modern catadioptric optical
system results in an effective focal length of 41.72 inches in an
instrument that is only 15 inches in length and weighs less
than 3%; pounds! It has a clear aperture of 3.5 inches and gives a
read-out resolution of better than 0.75 sec. of arc with a sensitivity
of 0.10 sec. This combination of accuracy and portability results in an
extremely versatile unit which is equally suited for indoor or
outdoor use in all sorts of industnial applications, including many phases
| of the optical industry and wherever parallelism, squareness,
straightness, flatness and levelness are necessary (o a degree of precision
difficult to obtain with other methods.
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