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FOREWORD

When | first heard about high-speed photography only a few,
perhaps o dozen, were fortunate enough to use the technique.
The main use was in the study of ballistics and shock waves.
All of this work followed directly from the splendid research
of Mach more than one hundred years ago. He used spark
gaps to produce light from a small volume to expose silhouette
photographs of bullets and shock waves directly onto hand-
made glass plates,

The day has now arrived when high-speed photography as
a research tool is commonplace. This book is to introduce
high-speed photography to the masses. Not only will the
elaborate research laboratories of our day use the method but
almost everyone will. It is symbolic that high-school students
today are doing involved experimental research that would
have been considered very difficult only a few years ago. The
tempo of our time is fulfilled. The new generation arises with
skills and techniques that those of the older generation did not,
or could not, exploit.

The perfection of the new xenon FX-6A flash lamp by
Kenneth Germeshausen and his collaborators, among whom |
consider it a joy to be included, has aided in bringing the new
Strobotac® electronic stroboscope to a form and performance
where increased use is obtained. A paralleling development
of the circuits and packaging by Michael Fitzmorris and Malcolm
Holtie of General Radio Company, together with the coopera-
tion of many of the staff of that company, has resulted in the
unique instrument whose use for photography is described in
detail in the following pages.

Developments in photogrophy have contributed to the use
of the Strobotac as a practical device for high-speed photog-
raphy. Of special interest is the Polaroid-Land photography



system which permits the almost immediate inspection of the
end result. Then another picture can be taken at once to cor-
rect a fault or to improve the photography. Not only the
Polaroid system but photography in general with its many
aspects can be used in many ways with the flashes of light from
the Strobotac.

The advent of this book, then, marks a new era which brings
the high-speed photographic system of experimental research
into the reach of everyone. | forsee great results when we can
“'see'" and "understand" the many now mysterious and unknown
things that whir and buzz about us.

| look forward to the second edition of this book which
will, no doubt, contain many outstanding examples contributed
by those of you who now read this edition. So get busy and
do send in examples for us to enjoy.

Harold E. Edgerton




INTRODUCTION

As interest and activity in the study of high-speed phenomena
become more prevalent, the use of related photographic
techniques is rapidly increasing in importance. Many persons
engaged in high-speed studies lack the services of an experi-
enced photographer; consequently, they often experience
unnecessary difficulty in applying photographic techniques to
their observation or meagsurement problems. Similarly, pro-
fessional photographers assisting in work of this nature often
spend considerable time either searching through reference
materials or making costly trial exposures to gather the specific
information they require.

This handbook is designed to assist both the general experi-
menter and the professional photographer in their use of
General Radio equipment to study high-speed phenomena.
While not exhaustive, it summarizes the most useful ideas and
techniques in a single reference source, and the bibliography
lists many excellent sources of more detailed or specialized
information. Operating characteristics of the General Radio
Type 1531-A Strobotac® electronic stroboscope, the Type
1531-P2 Flash Delay, the Type 1536-A Photoelectric Pickoff,
and the Type 1532-D Strobolume are included, and several
typical applications are described to illustrate the solution of
problems commonly encountered in high-speed photography.
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section 1

Type 1531-A Strobotac”electronic stroboscope

1.1 GENERAL DESCRIPTION.

The Type 1531-A Strobotac® electronic stroboscope is a versa-
tile, inexpensive, high-speed light source designed to fill a wide varie-
ty of both photographic and non-photographic needs in science and
industry. Its light weight and compact design make it extremely con-
venient to use, and its light output is suitable for taking many different
types of photographs. (See Secrion 1.2.) A self-contained electronic
oscillator enables the unit to operate independently at flash rates from
110 to 25,000 flashes per minute. The flash rate is continuously vari-
able throughout this range, and it can be accurately set (+1%) by means
of the large calibrated dial on the instrument panel.

The Strobotac is housed in aunique carrying case, which doubles
as an adjustable stand. (See Figure 1.) The cover is permanently at-
tached to prevent misplacement or damage to the instrument while in
transit, and the unit is fully portable to any location where the required
power is available. Either 120 or 240 volts ac, 50- to 60- or 400-cycle
power is satisfactory; maximum input power is 35 watts.

Photographers particularly appreciate the ease with which the
lamp reflector can be positioned. The long-throw light beam can be
rotated through 360° horizontally and 180° vertically without move-
ment of the instrument case, and the reflector can be quickly and easily
removed from the flash-lamp mount when it is desired to illuminate
hard-to-reach areas.

1.2 LIGHT OUTPUT CHARACTERISTICS.

In high-speed photography, the greatest advantage of the Strobo-
tac is its ability to deliver high-intensity light flashes of extremely
short time duration. Flashes less than 1 microsecond (1 millionth of a
second) long can be obtained at the highest flash-rate setting, and the
longest flashes are only 3 microseconds in duration (measured berween
one-third-peak-intensity points).



With such short light flashes, the photographer can achieve high
photographic resolution of rapidly moving objects. For example, a point
on the periphery of a wheel two feet in diameter spinning at 3600 rpm
moves about 4.5 inches in 1/1000 of a second, a movement too great
for the ordinary mechanical shutter to “stop.” Even a conventional
electronic flash unit with a 40-microsecond flash would produce a blur-
red picture, because a peripheral point moves almost 0.2 inch in that
time. But the l-microsecond light flash produces an exposure with less
than 0.005-inch movement of the wheel's circumference, adequate reso-
Iution for most observations and measurements. (See also Figure 10,
page 17.)

When the reflector is in place, the light output is concentrated
into a long-throw 10° beam (measured at one-half-peak-intensity points)
with an apparent source 18 inches behind the reflector front. Outside
this 10° cone the light intensity falls off sharply, so that the area of
reasonably constant illumination is not large. Since a variation of 2:1
in incident light intensity corresponds to an exposure increment of
approximately one f-stop setting, the diameter of the 10° beam cone
provides a good approximation to the useful illumination area of the
Strobotac when the reflector is attached. These spot diameters are
tabulated for several lamp-subject distances in Table 1. If this beam
diameter is too small to light the subject adequately, remove the re-
flector and notice how a larger surface area can be illuminated by the
bare flash lamp. The light density falling on a given subject area de-
creases when this is done, but, with care, useful exposures can often
be obtained. Section 5 mentions several techniques for improving mar-
ginal exposure conditions, and when these are employed a single
Strobotac will usunally illuminate satisfactorily an area six to eight
feet wide.

The Strobotron spark discharge gap, when viewed from one end,
closely approximates a point light source. Because of this, the light
outpur can be concentrated oprically into a high-intensity beam for
special applications, and it is extremely useful in shadowgraph photog-
raphy. This technique is used principally for the study of violent fluid
disturbances, such as the shock waves created by a rifle bullet. De-
tails of the methodology are given in Section 5.3.

The small size and accessibility of the flash lamp make the
Strobotac ideal for many specialized applications. In microphotography,
for example, the unit provides ample light for photographing objects or
organisms under high magnification, yet the flash duty cycle is low
enough to prevent destruction of delicate subjects due to overheating.
Fiber optics can be easily employed with the Strobotac to provide a
small, intense light source some distance from the unit itself.
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TABLE 1

IHuminated Spot Diameters

P P

SUBJECT
LOCATION

Lamp-to-Subject Diameter of
Distance Illuminated Spot
(n) At Half-Peak Intensity Points

S inches
i
9

12

14

16

18

20

22

24

O O D0 < Gy b o
[=a ]
)
(1]
-

—

When the Strobotac is flashing continually, the toral light in-
tensity of each flash varies with the flash repetition rate. Approximate
values of total light output are tabulated in Table 2 for the operating
limits of each range-switch setting, and these values can be used as a
rough guide for the conversion of exposure data obtained at one flash
rate into exposure guides for photographing the same subject at dif-
ferent flash repetition rates. They will prove of little value, however,
in determining initial exposure settings, owing to the widely varying
conditions prevailing among different subjects and the consequent dif-
ficulty of converting light-intensity data into exposure settings. The
guide numbers provided in Table 5 (page 20) are recommended for this
purpose.

Figure 2 shows the outpur light-intensity waveshape for a Stro-
botac flash. Light output rises smoothly and rapidly, then drops sharply
to less than 15 percent of peak value. This results in a highly effi-
cient, short-duration flash, since the lingering low-intensity afterglow,
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Figure 3. A .22-calibre rifle bullet
photographed in flight. The faint gray
streak extending in front of the
bullet along its path is exposure
» resulting from flash-lamp afterglow.
-_,_ A single, high-intensity flash of the
= Strobotac was triggered with a micro-
phone to stop the projectile’'s 1100-
feet-per-second velocity. (Polaroid
Type 47 film, ASA 3000, 3-micro-
second exposure ot £/22. The reflector
was removed from the lamp.)

or flash "tail®, contains only a small fraction of the total energy radi-
ated. (See Figure 3.)

1.3 SYNCHRONIZATION.

Probably the most difficult problem facing the high-speed photog-
rapher is the task of synchronizing the strobe-light flashes with his
subject’s motion so as to expose his film at the desired times. If the
flash is either too early or too late, the subject will be "stopped” in the
wrong position, and in many cases the resulting photograph will be
useless.

Synchronization becomes even more important under conditions
of high ambient light intensity, because fast shurter speeds must then
be used to prevent blurring of the moving object. Not only must the
strobe fire in proper synchronism with the moving subject; the camera
shutter must also be synchronized to be fully open at the instant the
flash occurs.

These problems can be overcome in most instances by careful
planning of the synchronization techniques to be used. However, con-
siderable ingenuity is required to cope successfully with the peculiar
requirements of some special-purpose applications.

1.3.1 EXTERNAL TRIGGERING AND INTERNAL DELAY CHARAC-
TERISTICS. The Strobotac can be triggered by a wide variety of ex-
ternally provided signals when the range switch is set on any of the
EXTERNAL INPUT positions. An electrical signal of at least 6 volts
peak-to-peak amplitude can be used, but a simple contact “make” or
"break” is also satisfactory. Before connecting a trigger signal to the
INPUT jack, be sure the range switch is not in an EXT INPUT posi-
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tion so the thyratron tube won’t “hold over”.! As soon as the plug is
inserted, the range switch may be positioned where desired.

It is important to set the RPM dial correctly when triggering the
Strobotac externally, since this control varies the sensitivity of the in-
strument to electrical input signals,and low-amplitude pulses will not
trigger a light flash if the RPM control is improperly set. With some
triggering methods, the RPM dial can also be used to insert a variable
time delay between the trigger signal and the light flash, and care
must be taken to assure that the proper amount of delay is achieved for
the purpose intended.

With the RPM dial rotated fully clockwise, the Strobotac triggers
with either a positive-going electrical signal or by the openingofa set
of contacts connected to the INPUT jack. In either case, the light
flash follows the trigger signal with only a few microseconds delay.
In practically all instances this small delay introduces no difficulties,
and the light flash can be considered instantaneous,

As the dialis rotated counterclockwise from this position, a point
will be reached where the Strobotac flashes once without being extern-
ally triggered. Approximately 90° rotation is usually required to reach
this “flash point”, but it varies somewhat from instrument to instrument.
If the dial is rotated back clockwise to a position just before the flash
poiar (usually 10 to 15 degrees), the maximum sensitivity to positive
external trigger pulses will be obtained. No appreciable change in the
instrument’s flash-delay characteristic is effected over this range of
settings,

When the RPM dial is set at any position counterclockwise of the
flash point, the trigger characteristics of the Strobotac are considera-
bly altered. At these settings the unit can be flashed only with a nega-
tive electrical signal, or by the closing of a set of external contacts.
However, there is a time delay between the trigger pulse or contact
closure and the Strobotron flash, The amount of this delay varies ac-
cording to the setting of the RPM dial. If the dial is fully counter-
clockwise, the flash is delayed approximately 20 milliseconds (thou-
sands of a second). This time lapse increases as the dial is rotated
back clockwise, and it may reach as high as 300 milliseconds (3/10
second) at a point just counterclockwise of the flash point. If a nega-
tive trigger pulse is used that is of shorter time duration than the maxi-
mum internal delay of about 200 milliseconds, the light flash will be
triggered by the trailing edge, or positive-going slope, of the pulse.

ISee Section 3.6 of the instruction manual for the Type 1531-A Strobotac electronic
stroboscope, General Radio Form 1531-0100,
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light flash is occurring during either the opening or closing of the
shutcer blades. (See Figure 6.)

The camera used should have "X" synchronization, necessary
with most types of electronic flash illuminarion.

The camera should not be loaded with film until consistent syn-
chronizacion is observed, because normal variations in shutter speed
and flash contact operation may cause erratic results if the light flash
occurs too close to the shutter opening or closing. Uneven exposure
will result if the shutter blades are only partially open during the lighr
flash, and the film will be completely dark if the flash occurs either
too early or too late.

Figure 6.
Patterns seen through the comera
lens when proper shutter flash syn-
chronization is being checked.

a o} c d

In views a, b, and ¢, the shutter blades are either opening ot closing, and
the flash delay should be adjusted until a clear, bright circle of light is
observed, as in view d.

The camera must be directed at the Strobotac reflector, and the light citcle
must be considerably brighter than when the Strobotac is disconnected.

1.3.4 SYNCHRONIZATION OF MULTIPLE LIGHT SOURCES. Fre-
quently it is desirable to flash two or more Strobotac electronic strob-
oscopes in synchronism, either simultaneously or separated by known
time intervals. For simultaneous triggering, all instruments can be
simply connected to the same trigger signal, or the OUTPUT TRIGGER
of one can be connected to the INPUT of a second through the Type
1532-P2B Transformer Cable, as shown in Figure 7. The OUTPUT
TRIGGER of the second unit can be connected to the INPUT of a third
in a similar fashion, etc. Notice that the oversize plug on the cable
must be inserted in the INPUT jack of the slave unit for proper opera-
tion.

In order to flash a series of Strobotac electronic stroboscopes
sequentially from a single trigger event, varying amounts of time delay
must be inserted in their INPUT circuits. The Type 1531-P2 Flash
Delay is ideal for this purpose, but almost any time-delay circuit would
be suitable. If the Type 1531-P2 Flash Delay is used, be sure to use
the Type 1531-0461 Adaptor Plug, furnished with the instrument, to
connect the two-conductor plug on the Type 1532-P2B Transformer
Cable to the three-conductor Flash Delay INPUT jack. DO NOT at-
tempt to achieve the same result by plugging the Type 1532-P2B plug
only part of the way into the Flash Delay INPUT jack, because both
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1000 per second are sometimes possible, depending on the condition of
the Strobotron flash lamp, The Strobotac range switch must be set on
one of the EXT INPUT positions when used with the Flash Delay.

The Type 1536-A Photoelectric Pickoff is used with the Type
1531-P2 Flash Delay to trigger the Strobotac in synchronism with mov-
ing objects. A small lamp, a light-sensitive photocell, and a lens
mounted in the end of the Pickoff convert abrupt changes in the reflec-
tivity of a moving surface into electrical impulses. These signals ate
then amplified by the Flash Delay and fed to the Strobotac INPUT jack.
The Flash Delay and Pickoff are shown connected ready for operation
with the Strobotac in Figure 8a.

To obtain the most reliable and consistent triggering from the
Photoelectric Pickoff, a sharp discontinuity in reflectivity should be
used as a trigger point on the subject. Small markers made from Scorch
brand Silver Polyester Film Tape No. 850 or reflective metallic foil
make ideal trigger marks; and on dark surfaces white or silver paint is
sometimes satisfactory. Generous quantities of both a dull black and a
shiny reflective tape are supplied with the instrumenc for this purpose.

Probably the most common application for the Flash Delay and
Photoelectric Pickoff is in the observation and photographing of the
various phases of high-speed repetitive phenomena. When the Strobo-
tac has been synchronized with the subject’s motion (e.g., the rota-
tion of an electric fan's blade), its motion is “stopped” so it appears
to be stationary. Then as time delay is inserted into the triggering
circuit, the subject is illuminated at a slightly later time on each
cycle, and thus appears rto "slip” forward in position (e,g., if the fan
is actually rotating clockwise, it will appear to "turn” clockwise slowly
as the time delay is increased by the rotation of the DELAY knob
clockwise).

2.2 TIME-DELAY RANGES AND ADJUSTMENT.

The RANGE switch on the panel of the Flash Delay has five
positions. In the extreme counterclockwise position power is discon-
nected, and the unit is inoperative.

When this switch is in position 1, 2, or 3, the time-delay range
provided is as follows:

Range 1 100 microseconds to 10 milliseconds

Range 2 1 millisecond to 100 milliseconds

Range 3 10 milliseconds to 1 second
Time delay is continuously variable within each of these ranges and
increases approximately linearly as the DELAY control is rotated
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clockwise, Srart with Range 1and workto Ranges 2 and 3 if more delay
is needed.

The EXT position is used to trigger the Flash Delay from contact
points. (See Section 2.5.)

2.3 MULTIPLE/SINGLE-FLASH TOGGLE SWITCH, SINGLE-FLASH
PHOTOGRAPHS.

When this switch is in the MULT position, a delayed light flash
occurs for each trigger pulse applied to the Flash Delay INPUT jack.
The amount of delay can be conveniently adjusted to illuminate the
subject in the desired portion of its cycle.

If the toggle is switched to the SINGLE FLASH position, the
erain of delayed trigger pulses being fed to the Strobotac is interrupted,
and the light flashes cease. A single flash can then be obtained by
closure of a set of contacts (such as camera-shutter flash-synchroniza-
tion contacts) connected to the small jack mounted near the Flash De-
lay power cord. This light flash follows the next trigger pulse received
at the unit by the preset amount of time delay, so the subject is illumi-
nated in the same phase of its cycle that was visually observed when
the switch was in the MULT position. This capability greatly facili-
tates the single-flash photography of moving objects in positions of
particular interest.

When preparing for single-flash pictures, first set the roggle
switch to MULT position and adjust the Pickoff for proper operation.
Adjust the DELAY control until subject appears "stopped” in pesition
for the desired picture. Then switch toggle to SINGLE FLASH and set
the Strobotac range switch to the desired intensity. The shutter speed
must be slow enough so the shutter is open for at least one complete
cycle of the moving object. When the camera shutter is tripped, the
Strobotac will flash once at the preset point in the subject’s cycle.

An auxiliary switch and cable can be used if available cameras
are not equipped with "X” synchronization. In this case the shutrer
must be opened on "Bulb,” the Strobotac flashed by closure of the
switch, and then the shutter closed,

2.4 TRIGGER-PULSE REQUIREMENTS,

The Flash Delay can be operated directly from the Photoelectric
Pickoff through connection to the Flash Delay INPUT jack. However,
other signal sources may also be used in lieu of the Photoelectrie
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TABLE 3

Time Delay Required in Trigger Circuit
for Yarious Shutter Synchronization Settings

. ihutt.er ‘ Approximate Time Delay Between
ync rorpzatmn Contact Closure And Full Shutter Opening
Setting
wyn Negligible
REn 5-6 milliseconds
e 20 milliseconds

eras that delay the shutter opening intentionally after the built-in con-
tacts close to allow sufficient time for flash bulbs to reach peak light
output. (The delays provided by common flash-synchronization settings
are listed in Table 3.) Since the Strobotac delivers its peak light in-
tensity immediately upon triggering, the built-in camera delay at “F”
and "M” flash settings causes the Strobotron lamp to fire before the
shutter is fully opened. Consequently, an appropriate amount of delay
must be inserted in the external trigger circuit if a camera equipped
only with these synchronization settings is to be used. A delay of
approximately 5 milliseconds, for example, should be inserted in the
triggering circuit of most inexpensive universal-focus cameras, as
these cameras are usually equipped for “F"-type synchronization.

The appropriate delay time for the shutter being used should be
roughly set into the Flash Delay by means of the DELAY control. Then,
while visually checking the shutter-flash synchronization, as outlined
in Section 1.3.3, make a fine adjustment. Again, consistent synchroni-
zation should be observed before film is loaded into the camera.
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section 3

Type 1532-D Strobolume

3.1 GENERAL DESCRIPTION.

The Type 1532-D Strobolume is a high-intensity light source ca-
pable of deliveri% up to 15 times the total light output of the Type
1531-A Strobotac™ electronic stroboscope. Unlike the Strobotac, the
Strobolume is not a true stroboscope, because it contains no internal
oscillator for repetitive flashing at fixed rates. A switch is provided
for single-flash operation, but either contacts or an electrical signal
is required for multiple-flash triggering.

a. Front view. b. Rear view,

c. View showing lamp
assembly removed
from case.

Figure 9. Type 1532-D Strobolume.
16



The Strobolume is primarily useful in photography when a large
area must be illuminated or extremely high brightness is required. Its
lamp assembly may be removed from the instrumentcase for easyaccess
to the subject (see Figure 9C), and a threaded socket is provided so
the assembly may be mounted on a photographic tripod if desired.

3.2 LIGHT OUTPUT CHARACTERISTICS,

Light output data for both of the Strobolume operating modes
are tabulated in Table 4. Notice that the flash duration for high-in-
tensity operation is more than 30 times the shortest flash duration ob-
tainable from the Type 1531-A Strobotac. This greater flash time in-
creases the photographic blur of a moving object for any given subject
velocity, and so the increased illumination is not achieved without a
sacrifice. The relationship between subject velocity and photographic
blur for typical flash durations of both theStrobotac and the Strobolume
is graphed for easy reference in Figure 10. This diagram should be
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where T = flash duration
Photographic blur = 0.000012 x subject velocity x T.

Figure 10, Photographic blur s velocity and exposure time,
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TABLE 4

Light Output Data
Type 1532-D Strobolume

Maximum Flashes Peak Beam Approximate Toral
Per Minute Intensity Flash Lighe
(Beam Duration Outputr
Candlepower, | (microseconds) | (BCPS)
Continuous |Intermittent | Continuous
Operation)
LOW
INTENSITY 3000 3000 140,000 10 1.4
HIGH
INTENSITY 60 1200 10,000,000 30 300

consulted when there is any question about the maximum flash duration
that can be tolerated.

3.3 TRIGGERING.

Either external contacts or a high-voltage electrical signal may
be used to trigger the Type 1532-D Strobolume, but contacts usually
are preferred, Contacts connected to the CONTACTOR jack on the
rear of the instrument with a standard two-conductor phone plug cause
a light flash upon closing, not upon opening.

It is possible to trigger the Strobolume with a positive electrical
pulse applied to the CONTACTOR jack, but the pulse must be at least
200 voles in amplitude and more than 20 microseconds long to function
reliably with all instruments.

A variety of special requirements can be satisfied by the trigger-
ing of the Strobolume directly from the Strobotac. For this purpose the
Type 1532-P3 Trigger Cable connects between the Strobotac OUTPUT
TRIGGER and the Strobolume CONTACTOR jack. Up te 20 micto-
seconds may elapse between the Strobotac flash and the beginning of
the Strobolume flash with this arrangement, so a multiple exposure may
result if the Strobotac reflector is directed toward the subject. Care
musr he taken nor ro exceed rhe maximum flash rares and nppraﬁng

times specified in the Strobolume instruction manual (Sections 2.3, 2.4).
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section 4

Exposure Data

When exposed to the extremely bright, short-duration lighr flashes
common in high-speed photography, photographic emulsions do not
have constant sensitivity for different exposure times. Because of
this phenomenon, called "reciprocity-law failure,” the effective film
exposure is not directly proportional to the product of light intensity
and exposure time. Film sensitivity characteristics at these extremely
short exposure times vary widely between film types, and the standard
exposure index ratings used by manufacturers cannot be used reliably
to estimate lens aperture settings.

Several of the more popular, higherspeed films recommended for
use with the Strobotac are listed in Table 5 along with suggested guide
numbers for each flash intensity setting. Notice that the guide number
must be divided by the lamp-subject distance in feet plus 1.5, because
the Strobotac beam produces the same effective illumination as if it
emanated from a point source approximately 18” behind the front of the
reflector. Effective lens apertures calculated in this manner should be
considered first approximations ro the best actual camera settings, and
trial exposures will often be necessary to optimize for the particular
reflectivity and contrast characteristics of the subject being photo-
graphed.

The recommended photographic guide number for HIGH intensity
operation of the Type 1532-D Strobolume is 25 with film rated at ASA
100. This number should be divided by the lamp-subject distance in
feet to obtain a preliminary f/number setting.

At extremely short camera-subject distances, the camera lens
must be moved away from the film plane in order to bring the subject
into focus. This deczeases the amount of light reaching the film, and
the lens aperture setting must be adjusted to compensate for this loss,
The curve in Figure 11 provides a straightforward means for determin-
ing the amount of adjustment required for either a given bellows ex-
tension or a given image magnification,

The Strobotac produces good results with orthochromatic as well
as panchromatic black-and-white films, because a large part of the light
energy emitted by its flash falls in the blue-green region where both
types of film are sensitive, (See Figure 12 for a graphical comparison
of film sensitivities to the spectral content of a senon flashtube emis-
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TABLE 6. Summary of Characteristics of Several Commercially Available Light Sources for High-Speed Photography

Max Repetition Peak Light Lamp Lamp Input
Light Source Duration Frequency Intensity Voltage | Energy per Flosh Time Delay Photographic
usec flashes/sec million beam ep | valts watt = sec Exposure Data
GR Type 1531-A 0.8 to |800-1000, de- 02t 7 800 0,008 to 0.25 | Internal: uncalibrated,)| see Table 5
Strobotae electronic 3.0 | pending on tube 20-300 msec
stroboscope External: 100 psec to
| sec, uncalibrared,
with Type 1531-P2
Flash Delay
GR Type 1532-D 10 50 continuous 0.14 0.8 I ol Guide No. 25 for
Strobolume 30 20 In bursts 10 2500 7 Cremnt. Ty ASA 100 filim
of up 1o 7 sec
EG&G Models 515, | 150 0.2 53 900 100 external only n.a
G, 7 Xenon Flash II-
luminator Assembly |
E G &G Model 549 0.5 0.2 50 18,000 B adjustable, oncali- For 2-ft lamp-subject dis-
Microflash brated 3-1000 gsec | tance: Panatonic-X-£/8,
High-Speed Ektachrome-
£/5.6 with CCS50Y filer
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EG&G Model 502 1 25-100,000 0.2 10,000 5 berween flashes— n.a.
Multiple Micro- in bursts of adjustable 10 ysec
flash Unie up to 20 flashes to 40 msec
EG&G Type 501 1.2 6000 in bursts of | 0.13 candlepower 0.1
High-Speed | up to 0.8 sec will K¥-3mbe | 5 taid =
Stroboscope 21 800 in bursts of | 0.4 candlepower 1.3 SRR For high-speed panchro-

up to 1.5 sec

with FX-3 tube

matic film and parabolic
reflector on lamp, guide
number is 5-10




section 5

Lighting Techniques

5.1 GENERAL.

Many times objects to be photographed at high speed do not
naturally contrast well with their backgrounds, and it is difficult to
achieve clear, high-definirion picrures of them. Often this situation
can be greatly improved simply by either a light or a dark background
behind the immediate subject. If several objects or moving parts are
being studied simultaneously, different colors or shades of paint can
be used to improve contrast between them.

Light colored backgrounds, such as white paper or cardboard,
tend to produce troublesome reflections when the light source and
camera are directed at the subject from certain angles. Relocation of
the Strobotac may help in these situations, or it may be desirable to
switch to a dark, non-reflective backdrop (black velver is about the
best, but any dull black surface may be used), 1f bright *hot spots"
are evident, the Strobotac should be moved farther away from the sub-
ject or the light beam should be bounced onto the subject from a light-
colored, diffusing reflector (white matte paper is a good material for
this purpose).

Side reflectors can be used to advantage when one side of the
subject is brightly illuminated and another side is darker. Household
aluminum foil is a good material for this as it is easy to work with and
has good reflectivity. It will diffuse light effectively if it is loosely
crumpled, then gently opened out and formed into a rough reflector
surface.

Scotchlite is another reflecting material which has many uses in
high-speed photography. It is manufactured and sold by Minnesota Min-
ing and Manufacturing Company and has the peculiar characteristic of
reflecting light striking its surface back in the direction from which it
came, with an efficiency almost 200 times that of an ordinary white
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Figure 14, Shock-wave photography
with a Scotchlite screen. (See Section 5.3.)

(Photograph courtesy of Dr, Harold E. Edgerton, M.I.T.)

This shadow photograph of a .30-calibre bullet being fired from a Springfield
rifle clearly outlines the spherical sound wave emanating from the gun's muzzle.
In the original photograph, the conical shock layer of compressed air extending
back from the bullet’s nose can be seen; similar shock waves produce ear-
splitting sonic booms when jet planes break the sound barrier.
A 4-foot reflective screen of #244 Signal Silver Scotchlite was located 10 feet
from the camera. The rifle
SCOTCHLITE  SCREEN was 5 feet from the cam-
era. A 135-mm lens was
used at £/4.7 on Polaroid
Type 52 positive film
(ASA 200). A microphone
triggered the high-inten-
sity Strobotac flash.

Strobotac used as a point light
source. The spark gap must be
oriented parallel to the camera-
subject axis and as close beside
the camera lens as possible.
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This method is considerably more involved and requires semi-perma-
nent deformation of rhe lamp, but it does provide a superior reflector.
Suspend the flash lamp upside down in the silvering solution by gently
pressing its prongs into a small rectangular block of balsa wood cut
to fit snugly on the inside of a straight-walled glass beaker. Then ad-
just the block so that the top of the lamp is immersed and the contact
prongs and glass bottom are not.

After the silver is applied, remove enough of the coatingto form
a window for escaping light and cover the remaining silver with clear
plastic spray or coil dope. When thisis dry, paint the silvered area with
an opaque, flat black paint. Some exterior discoloring may be noticed
after a few hours of continuous operation, bur the reflectivity of the
coating should remain high for some time.

5.3 SHADOWGRAPH PHOTOGRAPHY WITH ASCOTCHLITE SCREEN.

Shadowgraph photography is a technique used to study intense
shock waves and other fluid disturbances of a similar nature. Dr.
Harold Edgerton has described a technique for taking such photographs
using a Scotchlite screen as a reflective backdrop. For good definition
with this method, 2n intense pointlight source must be located as close
to the camera lens as possible. The Type 1531-A Strobotac is ideally
suited for this application.

The bare Strobotron lamp is positioned next to and slightly be-
hind the camera lens as shown in Figure 14, so that light is reflected
from the screen back through the subject plane and onto the film.
Focus the camera lens sharply on the Scotchlite screen, NOT on the
subject itself, and be sure there is atr least six inches between the
screen and the subject. Sharp density gradients in the fluid surround-
ing the subject will then show up as dark lines against the brightly lit
screen, so that intense shock patterns may be studied. The further the
screen is separated from the subject, the darker the shock pattern will
appear in the photograph, and, of course, the less sharp the subject
outline will appear for a given depth of field.!

lgee Edgerton, "Shock-Wave Photography of Large Subjects in Daylight,” Review of
Scientific Instruments, Vol 20, No. 2, February, 1958, p 121, and also Hyzer, op. cit.,

424-479, for additional information on shadowgraph photography and Edgerton’s
technique,
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section 6

Single-Flash Photography

6.1 GENERAL.

This simple form of high-speed photography is commonly used for
taking a single picture of a rapidly moving object in some position of
particular interest. First the camera shutter is opened completely, then
the Strobotac or Strobolume is flashed once to expose the film, and the
shutter is closed again. The subject will be "stopped” and photo-
graphed in the position it occupies at the instant the strobe lamp
flashes. There are innumerable industrial applications for single-flash
photography in the study of high-speed phenomena, and pictures taken
in this manner have helped to solve many puzzling problems. An ex-
cellent example of thistechnique is the series of a milk drop splashing
on a hard surface (see Figure 15).

6.2 TRIGGERING THE LIGHT SOURCE,

One of the most difficult problems in single-flash photography,
and indeed in all high-speed photo-instrumentation work, is to fire the
strobe lamp at the proper time to freeze the subject in the desired posi-
tion. If the subject’s position is not critical to the photograph, the
light maybe flashed at a random time and the usefulness of the picture
will not suffer. An example might be a photograph of the spray pattern
formed by a hydraulic nozzle, or of a stream of water from a faucert
(see Figure 16). But if the subject moves cyclically and must be photo-
graphed at a particular point in its cycle, the light flash must be syn-
chronized to its motion,

The particular scheme used to provide a trigger signal depends
on the nature of the subject, and considerable ingennity may be exer-
cised in devising simple, yet effective triggering circuits, Any ar-
rangement can be used that will provide an electrical pulse or a con-
tact "make” or "break” as required by the light source being used.

As an illustration of the wide variety of schemes that can be
used ro flash the Strobotac at a precise time, consider the problem of
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Figure 15. These jewelled crowns, which show a drop of milk splashing
on a hard surface, were made in the light of preciselytimed flashes from
the Strobotac electronic stroboscope.




Figure 16. Single-flash photographs of a household water tap, showing
the effects of a de-splash attachment. Exposures were made on Polar-
oid Type 47 film at /22 with a single, high-intensity Strobotac flash,

photographing a rifle bullet traveling approximately 3000 feet per
second (roughly three times the speed of sound). This projectile travels
about 36” in 1 millisecond (one thousandth ofa second) or 0.036" in 1
microsecond. Since approximately 0.1” would be traversed during the
highest intensity flash duration of the Strobotac, and this movement
would blur the subject, the highest speed (Low Intensity) flash posi-
tion should be used.

One of the simplest triggering methods is to fire the bullet at a
thin, raut wire connected to the Strobotac INPUT terminals. The lamp
will flash a few microseconds after the wire severs (with RPM control
fully clockwise) so the camera and lamp reflector should be aimed just
past the contact wire.

Alternatively, one can construct a contact closure sensor by
gluing two strips of metallic foil on opposite sides of a small circular
hole in a thin piece of papercard, and then connecting wires from these
foil strips to the INPUT terminals. When a bullet is fired through the
card, it momentarily closes the circuit between the two foil strips and
this contact closure triggers the Strobotac. The inverting circuit of
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Figure 5 would probably be necessary to keep the time delay to an ac-
ceptable minimum. Two flexible metal strips separated by a small air
space might be used as a contactor in a similar fashion.

A third means of providing an electrical trigger pulse might
utilize a photoelectric cell and a light beam. The Type 1536-A Photo-
electric Pickoff is suitable for a multitude of these synchronization
schemes. Some professional bullet-timing devices also operare on this
principle, and they are capable of supplying trigger pulses to the
Strobotac.

Another technique which requires no physical contact with the
bullet is to use a microphone and an audio amplifier, such as those
found in phonographs or sound-movie projectors, to provide a trigger
pulse. (See page ii.) The General Radio Type 1551-C Sound-Level
Meter can be used as a self-contained sound sensorto drive the Strobo-
tac.

With any of these four methods, the timing of the flash can be ad-
justed by changing the distance between the firearm and the crigger
sensor (foil-covered card, microphone, photo-cell, etc.). A microphone,
for example, must be moved slightly more than a foot away from the
gun to delay the light flash one thousandth of a second. (Sound travels
one foot through air in aboutr 0.9 millisecond.) The Type 1531-P2 Flash
Delay provides a wide range of continuously variable time delay and
is extremely convenient to use as a delay-timing device.

Variable-reluctance proximity pickups (magnetic pickups) make
ideal synchronization sensors for many applications.* These devices
produce a small electrical pulse when ferrous material (iron, steel,
magnetic alloys, etc,) is rapidly passed close by them(within a fraction
of an inch). This pulse, when amplified and fed to the trigger circuit
of the Strobotac, can be used as a precise time reference for synchro-
nization purposes. The Flash Delay will operate directly from a low
amplitude pulse of this nature, making an additional amplifier unneces-
sary. Usually the pickups can be most conveniently mounted near a
rotating gear or a spinning wheel with metallic spokes, but a wide
range of rriggering schemes is possible with these units.

6.3 LOW AMBIENT LIGHT CONDITIONS.

When single-flash photographs are taken in a darkened room, the
camera shutter may be left open for a considerable period of time with-
out fogging the film. If the shutter is equipped with a "Time” or

*A wide variety of variable-reluctance pickups are available from Electro Products
Laboratories, Inc., 4501 North Ravenswood Avenue, Chicago 40, Illiaois.
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“Bulb” setting, it may be opened manually, held open unril the light
flash can be conveniently triggered (usually by the object being photo-
graphed, as outlined in the previous section), and then manually closed.
Otherwise, use the slowest available shutter speed to minimize syn-
chronization difficulty.

6.4 HIGH AMBIENT LIGHT CONDITIONS.

It is not always feasible to make a single-flash photograph in a
darkened room, and shutter speeds must be fast enough to keep film
exposure from ambient light down to an acceptable level. Frequeatly,
the most convenient means for accomplishing this Is to use a camera
with built-in flash synchronization contacts and to trigger the light
source directly from those contacts. This technique is useful if the
time relationship of the light flash to the moving subject is not critical,
but ir is almost impossible, for instance, to snap a camera shurter
manually at the proper time to photograph a passing bullet,

If ambient light cannot be reduced to a level permitting manual
shutter release with longer exposure times as described earlier, it will
be necessary to synchronize the triggering of the camera shutter, as
well as the light flash, with the subject’s motion. Usually this can be
accomplished with an electrically operated shutter-release solenoid on
the camera with electrical signals used to release the shutter and erig-
ger the light source, These devices are available as accessories for
most press cameras, and there are several units sold for adapting older
cameras for flash photography. A competent camera repairman should
install the device selected.

When high-speed repertitive motions are being photographed, the
single-flash feature of the Type 1531-P2 Flash Delay permits the use
of relatively fast shutter speeds, with a consequent reduction in ex-
posire from ambient light. See Section 2.3 for a complete description
of the methodology.

Cameras with focal-plane shutters are usually not satisfactory
for use under high ambient light conditions, because the film frame
must be complerely uncovered for exposure at the instant the light flash
occurs. Most focal-plane shutters do not expose the entire film frame
at one time except at extremely slow shutter speeds, and overexposure
then becomes a problem.
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section 7

Multiple-Flash Photography

7.1 STATIONARY FILM.

Frequently it is desired to observe a sequence of high-speed
events in order to study the relationships between them, and a series
of single-flash photographs either is unnecessarily difficult to obrain
or will not display the desired information in an easily processed form.
Under these circumstances, a multiple exposure on a single film frame
often satisfies both requirements well,

For example, suppose it is desired to measure the angular veloc-
ity and acceleration of a rotating shaft, perhaps as a first step in
determining the transient characteristics of a load being driven by the
shaft, If one end of the shaft is accessible, this can be easily accom-
plished by making a single mulciple exposure of one shaft revolution
with the Strobotac and observing the sequential position of a mark on
the periphery of the shaft.

The simplest technique for securing this photograph would be to
set the Strobotac at a uniform flash rate and the camera shutter speed
at the time required for one complete revolution, The camera can then
be focused on the shaft end and the shutter tripped at a random time,
so no synchronism with the shaft is necessary. The time between light
flashes is equal to the time lapse between the shaft positions indicated
by the sequential mark positions on the film, and this information can
be reduced to yield both angular velocity and acceleration measure-
ments. Details of a sample problem and data reduction calculations
are presented in Figure 17 to illustrate the techniques involved,

This method can be used to make a wide variety of measurements
under a host of different conditions. Linear translation can be studied
as easily as rotarion, and many complex motions can be analyzed
quickly and inexpensively in this manner,

A multiple-exposure photograph can also be made by opening the
camera shutter manually, triggering the flash in synchronism with vari-
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ous positions of the subject being photographed, and then closing the
shutter again. This method is useful when the subject positions being
studied occur at irregularly spaced time intervals so that a constant
Strobotac flash rate cannot be utilized.

Multiple-flash exposures can be useful for advertising purposes
as well as for scientific work. Figure 18 shows how a simple, easily
obtained illustration can lend eye-catching appeal to what otherwise
might be a run-of-the-mill promotional piece.

7.2 MOYING FILM.

The second major method for photographic recording of sequen-
tial high-speed events utilizes multiple-flash exposure of a moving
film. The Strobotac flash "stops” the motion for each successive frame,
and no mechanical shutter is required under low ambient light condi-
tions. (See Figure 19.) Many types of cameras can be modified to
transport the film at the desired speed.

High-speed cameras, such as the Wollensak "Fastax”, can be
adapted for multiple-flash photography by locking the shutter open or
removing the shutter assembly. These cameras are capable of moving

(Continued on page 37.)

(Photograph courtesy of Daymarc Corporation, Waltham, Massachusetts)

Figure 18. Multiflash photograph of o semiconductor diode being at-
tracted to a magnetic Daymarc Diode Clip.
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Figure 19. Dynamic redistribution of stress in a rock model
undergoing fracture.

(Photographs courtesy of E. Hoek, National Mechanical Engineering Research Institute,
Pretoria, South Africa.)

A series of multiple-flash, moving- P 5 MBORLL
film, high-speed photographs taken
with the Strobotac electronic strobo-
scope to show the dynamic redistri-
bution of stress in a rock model un-
dergoing fracture. The model is a 5-  5TFO80TAC, <> —MONOCHROMATIC FILTER
inch-square rock plate, Y-inch thick, § = —CAMERA

with a ¥-inch-diameter circular hele L H

in the center. It was subjected to

vertical stresses ranging from 33,000 Ib/sq in. in (a) to 40,000 Ib/sq in. in (e)
and (f). The lateral stress was held at 0.15 the value of the vertical stress.

The strain patterns were photographed by the birefringent layer technique in
which a layer of photo-elastic plastic is bonded onto the surface of the model
with a reflective cement. The photo-elastic pattern induced in the layer by strain
in the model is then analyzed with reflected polarized light. The monochromatic
filter shown in the diogram was a Wratten 77, which passes light of 5461 ang-
strom units.

These photographs were taken on |lford HP3 35-mm film (ASA 160) with a Leica
Summicron 50-mm lens set at f/2. The Strobotac was set at 300 flashes per minute
(3-microsecond exposure), and the film was transported past the lens at 5 inches
per second with an oscillograph camera. No shutter was used. Both the camera
and the Strobotac were approximately three feet from the subject, as shown in
the sketch.

; REFLECTIVE CEMENT LAYER

PHOTO - ELASTIC LAYER

_; CIRCULAR POLARIZERS
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the film past the camera lens at a high rate of speed so that the in-
ternal Strobotac oscillator can be used to provide exposure rates as
high as 410 frames per second. Considerably higher frame rates can be
achieved if the Strobotac is triggered by an external oscillator.

If it is desired to project multiple-flash film strips in a standard
movie projector to observe a high-speed event in slow motion, the flash
rate must be synchronized with film speed to produce the proper frame
spacing. Both the Fastax and Milliken* high-speed cameras may be
fitted with small variable reluctance pickups mounted close to a film
sprocket wheel to deliver pulses synchronized with the rate of film
travel. When the Strobotac is triggered from these synchronized pulses,
the exposed frames can be properly spaced on the film regardless of
the film speed past the lens., A similar technique could be used to
adapt other cameras for taking high-speed movies,

* Manufactured by the D. B. Milliken Company, 131 North Fifth Avenue, Arcadia, Cali-
fornia.
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Study of cam-follower
bouncing action when
cam rotates above a
critical speed. Photo-
graph at left was taken
under steady light. Pho-
tograph at right, taken
vsing a single Strobotac
flash, shows cam follow-
er at height of its
bounce.

An 8-inch circular-saw blade
rotating at 3450 rpm. Left
side of blade appears
blurred due to exposure un-
der steady light directed
only at that side, while
right side oppears station-
ary, with minute surface
scratches clearly defined,
under the 0.8-microsecond
flash of the Strobotac.

Sproy pattern of diesel fuel-
injection nozzle. With
svitable photographic tech-
nigue and large-scale phe-
tographs, such pictures can
be used in estimating drop-
let size and size distribution.



















Study of thread behavier in high-speed sewing machine. Machine speed was 5000
stitches per minute; hook speed was 10,000 rpm. Photograph above shows setup using
Linhoff 4" x 5" with Polaroid film, Strobotac with attached Flash Delay, and sewing

machine (the base of which is cut away to expose the parts underneath). Photograph
at lower left shows hook action on thread at a specific phase selected by means of
the Flash Delay. Photograph at lower right is taken from a higher angle so as to show
the stitch-forming action just under the sewing surface. Courtesy of The Singer Company.
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