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PREFACE

This contract (FO4611-76-C-0053) was concerned with the feasibility
of holographically recording microscopic particulate and flame phenomena
resulting from the combustion of small 1/4 x 1/8 x 1/16 inch solid propellant
samples at high pressures. The contract was divided into three phases. The
first was concerned with the feasibility and techniques for achieving high
resolution. Under Phase |, a new lens-assisted holographic technique was
found to give resolutions (v 2 microns) higher than had hitherto been

achieved.

Phase |l was concerned with systematic recording of propellants, the
abstraction of quantitative information, feasibility of holbgraphic inter-
ferometry, feasibility of reflected 1ight holography, and the development of
other more advanced laser and holographic techniques. The holograms were

recorded with a Q-switched ruby laser.

One Phase |l conclusion was the importance of short (< 10 nanosecond)
laser pulses to évoid time-averaged fringe effects obtained with metallized
propellants. Another was the development of a double reference beam tech-
nique to record holograms on top of one another which could be separately
reconstructed. One consequence of this type of recording is the recording
of the particle field at two different times. For such a recording, par-

ticle motion can be followed and velocities deduced.

Under Phase Il, a small 0.5 cubic millimeter portion of one holographic
image of combustion was carefully inspected. Each particle in the chosen
volume was located (assigned Cartesian coordinates) and measured (568 par-
ticles ranging in diameter from 3 ~ 80 microns were counted). The exercise

illustrated the ability to derive quantitative information from a hologram.

The last part of the program (Phase |11) was concerned with the fabri-
cation and delivery of equipment which could be used at RPL to record holo-
grams like those recorded under the Phase | and || parts of the program.

A new lens-assisted double reference beam holocamera was designed, built,
and delivered. Concurrently, an existing RPL laser illuminator (originally
built by the authors under contract FOL611-69-C-0015) was rebuilt for use
with the new holocamera. The laser was upgraded completely and included a
multiple pulse capability of 2 - 400 usec separation between the two laser
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pulses. A further feature was the ability to orthogonally polarize the two
pulses so that each could be routed along a different reference beam direc-
tion. In addition, the rebuilt laser had a pulse chopping capability; the
nominal 50 nanosecond pulse was shortened to v 10 nanoseconds. The shorter
pulses recorded fringe-free holograms of metallized fuels. Details of the
new holocamera and laser illuminator are available in the instruction

manuals.ls 2, 3

1 R. F. Wuerker, "Instruction Manual for a Ruby Laser Holographic
Illuminator" (Contract F04611-69-C-0015), February 1970.

2 R. F. Wuerker and R. A. Briones, "Operation Manual for Lens-Assisted
Multipulse Holocamera with Reflected Light Option" (Contract FO4611-
76-C-0053), AFRPL-TM-78-12, July 1978.

3 R. A. Briones and R. F. Wuerker, "Instruction Manual for the Improved
Ruby Laser Holographic Illuminator" (Contract F04611-76-C-0053), AFRPL-
TM-78-11, July 1978.
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NOMENCLATURE

5V solenoid valve

MV manual valve

RV relief valve

GN2 gaseous nitrogen

M meter

| initial laser beam intensity
cm centimeters

A wavelength of 1light

N.A. numerical aperture

u microns (10—6 meter)

c current (amps)

c electrical capacitance (farads)
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X separation

v voltage (volts)
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!.  INTRODUCTION

This study was concerned with the feasibility of holographically
(three-dimensionally) recording the combustion of small (typically 1/4 x
1/8 x 1/16 inch) rocket propellant samples at high pressures in a windowed

combustion bomb. The original goals, in order of priority, were to obtain:

particle sizes (to 3 micron diameters),
particle velocities,

flame density gradients,

propellant surface characteristics,
and

e particle size distributions.

Interest in holography centered on its ability to make three-dimensional
recordings which one could examine with a microscope. In addition, the in-
tensity and monochromaticity of laser light meant that luminous events, such
as solid propellant combustion, could be recorded without fogging of the
photosensitive recording plate, Narrow band optical filters and shutters
excluded most of the luminous light from the photosensitive holographic
plate, yet let the laser light pass through., Types of holography which
were to be used included collimated and diffuse transmission holograms, re=~

flected light holography, and double exposure holographic interferometry,

The program was divided into three phases.*®

Phase |. Test the feasibility of recording solid propeliant combustion
in a pressurized window observation chamber. Develop and refine
the holographic techniques to give high (8 3 micron) resolution.

Phase |l. Refine and further develop the holographic techniques developed
under Phase |. Systematically record holograms of different Air
Force propellants. Analyze and photographically record selected
holograms. Investigate multiple exposure holography as a way to
deduce particle velocities and flame density effects (via holo-
graphic interferometry) .

Phase Ili.'Based on the developments from Phases | and }1, rebuild
an Air Force ruby laser to serve as illuminator and
assemble the holographic components into one unit
(holocamera). install and checkout the modified and
new equipment at the AFRPL,

The statement of work is reproduced in Appendix |.

]
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11, PHASE | - SETUP AND PRELIMINARY COMBUSTION HOLOGRAMS

S il

The most immediate goal of Phase | was to record holograms of solid
propellant at high pressures. This meant setting up the Air Force combus-
tion bomb in a safe area, building a rudimentary holographic optical
arrangement around the combustion bomb, contending with the problems of
film fogging (due to the lumination from the propellant combustion), and

recording a few holograms to show feasibility and uncover problems.

The combustion bomb and first holographic arrangement were set up on
a b x 4 x 3/4 foot solid granite table (in Building R1, Room 1059, TRW). ;
The laser was set up in an adjoining room. The beam passed through a hole

in the door between the two rooms.

The bomb was pressurized through electrically actuated valves, The
valves were interlocked to the doors into the room in such a way that the bomb

k. could never be pressurized until the doors were closed.” The pressurization

: system schematic is presented in Figure 1. The bomb was pressurized from
either 6,000 lb/in2 or 2,500 lb/in2 commercial bottles of dry nitrogen in the

same room as the laser., Reference to the figure shows that there were three

electrically actuated valves; SV-1 (normally closed), SV-2 (normally closed), ;
SV-3 (normally open). In addition, there were manual valves (MV-1, MV-2, |
MV-3, MV-4, and MV-5), a rupture disk (RD-1, 2000 Ibs/inz), and relief valves
RV-1 and RV-2 (each 1200 lbs/inz). The safety circuit is shown in Figure 2

and, although simple, was reliable. Note that the system cannot be pressured 7
until the doors are closed.”” The two door switches activated the nominally 5

closed high pressure valve (SV-1) and the normally open dump or vent valve

(Sv-=3). Closing the switch, between the power supply and the door inter-
lock, opens the high pressure valve and closes the dump valve, thereby
pressurizing the system. Closing the second switch opens the flow valve

(Sv-2), fires the ignitor, and fires the laser.

% The bomb stored 3,000 joules of compressed gas when pressurized to
1000 psi. This amount of energy is enough to be dangerous. On the
other hand, it compares with the energy in the ruby laser's capacitor
bank.

** The approved operating procedure is reproduced in Appendix |I.
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Figure 2. Electricai Contrel Circuit for
RPL Combustion Bomb.




Figure 3 is a view of the laboratory setup looking from the control room at

the combustion bomb and holographic optics, all set up on the 4 x 8 x 3/4 foot

granite block table. During a combustion run, the double doors were closed
and the ruby beam fired through a 2-inch hole in one door. Power supplies for
activating the valves and igniting the propellant are seen below the ruby la-
ser (nominally 1/2 joule, 50 nanosecond, Q-switched). Figure 4 is a closer
view of the granite table, holographic setup, combustion bomb, the high pres-
: sure plumbing, and (in the foreground) a helium-neon laser. The latter was
used to record static holograms, with the holographic optical arrangement, for
the purpose of testing improvements or effects (on resolution) due to changes
of wavelength between the recording and reconstructing steps. The electri-

E cally activated control valves were mounted to the far side of the plywood
board at the end of the granite table. Figure 5 is an even closer view of

the combustion bomb at the time when the focused image holography was

being tested.

An isometric view of the combustion bomb is presented in Figure 6,
showing two of the three viewing windows, the method of assembly, and the
internal propellant sample, mounted to a pedestal on the end plug.*
Figure 7 is a photograph of the end plug with 1/4 x 1/8 x 1/16 inch fuel
sample mounted and ignitor wire in place. The miter box used to cut fuel

samples is also seen in this picture. The method of suspending the combus- |
tion bomb above the table can also be seen in this picture.

A cross sectional view of the combustion bomb is seen in Figure 8.

This figure shows that the combustion bomb has three window ports, two of |
which were opposed. For the setup seen in Figures 3, 4, 5, and 7, the

illuminating laser beam passed through the small (1/2 inch diameter x

0.8" thick) fused quartz window through the combustion zone and exitted ]
(toward the hologram) through the larger (1 1/2" dia, x 0.8 inch) opposing
‘ window, The other 1 1/2 inch x 0.8 inch window was used later to record

reflected light holograms., A dimensioned engineering drawing of the

combustion bomb is presented in Figure 9.

Not shown is the fact that during combustion gas flowed through a line
connected to the end plug (via Valve SV-1 in Figure 1). The high
pressure line had to be opened to remove the end plug, or whenever pro-
pellant samples had to be replaced. The line was electrically inter-
locked to the pressurization system to insure that the bomb could not

| be pressurized unless the line was connected.

5




Sins ik

Figure 3.

Photograph of the ruby laser (right foreground), combustion
bomb, holographic optics, and setup on granite table in an
adjoining room. R, A, Briones is in this picture.
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Figure 4.

Closer view of the experimental holographic setup.
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Figure 5. Even closer view showing the combustion bomb and the lenses and
plate holder used in the focused image test. The lenses and
plate holder have been set aside.
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Figure 6. Isometric View of RPL Combustion Bomb.
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Figure 7.

g, o

View of setup showing end plug with mounted fuel

sample.
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Figure 8. Top View of RPL Combustion Bomb.
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Figure 9. Engineer
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Figure 10 is a picture looking from the combustion bomb back toward

the illuminating ruby laser in the adjoining room, At the time this picture
was taken, a fuel sample was fired with the intent of illustrating the lumi=-
nosity of the combustion of the small propellant samples at high pressures.
Metallized fuels were particularly luminous, enough to require a narrow
band optical filter to keep the plates from being fogged. Fuels which were
used on this program are summarized in Table I,

Table |

THE SOLID PROPELLANTS

Burn Rate at

1000 psia

Type % Solids Oxidizer Fuel/Other (in/sec)
NT-10 87 AP 0.5% ZrC .5

0.5% C
MS-23 87.5 AP 1.0% Zr .54

05 €
MX-70 87 AP 15.75% A% 1.69

3.0% Ferrocene

0.75% FeF

3
ANB-3066 88 AP 18% A% .36
NB-79 88 AP 20% AL 43
NB-122 90 AP 21% AL .15
NB-123 90 AP 21% AL 49
15% HMX

At the start of the program, an extremely simple transmission holographic
optical arrangement was set up around the combustion bomb for the purpose of
establishing initial feasibility. The arrangement is shown in Figure 11. In
this figure, the beam from the ruby laser illuminator passes first through
a glass wedge which divided it into the holographic scene and reference
beam components. The reference beam is the light reflected from the
front surface of the wedge. The scene component is the preponderant
amount of light (90%) which passes through the wedge and was
incident on a 90° glass prism. The prism reflects the laser light

into the combus.ion bomb through the small window. The coherent

13
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Figure 10. View of combustion bomb when propellant was being fired.
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laser light passes through the combustion phenomena, through the far window,

through a mechanical camera shutter, and was incident on the hologram plate.

The reference beam is the small 10% portion of laser light that is
reflected from the first surface of the wedge beam splitter. This beam was
expanded by a negative lens and then collimated by a 24-inch focal length
telescope refractor. The enlarged and collimated reference beam was re-
flected off a plane mirror (a silvered optical flat) onto the sensitized
holographic plate.* The reference and scene beams passed through one ano-
ther at an angle of approximately 75° at the hologram plate. The hologram
(according to the principles of holography) records the optical interference
between the holographic scene and reference beams. The fringes are neces-

sarily close, being of the order of 0.7 microns.

Holograms were recorded of both the fastest burning propellant
(MX=70) and the most luminous propellants (MB=122) using samples up
to 1/4 x 1/4 x 1/h4 inch size. Examples in terms of photographs of
hologram reconstructions are presented in Figures 12, 13, and 14. For
these pictures, the holograms were reconstructed with a helium-neon laser.
The three-dimensional images were photographed with a camera having a 180
millimeter lens. For both examples (see Figure 11), a ground glass diffuser
was placed before the entrance window of the combustion bomb. The combus-
tion phenomena was recorded in silhouette, The size scale of the two pic-
tures can be judged by the width of the ignitor wire, which was 0.008 inch
diameter (200 microns). Careful inspection of the Figure 12 image showed
particles of 20 microns size as well as quasi-opaque filaments. Figure 13
shows that 1/4 inch wide samples are opaque.** Figure 14 showed that MX-70
was almost transparent. No particles, howevar, could be resolved. These
examples at least showed that holograms could, in fact, be recorded of the

combustion of small solid rocket propellants.

A1l holograms made on this program were recorded on Agfa 8E75 antihalated
holographic glass plates. After exposure, the plates were developed to
proper density in a 1:4 solution of Kodak HRP developer, water rinsed,
fixed in a 1:3 solution of Kodak Rapid fix, rinsed for 1/2 hour in
running water, and dried in air.

“% Later in the program, it was found that these regions of opacity were
in actuality time-averaged holographic fringes, which could be greatly
reduced by recording holograms with laser pulses of shorter duration
(i.e., 5 nanosecond instead of the normal 50 nanosecond pulses).

16
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Figure

Photograph of the reconstruction of a hologram of
the combustion at 500 Ibs/in? N, of 1/4 x 1/4 x 1/16
inch sample of NB-79 propellant burning in the RPL
combustion bomb., The hologram was recorded in the
Figure 11 two-beam holographic apparatus with

rear ground glass illumination. The reconstruction
was photographed at f/11.
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Figure 13,

Photograph of the reconstruc&ion of a hologram of
the combustion at 500 lbs/in

Ny of 1/4 x 1/4 x 1/4
inch sample of NB-123 burning in the RPL combustion

bomb (reconstruction photographed at £/8) .

18
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Photograph of the reconstruction of a he
-
the combustion at 500 Ibs/in® n; t L
nch sample of MX=70 fuel burning i the RPL

combustion bomb (reconstruction photographed at f/11).



I11. PHASE | - RESOLUTION MEASUREMENTS

The Figure 11 holographic arrangement did not give particularly good

resolution. Particles smaller than 20 microns could not be seen. The

setup was tested statically using a 1951 resolution chart as the test
object.® The widths of the bars for different columns and row numbers
are amassed in Table Il, The Figure 11 apparatus was found to give recon-
structions with a resolution of 8 microns when ground glass was inserted.
and 3 microns when it was removed. The results were encouraging, but not
high enough for the goals of the program. Rather than record more holo-
grams of combustion, under less than optimized conditions, it was decided
to concentrate on the problems of high resolution. A new holographic
arrangement, shown in Figure 15, was constructed for these tests. The
reference beam angle could be changed, and the mode of illumination could
be changed quickly, from either collimated or diffuse type of illumination

by the insertion of a pair of ground glass plates.

For the holographic arrangement shown in Figure 15, the beam from the
illuminating Q-switched ruby laser was initially collimated to 12 cm dia-
meter. It was next split into scene-reference components by a large wedge
beam splitter. The reference beam was reflected off a metallized optical
flat which travelled along an ellipse. As a result, the reference beam

angle could be varied, yet maintain path match with the scene beam. The

scene beam was reflected off a pair of front surface mirrors onto the
hologram. The mirror spatially matched the scene and reference beams when
the ground glass diffuser was withdrawn. The resolution chart was six
inches éway from the hologram, which closely approximated the closest dis-
tance of combustion phenomena in the bomb., Holograms were recorded at

scene-reference beam angles of 30, 45, 60, 75, and 90 degrees.

“ The 1951 resolution chart is a series of vertical and horizontal three-
bar patterns whose spacing decreases according to the following equation.

Row # = l}
=

{Column Number +
Spacing = 2 Line Pairs/Miilimeter
The resolution of any optical apparatus is determined by seeing how far i
| down the pattern can be read. A practical definition is half the |
9 readable bar spacing. 1
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The mode of illumination consisted of either direct or collimated
illumination at two different scene-reference beam ratios, or diffuse
illumination with the pair of ground glass diffusers either just behind
the resolution target, 3-1/2 inches behind the resolution target, focused
to infinity by a 20" focal length collimating lens, or imaged on the holo-
gram by a pair of the same lenses. The latter type approximates the mode
of illumination of a focused ground glass holocamera of the type delivered
to RPL under the earlier liquid rocket engine program (Contract FOL61i=69=C=
0015). A summary of the different resolution tests is presented in Table I,
For these tests, resolution was taken or defined to be the minimum discernable
bar width of the 1951 pattern. The results are the best of several cifferent
tests. In general, the 75° scene-reference beam angle holograms gave the

highest resolutions,

To learn about the effects of a wavelength change between the record-
ing and reconstructing steps, a set of holograms was also recorded with a
helium-neon laser and reconstructed with the same laser. The results are
shown in Table IV . Comparison with the ruby-helium neon lasers results
in Table 11l shows only a slight improvement in resolution with non-lens-
assisted holography when there is no change in wavelength between recording

and reconstruction.

The second row of Table IV shows a variation in reference beam arrange-
ment, namely, the effect of the addition of a second reference beam. Com-
parison with the one reference beam case (upper row) shows a 20% resolution

improvement for the diffuse illumination condition.




Table 111

et e e

SUMMARY OF RESOLUTION OF
NON-LENS-ASSISTED ''RUBY--He-Ne''
HOLOGRAMS MADE IN FIGURE 15 APPARATUS™»+

Collimated - : ; ‘
" B e Dot Diffuse Rear Illuminaticn
Scene- Scene to | Scene to | Diffuser | Diffusers | Diffusers
Reference | Reference | Reference Pair [ 3 120 Diffusers Focused
Angle, Ratio Ratio | Just Behind ! Behind Focused | Onto
Degrees 1:1 1:10 Res. Target 'Res. Target 'to Infinity ! Hologram
i i
| |
30° 3.0 3.0y Tu | il 6.2u | 6u
| !
i
h5° 2.7 25z 7 bl 9.8 2.5
| ' |
60° 3.5 3.1 8 4 6.2 6.2
4 h.5 1 5 = 5a5 |
75 3.1 2.5 . | o5 .
: i
| |
90° 3.9 3.9 8 Vo8 6.2 8.8 |
i {

Qe
=

+ Reconstructed by reverse reference technique.

image of the chart was expanded with a microscope to limits.

Table 1V

SUMMARY OF RESOLUTION OF HELIUM-NEOM--HEL!UM-NECN

Scene-Reference

HOLOGRAMS MADE IN

Collimated
Scene Beam

FIGURE 15 APPARATUS

Scene was Air Force 1951 Resolution Target 6 inches in front of hologram.

The reconstructed real

Diffuse Rear !llumination

Diffuser Just Behind Resolution Tarse:

Beam Angle Scene-Reference

‘(degrees) (1:10 Ratio)
75° 2

5 & AP 2
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Lens-Assisted Holography

In this approach to high resolution, a set of l:1 imaging lenses is
used to relay the object onto the hologram. The technique is subtle in
that numerical aperture is provided by the lenses, while the hologram now
records the phase and amplitude information (i.e., 3-D information) about
each point of the object over a small portion of its surface. This is
contrasted to conventional (non-lens-assisted) holography where each point

of an object is spread over the entire hologram.

The assisting lenses form or provide resolution, it being remembered

that resolution of any optical apparatus is simply

A
ol 1Yy R

where N.A. = n sin i, and i is the half-angle subtended by a point on the

object (or a particle and the aperture of the lens or recording system).

The holographic concept which is being employed or exploited is the
fact that the aberrations introduced by the focusing lenses can be sub-
tracted away when the hologram is reconstructed back through the recording
lenses by the reverse reference beam technique. The lenses then give, in
principle, a perfect reconstruction, limited in resolution by their own
numerical aperture. To work in this manner, the lens and hologram are
considered as a single optical element. They are mounted rigidly together.

One arrangement of the two can be seen in Figure 5.°

Initial tests were conducted with a set of antireflection coated simple

plano-convex lenses which had enough aberrations to preclude a sharp focus.

As with the non-lens-assisted tests, test holograms were recorded for
both collimated and diffuse types of illumination. Holograms were recorded

with both ruby and helium-neon lasers.

In this arrangement, the hologram, a 4 x 5 inch glass plate, was

held kinematically by machinist pins pressed into an aluminum plate.
After exposure, the plate could be chemically developed. When dried,
it was replaced (precisely) in the holder for the reconstruction
step described later.
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The optical arrangement is shown in Figure 16. The hologram holder
and focusing lenses were rigidly connected. The resolution chart (or
object) was not at the conjugate 1:1 image position of the hologram. 1n-
stead, it was purposefully put 3 centimeters out of focus, sufficient <o

that the image of the hologram under diffuse illumination was blurred.

For reconstruction, the lens-kinematic plate holder with developed
hologram was set up as a unit before the collimated beam from a 60 milli-
watt helium-neon laser, as shown schematically in Figure 17, and actually
in Figure 18. The hologram was reconstructed by the ''reverse reference
beam technique.'" By this method, the hologram produces a counter-propa-
gating version of the wave front originally incident upon it. The secret,
as noted above, is that all lens aberrations are removed when the recon-
structed counter-propagating wave front passed back through the lenses.
Beyond the lenses, a real (aerial) image was formed at the original image
position. This image could be examined microscopically, as seen in

Figures 17 and 18.

Initial test results were encouraging. The results are presented in
Table V. In general, resolutions approaching the ultimate were achieved
when there was no change in wavelength between the recording and recon-

structing steps. For holograms recorded with a ruby laser and recon-

structed with a helium-neon laser, the reconstructions were no better than
the non-lens-assisted holograms, when the scene was diffusely illuminated.
For collimated illumination, there was a clear factor of two improvement
in resolution, provided the focusing lenses were achromats. The lens-
assisted holographic technique was adopted for the rest of the program,
with the recommendation that future work be done with lasers in which there }
is no change in wavelength. A candidate laser is doubled YAG which gener- 1
ates single and multiple Q-switched pulses of green light (0.53 microns).
Unlike ruby, this laser can operate continuously in the green where the
eye has good sensitivity. Holograms would be reconstructed with the con-

tinuous version. The shorter wavelength would give even better resolution.

Since the resolution results were higher than any that had been

achieved to date, a paper was prepared for publication in Applied Optics.*

R. A, Briones, L., 0. Heflinger, and R. F. Wuerker, '"Holographic
Microscopy,' Applied Optics, April 1978 (reproduced in Appendix I11).
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Figure 18.

e o o b e il

Photograph of method of reconstructing lens-assisted holograms.
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Table V

LENS~-ASSISTED

SUMMARY OF RESOLUTION OF PRELIMINARY HOLOGRAMS
MADE IN FIGURE 2 APPARATUS

Scene |llumination
Reference Double Opal
Recording Laser Beam Collimated Diffuser Glass

Ruby 30° 1 < 2u b 7

Hel ium-Neon 30 N~

Helium-Neon 30° & 45° - - 2

In working up the Applied Optics paper, comparisons were made between

the resolution of the hologram reconstructions, the resolution of the
examining microscope, and the differences between the resolution of the
microscope when it is using incoherent white light or laser light. The
paper is reproduced in Appendix Ill, Figure 8 of this paper highlights the
lens-assisted development by showing both the three-dimensionality and

high (v 1u) resolution of the technique.® Appendix IV carries a copy of
the companion paper which was submitted simultaneously with the one for

this contract. This second paper tells about the earlier use of the

technique to record movies of marine plankton. The movies were recorded
with a 100 pulse/second (0.535u) xenon laser of 4 microsecond duration.
The xenon laser was too weak and too long in duration for recording pro-

pellant holograms.

In this example (Figure 8, Appendix 111), carbonyl iron powder (< Ly
diameter) was dusted on one side of the 1.5 mm optically thick
resolution chart. Images of these particles can be seen in the
right pair of pictures. |In this picture, the resolution chart is
highly out of focus. |In the left picture, the resolution chart is
in sharp focus, while the particles are completely out of focus

(not seen). Particles as small as one micron could be seen.

Similar holograms were also recorded with the resolution chart
dusted with transparent latex spheres (v 2u diameter). These

could be seen in the reconstruction, but just barely.
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Tests were also conducted with the Figure 16 apparafus on the effects
of 0.8 inch thick windows on the resolution of the reconstructions. It was
found that the windows did not affect the resolution for the collimated holo”
grams, but did for the diffuse holograms (a factor of about 2). Their effect$

could be cancelled by inclusion of the windows in the reconstruction step.

Special thin emulsions (15 micron thick gelatin) gave no gain in
resolution over normal 30 micron thick gelatin emulsions. Unhypoed plates

also gave no improvement in resolution.

Phase | Combustion Holograms

Holograms were recorded of propellants at 500 lbs/in2 using the focused
image holographic technique. The apparatus was already shown in Figures 3, 4,
5, 6, 7, 8, 9, and 10. Collimated, diffuse, and scattered light (dark field)
types of illumination were tried. For the collimated type holograms, a
Wratten #70 and a Neutral Density filter were placed in the camera shutter
(Syncho Compur with tested 5 millisec maximum speed). These reduced the
flame light to below the film fogging levels. The ND filter also reduced
the laser scene beam to below (1/4) the reference beam intensity. For
diffuse and scattered light recordings, the ND filter was removed. Metalized
propellants now fogged the film. A narrow band (0.39 inch thick) filter
was added. In conjunction with the 5 milliseconds shutter duration, it was
sufficient to reduce the film fogging effect below the laser exposure. A
photomicrograph of the reconstruction of the resolution chart taken through
the 0.8 inch thick fused quartz window and 0.39 inch thick narrow band
filter is shown in Appendix Ill (see Figure 12)., The resolution was not as
good as with the filter removed., The smallest bars of the 1951 chart were

resclved (these are 2,2 microns wide).

Examples of the reconstruction of a collimated hologram of the com-
bustion of MS-23 fuel under collimated light conditions is included in
Appendix IIl (see Figures 9-12). Each picture is of the same holographic
reconstruction and is at higher and higher magnifications, The last pic-
ture of the sequence (i.e., Appendix IIl, Figure 12) represents verifica-
tion of a major program milestone, namely, resolution in a combustion

environment of better than 3 microns.
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In general, it was found that for collimated illumination, the thermal

cells strongly refracted the laser light, with the result that particles
were hidden. One could see particles only inside the uniform regions of

these cells, but not near the boundaries.

For forward scattered light illumination, i.e., where the collimated
scene light was blocked at the focus of the assisting lenses, the situation
was even more severe, The scattering of laser light by particles was com-
pletely masked by the scattering by thermal cells. Particles, as a result,
could not be seen or identified by forward light scattering. This mode of

recording was abandoned.

The diffuse light holograms showed minimal refractive effects. Par-
ticles could be seen and identified. Unfortunately, the diffuse light ruby
laser holograms were not as high in resolution when rconstructed with a
helium-neon laser. Later in the Phase |l part of the program, a ''moving
diffuser' scheme was discovered as a way of restoring some of the lost

resolution of the diffuse light holograms.

An example of the reconstruction of a diffuse light hologram is pre-

sented in Figure 19. It was of MX-70 fuel burning at 1000 lbs/inz. Par-

ticle size can be estimated from the burned 220 micron diameter ignitor wire.

The program through Phase | was reviewed at the Rocket Propulsion
Laboratory, December 20, 1976. Following the presentation or formal pro-
gram review, the attendees were invited to view some selected combustion
holograms. These were reconstructed in the lens-assisted holder with a
RPL-provided helium=-neon laser. Any image coula be viewed with the eyes
or magnified with a pocket magnifier or microscope. At that time, it was

decided to continue the program through Phase II.
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Figure 19. Photograph of reconstruction of diffuse light hologram of
combustion of 1/4 x 1/8 x 1/16 inch piece of MX=70 solid

rocket fuel burning at 1000 Ibs/in2 chamber pressure.
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IV. PHASE 1|1

The Phase | effort demonstrated the feasibility of recording holograms
of the combustion of small 1/4 x 1/8 x 1/16 inch solid propellant samples
at high pressures (< 1000 lbs/inz). A ruby laser ''focused light'" holographic
system yielded, under collimated illumination conditions, holograms of non-
metallized propellants (MS 23) which reconstructed (with a helium-neon laser)
to § 3 micron resolutions. Collimated illumination holograms showed light
refractive effects due to thermal cells. |In some cases (MX-70 propellant),
the cells were numerous enough to make particle identification nearly im-
possible, The thermal cell effects precluded any type of forward scattered
light holography. Diffuse light holograms were not as subject to thermal
cell refractive effects due to the fact that diffusers provided a continuum

of illumination,with the result that thermal cells were averaged.

Metallized fuel holograms were, in addition, characterized in their
reconstructions by regions of opacity. This was thought to be a holographic,

rather than a particle density,effect.”

The Phase || effort was concerned with the further refinement of the
holographic techniques initiated under Phase |I. The primary goals of the

Phase 11 effort were:

® particle velocity

e by multiple exposure holography,

e flame density gradients

@ by holographic interferometry,

e propellant surface characteristics

e by reflected light holography,

and
® particle size distributions
e by analysis of holographic images.
* Later in the Phase || program, this suspicion was verified., Holograms

were recorded with order of magnitude shorter pulse durations (v 8 nano-
seconds). The reconstructions were relatively clear of opacities,

which verified that the opacities were, in fact, ''time averaged
(transmission) interference fringes."
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In addition, the authors were to more systematically record different

Air Force propellants (see Table 1),

Suffice it to say, all of these tasks were investigated and were solved
to various degrees of satisfaction, The Phase || effort is summarized in

a paper which was presented by one of the authors (R, A, Briones) at the
JANNAF Combusion Meeting (August 18, 1977, at Colorado Springs, Colorado).
This paper is reproduced in Appendix V. The paper includes, in addition,
the Phase | development of the lens-assisted method. Examples of the
recording of different propellants are a part of the paper. This paper is
the real program summary. It should be read carefully. Other aspects

and details of the Phase || effort are summarized below,

Short Pulse Recording

As noted above, holograms of metallized fuels recorded with 50 nano-
second Q-switched pulses showed reconstructions characterized by opacities.,
Examples of this effect for NB-122 propellant are seen in Appendix V,
Figure 15. To check whether this was a particle density effect or a holo-
graphic effect, the laser pulse duration was reduced to ~ 10 nanoseconds
with a pulse chopper.* Recordings with the pulse chopper were far more
transparent (see Appendix V, Figures 7 and 8)., Pulse chopping, however,
had the adverse feature of reducing the total laser energy to almost in-
sufficient amounts, needed to properly expose the hologram and compete with

flame light fogging.

So important were short pulses to the recording of holograms that a
block of time was spent trying to reduce the laser pulse to even shorter dura-
tions by mode-locking techniques, Although mode=locking a ruby laser had

been successful nearly seven years ago,** with a D.D.l, dye cell, attempts to

The pulse chopper was a piece of laboratory equipment which had been

built by the authors under an earlier program, Basically, the output of
the laser is directed into a laser-triggered spark gap filled with a 50/50
mixture of argon and nitrogen. The beginning of the Q switch pulse short-
circuits the gap. This launches an electrical pulse of 10 nanosecond dura-
tion and voltage equal to half-wave voltage of a Pockel cell, down a coax
line. When the pulse hits the end of the line, the cell opens and light

of a duration equal to the electrical pulse duration is transmitted., A
pulse chopper was included with the Phase II| laser.

Earlier work produced a mode-locked train of 2 nanosecond pulses separated
from one another by 7 nanoseconds (the cavity transit time).
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repeat these earlier results failed. New or fresh dye was ordered from

the manufacturer; even this would not yield mode-locked performance, The
mode locking had to be abandoned for lack of time and other program

priorities.

Reflected Light Holograms

Reflected light holography of the burning surface used the angled
viewing window (see Figure 8) that was a part of the combustion bomb.

This meant cutting the fuel surfaces on a bias. Initially, the focused
image technique was tried. These, however, proved too difficult in inter-
pretation. Either it was a combination of astigmatism (due to the 10% wave- E
length shift on reconstruction) or the fact that the propellants were some-
what translucent to ruby laser light. The images just could not be interpreted,
even of non-burning samples. The focused image reflected light holograms

were abandoned. Instead, non-lens-assisted holograms were tried. The

optical arrangement is shown in Appendix V, Figure 19. Not only could the
surface be seen, but, in addition, the particles could be seen by their own
scattering of the laser light. Examples of these recordings are seen in
Appendix V, Figures 20 and 21. Visualization of particles by scattering
was a surprise, particularly since the forward light scattering attempts
had failed. Apparently, the thermal cells did not refract light beyond

the forward scattering angles, leaving the particles free of such effects.

Rotating Screen

During the analyses of the reflected light holograms, a scheme was
discovered by one of the authors (R. A. Briones) for improving the resolu-
tion of the hologram reconstructions. It consists basically of projecting
the aerial holographic image on a screen and then moving the screen at
rates greater than eye flicker rate. The method seems to suppress speckle
noise, In addition, it made viewing the reconstruction easier. One ver-
sion is shown in the Appendix V summary (see Figure 11). In this version,
the image is bzing relayed by a first microscope objective onto a rotating
screen. The secondary image is being viewed by a second microscope objec~
tive. The screen (a piece of mylar) was attached to a rotating disk.

This arrangment was not as satisfying as the one in which the screen

passes through the primary holographic image. The micrcscope views the
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moving screen. However, in this latter arrangement, one has to be careful that
the screen does not flutter beyond the microscope's focal plane. Attempts were
made to write up the rotating diffuser technique as a paper for publication;
however, the proof of claimed improvement proved too hard to document via
pictures. The preliminary efforts are presented in Appendix VIII. The

effort was considered a diversion, and had to be abandoned.

Hologram Analysis

The rotating viewing screen was used in the careful analysis of a
small 1/2 cubic millimeter portion of the image reconstructed from a diffuse
light hologram of MX-70 propellant. The volume is outlined in Appendix V,
Figure 9. It was 0.66 millimeter above the burning surface and extended
from the mid-plane out for a distance of 12.7 millimeters. Every particie
in this volume was located, assigned relative Cartesian coordinates, and
sized (assigned an effective diameter). The analysis was carried out with
the rotating screen technique shown in Appendix V, Figure 11. |In this
picture, one can see the dial indicators and travelling eyepiece that mea-
sured, respectively, the particle positions and size. Within the chosen
volume, 569 particles were found. They ranged in size from 85u diameter
(largest) to 2.5 microns (smallest). The latter were below the 6.5 microns
granularity size (due to diffuse light recording and reconstruction with
a helium-neon laser). It is claimed by the authors that the rotating dif-
fuser made or effected the improvement in resolution!? The counting was
manual and quite laborious. It took 8 days! The data are reproduced in
Appendix VI. The data were plotted as a particle size distribution to
demonstrate that holography could, in fact, give quantitative information
about solid propellant combustion.” The resulting particle distribution is

presented in Appendix V, Figure 10.

Double Exposure Holography

Double exposure techniques were next investigated as a way of deter-
mining particle velocities. In addition, the techniques of holographic
interferometry were considered. The tests were begun while recording re=-

flected light holograms; none of these proved anything conclusive about

* This data was one of the principal highlights of a talk given by the
authors at ar AFOSR Meeting (March 11, 1977), Lancaster, California.
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the ability to determine velocity from a double exposure image. One could
not correlate particle images. Transmission images proved no better; one
could not tell which was the second position of a particle. The tests,
however, did lead to some good differential holographic interferograms,
examples of which are shown in Appendix V, Figure 16. No fringes could

be seen around the individual particles, indicating that they were probably

in thermal equilibrium.

Conventional interferograms could also be recorded, only for the
collimated illumination condition. The first exposure was taken prior to
combustion, and the second exposure during combustion, Examples are seen in
Appendix V, Figures 12 and 13. Puzzling still is the fact that the diffuse
light holograms showed no fringes. Reasons for the difference between the

two have not been settled.

To eliminate the confusion about the double exposure holograms, a new

holocamera was constructed. It is shown schematically in Appendix V,

Figure 17.%* Two images are recorded on the same plate, except that because
of the different reference beams, the images can be separately reconstructed.
Examples of two different images taken from the same hologram are presented
in Figure 18, Direct viewing is much better, since the pictures can be
rapi&ly blinked back and forth. One sees the images jump. By measuring

the distance and dividing by the known time separation between the two

laser pulses, one can compute the velocity and direction of the different
particles. For example, MX-70 propellant at 500 psi pressure showed par-
ticles moving at a speed of 6 meters/second. The double reference beam

holocamera demonstrated a new technique for determining particle velocities.

Tests with the double exposure double reference beam method ended the

Phase || program.
The Phase |l effort was reviewed by the contracting officer May 19,
1977, At that time, it was decided to continue with the Phase 111 effort; to

reconstruct the existing RPL laser® and to package a holocamera to record

double reference beam tranmsision holograms as well as reflected light

+ It is also discussed in Appendix IX, which is the writeup of a patent
disclosure.

%* This laser was delivered by the authors under an earlier program. It
is described in R. F. Wuerker, "Instruction Manual for Ruby Laser Holo-

graphic Illuminator," Contract FO4611-63-C-0015, February 1970.
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holograms. The laser was to be modified for multiple pulse capability.

In addition, pulse chopping both pulses was to be investigated, a feat that

had not yet been achieved. |In summary, the Phase || effort showed that:

Particle velocities could be determined from double exposure
double reference beam holograms,

Thermal cells could be recorded by conventional transmission
(collimated) double exposure holographic interferograms,

Propellant surfaces could be recorded by reflected light
non-lens-assisted techniques.

e Surface detail was poor, due either to the
translucent nature of the surface or because
it was liquid.

® Particles could be seen by their scattering of
laser light.
Qualitative information about particle size and size distribution
could be realized from careful analysis of holograms.

® Rotating a viewing screen, through the aerial image,
improved resolution and viewing.
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V. PHASE 111

Background

Phases | and |l of the present contract demonstrated the feasibility

and importance of recording holograms of the combustion of solid rocket

propellants in a small high pressure combustion bomb,

In addition, four new facets apropos both holography and the recording
of combustion of small particulate were discovered during the course of the
experimental effort. These include:

® The use of ''assisting' lenses to increase the resolution of a
hologram.

e Resolution increased better than a factor of two over
conventional holography when there was no change in
wavelength on reconstruction.

e Collimated transmission illumination gives highest (one micren)
resolutions, even with 10% change in reconstruction wavelength.

e The need for diffuse rear illumination to visualize particles in
the presence of small (half millimeter) thermal cells (characteris- ?
tic of solid propellant combustion). ; |

e Particles become hidden in thermal cells when the scene is
illuminated only in transmission by collimated illumination.

e The need for extremely short (10 nanosecond or less) laser pulses
to record metallized propellants,

e Gas density changes result in '"time-averaged fringes'' when
holograms are recorded with 50 nanosecond pulses.

® Rapid double exposure-separate image holography.
e Requires a holocamera with separate reference beams.
e Images can be separately reconstructed.
e Such images yield particle velocities without confusion.

Details are summarized in the Appendix V review paper.*

D. George, R. A. Briones, and R, F. Wuerker, ""Holography of Solid
Propellant Combustion,'" SPIE Meeting, San Diego, California,
August 25-26, 1977.
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Holocamera

The Phase | and Il results led to the design of a new holocamera. The
first version is schematically diagrammed in Figure 20. Further details are
given in Appendix X. The new design differs from earlier holocameras
primarily by the incorporation of a pair of assisting lenses and by the

addition of a second independent reference beam.

The assisting lenses, as seen earlier, make possible the achievement of
high resolutions when holograms are reconstructed by the reverse reference
beam technique.* These relay lenses provide the numerical aperture needed
to achieve high resolution. They need only be simple plano-convex lenses;
however, achromats have been shown to be best when there is a change in

wavelength on reconstruction.

With the two independent reference beam paths, two separately recon-
structed images can be recorded on top of one another (i.e., on the same
plate). The beam splitters that provide the reference beam) are arranged
so that they reflect only vertically=- or horizontally-polarized light,
respectively. This is achieved by tipping the beam splitters to the
Brewster angle.* As a result, each reflects only the light (15%) whose
electric vector is parallel to the plane of the reflecting surface; neither
reflects any of the orthogonally-polarized light. For the Figure 20
arrangement, the reference beam directions are chosen by the polarization

direction of the input laser pulses.

As a result, two independent separately reconstructable images are

recorded on the same plate. Holograms recorded on a rapid double exposure
basis will show, on reconstruction, the particle field at two different E
intervals of time. Particle motions can be followed if the pulses are

separated by time short enough (v 10 microseconds) so that the particles

have moved not more than five or ten diameters. Particle velocities

follow naturally from such unique recordings.

* fbid (see in particular Figure 2).

+ At the Brewster's angle, no polarized light is reflected from a glass
surface whose direction of vibration is in the plane determined by the ;
direction of propagation and the surface normal. The effect is
explained in the holocamera instruction manual (see R. F. Wuerker and
R. A. Briones, '"Operation Manual for Lens-Assisted Multiple Holocamera
with Reflected Light Option,'December, 1977); see Appendix |ll.
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The new holocamera is completely passive. It can be used with any
linearly polarized solid state laser such as ruby, doubled ruby, doubled
YAG, etc., whose output pulse polarization can be rotated with an external
electronic half wave plate such as a Kerr cell or a Pockel cell.

The new holocamera requires only a laser system that emits two
orthogonally-polarized output pulses. The first pulse is reflected by
the first beam splitter. None of it is reflected by the second beam
splitter. Most of the light {72%) passes through the splitter into the
scene beam portion of the holocamera. The holocamera records a hologram
of the scene with a reference beam of positive angle with respect to the
scene direction. The second orthogonally-polarized pulse is not reflected
by the first beam splitter. Only the second Brewster angle splitter re-
flects a 15% portion of light and directs it along the second reference
beam path (corresponding to the negative angle reference beam). The
second hologram is recorded superpositioned over the first on the same
photosensitive plate. After development, the two images can be separately
reconstructed by re-illumination from the two different reference beam

directions.

The holocamera can be used as a conventiona! holocamera by simply not
rotating the polarization of the second pulse. It will then record
conventional rapid double exposure holograms and holographic interfero-

grams.

The reference beam mirrors are located so that the two reference
beams are both spatially and temporaily matched., The scene beam is
similarly matched, Temporal matching permits recording of holograms
with lasers of low temporal coherence. Spatial matching accommodates
lasers of low spatial coherence (such as a Q-switched ruby laser). The two
mirrors and the inverting lenses in the scene arm of the new holocamera

were needed to spatially match the scene beam to both reference beams.

The scene is placed between the inverting lenses and the assisting
lenses. Events are transilluminated by collimated scene light. This mode
of illumination gives highest resolution (particularly for ruby holograms
reconstructed with a helium-neon laser of 10% shorter wavelength). Diffuse
illumination will be achieved by inserting a piece of ground glass just

after the last inverting lens (or anywhere behind the subject).
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The assisting lenses provide the numerical aperture needed for
microscopic resolutions. Narrow band filters (transparent to the laser
light, but reflecting at all other wavelengths) are placed between the
two assisting lenses. These filters in concert with the mechanical

shutter reduce the flame light to below the laser light levels.

The assisting lenses and the hologram plate holder are fixed rigidly
together so that the combination is considered to be a single optical
element. The two are mounted so that they can be withdrawn as a unit
for the purposes of loading fresh plates or for reconstructing already

processed holograms.

The holocamera also provides a reflected light option, This

is also diagrammed in Figure 20. For reflected light recording, the

second reference beam is re-routed and used to record non-lens-

assisted reflected light holograms. Since the first reference beam is
undisturbed, it will be possible to make both a simultaneous transmission
hologram and reflected light holograms of the same event. For such record=
ings, the hologram should be further covered with sheet polarizers to

minimize fogging due to the non-used orthogonal polarized scene light.

In summary, the holocamera shown in Figure 20 and built under Phase

Phase |1l has the following features:

© Superpositioned, but separately reconstructable, holograms.

For recording 3-D particle phenomena at two separate times.
® High resoluticn.

e 2 microns for collimated illumitation and for helium-neon
laser reconstruction of ruby laser holograms.

e 7 microns resolution for diffuse light holograms, ruby laser

recorded and helium-neon reconstructed.
e Non-lens-assisted reflected light option
e 10 micron resolution

E 1 ¢ Particles subject to holography's motion condition,

'"To be recorded, optical path must not change by more
| than one-tenth wave."

il
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® Six-inch diameter scene volume, to accommodate the
RPL combustion bomb (see Figures 8 and 9).

e Holograms are recorded on 4 x 5 glass plates.

e The assisting lenses and plate holder are a single unit which
can be easily removed from the holocamera for purposes of re-
loading with a new plate or for reconstructing the hologram.

* A pair of solenoid actuated shutters are a part of this
assembly and will also serve to fire the laser.

Ruby Laser |lluminator

The laser which was originally delivered to RPL forcrecording holograms
of liquid rocket propellants was rebuilt.*»* The rearrangement of components
in the laser is shown in Figure 21. Inspection will show that the same laser
chest was used,and consists internally of a ruby laser oscillator and a ruby
laser amplifier. Changes which were made include the permanent addition of
two Kerr cells to the oscillator cavity. These are for the purpose of rapid
double pulsing the output, with pulses separated anywhere between 1 and 400
microseconds. With two Kerr cells in the laser, the total cavity reflec-
tivity must be increased. This was done by replacing the single element
sapphire etalon by a double quartz etalon. The new oscillator will produce two
pulses of nominally 1/8 joule content each and typically 50 nanoseconds in
duration. Such pulses are turned by a pair of prisms (a part of the
original apparatus) and passed through the amplifier rod. The amplifier
has a single pass gain of three.

A small Kerr cell was placed at the output of the amplifier. It is
for the purpose of rotating the plane of polatization of one of the double
pulses from the oscillator. The output of the entire assembly as described
is two nominally 3/8 joule, 50 nanosecond each, orthogonally-polarized ruby
laser pulses, Such emission is required to record separately reconstructable

holograms in the Figure 20 holocamera.

The laser is also capable of generating a single 7 nanosecond pulse by
the pulse chopping technique. For this type of pulse generation, a second
Kerr cell is placed before the input to the amplifier (see Figure 21).

% R. F. Wuerker, "lInstruction Manual for Ruby Laser Holographic |ilumina-
tor," Contract FO4611-69-C-0015, February 1970.

+ The laser was received from RPL on June 16, 1977. It was shipped back
rebuilt to AFRPL on December 21, 1977.
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A Glan polarizing prism directs the light from the oscillator into a spark

gap which when fired launches a voltage pulse which biases the Kerr cell

to the half-wave voltage for a few nanoseconds.

Light rotated during the

brief energization of the Kerr cell passes through the polarizer to be

amplified by the amplifier ruby.

For the pulse chopper to work, the oscillator's output polarization

must be rotated through ninety degrees, electrically biasing the Kerr cell.

Since the spark gap can be fired only once, the pulse chopper can be

used presently only to record single exposure 10 nanosecond holograms,

Multiple exposure pule-chopped holograms are beyond the capability of

the present equipment.

The RPL laser was completely rebuilt.

New flash lamps were installed;

rubies were repolished; end mirrors replaced; Kerr cell rebuilt and others

added, as seen above, for the purpose of double pulsing, rotating plane

of polarization, and pulse chopping,

In summary, the rebuilt oscillator has the following capabilities:

e Single pulse, Q-switch operation, nominally 50 nanosecond, 1/2 joule.

® Double pulse operation, nominally 50 nanosecond, 1/4 joule pulses.

@ Polarization change of second pulse

e Required for recording separately reconstructable holograms.
in the new holocamera (Figure 20),

® Single pulse chopped operation, ~ 7 nanoseconds, 1/10 joule pulse.

Multiple Pulse Chopping Effort

Effort was also spent at the beginning of Phase 111 on the problem of

pulse chopping both of the &~ 50 nanosecond double pulses from the TRW

Q-switched ruby laser.

Laser triggered spark gaps can be fired only once in a millisecond

period due to the ionization of the gap.

A scheme for pulse chopping two

Q-switched laser pulses would greatly enhance the usefulness of the new laser

holographic system. For this reason, effort was spent on the double pulsing

problem,*

* |n the present spark gap pulse chopper, the total (50 nanosecond) light
pulse from the laser is diverted by a polarizing prism (see Figure 21)

(Cont'd on next page)
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An obvious solution to chopping two laser pulses would include a

second laser=-triggered spark gap, a second polarizer, and a second electro=

optical cell. Such a solution would be unwieldy.

Several possibilities were investigated to no avail. These included:
® A shorter spaced, higher pressure laser-triggered gap.

e Gaps filled with an electron-attracting gas (such as SF6),
and

e Vacuum gaps.

All had logical foundations. It was argued that the small amount of
energy (v 20 kV in 100 upf or 0.02 joules) in the charged cable was barely
enough to cause appreciable ionization. |t was hoped that as a result the
gap could, in fact, recover in times shorter than a millisecond, particu-
larly if electrode ends were moved closer, and some attaching gas was
added.

The vacuum gapt was tried in the belief that metallic ions would come
from the electrodes (released by the laser pulse) and would rapidly condense,

permitting the gap to be recharged faster than a gas-filled gap.

The vacuum gap fired like the gas-filled gap, but could not recover.
The gap continued to conduct for several hundred microseconds after being
triggered by the laser. That is to say, like a gas-filled spark gap, the

vacuum gap is also filled with thermal ions which kept it conducting.

(Footnote cont'd from previous page)

* into the spark gap. Onset of the laser pulse fires the gap, interconnect-
ing a piece of electrically charged cable with an uncharged cable. A
voltage wave is launched of magnitude equal to the half-wave voltage of
a Kerr cell. The Kerr cell is connected to the end of the unchanged
cable. The cable is terminated in its characteristic impedance. A short
high voltage pulse (proportional to the charged cable length) is applied
to the Kerr cell. This amount of light is passed through the diverting
polarizing prism,

Continuous ionization of the gap prevents charqing the cable a second
time. Stated another way, the charged cable cannot be recharged until
the gap has completely deionized, a time of typically one millisecond.

+ Achieved simply be evacuating the gas-filled laser-triggered spark gap.
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All of these efforts to shorten the recovery time of a laser-triggered
spark gap led to our reconsidering vacuum photodiodes.® A quick calculation
showed that such diodes should, in fact, be able to discharge or charge a
Kerr cell or Pockel cell in times shorter than the ~ 50 nanosecond laser
pulse duration. Photocathodes such as S-1 have sensitivities of v 2 mA/W.
Thus, a | megawatt laser input should produce v 2000 amperes of saturated
photoelectric current! Such a current would discharge a 30 uuf Kerr cell

at a rate of

dv _ i _ _2000 _ volts )
dt C 30 uyfF picosecond 2
which, given a 20,000 volt bias, would mean a 0.3 nanosecond discharge time.

Even a factor 10 less photocurrent would be adequate!

A photodiode is of interest due to the fact that it is a vacuum device
and therefore will not be subject to any deionization effects. Like any

vacuum device, it should be rechargeable electrically in microsecond times.

The difficulty with a vacuum photodiode is the space charge law. This
law limits the amount of electron current which can be drawn between two
parallel plates of area A, separated by a distance X and at a potential of
vV (volts);

i = 2.34(ﬁi> 32 uamperes : (2)
X
Space-charge-limited values for an FW 4000 diode are presented in Table VI

for spacings of 0.6 cm (standard spacing) and 0.3 cm.

The gas filled spark gap in the line pulser was replaced by a
FW 4000 photodiode. Currents of ~ 10 ampere peak could be drawn, To
increase the current, a 2500 uuF capacitor was connected to the diode.
It was added to keep the voltage across the diode during discharge.
Peak currents of 50 amperes were achieved; however, they continued beyond
the duration of the laser pulse. It was argued that ions were being

liberated and the diode was becoming a gas discharge device.

* Product of ITT Company. The FW 4000 photodiode has a 3.8 cm diameter

(Mn.3 cm2 area) photocathode separated from the mesh screen anode by
0.6 cm.
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Table VI

SPACE CHARGE LIMITED CURRENTS
For FW 4000 Photodiode
(Photocathode Dia. = 3.8 cm, Area = 11.3 cmz)

Cathode Anode Spacing

Voltage x = 0.6 cm” x = 0.3 cm
1,000 2.3 9.3
2,000 6.6 26
5,000 26 104
10,000 737 295
15,000 135 541

20,000 208 834

25,000 291 1165

30,000 383 1532

* Standard spacing.




B

Clearly, a diode of closer spacing was desired. To make a long story
short, a diode was taken and its spacing reduced to 0.3 ¢cm (i.e., to one-

half), by simply heating the glass envelope to the softening point.

The photodiode survived this rather rough treatment without either
losing vacuum or poisoning the photocathode. When connected to a 200 uupF
capacitor, the diode passed a peak current of ~ 40 amperes (30 nano-
seconds after irradiation), enough to discharge a Kerr cell. The diode
did not conduct electricity after the end of the illuminating pulse. It

is now believed that such a diode could be used to pulse chop a ruby laser.

Since it is a vacuum device, it will not have recovery problems and will

chop each pulse of a double pulsed laser emission.
A patent disclosure has been prepared. It is included in Appendix VII,

More development needs to be made on the vacuum photodiode pulse
chopper, before it can be used reliably. Additional tasks include a diode
with short spacing (2 millimeters) as well as different (heavier) anode

structure. Such developments were beyond the scope of the present effort.

Further development on the phatodiode chopper was discontinued,
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VI. SUMMARY AND CONCLUSIONS

A lens-assisted transmission holographic apparatus has been success-
fully used with a ruby laser to record three-dimensional information about
the combustion of small propellant samples at high pressures (5 68 atmos-
pheres). The holograms were reconstructed with eye-safe helium-neon lasers.
Collimated illumination of the combustion environment gave reconstructions
with 2 micron resolutions; however, for most propellants thermal cells severely
refracted the laser light. Diffuse rear-lignted reconstructions gave resolu-
tions of 6 microns due to enhanced speckle effects due to the wavelength differ-
ence between the ruby and helium-neon lasers. Viewing the projected holographic
images with a moving screen improved resolution by 30%, or to 4 microns.
Acquisition of quantitative particle size and spatial distributions was
demonstrated by manual measurement of the 3-D position and size of the

individual reconstructed particle images from the hologram.

Laser pulse durations shorter than the conventional 50 nanosecond
Q-switch pulses are required with metallized propellants to avoid time-
averaged interference effects, A laser-triggered spark gap pulse chopper
was used to reduce the ruby laser pulse duration to »~ 10 nanoseconds. Even
shorter pulses are desired. Pulse widths of 2-5 nanoseconds are achievable

with mode locking techniques.

Particle velocities from 1 cm/sec - ~ 1 km/sec can be measured from
double exposed holograms in a special holocamera with separate reference
beams. Each pulse was routed along a separate reference beam path. The
two images can be reconstructed separately, avoiding any confusion about

the particle identifications and motions.

Holographic interferograms can be recorded. Conventional (first ex-
posure prior to combustion) double exposure holographic interferagrams
can be recorded only with collimated interferograms. Rapid double expo-
sure interferograms can be recorded with diffuse illumination with pulses
separated by less than 100 microseconds. Interferograms show optical path
changes (products of refractive index and physical length of change). The

technique can be used to compute gas density.
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Reflected light holograms can also be recorded with 50 nanosecond
pulses. These showed particles by their scattering of the laser light
as well as the burning surface when it was viewed obliquely, Surface

detail was poor, probably due to the transparency of the surface to laser
light.

The different types of recordings are summarized in Table VII.

In summary, it was found that laser holography can acquire micro-
scopic quantitative data on the combustion characteristics, particle sizes,
particle velocities, thermal cells and gas density variations of small
burning solid rocket propellants at high pressures. The technique should
be applicable to a wide variety of combustion phenomena. Clearly, tech-
niques for handling the vast amounts of information on a hologram need

to be developed. Table VIl summarizes holographic techniques used to record
combustion phenomena,




Il1lumination

Single,
50 nsec
Laser
Pulse

Single,

10 nsec,
best for
highly
metallized
fuels

Interferometry

Differential
Interferometry

Rapid Double
Pulse, Two
Reference
Beams

Table VII

SUMMARY OF HOLOGRAPHIC TECHNIQUES USED TO
RECORD COMBUSTION PHENOMENA

Collimated

Scene Beam

Plume characteristics.
Surface sillhouetted
against bright back-
ground., Highest
resolution. Bothered
by refractory effect
of hot gases.

Same as above. Has
better time resolu-
tion. Able to freeze
the more violent
gases. Has lower out-
put energy from laser,
thus fogging problems.

Only means of record-
ing interferograms
without washing out
fringes. Fringes
hide particulate.

Can yield burn rates
of surface.

Shows rate of fringe
growth, Can show
burn rates between
pulses, thus uniform-
ity of burn along
surface.

Resolution hindered
by refractory effects
of hot gases.
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Diffuse

Scene Beam

Good conditions for
particle census.
Resolution loss due
to speckle, Particle
field free of gas
refractory effects.

Same as above, but
danger of fogging due
to lower output from
laser,

Fringes washed out.
Not useful technique.

Particle count and
direction of movement
suspect. Fringe
growth rate is obtain-
able and fringes are
free of refractory
effects.

Best condition for
velocity measurement
recordings, No
fringes to hide
particles.

Reflected

Scene Beam

Examination
of surface.
Qualitative
information
only.

Examination
of surface.
Qualitative
informatior
only.

Not

applicable.

Not
applicable.

Not
applicable.




VI, RECOMMENDATIONS

The biggest improvement would be the use of a doubled YAG laser to
record the combustion holograms. As noted earlier, such holograms could
be reconstructed without any change in wavelength. Reconstruction would
be with, preferably, a continuous wave doubled YAG laser, although a pulsed

xenon gas laser could also be used.

Mode locking tests should be completed to generate shorter laser

pulses.

The photodiode technique for pulse chopping should be carried to

completion (developed).

Amplifier techniques should be developed to increase the energy of the

10 nanosecond-pulsed-chopped light pulses.

Systems have to be developed for the automatic (electronic)
retrieval of particle size and position data (spatial coordinates) from

the reconstructed images.
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OFFICE OF ORGIN: AFRPL/DYSC
DATE: 27 May 76

EXHIBIT '"A' to Contract Subline Item 0001AA

STATEMENT OF WORK

1.0 INTRODUCTION :

1.1 Laser holographic techniques have been used successfully in
characterizing liquid droplet sprav fields under rocket hot firino cznditicns
by yielding quantitative data. Initial contractual prcarars spcnscred by tre
Jet Propulsion Lab (1965) and the AFRPL (1969) demonstrated the feasibility

—...of applyina holography to irvesticate the combustion precesses in liquid
rocket engines. A subsequent RPL in-hcuse program, Fot Spray Cheracteristics
(1873), applied leser holography to acquire cuantitative prepeilant croniet
size and spatial cistribution daeta for.ceveleprment of correlaticn eoquaticns
and distribution functions to obtain better modelliing of the atomizaticn
process in a combusticn environment.

1.2 Analogous to the need for droplet data to mcdel licuid rocket
combustion is the need for particle size and spatial distribution data to
model combustion of metallized solid rccket propellants. Particle size and
spatial distribution inTormation is used in th2 analysis of stezdy ssate and
oscillatory combusticon processes. Acauisiticn ¢f accurzte, quantizative
L data under actuz) hot firing conditicns will lead to better understancing ¢f

solid propellant cerbustion. This in turn wil) aid in the develccrent of
more accurate anaiytical models to predict perfermance end corbusticn stability.

1.3 Certain diagnostic and particle data acquisiticn eouicment anc
techniques, such as microphotoaraphy in windew bemb tests and the particle
collection device, are presently being used for solid praopellart ccmbusticn
investigations. These are useful but have scre limitations which can te
overcome if laser holography can be successfully applied. The holograohic
i technique can provide a 3-dimensional reprocducticn cf the total particle-gas
I flow field, without disturbing the field, with cre pulse of a ruby ‘aser.
Holography provides the opportunity to acauire quantitative data cf particle
size, velocity and burn rate, while microphotcgraphy data is qualitative in
nature. Also with holography the particles can be observed in their actual
location in the gas field, whereas this can not be acccmplished with the
particle collection device.

1.4 Early attempts in 1969 to apply laser holography to solid prcoel-
Jant combustion investications metl with very limited success due to a nu-ter
of reasons. The e¢ifort was too small in scope to permit adecuate develor~ent
to demonstrate fecasibility and a poor choice ¢f experimental apparatus &nd
propellant sample size prevented the recordina of high quality holegrans.
Since that time extensive experience has been acquired in holographic

Page | of 5 pages
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applications and a number of advances have been made in the develcprent of
holographic techniques. These advances, when coupled with the need for
accurate particle data and the potential advantaces of the holoaraphic
technique, as discussed in Paraqraph 1.3, provide sufficient greunds for
the re-examination of the application of holcaraphy to the characterizaticn
of solid propellant combustion. Successful application of the holcaraohic
technique will enhance better understandina of the burning characteristics
of solid propellants and provide an increased capability to better
characterize the combustion of new and existing solid propellants.

2.0 OBJECTIVES:

2.1 To demonstrate feasibility and develop the capability to aoply
the laser holographic technique to quantitatively characterize the particle
size and spatial distributions in the ccrbustion gases near the surface of
a burning metallized solid rocket propellant.

2.2 Additional objectives are to develop the capability to
1) make detailed observations of the burning propellant surface character-
istics, and 2) measure the velocity of the srallest discernible particles
and aluminum burn rate by multiple pulsing laser holograpnic rethods.

2.3 The final objective, once the objectives of para 2.1 and 2.2
are met, is to modify the existing AFRPL laser holegraphic equiprent to
render it capable of acquiring the types of data specified in para 2.1 and
2.2,

3.0 SCOPE:
This program will be conducted in three phases as described below:
3.1 Phase I: Feasibility Demonstration and Technique Develcpment.
Non-combustion laboratory and bench tests will te conducted to
obtain the proper optical component arrangerents to achieve the objectives
of the program. The scene volume for these tests will be a sirulated

combustion bomb in which an inert propellant crain, presized particlés or
resolution target will be installed to determine resoluticn capabilities

and develop the various holographic techniques to acquire the different types

of data of interest. Initial combustion tests will also te conducted in
this phase to demonstrate feasibility of the techniques in a combustinn
environment.

3.2 Phase Il: Development and Verification of Holographic Techniques

In this phase, the various holoaraphic techniques will be applied

to combustion tests in a window bomb for further development, such as:proper
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setting of the scene-refcrence beam intensity ratio, in the actual
environment of interest, Tests to demcnstrate adecuate resolution and
multiple pulse results under hot firing conditicns will te conducted for
verification of the techniques.

3.3 Phase III: Installation and Demonstration of the AFRPL Laser
Holcgraphic Equipment

Upon successful cempietion of Phases I and II, the existing
AFRPL laser holographic c”u1p~e”. will be medified to render it caoeble
of acquiring tne varicus types of data of interest tc establish an in-house
capability.

4.0 WORK TG TE ACCOMPLISHED:

4.1 Phase Feasibiityy Oeronstraticn end Technigques Development
4.%7.1 The contracter shall survey the variocus holegraphic

techniques for their apoiicab", {y to the investicaticn cf burninc solid
rocket progeliart. Data of interest about the propellant incledes: 1) retal
particle size and spatial distribution near the surface of 2 burning crcpellant
at pressures up to 1000 psig in a cembusticn windew borb apparatus, 2) turning
surface characceristics, 3) burning rate of retz] par<icles in the cas stirez-
4) velocities of at least the srmaliest discernicie ovarticles in tre gas s.re_”
above the burning propeliant surface and 5) flame density cradients.
Holograﬂh1~ technigues such as bright field holograbhy, scattered liant,

lens- ass1>ta:, transmission, reflected, cff-axis, in-line, interfercretry,
etc. shail be considered for their apolicabiiity to accuiring the different
types of data of {nterest. The contracter shall also assess ths adecuacy cf
the presentiy qsa” window bemb as an experirment apcaretus for applicaticn of
holographic techniques. Any mocificaticns requirecd such as placerent and
orientation of the windows, shall be made.

4.1.2 The different techniaues snall be assessed for their data
acquiring capaoilities. A tabulation of the advantages and disacvantaces
of the varicus techniques as appiied to acquiring the data of interest shall
be made. Items of consideration shall inciude resclution capability in a high
pressure conibusticn envirornment, ease of set-up, cepth of field, ease of
operation and data acquisition, ease and resoluticr cf heloorapnic
reconstruction for data retricval, cost ¢ system acquisiticn, operation and
data retrieval, etc. The conciusions of this study shall be presentecd to the
Air Force with recommendations on which techniques should be pursued in this
phase to demonstrate their feasitility for acquiring the data of interest.
The contractor shall also submit a plan for approval by the Air Force detailing
how the feasibility demonstrations of the holographic techniques are to be
conducted.
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4.1.3 A systematic approach shall be taken in conducting the
feasibility demonstrations of the varicus holocraphic technicues. In this
phase, techniquec development shall be initiated by conducting non-ccrbustion
laboratory and bench tests. Experiments shall be conducted to obtain the
proper optical component arrangecments, laser pulse width, tire between pulses,
etc. The scene volume for these tests shall be a sirulated cerbustien window
bomb in which an inert propellant arain, presized particles or resclution
target is installed to determine resolution capabilities. The resoluticn
objective of this nrogram is the capability to resolve particles as srall as 3
microns in a combustion envireonment with a minirum armcunt of ecuiprent
arranged in a simplified manner. Cold flcw tests shall be cenducted to
calibrate particle velocity data acquisiticn techniacues and holoarephic
interferometry. Dimensions and information concerning the existina window
bomb will be provided by the Air Ferce. In addition, the initial ccrtustion
tests to demonstrate feasibility of the technicues when applied tc a
combustion scene shall te conducted. Propellant samples for these tests
will be supplied by the Air Force. '

4.2 Phase II: Development and Verificaticn of Holographic Techniques.

4.2.1 After demonstrating the techniques in a non-combustion
and combustion environment, the contractor shall reccrmend tc the Air Force
for approval those techniques to be pursued further fcr develccment znd
verification under hot firing conditicns. The ccmbusticn tests will te
conducted with various propellants being burned in the window bermb at
pressures up to 1000 psig. Tests shall be conducted a* 5C0 and 1020 psig.
The propellant test samples shall be provided by the Air fFerce ana will
include aluminum content from a few particles, of various sizes, tc 20% by
weight. The window bomb will alsc te provided by the Air Fcrce. After
selection of the techniques to be further developed under hot firina conditicns,
the contractor shall sutmit a test plan to the Air Force for approval for
development and verification of the techniques.

4.2.2 Tests to demonstrate adequate resolution of particle sizes
and the propellant surface characteristics, rultiple pulse and flame density
gradient results under the various hot firing conditions shall be conducted
for verification of the holoaraphic techniques. As part of the verificaticn
task, the contractor shall shcw that the program otjectives have been rmet by
reconstruction and evaluation of the holcgrams and interferograms. The
contractor shall also take simultaneous still photoaoraphs of the holoaraphic
scene to aid in the verification process. In addition, sore of the verificaticn
test holograms shall be sent to the Air Force for reconstructicn and
application of the data retrieval and reduction techniques develcped under the
Liquid Injection into a Supersounic Stream and Hot Spray Characteristics
programs. The Air Force shall feed back information to the contractor ccncern-
ing the data retrieval results.
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4.3 Phase III: Installation and Demonstration of the AFRPL Laser
- Holographic Equipment. :

4.3.1 Upon completion of Phase II, the Air Force shall evaluate
the results and degree of success achievec in both Phases I and II, and
shall assess the desirability of demonstrating the capability of existing
laser-holographic equipment at the AFRPL for use in the characterization
of solid propellant combustion. RPL has two laser svstems which shall be
considered for modification to render cne of them capable of multinle
pulsing, reduced pulse width and improved optical resolution. These systems
are:

MANUFACTURER: Holobeam TRW

TYPE: Pulsed Rubv Pulsed Ruby
Series 302

OUTPUT ENERGY: 0.150 Joules 1-2 Joules

PULSE WIDTH: 16n sec 50n sec

POWER SUPPLY: 5KV 5KY

CAPACITOR BANK(S): 220 uf 375 .f (2 each)

The contractor shall evaluate the feasibility ard sracticebility of ~0di‘ving

one of these systems, for subsequent use by RPL, and suS-it =is recc~—=znzaticns
to the Air Force. Any modificaticns, fabrication and/or ourchase of new
auxiliary equipment are to be acccmplishad by the contractor uoon prior Air

Force approval. The contractor shall nrovide detailed informa*ion on the
recommended modifications and identify and list all new items alcng with
statements justifying the modifications and equicment acquisition. t ds
estimated that these modifications and equipment purchases would be aporoxirately
twenty percent of the tctal progranm.

4,3.2 After the medifications and orocurerent of new equiorent are
completed, the contractor shall demonstrate pronor functioning of these at
the AFRPL with a series of combustion tests similar to the verification tests
of Phase II. Satisfacticn of contractual requirements will be accomplished
upon attaining results equal to or better than the verification test results
of Phase II.

4.3.3 The .ontrac:ior shall provide a detailed instructional
manual which includes the oocraticral procedures for the various technigues,
equipment maintenance procedures and a 1ist of replacement parts. Contractor
personne! shail instruct AFRPL pcrsonnel ia the application of the techniques
and use and routine maintenance of any new equiprent.

4.3.4 The contractor shall conduct a prelir ‘nary study to insure
that laser system operation is conducted in a safe manner. ANSI Z136.1 shall
be used as a quideline for this study. The main objectives of the study are to
minimize physical harm to personnel and unintentional catastrophic failure of
hardware.

Exhibit "A"
61 Page 5 of 5 pages
Contract FOL611-76=C=-0053




G e N TR 5 A B 53

APPENDIX 11

APPROVED PROCEDURE FOR OPERATING
THE RPL COMBUSTION BOMB AT TRW, SPACE PARK
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SYSTEMS GROUP
ONE SPACE PARK + REDONDO BFACH * CALIFORNIA 90278

INTEROFFICE CORRESPONDENCE

76.4351.3,1-068
TO. TRW Health and Safety cc: oave: August 10, 1976

gQ.;gcf Holographic Pressure Vessel Test System, rrom: R. F. Wuerker
: RI, Room 10598 stoc Rl waicsta, 1062 uv..6|816

A high pressure nitrogen gas test system has been assembled for
studying the combustion of solid rocket samples in a GFE combustion
bomb. The bomb will accommodate fuel samples no larger than 1/4 inch
cubed. Standard operating pressures will be either 500 or 1000 lbs/in2

of nitrogen gas.

Bottled sources (2500 or 6000 psig) of compressed nitrogen gas
will be used to pressurize the combustion bomb. The chamber wiil be
vented so that smoke and products of combustion do not accumulate and
obscure viewing, yet maintain the desired 500 or 1000 psig operating
conditions. Gas flow duration will be of the order of 5-10 seconds.

The gas will be vented to the rcof.

The complete system is shown schematically in Figure 1.

3 RD-1 is a rupture disk with a 1977 psig rated failure.
RV-1 is an adjustable relief valve set at 1200 psig.
RV-2 is an adjustable relief valve set at 680 psig.

M-3 is a Bourdon type pressure gauge which has been calibrated
against a high quality .1% fS accuracy Heise Gauge.
M-3 pressure range is 0 - 1500 psig.

SV,,SV, are high quality stainless steei body,normally closed,

i 2 : ; ;
solenoid valves. They are rated at 3000 psig at cryogenic
temperatures, and have been pressure tested by the manu-
facturer at 4500 psig. Their estimated burst pressure
is 7500 psig.

SV3 is a similar valve to the above with the exception that it is
a three-way valve wnose normally open condition :zar be closed
upon activation. Any loss of power in the building will allow
the system to vent through this valve.
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MV-2 and 4 are emergency hand valves which are normally closed.
They provide bypass functions should the solenoid
valves fail.

MV-5 is a blocking valve which disables the 68° relief valve whenever
the system is cperated at 1000 psig. |t is opened whenever
operation is at 500 psi conditions. :

The system is plumbed such that at no time will any N2 gas be released
into the working area. All lines are relieved into a 2" vent line to the
roof.

Operating Procedures

A. Remove unessential personnel from room.

B. Verify NZ bottles valve (MV-1) is closed and that the valve power supply
is off.

C. Follow steps:

1. A sample of propellant fuel is to be mounted on the pedestal
located inside the pressure vessel.”

2. The gas feed line is then to be connected to the combustion
bomb and the electrical wire from the ignitor connected to the
power line.

3. A filmplate is to be positioned in the holocamera, and the
shutter is to be cocked.

L., The lights in the room (1059B) are to be turned off. The dark slide is

pulled. The operator leaves the room via the darkroom (105%A)
door. The double doors leading to 10538 from 1059 will be
locked from the inside of 1053B where the high pressure vesse!
is located. No personnel are to be in 1053C when the system
is pressurized.”* i

5. When 10598 is secured, the bottle valve MV-1 can be opened to
the regulator.

* Solid Propellant Precarat on

The propellant provided by RPL is in the form of slabs approximately
/4" x 4 x 4", From these slabs, the test samples are to be cut.

A small aluminum miter bex has been designed for accurately slicing
the sample. (This footnote continued on page 3.)

*%See .page 4.
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(Continuation of Footnote)

* The fuel samples are presently stored in Bldg. 67 powder room.

1.

The sample to be used will be removed from the storage area
and then taken to another lab‘'area where a 3/4 inch slice may
be cut from the parent slab.

The parent slab willl then be returned to the powder room.

The miter box will then be used to cut propellant to sample sizes.
Sample sizes will be placed in a small metal container for trans-
portation to Rl for testing.

a) Face shield and leather gloves are to be worn in the initial
L4-inch length slicing from the parent slab.

b) Only safety glasses need to be used when the sample sizes
are handled.

Small samples may be glued (with Ouco Cement) into position atop
the pedestal of the bomb piatform.

Bomb platform can then be secured into the pressure vessel body.

Cut propellant samples will be stored in metal bins in Room 1059B.
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6. Sv-3 (N.0.) valve is activated closed.

7. SV-1 is opened, allowing¢£he vessel to be pressurized to
the predetermined value.""

8. Laser power supply is activated to prime the laser energy
banks.

9. Power is applied to the igniter wire.

10. Upon ignition, sy-2 is opened. (lgnition will be monitored
via a photodiode device displayed on an oscilloscope.)

11. Laser is fired (this includes activation of shutter).

12. When ignition monitor shows that fuel incandescence is
terminated, the valve SV-1 will be closed, thus shutting
off the supply and opening SV-3. The vessel should bleed down ;
to zero- through SV-3. Pressure release is monitored by MV-1. ;

13. SV-2 will be closed.
14. SV-3 will be opened.

15. When system is secured, 10598 may be entered to retrieve pfate
for development in 1059A.

16. When film has been secured, lights may be turned on in Room
4 1059B for visual inspection of component and plumbing.
1 a) Check windows for damage or occlusions.

b) Check for mechanical dislocations or mechanical damage,
loosened window bolts, etc.

17. Reload and repeat as necessary.

**Flow parameters for a given fuel sample will be controlled by the
downstream needle valve (MV-3). ;

Conservation of gas to increase the number of runs dictates the upper
bound of the Flow, whereas visipility determines the lower bound.

A numerical dial will be out on the needle valve such that for a given
fuel sample an empirically known position can be used to controi the
flow at the test pressure desired.

A chart will be made of needle valve positicns vs. static pressure
| setting necessary tc produce a flow condition for both the 500 psi and
1000 psi.

Cnce this is available, the hologram and fuel sample will dictate the ‘e
nesdle valve setting, ergo the pressure setting.
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APPENDIX 111

PAPER* ON -RESOLUTION OF LENS-ASSISTED HOLOGRAPHIC TECHNIQUE,
E SUBMITTED AND ACCEPTED BY APPLIED OPTICS
(TO BE PUBLISHED MARCH 1978)

e

* R. A, Briones, L. 0. Heflinger, and R. F. Wuerker, '""Holographic
Microscopy,' Applied Optics, to be published in April, 1978).
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Holographic microscopy

R. A. Briones, L. O. Heflinger, and R. F. Wuerker

An off axis transmission holographic scheme, in which a 11 lens and a hologram are treated as a single rigid
entity. is found to reconstruct a 3-D diffraction-limited image when reconstructed, with a reference beam
reversed back through the original lens-hologram unit. Reconstruction can be performed with wavelengths
other than the recording wavelength, provided achromatic lenses are used. and the reference beam angle is
properly changed for reconstruction. Comparisons are made between He Ne and ruby laser holograms.

Two-micron resolution of the combustion of solid rocket propellants at high pressures is achieved at a work-

ing distance of 6 cm.

This paper presents the results of resolution tests
with the type of lens-assisted-holographic system de-
scribed in the accompanying paper.! The recording
apparatus used in the present tests is shown schemati-
cally in Fig. 1. It differs from the more conventional
holographic arrangements by the rigid attachment of
a pair of focusing lenses to a kinematic plate holder.
The lenses provide the large numerical aperture needed
for resolution. The hologram now records only over a
small area the phase and amplitude of the aberrated
wave front incident upon it.

Achievement cf high resolution with the Fig. 1 ar-
rangement is based upon the fact that aberrations due
to the lenses can be holographically eliminated (sub-
tracted) by reconstructing the hologram (via the reverse
reference beam technique) back through the focusing
lenses.? For this reason, the focusing lenses are rigidly
attached to the kinematic plate holder. The method
of reconstruction is diagrammed in Fig. 2. As illus-
trated, the 3-D recreated images can be examined with
a conventional microscope.

For our resolution studies a 1951 optical test pattern
was used as the principal test object.* The pattern was
placed within 2 cm of the hologram’s conjugate location.
It was rear-illuminated by either collimated or diffuse
laser light, the latter being achieved by the insertion of
either ground or opal glass diffusers into the scene beam,
as shown in Fig. 1. The diffusers give images charac-
terized by speckle or granularity effects. The reference
beam was collimated.

The authors are with TRW Defense & Space Systems Group, Re-
dondo Beach, California 90278,
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A He Ne or a @-switched ruby laser was used to
record the holograms in this study. All holograms were
recorded on antihalated glass Agfa Gevaert 8E75 plates.
The plates were placed in the kinematic plate holder,
exposed, removed, and processed, i.e., developed in a 1:4
solution of Kodak HRP, water-rinsed, fixed in a 1:3
solution of Kodak Rapid Fix, water-rinsed again, and
air-dried.

For reconstruction, a developed plate is put back into
the kinematic plate holder, and the unit as a whole (i.e.,
lens-plate holder assembly and hologram) was placed
before the collimated beam from a He-Ne laser so that
the reconstructing beam retraces the original reference
beam direction.’* This mode of illumination causes
the holograms to generate a backward traveling version
of the original wavefront. Phase errors are subtracted
away as the aberrated wavefront passes back again
through the focusing lenses.” In theory, a nonaberrated
wavefront emerges from the lenses, identical to the
original scene wavefront, but traveling in the opposite
direction. A 3-D aerial image is reconstructed beyond
the lenses which can be viewed (Fig. 2) with the aid of
conventional magnifiers.

Results for the case of collimated (speckle-free) rear
illumination are presented in Fig. 3. The first picture
in the group is a test of the examining microscope (10
% 0.3 N.A. objective), namely, a photomicrograph of the
finest column of the 1951 chart, rear-illuminated with
collimated white light. The second picture is a similar
test, except with the chart rear-illuminated with a col-
limated He Ne laser beam. It shows the effects of co-
herent light. The third and fourth pictures are pho-
tomicrographs of hologram reconstructions, played back
according to the Fig. 2 method from holograms recorded
with the arrangement in Fig. 1. The third picture was
both recorded and reconstructed with a He-Ne laser
(0.6328 um). The fourth picture was recorded with a
ruby laser (0.6943 um), yet reconstructed with a He-Ne
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W i laser. Comparison between the second and third pic-

§ omuoe ture shows that the reconstructed image is on a par with

U/‘ weos the direct laser image. The fourth picture shows that
a 10% change in reconstruction wavelength barely re-
solves the last row.

[N Figure 4 is a similar set with the chart rear-illumi-
\ nated by a ground glass diffuser. Asin Fig. 3, the first
J picture is a direct photomicrograph with white light.
B | The second picture had the white light source replaced
NN /".‘man;v. by a laser. The third and fourth pictures are hologram

\ } reconstructions (as per Figs. 1 and 2), the third being the

ko TN e He-Ne recorded and reconstructed, while the fourth is

i o & Siee”” ruby laser-recorded and He-Ne laser-reconstructed.
wisaak il The ground glass diffuser produces speckle and gran-

Fig. 1. Schematic of two-beam lens-assisted holographic arrange ularity effects in the laser images. For the fourth pic-
ment. tures, the 10% change in reconstruction wavelength

creates noise that drastically degrades the reconstructed

sat L At TR IR image; resolution is at best the sixth row, third column

E \ / (6-um bar width). The He-Ne recorded hologram re-
A N ] constructs to the seventh column-third row (3-um bar

| xinemanic
PLATE HOLDER FOCUBING
LENSES INVERTING LENS

CGRAM

AN

’
oy

N A MGt s width), which compares favorably with the direct laser
3 HOLCGRAM

MICHOSCOP photomicrograph (second picture), good to the seventh
column-fifth row. White light gives a speckle-free
image, good to the microscope’s numerical aperture.
To better demonstrate the superior resolution of the
% lens-assisted technique, a series of nonlens assisted
Z K03 AL OHIECHY holograms was also recorded. A conventional 75° off- b

NN \/niccm'i,('m( axis two-beam holographic arrangement was used. The
- i He-Ne LASER 3EAM

chart was 15 cm away from the hologram, a distance that

% compares with the hologram-object distance in the Fig.

X 1 lens-assisted arrangement. Sample reconstructions
b are presented in Fig. 5 for holograms recorded and re-
Fig. 2. Method of reconstructing lens-assisted holograms. constructed with a He—Ne laser; the first picture is the

e oy

WHITE LIGHT HeNe-HeNe RUBY-HeNe

Y 1% 7
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; PHOTOMICROSCOPY HOLOGRAPHY

Fig. 3. Comparison between direct photomicrographs and lens-assisted hologram reconstructions. First picture, collimated white light
photomicrograph of chart taken with 0.3 N.A. microscope. Second picture, He-Ne photomicrograph. Third picture, photomicrograph of
He-Ne laser reconstruction of hologram recorded with He-Ne laser. Fourth picture, same as third except recorded with ruby laser.
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WHITE LIGHT

PHOTOMICROSCOPY

Fig. 4.

HOLOGRAPHY

Comparison between diffuse rear illumination photomicrographs and lens-assisted hologram reconstructions. First picture (left)

is direct white light photomicrograph. The second picture is a similar direct He-Ne photomicrograph.  The third picture is a photomicrograph
(via Fig. 2) of the He Ne laser reconstruction of a hologram recorded in the Fig. 1 apparatus with a He-Ne laser. The fourth picture is the
same as the third except recorded with a ruby laser.

collimated illumination condition, the second and third
pictures are with the ground glass diffuser behind the

chart. The middle picture illustrates a reduction in
granularity due to the addition (in recording) of a sec-
ond off-axis reference beam. The third picture is the
more conventional single reference beam case. Com-
parison of these pictures with the reconstructions in
Figs. 3 and 4 shows that the lens-assisted technique
gives improved resolution (better than a factor of 2).
The double reference beam scheme was also tested
for the lens-assisted situation. Sample results are
presented in Fig. 6 for the case where the resolution
chart was rear-illuminated by an opal glass diffuser.
The first picture in this series is the direct (0.3 N.A.)
photomicrograph of the opal glass He-Ne laser illumi-
nated chart. The second picture is the reconstruction
of the double reference beam He-Ne-He-Ne hologram
reconstruction. For this case, the second reference

946
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Fig. 5. Photomicrographs of
images reconstructed from con-
ventional (nonlens assisted) two-
beam (75°) holograms. Left pic-
ture, chart rear-illuminated via
collimated scene beam. Middle
picture, chart illuminated from
behind by ground glass diffuser,
including the effects of a second
reference beam. Third picture,
same as second except with only
single reference beam.

beam was brought around the other side of the Fig. 1
lens-plate structure. (A 60° angle existed between the
two reference beams.) The hologram was reconstructed
with only one reference beam (i.e., the original, using the
Fig. I setup). The third picture in this set is the more
conventional (also using Fig. 1) single reference beam
case, which, except for the opal glass diffuser, is identical
to the third example in Fig. 4. Comparison shows that
the opal glass produces even finer granularity effects
than the ground glass diffuser used in the Fig. 3 tests.
The second and third pictures in the present set (Fig.
6) show that the second reference beam yields ques-
tionable improvement, hardly enough to justify its
use.

Achromatic lenses were also proposed as a way of
making the Fig. 1 scheme less sensitive to changes in
reconstruction wavelength. Tests with the Fig. 1 ar-
rangement with achromatic lenses instead of simple
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DOUBLE REFERENCE

PHOTOMICROSCOPY

Fig. 6.

3 Fig. 7. Comparison of collimated
rear-illuminated lens-assisted ho-
lograms recorded with achromatic
lenses. The left picture was re-
corded with a He-Ne laser, the
right with a ruby laser. Both were
reconstructed with a He-Ne laser
by the Fig. 2 method.

o

lenses showed that only the collimated subject light
holograms were improved. The diffuse light holograms
b were no better. Figure 7 shows the coll: mated illumi-
:
:
:
\

nation examples. Comparison of the second picture

with the similar case for simple lenses (i.e., fourth pic-

ture in Fig 1 shows that the achromatic holograms are
wilier

Ihe tests demonstrated that the lens-assisted tech-

wate 1o holdograms that reconstruct to the limits

. tem numerical aperture.  The best reso-

recording and reconstructing these

¢ wavelength.  The collimated

past sensitive to changes in

wo crehing and reconstructing

gtum the lens assisied

SINGLE REFERENCE

HOLOGRAPHY

Comparison of diffuse (opal glass) rear illumination photomicrograph against He Ne-He-Ne lens-assisted hologram reconstructions.
The first picture (left) is the direct photomicrograph (0.3 N.A.). The middle picture was recorded with two reference beams (60° hetween
each). The third (right) picture was recorded (as per Fig. 1) with a single reference beam.

system gives little, if any, improvement over nonlens
assisted two-beam arrangements when there is ~10%
wavelength change.

The present study was motivated by particles in
flames. Of interest was the smallest size spherical
particle which could be resolved by the lens-assisted
scheme. This was investigated by recording holograms
of the resolution chart dusted with spherical iron car-
bonyl powder, ranging in size from 3 um and less. Most
of the particles were ~1-um diam. Results from such
a hologram are shown in Fig. 8 which contains colli-
mated (He-Ne-He-Ne) hologram reconstructions at
two difterent focal settings of the examining microscope.
In the left picture, the microscope was focused on the
chart; particles (on the other side of the glass support)

15 March 1978 Vol 17 No 6  APPLIED OPTICS 947
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Fig. 8.  Photomicrographs taken of the reconstruction of a lens-assisted hologram (He Ne recorded and He  Ne reconstructed). For the left
picture, the examining microscope was focused on the reconstruction of the chart.  For the right picture, the microscope was focused on the
reconstruction of iron carbonyl particles dusted on the near surface of the 1-mm thick glass plate that supported the chart

-

— 6350

Fig. 9. Low magnification photogiaph of reconstruction of a

truby He Ne) lens assisted hologram of the combustion at 26-8Torr

pressure of a 6 % 3 < 1 mm sample (initially) of solid rocket propellant
(Type MS-23)
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are completely out of focus. In the right picture, the
microscope was focused on the particles, and the chart
is out of focus. Particles smaller than the seventh
row-sixth column bar width can be found, demon-
strating an ability to discern opaque spherical particles
of ~1-um diam.® Figure 8 illustrates the three-di-
mensionality of the reconstructed images.

The lens-assisted scheme has also been used suc-
cessfully to record particles in a combustion environ-
ment. Such recordings are spectacular in scope and
depth of focus and will be described in detail in a
forthcoming paper. A preliminary example, however,
is presented in this paper to demonstrate not only the
practical application of the technique, but also the
volume of space (several cubic centimeters) that can be
recorded by the Fig. 1 apparatus.® Figure 9 is a low
magnification photograph of the reconstruction of a
collimated lens-assisted hologram of combustion (inside
a windowed pressurized combustion bomb) of a 6 X 3
X 1-mm piece of solid rocket propellant. The hologram
was recorded with the 80-nse pulse from a Q-switched
ruby laser. The silhouette of the fuel sample, the re-
mains of the 228-um diam ignitor wire, and the con-
vection cells which refracted the incident ruby laser
light are seen. A more magnified portion of the re-
construction is presented in Fig. 10. Small particles can
be seen. An even more magnified portion (20X, 0.5




Fig. 10.

Fig. 12.

Enlarged portion of the reconstructed image shown in Fig. Fig. 11. Further enlargement of portion of same image reconstructed
9 (taken with 10X, 0.3 N.A. objective). from hologram and shown in Figs. 8 and 9. This picture was taken
with 20X, 0.5 N.A. objective.

Photographs of reconstruction of holograms taken with microscope with 40X, 0.65 N.A. objective. Left picture is the same grouping
of particles seen in Fig. 10. Right picture, resolution chart in bomb prior to combustion.
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N.A. objective) is presented in Fig. 11. For this picture,
the examining microscope was focused on a group of
particles near the burned tip of the ignitor wire. Size
can be judged by the 7-um spaced interference fringes
(due to the refraction of laser light by thermal cells).
The particles in this group were even further magnified
(40X, 0.65 N.A. objective). Such a picture is presented
in Fig. 12. It represents the maximum magnification
that the present lens-assisted holograms can be en-
larged. Particles of ~2-3-um size are seen. A photo-
graph of the reconstruction of the resolution chart,
made just prior to the actual firing, is included. The
resolution chart was placed in the combustion bomb and
recorded through the 19-mm thick quartz viewing port,
the 13-mm thick interference filter, and 70 and 96 (1.0
N.D.) Wratten filters (all included to suppress flame
light).” The resolution chart picture shows that a ruby
hologram still yields high resolution when recorded
through this amount of glass.

Changes in focus enabled us to view and record par-
ticles throughout the entire combustion environment.
Figures 8-11 show the high resolution capability of the
lens-assisted holographic scheme in the practical study
of combustion.

The authors acknowledge the support and encour-
agement of the Project Officer, Dewey George, of the
U.S. Air Force Rocket Propulsion Laboratory, Edwards,
California.

This work was wholly sponsored by USAF/RPL
under contract FO4611-76-C-0053.
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The smallest divisions correspond to the seventh column and six
row, a spatial frequency of 228 Ip/mm (spatial period of 4.4 um or
individual bar widths of 2.2 um).

4. Reconstruction of the 1951 chart holograms to highest resolutions
could be achieved without recourse to the special alignment
technique described in Ref. 2. For example, holograms recorded
with a ruby laser and reconstructed with a He-Ne laser required
a 9%° decrease in reference beam angle to compensate for the
wavelength difference. The optimum reference beam angle was
found by carefully tuning the beam relative to the hologram while
microscopically observing the reconstructed image.

5. A similar test was conducted with transparent 2.4 um polystyrene
spheres. The spheres were harder to reconstruct due to their lower
contrast. They could just be seen in the reconstruction.

6. Larger focusing lenses would permit recording even larger volumes
at similar resolutions.

7. These holograms were reconstructed back through a window sec-
tion and a piece of glass that simulated the interference filter.
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COMPANION PAPER* SUBMITTED SIMULTANEOUSLY TO APPLIED OPTICS
WLTH PAPER [N APPENDIX [Il. THIS PAPER DESCRIBES THE INITIAL USE OF
THE LENS-ASSISTED TECHNIQUE IN THE STUDY OF MARINE PLANKTON. NO
RESOLUTION MEASUREMENTS WERE MADE.

* L, 0, Heflinger, G. L. Stewart, and R. C. Booth, '"Holographic Motion
Pictures of Microscopic Plankton,' Applied Optics (to be published
in April, 1978).
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Holographic motion pictures of microscopic plankton

L. O. Heflinger, G. L. Stewart, and C. R. Booth

A high-speed cine-camera system utilizing holographic principles to circamvent the restrictive depth of field
limitations of photomicrography is being used for behavioral studies of rapidly moving marine zooplankton.
High resolution is achieved from small format, flexible 35-mm movie film by the development of a lens-as-
sisted holocamera. The lens images subjects close to the film in the recording process in order to reduce flat-
ness requirements of the film. Aberrations introduced by the lens are cancelled by positioning it in precisely
the same relationship to the film during reconstruction as it occupied in recording. New alignment and
pathlength matching techniques for complex holocameras were developed.

l. Introduction

The ability of holography to circumvent the restric-
tive depth of field limitations of photomicrography is
especially significant when motion pictures are desired
of rapidly moving microscopic objects. Of particular
interest to us is the study of the behavior of free-swim-
ming planktonic marine organisms. By allowing an
animal to swim relatively unrestricted in an aquarium,
while being recorded, it is thought that close to natural
behavior may occur. In observing certain behavioral

y sequences, high frame rates are necessary to reduce loss

3 of information on activities occurring between frames.
A cine-holographic configuration for recording free-
swimming plankton movements was developed by Knox
and Brooks.! It was also the basic system used in the
cine-holocamera described by Stewart et al.2 However,
this on-axis system lacked the high resolution required
to study important details of plankton behavior such
as food manipulation during feeding and other small
appendage movements. The system has now been
converted to an off-axis mode of hologram production,
and further refinements were made to achieve improved
resolution (Fig. 1).

This paper describes the configuration which achieves
improved resolution at a long working distance (10 cm)
with a standard 35-mm movie film format (18 X 24 mm)
e.g. Kodak SO-424 or AGFA 10E56.

L. O. Heflinzer is with the TRW Defense & Space Systems Group,
Redondo Bea h, California 90278; the other authors are with the
University of California at San Diego, Institute of Marine Resources,
La Jolla, California 92093.
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Il. Lens-Assisted Holocamera

The flexibility of 35-mm film makes it impossible to
guarantee that the film shape during reconstruction is
identical (to wavelength accuracy) to its shape during
holographic recording. To help overcome film differ-
ences between recording and reconstruction, a relay lens
system was developed which has the purpose of forming
images of the subjects in the vicinity of the holographic
film. The lens operates at 1 to 1 with an input numer-
ical aperture of 0.24 (5-cm diam, 10-cm working dis-
tance). Information from a given subject is confined
to a limited portion of the 35-mm film. For example,
if the image is 1 cm or closer to the film, the hologram
need be faithful only over a circle of 5-mm diam or less.
Thus, all that is required is that the movie film be flat
over the same limited area in both recording and play-
back. In comparison, a nonlens-assisted holographic
system with an input numerical aperture of 0.24 and a
10-cm working distance between subject and film plane
would require the film to be faithful to wavelength ac-
curacy over a 5-cm diam circle.

It is neither intended nor desirable to form a sharp
image at the film plane as saturation effects would limit
the faithfulness of the reconstruction. Hence, a lens in
which the aberrations are not fully corrected is used.
The lens system we adopted after preliminary trials
consists of two planoconvex lenses with the curved sides
toward each other.

High resolution is achieved in reconstruction by
playing the image back through the same lens used in
recording. Thus, all the aberrations introduced by the
lens during recording are canceled.? To achieve this
cancelation, it is necessary to reverse the direction of the
reference beam in reconstruction so that the subject
light passes through the lens in the opposite direction,
subtracting the aberrations (Fig. 2). This reversal must
be precise, and thus it is critical that the positioning of
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the relay lens in relation to the hologram must be the
same during reconstruction as during recording. In our
system, the water cell shown in Fig. 2 is used to com-
pensate for the water and walls of the aquarium which
was holding the plankton during recording.

It was not possible to use the recording movie camera
transport for reconstruction because certain mechanical
components would have obstructed the reversed ref-
erence beam. Thus, it was necessary to construct a
custom reconstruction film transport. The recording
position between lens and hologram was mechanically
duplicated in the reconstruction assembly by a series
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of micrometer measurements. The lens is mounted in
such a way that once aligned it may be shifted back and
forth between recorder and reconstructor without re-
peating the measurement process.

Precise reversal of the reference beam during recon-
struction is achieved as follows: In the recording ar-
rangement shown in Fig. 1 there is an alignment plate.
This is a plane parallel plate of glass which is placed in
a kinematic holder rigidly attached to the lens assembly.
Prior to recording, the collimated reference beam is
adjusted to be perpendicularly incident on this plate.
The plate is then removed, and the holographic re-
cordings are made. During alignment for playback, the
same plate is placed in its kinematic holder attached to
the lens assembly, and the collimated reconstruction
reference beam is adjusted to be perpendicularly inci-
dent on the plate but from the opposite side used during
recording alignment (Fig. 2). The alignment plate is
removed during actual reconstruction. The recon-
struction reference beam is thereby precisely reversed
relative to recording by this process.

The attainment of perpendicular incidence on the
alignment plate in either recording or playback is
achieved by the arrangement shown in Fig. 3. Here a
plane parallel splitter glass (B) diverts a portion of the
reference beam to a corner reflector (C) which returns
the light through the splitter to lens (D) forming a point
image at (E). The other portion of the reference light
passes through splitter (B) to the alignment plate (A)
which returns a portion to be reflected by splitter (B)
to lens (D) and forms a point image at (E’). Adjust-
ment of the reference beam direction to cause (E) and
(E’) to coalesce guarantees perpendicular incidence of
the reference beam on the alignment plate (4). The
plate (A) and splitter glass (B) are then removed before
recording or reconstruction.

When the same wavelength is used for both recording
and reconstruction, the ahove system directly achieves
the desired precise beam reversal. The system has been
used in this manner with a pulsed (40-usec) argon laser
for recording with playback by the same wavelength

| _LONG FOCAL
| LENGTH LENS

AT
ALIGNMENT Il SPLITTER GLASS
taE 0 REFERENCE
BEAM |
e A =
b ¢ |
A gl 1
C ! oo
CORNER
REFLECTOR
Fig. . Reference beam alignment sys‘em.




(514.5 nm) from a cw argon laser. In order to achieve
a shorter pulse (4 usec) for higher speed motion pictures,
a xenon pulsed laser was also used (535.3 nm). The
playback was still done with a cw argon laser (514.5 nm).
It was experimentally found that to achieve best reso-
lution under this condition, the playback reference
beam angle must be offset from the recording angle by
an amount approximately given by the fractional
wavelength shift (0.04). Once found, this shift can be
reestablished by markers for the appropriate separation
of the points (E) and (E’) of Fig. 3 during playback
alignment. The ability of the system to function under
conditions of wavelength shift is described more fully
in the accompanying paper (Briones et al.).*

The pathlengths from laser to hologram should be the
same for both subject and reference beams during re-
cording. The tolerance on this is determined by the
coherence length of the laser which may be only a few
centimeters for pulsed ion lasers. Pathlength matching
in our system is complicated because the holocamera is
on an X-Y traverse for tracking plankton while the laser
is stationary. A direct way of verifying the pathlength
match has been found which is useful in complex holo-
cameras. A small ball bearing of 1 mm or 2 mm in di-
ameter is placed at the location of the hologram. Ata
distance of approximately 20 cm from the ball, a lens
(about 25-mm focal length) is held to visually examine
the aerial Young’s fringe pattern formed from the two
point reflections in the ball. As one of the pathlengths
is adjusted, the fringes will come and go, the optimum
fringe contrast indicating the best pathlength match.

lll. Recording Film Transport

The film transport mechanism used for recording is
an André Debrie, Appareil GV model G. It is a good
quality 35-mm movie film transport, capable of opera-
tion up to 200 frames/sec. It is essential that the film
be stationary during the exposure interval. In partic-
ular, film motion perpendicular to the plane of the film
must be sufficiently small so that the difference between
scene and reference paths does not change by more than
Vs wavelength during exposure. For our reference beam
angle of 35°, this motion must be less than 1.4 wave-
lengths or 0.7 um. With the 40-usec pulse duration of
the argon laser, this requirement was not met above 50
frames/sec; however, with the 4-usec xenon laser, the
transport achieves this requirement. In the film plane,
motions must be less than the resolution. This last
requirement is easily satisfied because it is similar to the
requirement for photography where exposure times are
much longer.

IV. Reconstruction

A Geneva intermittent motion assembly with special
oversize sprocket teeth which reduces lateral film
movement has been selected to perform the task of film
frame indexing in the reconstruction system. The
earlier use of a glass platen and polished metal pressure
plate to hold the film flat proved to be unsuccessful
because dust particles and irregularities on the film and

GENEVA
SPROCKET —

FLAT AREA
OF FiLm

INTERCHANGEABLE ___
LENS ASSEMBLY

Fig. 4. Reconstruction film transport.

platen produced fine scratches on the acetate base of the
film. In most holographic systems, film scratches are
not a serious problem, but in our case the relay lens
nearly imaged the scratches, introducing a considerable
amount of noise in the scene. By incorporating a re-
verse bend in the film path (Fig. 4) and using two dc
electric motors to tension the film in opposing direc-
tions, the holograms can be held sufficiently flat to
produce high resolution images with no part of the
system touching the recording surfaces. The Geneva
assembly can be stepped in either direction by hand and
with a motor can be actuated at rates up to 24 frames/
sec. This allows the operator to move through 30-m
(100-ft) rolls of film with reasonable speed when, for
example, seeking specific frames. A frame counter and
the required logic to find predetermined frames may be
added at a later date.

The reconstructed image (Fig. 2), now at the original
location of the scene relative to the relay lens, is viewed
with standard microscope optics at appropriate mag-
nifications for the specific subject. Scanning the 3-D
scene is accomplished by mounting the microscope on
an X,Y,Z movement stage.

V. Resolution Considerations

Figure 5 is a photomicrograph of a reconstructed
image of a planktonic copepod crustacean. The animal
is approximately 5 mm in length and appears almost
transparent in seawater. A potential food organism for
this species can be seen at higher magnification in Fig.
6. The food, Ditylum brightwellii, is a marine diatom
(single-celled plant) having a cylindrical or prism-
shaped siliceous frustule 30 um in diam, 80 um long,
with a 2-3-um diam spine on each end. Both organisms
were recorded at a rate of 50 frames/sec.
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Fig. 5. Reconstructed image of a marine copepod crustacean.

954

Fig. 6. Reconstructed image of a marine diatom, Ditylum
brightwellii.
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The reconstructed holograms shown in Figs. 5 and 6
were recorded with the illumination arrangement of Fig.
1. Itis possible to achieve dark field illumination with
the same configuration by simply adding a small di-
ameter stop at the focus of the collimated subject beam
during recording. This focus is approximately half-way
between the lens and the film. A 2-mm stop will in-
tercept the direct subject light but allows the scattered
light to pass on to the emulsion, producing a dark field
view upon reconstruction.

Numerical measurements of the resolution have not
been made. However, the reconstructed images of
holographically recorded plankton were compared side
by side with direct visual observations of plankton
through the same microscope illuminated with colli-
mated laser light. The resolution of the holograms
appeared identical to the direct view, although they do
exhibit some excess noise which appears as mottled
interference effects and can sometimes mask informa-
tion. Careful attention to optical surface cleanliness,
avoidance of reflections by proper antireflection coat-
ings on the lenses, and avoidance of all unintended
scattered light are essential. When these sources of
noise light are removed, the holographic images are al-
most identical to the direct view.

The present system provides microscopic resolution
throughout a volume of many cubic centimeters at a
working distance of 10 cm. A more quantitative reso-
lution comparison of laser light holographic microscopy
to white light microscopy is given in the accompanying
companion paper.*

This research was supported through National
Science Foundation grants OES 75-05385 and OCE
76-21655. The invaluable assistance of Chuck Wood
of TRW in maintaining high output from our lasers is
greatly appreciated. We also thank J. R. Beers of the
Institute of Marine Resources for encouragement and
helpful criticism of the manuscript.
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HOLOGRAPHY OF SOLID PROPELLANT COMBUSTION*

R. A. Briones and R. F. Wuerker
TRW Defense and Space Systems Group
Redondo Beach, California 90278

Abstract

A two-beam holographic scheme consisting of a 1:1 relay lens and an integral hologram has been used with a
Q-switched ruby laser to record high resolution 3-D images and interferograms of the combustion of small
(1.5 x 3 x 6 millimeter; .06 x .12 x .25 inch) rocket propellant samples in a high pressure chamber. The
holograms were helium-neon laser reconstructed. Images good to 2 micron resolutions were achieved with colli-
mated illumination. Diffuse illumination holograms gave ~ 4 micron resolutions when viewed on a moving trans-
lucent screen. The reconstructed real images yielded particle size distributions. Double exposure holograms
yielded either conventional holographic interferograms (first exposure prior to combustion), differential in-
terferograms (both exposures during combustion), or sequential image holograms of the particles. The latter
were improved by constructing a holocamera with two separate reference beams. One reference beam was used for
one exposure. The other is used only for the second exposure. Such a hologram reconstructs separate 3-D
images. From such a hologram, particle motions can be followed and velocities computed without confusion.
Metallized propellant holograms showed time-averaged fringe effects when recorded with conventional 50 nano-
second duration laser pulses. The dark fringes in the reconstructions were due to rapid gas expansion. Re-
ducing the laser pulse duration to 10 nanoseconds (by pulse chopping techniques) gave relatively transparent
reconstructions. Reflected light holograms (non-lens-assisted) of both the burning surface and the particle
clouds were also recorded.

I. Introduction

One of the features of laser holography is its ability to record 3-D images of microscopic phenomena. A
single hologram freezes time and records all particles that are in the illumination volume. The holographic
image is later reconstructed and examined with a conventional microscope of narrow (several microns) depth of
field.

Because holography is based on the coherent properties of laser light, it can record images in the pre-
sence of highly incoherent light (such as solid propellant combustion).

Holography can also record superimposed sequential images. Such recordings show the particle field-volume
at two different times. For microsecond intervals, small particle displacements give particle velocities.
For longer intervals, particle relationships are lost; however, one gains interferometric fringe growth in-
formation. Double exposure interferom?tsy is a property of holography which visualizes gas density effects
on either a short- or long-term basis. 1

Holographic technique?ﬂhave already been succigifully applied to a wide variety of g?rtiCIe phenomena, for
example: f?g partic1e? <) cloud ice particles, partiiles in high speed air flows( liquid propellant
combustion,(5) flyash, 6) petrochemical events, plankton, »8) etc.  The extension of holographic techniques
to the recording of high resolution double images of the combustion of solid rocket propellants is the sub-
ject of this paper. This paper also includes the descriptions of holocameras constructed for high resolution
work, one of which has two independent reference beams, permitting the independent reconstruction of double
images.

II. The High Resolution Holographic Apparatus

Successful application of holography to recording the combustion of solid rocket progs]]ants required

development of a "holocamera" that gave higher resolutions than earlier schemes. (23,4, The apparatus is
shown in Fig. 1. This type of "lens-assisted off-axis reference-beam holocamera" apparatus was first used

to record living plankton. 7,8) It differs from more conventional two-beam arrangements by the incorporation
of a pair of relay lenses, between the hologram and the subject being recorded. The lenses are mounted
rigidly to the plate holder, and the two are considered to be a single optical element of the holocamera.

Otherwise, the arrangement is "conventional;" collimated l1ight from the illuminating laser is incident
upon a beam splitter which divides it into scene and reference beam components. The reference beam is re-
flected off a mirror and is incident upon the photosensitive hologram plate.** The photosensitive plate
records the interference between the two coherent beams of light, namely, the light transmitted through the
scene and the collimated reference beam. The beam which passes through the beam splitter is the "holographic
scene beam." In the present apparatus, this beam is turned by a pair of mirrors and then passes through a
pair of inverting lenses. After the inverting lenses, the scene beam passes through the scene or subject.

*

This research sponsored by USAF/RPL under Contract FO4611-76-C-0053.
** Usually Agfa 8E75 antihalated plate.
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Fig. 1. Schematic of the basic two-beam lens-assisted holographic
arrangement used to record solid propellant combustion.

In passing through the subject volume, the light modified by the scene is directed onto the hologram by a
set of relay lenses.

The Fig. 1 holographic arrangement is essentially spatially and temporally matched. The mirrors are lo-
cated so that the two optical paths are identical, Such additional care permits recording holograms with
ruby lasers of low temporal coherence. Because of the inversion of the beam by the relay lenses, a pre-
inversion is provided by the inverting lens set, all of which insures that the scene beam later combines
with the reference beam in the correct right-left, upside-down sense at the hologram (i.e., the two beams
are spatially matched). These arrangements compensate for poor spatial coherence of ruby lasers.

The collimated mode of illumination of the scene can be changed by the insertion of a piece of ground
glass into the illuminating beam. As shown in Fig. 1, the ground glass is placed behind the subject. The
ground glass scatters the laser light over wide angles, giving images that are more three-dimensional in that
they exhibit parallax effects., Later it will be seen that ground glass or diffuse illumination eliminates or
averages out sharp refractive effects. Diffuse light images of propellant combustion suffer, however, from
laser speckle effects, which degrade the resolution by a factO{ ?f two over the collimated case, when the
hologram is rec?nﬁtructed with a laser of the same wavelength.(9) For ruby helium-neon holograms, resolution
is + 6 microns.(6)*

The photosensitive glass plate records the opticai interference between the coherent reference and scene
beams. After exposure, the plate was removed and developed: typically 30-45 seconds in a 1:4 solution of
Kodak HRP developer, water rinse, three minutes in a 1:3 solution of Kodak Rapid Fix, second water rinse
(1/2 hour), and air dried.

Next, the integral relay lens-hologram plate structure was set up as shown in Fig. 2. A collimated beam
from a 60-milliwatt helium-neon laser was directed back through the hologram along the original reference
beam path direction.*™ In this method of reconstruction, the hologram generates a backward version of the
original wave front. Phase errors (due to the relay lenses and any windows or other optics in the original
scene path) are subtracted away as the reconstructed wave front passes back through the optical train. Theo-
retically, a non-aberrated wave front emerges from the lenses, identical to the original scene wave front,
but travelling in the opposite direction.

A three-dimensional pseudoscopic aerial image (1:1 magnification) was formed by the recreated wave front.
This image could besviewed, as shown in Fig. 2, with a conventional optical microscope. Particle size was
measured by equipping the microscope with a travelling cross hair. Particle locations were recorded by
mounting the microscope on an x-y-z positioner and measuring its relative positions with dial indicators,
or other position sensors (see Fig. 11).

* Viewing the image through a rotating or moving translucent screen suppresses speckle noise, with the
result that resolution improves (. 4 micron). The technique is shown later in Fig. 11

** For holograms recorded with a ruby laser, the reconstructing beam passes back through the hologram at
a proportionally reduced angle §° properly compensate for the 10% difference between the ruby laser and
helium-neon laser wavelengths.(
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Fig. 2. Method of reconstructing lens-assisted holograms.

Examples of both the three-dimensionality and resolution capabilities of the new lens-assisted holographic
technique are shown in Figs. 3 and 4. The two photomicrographs are reconstructions taken from the same holo-
gram. The subject (holographed by the Fig. 1 apparatus) was a glass 1951 resolution chart* dusted on one
side with micron-sized iron carbonyl particles. For this static subject, a helium-neon laser was used to
both record and reconstruct the hologram (thereby avoiding wavelength effects). The examples thus represent
the ultimate product of the technique, at the chosen numerical aperture (~ 0.2).

Fig. 3. Photograph of the reconstruction Fig. 4, Photomicrograph taken from the same
of a hologram of a "1951" reso- hologram as shown in Fig. 3. In this
Tution chart recorded and recon- case, the microscope was focused on
structed with a helium-neon laser iron carbonyl dust particles originally
using the Figs. 1 and 2 techniques. on the near surface of the one millimeter
thick glass chart.

Figures 3 and 4 were taken through a conventional microscope set up as shown in Fig. 2. The two pictures
correspond to different focal planes. In Fig. 3, the microscope was focused on the reconstructed image of
the resolution chart.* No particles are seen because they are out of focus. The smallest bars have a width

* "951" resolution charts consist of vertical and horizontal three-bar arrays whose spatial frequency (SF)

varies according to the e tion, -
g to quation Neatumm # + COMEEL] : _ s
SE & 31 6 ’ line pairs per millimeter.

The smallest divisions correspond to the 7th column and 6th row, a spatial frequency of 228 line pairs per
millimeter (.04 in,) or bar width of 2.2 microns.
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of 2.2 microns. In Fig. 4, the microscope was focused on the images of the particles originally on the near
side of the (one-millimeter thick) glass supported chart., In this picture the chart images are out of focus.
Particles smaller than the smallest bars in Fig. 3 can be seen, showing the ability of the technique to in-
dividually resolve (under ideal same wavelength conditions) micron-sized opaque pariic]es. It is claimed by
the authors that such resolutions are the highest achieved to date holographically! 9)

When a ruby laser ZS used to record the holograms, the resolution is degraded only slightly if collimated
illumination is used. For diffuse illumination, resolution degrades to 6 microns, due to enhanced speckle
from the wavelength difference. Highest resolutions necessitate no change in wavelength, particularly for
diffuse holograms.*

In review, the relay lenses in the Fig. 1 arrangement supply a high numerical aperture, while the hologram
records only the three-dimensional information. MWithout the relay lenses, the hologram must do both. Stan-
dard holographic glass plates are noE gerfect enough, and as a result alone, give (at the same object dis-
tances) resolutions of 2 10 microns.(9

III. Combustion Apparatus

To study the burning of solid rocket ruels at high pressures, a steel windowed combustion bomb was placed
between the inverting and relay lenses of the (Fig. 1) lens-assisted holographic arrangement. The setup is
diagrammed in Fig. 5. The combustion bomb had an internal diameter of 50 millimeters (2 inches), and had
opposing 19-millimeter (.76 in.) thick fused quartz windows. Fuel samples (1.5 x 3 x 6 millimeter; .06 x .12
x .25 in.) were mounted on a pedestal in the center of the chamber. They were burned at pressures of 34 or
68 atmospheres of nitrogen gas. Not shown in Fig. 5 is the camera shutter (. 5 millisecond duration), a
narrow band dielectric interference filter (v 10 Angstrom bandwidth), and red gelatin filters (Wratten #70),
all of which were mounted in front of the rear viewing window. These elements reduced the flame 1ight falling
on the photosensitive plate to levels less than the transmitted laser light.

MIRRC RS

INVERTING
LENSES

PLATE HOLDER

Fig. 5. Apparatus schematic showing placement of the combustion
bomb, holographic components, and illuminating ruby laser.

The propellant was ignited by a hot wire., Initiation of 2lectrical current to the wire opened the mechani-
cal shutter, which in turn fired the laser (v 0.1 second into the burn).

The combustion bomb and holographic components were mounted upon a granite table in an enclosed room with
safety interlocked doors. The laser, associated power supplies, controls, and pressurizing bottles were in
an adjacent room. The laser beam passed through a hole between the two rooms. This arrangement afforded
maximum operator safety.

IV. The Ruby Laser Illuminator

The ruby laser illuminator was built by the authors. It consisted of an oscillator with a 13-millimeter
diameter by 95-millimeter long 60° ruby rod (.52 x 3.80 inches) in a one-meter long (39 4 in.) laser cavity

* The theoretical resolution (R) of any optical apparatus is: R = )/2n sine, where & is one-half the angle
subtended at the object by the aperture, and n is the index of refraction. In microscopy n sin¢ is called
the numerical aperture (NA).
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-fined by a 99 dielectric end reflector and a double quartz etalon (the output reflector). The laser's
oscillator cavity contained, in addition, two nitrobenzene Kerr cells, a calcite polarizer, and two 5-milli-
meter (.2 in.) diameter apertures. A second ruby rod amplified the beam's energy. With this arrangement,
the laser could emit either one or two 50-80 nanosecond duration Q-switched (0.6943 micron) )ight pulses. The
double Kerr cell arrangement could space the two pulses as closely as one microsecond. Total laser energy
was 1/2 joule., After amplification, the laser beam was expanded by a Galilean telescope to 4 cm (1.46 in.)
diameter. As shown in Fig. 5, the beam passed through a hole in the laboratory wall to the holographic
apparatus.

The duration of a single Q-switched pulse could be further reduced with a "pulse chopper." This unit was
placed between the laser oscillator and amplifier. It consisted of a half-wave plate, a laser triggered spark
gap, Pockel cell, and calcite polarizing prism, With these added components, only a 10-nanosecond portion of
the oscillator (nominal 50 nanosecond) pulse passed through the pulse chopper to the amplifier. The pulse
chopper reduced the total laser energy - 1/10 joule, which was still enough to record holograms, but barely
enough to compete with the fogging of the plate (due to longer development time, the present mechanical
shutter, and the optical filters) by metallized fuels.

V. Single Exposure Results

A wide selection of propellant types was recorded under both collimated and diffuse modes of illumination.
The chosen propellants are listed in Table I along with some of their basic properties

Table 1. The Solid Propellants

Solids Burn Rate at
Type (AP) Contents 68 Atmospheres
NT-10 87 0525 7rC 13 mm/sec
0.5% C
MS-23 87.5% 1.0% Zr 14 mm/sec
0.5% Graphite
MX-70 87% 15.75% Al 43 mm/sec
3.0% Ferrocene
0.75% FeF3
ANB-3066 88% 18% Al 9 mm/sec
NB-79 88 20% Al 11 mm/sec
NB-122 907 2% Al 4 mm/sec
NB-123 90 21% A 12 mm/sec
15% HMX

We began recording combustion under collimated il;uminat1on since earlier studies had shown that this
type of illumination gave the highest resolutions.(9) An example is presented in Fig. 6. It is a photo-
micrograph of the reconstructed image taken
through a microscope with a 10X - 0.3 NA
objective, as diagrammed in Fig. 2. The
mottled or cellular appearance of the field
was due to the re“raction of the collimated
laser light by thermal cells set up by the
burning propellant. In spite of this fault,
the reconstructed image could be viewed to

v 2 micron limits.

8 <:";€gll‘:;é£§!'

Fig. 6. Photomicrograph
of the recon-
struction of a
collimated Tight
hologram of the
combustion of
MS-23 propellant
at 34 atmos-
pheres.

A1l collimated light propellant recordings
were found to show (to greater or lesser ex-
tent) severe refraction effects. For higher
pressures and the more metallized fuels, the
refraction by the thermal cells all but mask-
ed the particulate. Examples for some of the
different fuels are presented in Fig. 7. The
upper left picture in this group is a less
magnified view of Fig. 6. The lower pair of
pictures were 10 nanosecond exposures made
with the pulse chopper.
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HOLOGRAPHY OF SOLID PROPELLANT COMBUSTION

of 2.2 microns. In Fig. 4, the microscope was focused on the images of the particles originally on the near
side of the (one-millimeter thick) glass supported chart. In this picture the chart images are out of focus.
Particles smaller than the smallest bars in Fig. 3 can be seen, showing the ability of the technique to in-
dividually resolve (under ideal same wavelength conditions) micron-sized opaque particles. It is claimed by
the authors that such resolutions are the highest achieved to date holographically!

When a ruby laser 25 used to record the holograms, the resolution is degraded only slightly if collimated
illumination is used.(9) For diffuse illumination, resolution degrades to 6 microns, due to enhanced speckle
from the wavelength difference. Highest resolutions necessitate no change in wavelength, particularly for
diffuse holograms.*

In review, the relay lenses in the Fig. 1 arrangement supply a high numerical aperture, while the hologram
records only the three-dimensional information. Without the relay lenses, the hologram must do both. Stan-
dard holographic glass plates are no( gerfect enough, and as a result alone, give (at the same object dis-
tances) resolutions of 2 10 microns.(9

111. Combustion Apparatus

To study the burning of solid rocket ruels at high pressures, a steel windowed combustion bomb was placed
between the inverting and relay lenses of the (Fig. 1) lens-assisted holographic arrangement. The setup is
diagrammed in Fig. 5. The combustion bomb had an internal diameter of 50 millimeters (2 inches), and had
opposing 19-millimeter (.76 in.) thick fused quartz windows. Fuel samples (1.5 x 3 x 6 millimeter; .06 x .12
x .25 in,) were mounted on a pedestal in the center of the chamber. They were burned at pressures of 34 or
68 atmospheres of nitrogen gas. Not shown in Fig. 5 is the camera shutter (-~ 5 millisecond duration), a
narrow band dielectric interference filter (+ 10 Angstrom bandwidth), and red gelatin filters (Wratten #70),
all of which were mounted in front of the rear viewing window. These elements reduced the flame light falling
on the photosensitive plate to levels less than the transmitted laser light.

My -

MIRRC &S

BEAM SPLITTER
INVERTING

LENSES

FAR
WINDOW

FUEL—
SAMPLE

PRESS URE
VESSEL

L PLATE HOLDER

Fig. 5. Apparatus schematic showing placement of the combustion
bomb, holographic components, and illuminating ruby laser.

The propellant was ignited by a hot wire, Initiation of 2lectrical current to the wire opened the mechani-
cal shutter, which in turn fired the laser (~ 0.1 second into the burn).

The combustion bomb and holographic components were mounted upon a granite table in an enclosed room with
safety interlocked doors. The laser, associated power supplies, controls, and pressurizing bottles were in
an adjacent room. The laser beam passed through a hole between the two rooms. This arrangement afforded
maximum operator safety.

IV. The Ruby Laser Illuminator

The ruby laser illuminator was built by the authors. It consisted of an oscillator with a 13-millimeter
diameter by 95-millimeter long 60° ruby rod (.52 x 3.80 inches) in a one-meter long (39.4 in.) laser cavity

* The theoretical resolution (R) of any optical apparatus is: R = A/2n sine, where & is one-half the angle
subtended at the object by the aperture, and n is the index of refraction. In microscopy n sing is called
the numerical aperture (NA).
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Fi limated blograms. Each
, of pre The upper pair
r pulse of 50 nanosecond duration.
0 with anosecond pulses.

This was due to the fact that the

s by the ground glass diffuser. As
en. As noted, these holograms did not
degraded to 6 microns by enhancgd**
continuous wave helium-neon laser. @
ter for recording and studying particu-

Diffuse light hologra
illuminating light wa
a result, the thermal cells w ilat
have the resolution of t
speckle effects due to
In spite of these p

late. A complementary set of t f ffuse light holograms is presented in Fig. 8. To record these
holograms, a piece of ground gla : i jainst the far window of the combustion bomb.

One diffuse light hologram v f Py analysis. A pt raph is presented in Fig. 9. An
arbitrary volume--£ nillimet o limeter high, and 12,7 millimeter deep (.008 x .009 x .508
in.), 0.66 millimeters (.0264 in, v ne reconstruction of the burning region--was chosen (starting at the
mid-plane of the propellant) A1l rticle vere located (assign x, ¥, and z coordinates) and measured. A
total of 568 particles were found. Counting wa anual, as described earlier in Section II, and took eight
working days! One represent f t ta is presented in Fig. 10, It is a particle size distribution.

The cross-hatched area shows where particles are competing with laser speckle effects. Beyond the cross-
hatched region, the data are completel Toae

Particle sizing in the region of speckle was greatly facilitated by the use of a moving viewing screen.
The moving screen reduced the perceived speckle by about 30" and seemed to extend the resolution of diffuse
light holograms down to - 4 microns. The data plotted in Fig. 10 were taken with the apparatus shown
* A doubled YAG laser would be ette ¥ e, This laser system emits 0.53 micron Q-switch pulses, and

has a continuous wave version, ! jra recorded with such a laser could be reconstructed without any

change in wavelength. Resolution of such diffuse light holograms should be 3 microns. Such lasers are
more expensive than ruby lasers by at least factor of two.
** As noted, a rotating translucent reen suppressed speckle enough to improve resolution to 4u.
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Same fuels and conditions as shown
except under diffused illumination

Fig. 8.

in

o= : : —
100 [, AL N S I, ik [l i W0 1
- :
90 oottt e T
(") IIIIII I IIIIG IS IS, e
0 e S RS I (B S O
€ |
|
TN PIS S SIS IS IIIIS 1
- |
2 |
9 |
(VY| P |
s =
g
l QO I III SIS IS IS
¥ <
o S
e w0 [(eciezzzz 7
0.6¢ mm
TN 20 PFrEr A
10 [t
o Lo
2 204 30u 40, 50 60, 70u 80.
: PARTICLE SIZE, 1078 METERS, &
Fig. 9. Photograph of the reconstruc-

tion of MX-70 fuel at 34 at-
mospheres. All particles in
the 3-D volume marked by the
box were counted out
centerline of the propellant.

Fig. 10.

fro the
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reconstructed from the Fig. 9 hologram.
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in Fig. 11, The pseudoscopic 3-D image was formed beyond the replaced window position. The sample volume was
defined by cross hairs strung on a washer. The particle images were relayed by a microscope objective onto a
translucent mylar screen attached to a rotating wheel. The image was then viewed with a second microscope

that had a travelling cross-hair eyepiece. Rotation of the mylar screen reduced the speckle and general eye
fatigue. Dial indicators measured the relative particle positions.

Fig. 11. Photograph of the rotating screen reconstruction
apparatus used to make the Fig. 10 particle count.

VI. Conventional Double Expcsure Interferograms

These are recorded i Ehe Fig. 5 apparatus by firing the laser once prior to combustion, and then a second
time during combustion. On reconstruction, the two images are recreated simultaneously. Since the holo-
graYhSc process recreates the phase of the two scene beams, the two beams interfere with one another optical-
ly. 1 Phase differences of multiples of one-half wavelength of light cause lccal cancellation of the images.
This cancellation is seen as interference fringes. A typical result from these studies is presented in Fig.
12. It is a photograph of the reconstruction of a double-exposed holog«am of the combustion of MS-23 fuel
under the condition shown in Fig. 7. The fringes highlight the thermal cells. The fringes are actually a
measure of the optical path change through the illuminated volume; they give (in principle) information about
the gas density variations. Such analysis is yet to be performed.

Fig. 12, Photograph of the recon- Fig. 13. Photograph of the reconstruction of a conventional
struction of a conventional double exposure holographic interferogram of NB-122
double-exposed, collimated at the onset of combustion. Effects due to the
light hologram of MS-23 heating of the background gas by the ignitor wire
propellant under the Fig. 7 and propellant combustion were spatially separated
conditions (50 nanosecond in this recording (10 nanoseconds laser pulse).

laser pulse).
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One of the surprises of the study was the tact that diffuse light double exposure holograms showed no
such fringe effects. This abservation 15 not yet understood.

Another example is presented in Fig. 13, In this picture, only the left edge of the propellant had
started burning at the time of the second exposure. The burning region is shown by the very fine closely-
spaced fringes. The other fringes are due to the heating of the pressurized interior by the ignitor wire.

Fringes around single particles can be seen on the far left.

A set of conventional interferograms which complement Figs. 7 and 8 are presented in Fig. 14. The reader
should note that below the semi-image of the straight ignitor wire one sees only single exposure pictures.

M5-23 ANB- 3066
(50 nanosec (50 nanosec)

NB-123

) N,;ﬂe,’ (10 nanosec)
Fig. 14. Set of collimated conventional double exposure holographic
interferograms complementary to Figs. 7 and 8.

VII. Laser Puise Duration--Time Averaged Effects

The upper pair of examples in Figs. 7, 8, and 14 was recorded with conventional 50 nanosecond pulses.
The lower pair of pictures was recorded with pulses of reduced duration (16 nanoseconds), via the laser-
triggered spark gap. The shorter pulses were needed to avoid time-averaged interference effects due to more
rapid gas expansion with the more metallized fuels. The effect is illustrated in Fig. 15, which shows both
double and single exposure (collimated and diffuse) examples of NB-122 propellants recorded with conventional
50-80 nanosecond ruby laser pulses. Comparison of these nictures with those presented in Figs. 7, 8, and
14 (lTower left) shows that the longer exposure pictures are characterized by regions of almost complete
opacity.™ This is not a dense particle effect, but instead is due to the change in optical path by the
expanding gases during the longer 50 nanosecond illumination pulse. It is a holographic interference effect,
in which changes *n optical path greater than a quarter wavelength during the illumination period cause inter-
ference between the reconstructed images. These are seen in the reconstruction as regions of opacity or
degraded contrast., As seen in Figs. 7, 8, 13, and 14, reducing the laser pulse duration results in pictures
of decreased opacity as well as double exposure recordings of higher contrast interference fringes.

Unmetallized fuels can be recorded with conventional 50 nanosecond laser pulses.

* In addition, fringes in the double exposure example (upper right picture in Fig. 15) are essentially miss-
ing.

* Shorter illumination pulses would be even better. An ideal illuminator would be a mode-locked pulse-
chopped ruby laser. Such a system would produce single 2 nanosecond duration pulses.
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Fig. 15. Photographs of the reconstruction of holograms of combustion
of NB-122 propel >corded with 50-80 nanosecond ruby
laser pulses. The pictures show time averaged interference
effects due to the optical path changes by metallized fuels .
during the illumination period.
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VIII. Rapid Double Exposure Interferograms

Double exposure holographic interferometry affers another variaticn, namely, the recording of the first
exposure during the burning of the propellant. The second exposure is recorded a short time afterwards.* One
then has, on reconstruction, a differential interferogram. Such interferograms were attempted. In general,
they showed no fringes around the individual particles, indicating that the particles were in thermal equili-
brium with the combustion environment. A set for MX-70 propellant for increasing spacing between the two
pulses (3, 6, 12, and 18 .seconds) is presented in Fig. 16. The pictures show both particulate and inter- !
ference fringes which increase in complexity as the interval between the two laser pulses increases. The i
particulate tacome less evident as the interval between the two laser pulses increases. Furthermsre, the 1
fringes become more subtle. At 100 .second separation, the fringes are too fine to see.

IX. Rapid Double Exposure Particle Holograms

The two upper pictures in Fig. 16 show particulate. Furthermore, it is not certain whether some of the
pairs are not, in fact, double images of the same particle? If this were the case, one could compute veloci-
ties by dividing the measured displacement by the known laser pulse separation. Under such an assumption,
some rather fantastic velocities can be estimated. Considerable uncertainty exists as to which two images
are to be connected, or whether a given particle image has, in fact, moved between the two exposures. To
eliminate such confusion, a new holocamera was constructed and tested.

* As noted earlier in Section IV, our ruby laser illuminator had two intercavity Kerr cells. These were
used to double pulse the laser. Separation between the two pulses could be continuously varied between
on2 to 400 microseconds. Each laser pulse was 50 nanoseconds. Shortening both the pulses to 10 nano-
seconds was impossible due to the millisecond recovery time of the laser-triggered spark gap.
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Fig. 16. Rapid double exposure interferograms of MX-70

propellant (3

34 atmospheres) for increasing
separation T

between the two pulses.

X. Double Reference Beam Holocamera

The previous section at least demonstrated that double exposure holography offers a unique way of deter-
mining the velocity of small particulate. As seen in Fig, 16, single reference beam double-exposed pictures
have little certainty about the particle motions, particularly when the field is fairly dense. Instead, one
would like images that could be separately reconstructed. This need or requirement was realized by the con-
struction of a holocamera with two reference beams. In actuality, the Fig. ) or 5 apparatus was provided
With a second reference beam. The new arrangement is shown in Fig. 17. After the beam splitter, an optical
switch (Pockel cell and beam splitting polarizer) chose one of two reference beam paths. The Pockel cell was
electrically switched to its half-wave voltage between the two laser pulses. As a result, the second light
pulse was diverted along the second reference beam path. A quartz half-wave plate in this path repolarized
the second laser pulse so that it was parallel and coherent with the scene laser pulse. With this arrange-
ment, each pulse of the laser is recorded as a hologram of a spatially different reference beam. Both holo-
graphic images are recorded on the same film plate (i.e., on top of each other). However, unlike the single
reference beam nolograms, the two images can be independently reconstructed.

Reconstruction is as before (as per Fig. 2), except that two counter-propagating reference beams are now
directed through the plate. One beam reconstructs one of the images. The other beam from the second angle
reconstructs the second. Now the two images can be played back in sequence. Individual particle images can
be seen to jump. Their displacements can be measured, and their velocities unquestionably computed from the
known pulse separation,

A pair of pictures taken from such a recording is presented in Fig. 18, Analysis of the holographic image
showed that the particles were, in general, moving in all directions with speeds on the average of 6 meters
per second,

The multiple reference heam technique could be easily extended to at Teast two more frames. For laser pulse
separations of 10 microseconds, such a holocamera would have an effective 100,000 frame per second rate.
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Fig. 17. Schematic of new lens-assisted double reference beam
holocamera for recording separately reconstructable
rapid double exposure images on a single plate.

Fig. 18. [Images independently reconstructed from a double reference beam
hologram recorded in the Fig. 17 apparatus with laser pulses
separated by 10 microseconds. MX-70 propellant at 34 atmospheres.

XI. Reflected Light Holograms

Reflected 1ight holograms were also attempted under the present study. They were recorded with the holo-
graphic apparatus shown in Fig. 19. Here the scene beam directly illuminated the side of the propellant and
the space above., Light scattered from both passed through a side window onto the hologram. Assisting lenses
were not employed since resolution was not a major consideration. Photographs of some selected reconstructed
images are presented in Fig. 20. The reconstruction shows the propellant surface as well as the particulate
clouds. Individual particles can be seen by their own scattering of laser light. From a holographic point
of view, this type of recording is mcre demanding since to be recorded, the particles have to be stationary
to less than a wavelength during the laser pulse duration. At speeds of ~ 6 meters (over 18 feet) per second
(and the net viewing angles), the holographic optical path condition is just met for 50 nanosecond pulses.
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Scattered light holograms have the feature of visualizing particle clouds when the particulate is submicron
in size. Furthermore, the recordings are not subject to time-average gas density effects.

AN f\
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Fig. 19. Schematic of holographic arrangement used to test the feasibility
cf recording .cattered light holograms of burning propellants.

Ng-122 M5-23
68 atmospheres 6F gémospheres
50 nanosec. nanosec

|
|
|
|
|
5. {
4 atrgsoneres 34 atmospheres
50 nanose 10 nanosec
Fig. 20. Photographs of the reconstruction of some typical

reflected light holograms of burning propeHants
recordcd with the Fig. 19 arrangement.
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defore Firing 34 atmospheres 68 atmospheres

50 nanosec 50 nanosec

Fig. 21. Photograchs of the reconstruction of reflected 1ight holograms
on ANB-306t, emphasizing the burning surface.

Another motivation for the reflected light holography studies was the possibility of recording the burning
surface. This was complicated by obscuration of the surface by particle clouds. However, by cutting the pro-
pellant surface on a bias.:the burning surface could be visualized. Photographs of some hologram reconstruc-
tions are presented in Fig. 21. In general, not too much detail could be seen. We believe that this was due
to the fact that the burning propellant surface itself is liquid and relatively transparent to the ruby laser
light. As a result, the surface appears ethereal.

Reflected or scattered light holograms offer another interesting and informative way of visualizing combus-
tion phenomena.

XII. Summary and Conclusions

A lens-assisted transmission holographic apparatus has been successfully used with a ruby laser to record
three-dimensional information about the combustion of small propellant samples at high pressures (X 68 atmos-
pheres). The holograms were reconstructed with eye-safe helium-neon lasers. Collimated illumination of the
combustion environment gave reconstructions with 2 micron resolutions. Thermal cells severely refracted the
laser light. Diffuse rear-lighted reconstructions gave resolutions of 6 microns due to enhanced speckle
effects due to the wavelength difference between the ruby and helium-neon lasers. Viewing the projected holo-
graphic images with a moving screen improved resolution by 30 ., or to 4 microns. Particle size distributions
were obtained manually from the hologram by measurement of the 3-D position and size of the individual recon-
structed particle images.

Laser pulse durations shorter than the conventional 50 nanosecond Q-switch pulses are required with metal-
Tized propellants to avoid time-averaged interference effects. A laser-triggered spark gap pulse chopper was ]
used to reduce the ruby laser pulse duration to - 10 nanoseconds. Even shorter pulses are desired. : 3

Particle velocities were measured from double exposed holograms in a special holocamera with separate
reference beams. Each pulse was routed along a separate reference beam path. The two images can be recon-
structed separately, avoiding any confusion about the particle motions.

Holographic interferograms could also be recorded. Conventional (first expsoure prior to combustion) ;1
double exposure holographic interferograms could be recorded only with collimated interferograms. Rapid !
double exposure interferograms could be recorded with diffuse illumination with pulses separated by less than
100 microseconds.

Reflected light holograms could also be recorded with 50 nanosecond pulses. These sh~wed particles by
their scattering of the laser lTight as well as the burning surface when it was viewed obliquely. Surface
detail was poor due to the transparency of the surface to laser light?

In summary, it was found that laser holography can acquire microscopic quantitative data on the combustion
characteristics, particle sizes, particle velocities, thermal cells and gas density variations of small
burning solid rocket propellants at high pressures. The techn’jue should be applicable to a wide variety of ]
combustion phenomena. H
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AT NI T R A 2

APPENDIX VI

COMPILATION OF PARTICLE COUNT ON

HOLOGRAM OF MX-70 FUEL

The area which was counted is shown in Appendix V, Figure 3. A
“particle distribution" plot of the data is presented in Appendix V,
Figure 10. It took eight working days to amass the data manually using the
equipment shown in Appendix V, Figure 11,
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)st Zone 12.7 mm from Silhouette Surface

Particle Position Posi tion Position Size
# Z (inches) Y (inches) X (inches) (w)
1 .001 L0010 .0230 9.5
2 .000 .0009 .0238 5.5
3 .000 .0014 .0238 6.0
4 .006 .0013 L0241 7.0
5 .006 .0023 .0257 5.5
7 .016 .0021 .0215 9.0
8 .016 .0026 .0205 6.0
9 .015 .0027 .0221 7.0

10 .015 .0028 .0229 7.0
11 .015 .0030 .0271 6.0
12 .015 .0042 L0241 7.0
13 011 L0041 .0205 7.5
14 .005 .0047 L0244 7.0
15 .008 .0050 .0227 5.5
16 .007 .0052 .0220 9.5
17 .007 .0054 0247 5.5
18 .008 .0056 .0240 7.0
19 .007 .0060 .0256 2.0
20 .017 .0069 .0263 9.5
2] .015 .0075 .0264 11.0
22 .003 .0075 .0247 9.5
23 .002 .0078 .0234 8.0
24 .002 .0082 .0238 6.0
25 .012 .0084 .0240 5.5

99

il Mo ittt S N et SN s i i s




2nd Zone

Particle Z Y X Size

# (inches) (inches) (inches) (u)

26 .033 .0011 .0221 5.5
27 .035 .0011 L0244 7.5
V2] .038 .0013 .0269 17.5
29 .037 .0017 .0251 8.0
30 .026 .0025 .0251 8.0
31 .025 .0023 .0243 8.0
32 .023 .0028 .0221 11.0
33 .028 .0047 .022] 9.5
34 .028 .0050 .0252 10.0
35 .027 .0050 .0223 5.5
36 .027 .0053 .0226 7.0

3rd Zone

Particle z Y X Size
# (inches) {inches) (inches) (n)

37 .052 .0010 .0228 8.0
38 .045 .0019 .0230 9.5
39 .053 .0022 .0262 9.5
4o .060 .0021 .0228 5.5
4 .050 .0020 .0223 5.5
42 .042 .0024 .0209 5.5
43 .ok .0026 .0219 5.0
Ly .053 .0028 .0252 10.0
45 .058 .0027 .0272 7.0
L6 .055 .0036 .0238 9.5
L7 .055 .0043 .0233 7.5
48 .056 .0043 .0206 8.0

E | L9 .053 .0060 .0217 10.0
50 .051 .0064 .0225 9.0

| 51 .0kg .0077 .0235 8.0
' 52 .05 .0079 .0257 7.0
53 .043 .0083 .0264 7.0

100
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Particle

54
55
56
57
58
_ 59
: 60
[ | 61
/ 62
i 63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

or SRR

YA
(inches)

.077
.077
.076
.076
.060
.058
.076
.066
.066
.066
.067
.066
.066
.066
.067
.066
.066
.065
.079
.079
.063
.070
.074
.063

Y
!inchesz

.0005
.0004
.0005
.0008
.0015
.0013
.0014
.0020
.0020
.0021
.0023
.0029
.0031
.0038
.0037
.0036
.0034
.0041
.0041
.0039
.0045
.0054
.0053
.0066
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X
(inches)

.0237
0244
.0216
.0205
.0275
.0225
.0202
.0203
.0208
.0246
.0243
.0245
.0240
.0240
.0235
.0215
.0204
.0216
.0222
.0220
.0207
.0237
.0238
.0236
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5th Zone

Particle

z Y X Size
# (inches) (inches) (inches) (n)
78 .093 .0081 0247 15.0
79 .098 .0017 0221 8.0
80 .099 .0021 0204 4.0
81 .103 .0004 0203 t1.5
82 A .0010 0224 7.0
83 .109 .0004 0224 7.0
84 .105 .0009 0213 8.0
85 .104 .0021 0248 9.0
86 .10 .0027 0248 9.5
87 .18 .0034 0223 12.0
88 .105 .0039 0250 9.5
89 A7 .0040 0272 11.0
90 A2 .0039 0267 11.0
9l 5 .0035 0214 7.0 j
92 105 0064 0245 1.0 %
93 A .0078 0245 9.5 {
94 112 .0077 0234 9.5 |
|
102 ’
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Sl e st e e T T ——

6th Zone

Particle z Y X Size
# (inches) (inches) (inches) fg)
95 124 .0007 .0206 7.5
96 .139 .0021 .0220 9.5
97 140 .0017 .0210 6.0
98 4 .0010 .0223 5.5
99 .131 .0018 .0212 5.5
100 131 .0029 .0212 9.5
101 124 .0046 .0259 10.0
102 119 .0049 .0244 9.0
103 124 .0055 .0229 6.8
104 .123 .0063 .0236 6.0
105 .135 .0064 .0246 7.0
106 .120 .0069 .0265 9.5
107 .18 .0078 .0264 5.5
108 .118 .0080 .0258 5:5
109 .18 .0076 .0252 5.0
110 .118 .0076 .0244 5.0
111 123 .0079 .0251 5.0
112 .123 .0081 .0235 8.0
113 .129 .0079 .0223 5.5




7th Zone
f Particle p4 Y X Size
# (inches) (inches) (inches) (n)
114 .150 .0008 .0215 8.0
115 .149 .0011 .0222 9.0
116 147 .0017 .0210 12.0
117 142 .0023 .0216 7.5
118 144 .0025 .0243 8.0
119 147 .0029 .0258 75
: 120 146 .0030 .0252 7.0
121 .146 .0030 .0245 7.0
122 .152 .0037 .0231 5.5
123 .150 .00L4Y4 .0245 6.0
124 .150 .0042 .0219 9.0
125 47 .0063 .0205 10.0
126 .153 .0061 .0220 6.0
127 .155 .0070 .0212 8.0
128 147 .0085 .0212 8.0
\
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8th Zone
Particle Z Y X Size
# (inches (inches) (inches) (u)
: 129 .160 .0005 .0228 7.0 -
E : 130 .160 .0004 .0233 4.0 1
f 131 162 .0009 .0256 3.5
' - 132 .164 .0007 .0224 11.0
; 133 164 .0018 .0196 9.5
134 179 .0012 .0252 9.5
135 164 .0008 .0255 7.0 ]
136 .168 .0016 .0243 8.0
137 175 .0015 .0209 5.5 f
138 175 .0014 .0216 4.0 !
139 177 .0017 .0228 7.5 l
140 .169 .0015 .0205 8.0
141 74 .0015 .0210 7.5
142 176 .0014 .0216 5.5
; 143 .176 .0017 .0228 7.0 !
144 .164 .0022 .0212 9.5 {
145 .169 .0025 .0223 4.0 |
146 167 .0024 .0251 7.0
147 .168 .0022 .0259 9.0
148 .170 .0026 .0250 7.0
149 175 .0026 .0232 5.5
150 173 .0035 .0233 11.5
151 167 .0055 .0259 7.0
152 161 .0057 .0219 10.0
E 153 .158 .0061 .0198 7.0
* 154 .158 .0066 L0194 7.5
; 155 74 .0066 .0208 7.5
156 JE7 .0077 .0258 9.5
157 .156 .0080 .0242 8.0 |
E | 158 163 .0082 .0261 5.0
| 159 164 .0084 .0250 7.0
} 160 161 .0103 .0213 8.0
P




Particle

s S

161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186

z

(inches)

.180
.180
.181
181
.200
.200
.194
.187
.180
.180
176
179
178
.188
.187
185
193
.197
.188
179
.180
.182
.196
-199
199
199

9th Zone

Y

(inches)

.0002
.0009
.0006
.0004
.0002
.0002
.0004
.0007
.0011
.0015
.0016
.0017
.0031
.0026
.0031
.0029
.0031
.0066
.0059
.0066
.0074
.0077
.0057
.0083
.0083
.0083
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X

(inches)

.0219
.0258
.0212
.0202
.0215
.0225
.0244
.0264
.0227
.0235
.0220
024
.0212
.0215
.0201
L0242
.0208
.0208
.0210
.0239
.0234
.0216
.0260
.0241
.0232
.0218
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Particle

R SUTE

187
188
189
190
191
192
193
194
195
196
197
198

Particle

i

199
200
201
202
203
204
205
206

Z

(inches)

.206
212
.209
.217
.200
.200
.205
.198
.205
.205
.209
.205

Z

(inches)

.225
.224
.236
.219
-235
.222
.233
-233

10th Zone
Y X Size
(inches) (inches) (n)
.0006 .0200 55
.0003 .0212 7.5
.0013 .0234 7.0
.0026 .0227 7.0
.0026 .0258 7.0
.0039 .0259 1.5
.0077 .0252 9.5
.0052 .0226 5.5
.0055 .0198 9.0
.0061 .0210 7.5
.0069 .0212 7.0
.0085 .0212 8.0
11th Zone
Y X Size
(inches) (inches) (n)
.0006 .0207 5.5
.0006 .0212 7.0
.0010 .0223 8.0
.0024 .0225 2.0
.0054 .0216 6.0
.0058 .0210 4.0
.0081 .0229 7.0
.0081 .0236 6.0
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| e nea

Particle

ol

207
208
209
210
211
212
213
214
215
216
217

Particle

R ot

218
219
220
221
222
223

(inches)

.256
.243
.251
.261
.2k9
.254
.243
.261
.258
.258
.245

(inches)

.262
~27
.271
.259
274
.276

12th Zone

Y

(inches)

.0007
.0033
.0043
.0043
.0049
.0060
.0066
.0071
.0075
.0087
.0075

13th Zone

(inches)

.0024
.0025
.0023
0044
.0059
.0059
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X

(inches)

.0213
.0200
.0213
.0237
.0243
.0237
.0254
.0201
.0255
L0211
.0251

X

(inches)

.0257
.0231
L0214
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.0232
.0215
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N
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B e e e R

Particle
#
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245

z

(inches)

.291
.285
.285
.288
.317
.316
317
317
.315
.318
.301
.316
.302
.302
.303
.303
.304
.304
.304
.304
.300
+3 10

lhth Zone

Y

(inches)

.0003
.0021
.0024
.0030
.0010
.0017
.0021
.0024
.0028
.0039
.0043
.0046
.0059
.0061
0064
.0063
.0060
.0065
.0070
.0080
.0075
.0085

X

(inches)

.0242
.0214
.0208
.0223
.0236
.0246
.0197
.0204
.0232
.0233
.0233
.0234
.0202
.0238
.0233
.0223
.0216
.0206
.0207
.0206
.0202
.0253
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15th Zone

Particle 2 Y X Size

# (inches) (inches) (inches) (n)

246 322 .0010 .0254 8.0

247 .340 .0007 .0261 5.5

248 317 .0014 .0238 11.0

249 316 .0005 .0245 5.0

250 317 .0006 .0243 4.0

251 .322 .0005 .0247 5.5

i 252 322 .0009 .0252 10.0
. 253 .325 .0013 .0221 7.5
254 .325 .0012 .0221 7.5

255 .324 .0017 .0227 8.0

256 .325 .0018 .0203 7.5

257 .336 .0020 .0205 5.5

258 .319 .0023 .0205 5.5

259 .326 .0024 .0245 7.0

260 .334 .0027 .0242 5.5

261 .327 .0030 .0240 6.0

262 .328 .0030 .0228 13.0

263 .330 .0030 .0216 6.0

264 .330 .0033 .0247 7.0

265 .324 .0039 .0208 5.5

266 .339 .0040 .0240 5.5

267 .334 .0035 .0198 15.0

268 .329 .0038 .0207 4.0

269 332 .0041 .0209 5.0

270 .331 .0044 L0214 6.0

271 .331 .0044 .0235 5.0

272 .331 .0049 .0230 3.5

273 337 .0047 .0199 15.0

274 .329 .0054 .0251 9.5

275 3% .0054 .0257 7.5

| 276 .331 .0053 .0208 6.0
f 277 331 0057 .0218 3.5
5 278 .333 .0073 .0212 7.0
f% 279 .337 .0076 .0207 7.0
280 .334 .0085 .0227 5.5

281 .334 .0089 .0208 8.0
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16th Zone

Particle Z Y X Size

! S (inches) (inches) (inches) (n)

282 .343 .0001 .0209 9.5

283 .354 .0003 .0230 9.5

284 .354 .0008 L0241 1.5

285 .347 .0006 .0235 7.0

286 .346 .0008 .0222 7.0

287 .351 .0009 .0228 5.5

288 355 .0013 .0240 7.0

289 .355 .0014 .0246 5.0

290 .348 .0010 .0204 13.5

291 .341 .0029 .0198 8.0

292 .345 " .0028 .0216 7.0

293 .338 .0035 .0249 5.5

_ 294 .355 .00L4 .0199 7.0

\ 295 354 0042 .0232 8.0
\ 296 .3 .0050 .0243 7.0 3
297 .341 .0049 .0234 5.0 i
3 298 .358 .0057 .0239 7.0 :

299 .351 .0059 .0238 7.0

300 .340 .0071 .0204 9.5

11




Particle

T s

301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317

Z

(inches)

.366
.369
.378
.365
.366
.371
.378
.360
.378
.378
.380
.367
.369
.369
.369
.370
.375

17th Zone

Y

(inches)

.0003
.0010
.0013
.0020
.0043
.0041
.0048
.0057
.0062
.0066
.0071
.0075
.0078
.0075
.0079
.0078
.0086

112

X

(inches)

.0240
.0250
.0222
.0262
.0242
.0225
.0264
.0243
.0205
.0220
.0216
.0212
.0244
.0210
.0224
.0235
.0212

Size




18th Zone

Particle Z Y X Size
# (inches) (inches) (inches) (1)
318 .397 .0000 .0206 7.5
319 .390 .0001 .02222 2.5
320 ~397 .0002 .0237 7.0
321 <397 .0001 .0257 9.5
322 .378 .0010 .0262 11.5
323 .389 .0004 L0211 7.0
324 .390 .0008 .0205 7.0
325 .394 .0008 .0212 9.0
326 .38 .0006 .0223 5.5
327 .388 .0009 .0239 9.0
328 .396 .0008 .0215 9.0
329 .398 .0005 .0209 4.0
330 .397 .0006 .0228 5.0
331 .390 .0013 .0250 7.0
332 .399 .0012 .0224 6.0
333 .387 .0010 .0264 9.0
334 .380 .0012 .0257 3.5
335 .392 .0017 .0257 7.0
336 .380 .0020 .0230 7.5
337 .386 .0021 .0216 9.5
338 .381 .0018 .0224 3015
339 .400 .0020 .0219 5.5
340 401 .0019 .0229 6.0
341 .385 .0018 .0212 8.0
342 .383 .0020 .0249 9.5
343 .391 .0035 .0262 9.5
344 .381 .0027 .0204 7.0
345 .387 .0033 .0213 10.0
346 .387 .0032 .0238 4.0
347 .295 .0038 .0253 9.5
348 .384 .0035 .0215 11.0
349 .386 .0033 .0260 9.0
350 .394 .0037 .0251 7.0
351 .388 .00L40 .0216 8.0
352 .388 .0040 .0223 7.0
353 .391 .0042 .0246 7.0
354 VIV .0045 .0228 7.0
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Particle
i
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376

Z

(inches)

.381
.380
.385
.385
.396
-394
-399
.397
.4oo
.4oo
.395
.385
R
.398
.392
.398
.379
.378
-393
.389
.386
.390

18th Zone (Cont'd)

Y
(inches)
.0047
.0050
.0053
.0052
.0057
.0048
.0052
.0055
.0056
.0058
.0056
.0060
.0060
.0069
.0073
.0072
.0071
.0078
.0079
.0078
.0084
.0089
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X

(inches)

.0225
.0230
.0261
.0204
.0221
.0252
.0254
.0261
.0250
.0224
L0211
.0234
.0245
.0227
.0242
.0216
.0216
.0231
.0218
.0207
.0207
.0238

Size
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ﬁ 13th Zone
Particle 7 Y X Size
el S {inches) linches) linches) (u)
; 377 405 .0002 0204 5.0
378 401 .0004 .0228 7.0
i . 379 7 .0002 .0248 8.0
380 7 .0002 .0245 7.0
381 .4oo .0005 .0227 7.5
E : 382 417 .0005 .0262 12.0
) 383 41k .0011 .0258 7.5
384 416 .0012 .0220 4.0
385 .402 .0016 .0224 6.0
386 .402 .0014 .0211 8.0
1 387 .401 .0020 .0234 5.0
: 388 401 .0022 .0249 5.5
389 .399 .0022 .0200 6.0
i 390 417 .0024 .0229 7.5
E 391 412 .0023 .0232 7.0
392 420 .0031 .0239 11.5
393 420 .0031 .0255 11.0
394 118 .0032 .0246 12.0
395 .48 .0029 .0222 5.0
396 418 .0029 .0209 5.5
397 .18 .0037 .0250 6.0
398 .403 0044 {0217 9.0
399 6 .0045 .0236 6.0
400 401 .0061 .0252 7.0
401 401 .0059 .0223 5.5
402 .400 .0058 .0221 7.0
403 .399 .0062 .0223 12.0
Lok .399 .0061 L0244 10.0
405 AR .0059 .0248 7.0
406 420 .0060 .024) 9.0
407 .hoo .0063 .0229 9.0
408 7 .0064 .0212 545
| . 409 401 .0066 .0236 9.5
| ko 413 .0073 .0244 5.0
411 .45 .0081 .0210 5.0
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20th Zone

Particle Z Y X

Size
# (inches) (inches) (inches) (1)
412 .435 .C001 .0211 5.5
ns3 434 .0004 .0211 955
Ly .L36 .0002 L0241 L.o
L5 .435 .0009 .0261 12.0
e 428 .0007 .0227 75
nyz .h29 .0010 .0198 6.0
518 427 .0011 .0209 14.5
9 435 .0012 .0197 8.0
h20 .h35 .0013 .0203 9.5
421 .b23 .0014 .0237 Tl
422 423 .0016 .0255 75
423 434 .0017 .0240 7.0
424 431 .0020 .0218 7.5
425 .429 .0020 .0204 5.5
426 AL .0021 .0226 10.0
427 440 .0025 .0216 7.0
428 .18 .0025 .0208 L.o
429 47 .0029 .0238 12.0
430 437 .0028 .0206 7.0
431 422 .0028 .0213 5.0
432 H3r 0 .0030 .0261 8.0
433 423 .0040 .0243 9.5
434 424 .0039 .0262 7.0
435 .440 .0037 0225 10.0
436 431 .0037 L0214 5.5
437 .h23 .0039 .0210 12.0
438 .433 .0040 .0208 5.0
439 .432 L0041 .0215 6.0
440 421 .0047 .0232 13.5
L .420 .0053 .0230 11.0
Ly2 b2k .0052 .0212 3.5
Ly3 424 .0055 L0244 5.0
Ll .420 .0053 .0257 7.0
Ly5 L3k .0055 .0212 4.0
446 423 .0054 .0206 6.0
L7 24 .0055 .0253 6.0
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Particle
#
448
L49
450
451
452
453
454
455
456
457
458

Particle
#

459
Leo

461
462
43
L6k
465
466
467
468
469
470
471
472
473
L7k
475
476
77

20th Zone (Cont'd)

b4 Y
(inches) (inches)
420 .0053
423 .0056
.49 .0058
423 .0056
424 .0061
Jb2h .0063
.428 .0070
423 .0069
438 .0071
.439 .0074
421 .0084

21st Zone

Z Y

(inches) (inches)
456 .0004
.450 .0002
RT) .0009
.b4s .0007
RT3 .0006
RN .0005
R .0006
R% .0010
443 .0011
R .0017
454 .0015
448 .0025
450 .0023
458 .0026
.438 .0026
440 .0027
.56 .0027
456 .0035
.b55 .0035
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X

(inches)

.0234
.0246
.0224
.0235
L0214
.0205
.0246
.0233
.0225
L0211
.0236

(inches)

.0199
.0251
.0248
.0233
.0223
.0218
.0226
.0208
.0217
.0259
.0261
.0203
.0239
.0250
L0214
.0207
.0234
.0218
.0223

~
O O O v o 1 O O O O o

Size
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Particle

ol M

478
479
480
481
482
483
L84
485
486
487
488
489
490
491
492
493
Lok
495
496
k97

z

(inches)

.452
458
448
453
459
459
.4hg
k9
.49
458
459
443
b2
443
456
451
.49
453
453
448

21st Zone (Cont'd)

Y
(inches)
.0034
.0044
.0040
.0036
.0034
.0033
.0033
.0042
.0043
.0047
.0046
.0052
.0050
.0051
.0057
.0064
.0065
.0068
.0072
.0076

X

(inches)

.0251
.0242
.0223
.0218
.0210
.0201
.0218
.0235
.0201
.0227
.0215
.0219
.0248
.0203
.0211
.0239
.0226
.0205
.0233
.0252

ey

Py

Vi O O 0 N O 00 v ' o w W
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22nd Zone
Particle Z Y ;X Size
# (inches) (inches) (inches) (.
498 469 .0002 L0244 5.5
499 469 .0005 .0251 18.5
500 473 .0006 .0207 11.0
501 .460 .0009 .0200 1.0
502 472 .0005 .0238 11.0
503 .470 .0011 .0239 24.5
504 .480 .0011 .0261 i
505 .478 .0012 .0260 9.5
506 470 .0016 .0218 25.0
507 476 .0028 .0222 7.0
g 508 476 .0027 .0239 10.0
E 509 .63 .0030 .0252 13.5
| 510 463 .0030 .0264 9.0
511 .h65 .0030 .0210 13.5
512 465 .0037 .0202 12.0
513 .b66 .004] .0260 9.5
: 514 465 .004) .0214 7.0
515 .468 .0042 .0224 8.0
516 470 .0046 .0236 5.5
517 470 .0045 .0218 7.0
518 479 .0057 .0202 60.0
519 .bs59 .0047 L0214 7.0
F 520 .469 .0045 .0236 8.0
' 521 478 .0043 .0252 11.0
i 522 478 .0043 .0264 6.0
523 47 .0057 .0225 5.5 |
524 47k .0061 .0235 7.5 |
525 A7k .Q062 .0248 5.5 |
526 461 .Q071 .0265 9.5 f
527 467 .0085 0263 9.0 j
528 67 .0073 .0263 10.0 g
529 .480 .0079 .0237 1.5 §
530 473 .0066 .0221 8.0 §
531 473 .0068 .0232 11.5 ;
532 .46l .0053 .0222 84.5 |
19 |




23rd Zone

Particle Z Y X Size
533 .485 .0006 .0229 13.5
534 .485 .0010 .0239 9.5
535 .483 .0012 .0249 10.0
536 490 .0010 .0236 6.0
537 .485 .0013 .0215 5.5
538 .500 .0011 .0221 11.5
539 487 .0009 .0201 15.0
540 .490 .0017 .0232 10.0
541 .485 .0017 .0212 7.5
542 .480 L0014 .0208 8.0
543 L84 .0025 .0199 9.5
Skl .485 .0023 .0219 9.5
545 .500 .0030 .0268 2.5
546 499 .0027 .0225 6.0
547 496 .0031 .0248 7.0
548 491 .0035 .0203 8.0
549 491 .0045 .0204 12.0
550 k9o L0043 .0219 5.5
551 .485 .0045 .0234 5.0

J 552 .489 .0050 .0219 6.0
553 .489 .0051 .0229 8.0

554 .482 .0054 .0236 4.0

{ 555 482 .0055 .0252 5.0
556 L8y .0056 .0270 7.5

557 k97 .0057 .0215 9.0

558 .495 .0058 .0205 11.0

559 .480 .0067 .0230 11.0

% 560 .500 .0066 .0248 7.0
561 L8y .0065 .0240 5.0

562 497 .0072 .0253 55

563 .497 .0069 .0200 7.5

564 497 .0075 .0199 6.0

565 .488 .0083 .0227 47.0

566 487 .0083 .0251 9.5

567 484 .0083 .0258 11.5

568 .485 .0078 .0261 8.0

569 478 .0078 .0273 14.5




APPENDIX VI

PRELIMINARY EXPERIMENTS ON PULSE CHOPPING WITH A VACUUM PHOTODIODE
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TITLE: VACUUM PHOTODIODE LASER PULSE CHOPPER

Tests recently conducted by the authors showed (experimentally) that a bi-planar
photodiode can pass enough current to discnarge a Xerr ceil or Pockel cell in < 20 nane-
seconds time. As a result, a photodiode cculd be used to chop or shorten the normal
50 nanosecond pulse from a Q-switched laser.

Vacuum photodiodes nave the oroperty that (unlike Taser-triggered soark gaps) *here
are no deionizing effects. The vacuum diode shouid recover after each laser pulse, per-
mitting it to chop successive pulses €rom a couble pulsed Q-switched laser. 2resent
gas-filled puise choppers canrot multipie pulse in time due to the deionization time of
the gap.

The new pulse chopper is exceedingly simple. It is shown in Figure 1 in relationship
to a double pulsed rudby laser. A polarized light pulse from the ruby laser passes tnrough
a Kerr cell biased to its full wave retardation voltage {(~ 20 kV). At #yli retardation
light emerges from the Kerr cell with the same sense of polarization with which it entered.
A polarizer (shown as a calcite prism with escaoe windows, diverts all of the light. As
shown, the light is reflected by @ 390. prism and is diverced by a negative lens. The iight
is reflected by a mirror onto the photocathode of an ITT ti-olanar onotodicde. This diode,
however, as will be seen, will have been modified to give it sufficient peak current
capability. The diode is attached directly to the plates of the Kerr cell. Discharging
the Kerr cell reduces the retardation voitage. 1\t half-wave (~ 14 kY) retardaticn, the
light emerges from the <err cell oolarized orthogonally. It passes through the -olarizer
into the outer worid (not directed into the onotodiode;. One might think that interruption
of light would stoo the discnarge of the <err ceil. Tests, nowever, indicate that the
photoelectric current will continue due botn to space cnange anc inductance effects. The
Kerr cell voltage should be literally swept through its /2 wave voitace? As a resuit,
the laser puise wili de "chooped”. 2nlv a portion of iight equal in time {~ 5 nanoseconds)
to the passage througn the <err cell's half-wave voltage will pass through the diverting
polarizer,

conducted with some standard bi-olanar

The above notion is based upon expariment
< was founa that dv decreasing tne anoce-

photodiodes. To make a long story snert, |

cathode spacing of a commercial F-400C onctodicde, protcelactric currents of the order
of 50 amperes couid be drawn when tre “ull cutput of the laser was spread across the
diode's photocathode.  Such a current wouia discharge a 25 _uF Kerr cell at a rate of

dV _ 50 amperes _ . volts

= = = 5.0
It 1 9 DTcosecond 5,000 volts/nanosecond

Full wave bias of a Kerr cell is ~ 20 kV. Half wave bias is 14 kV. 3

* F4000 photodiode--croduct of (TT, Fort wavne, Indiana. ¢ cm diameter photocathode
with 0.6 cm anode-catrode soacing {11 <= cathode area). The S-1 cathode has a sensitivi
sensitivity of » 2 mA/watt. Thus, for 1 MW, it should emit 2,000 amperes.
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TITLE: VACUUM PHOTODIODE LASER PULSE CHOPPER

The current capability of a modified bi-planar photodiode was investigated
experimentally with the circuit arrangement shown in Figure 2,* Light from a Q-switched
ruby laser was incident uoon the diode's cathode. The diode was biased by a 200 _.f
capacitor. The caoacitor was connected to a 30 - cable, terminated at a 519 oscilloscope
with a 50:1 resistive divider. A typical photoelectric current puise is shown in
Figure 3; in this case, 40 amperes wis reached in 50 nanoseconds.

The laser emission i

s shown in Figure 4. Total optical power and energy was not
measured. The lTaser was n=zar 4

threshold. e astimate an emission of 1/5 joule?

‘ More significant was tnhe fact the 1aser was mode-locked. The outout was

3 highly moduiated. Inspesction of ~ 3 shows that the hign current photodiode barely
saw the strong light osciliations. It is believed that this was due to the fact that
the photodioda was ooerating space charge limited. Inductance effects also are believed
to keep the pnotocurrent flowing. These effects, as noted above, should carry the diode
right through the 1/2 voitage, when used in a pulse chopper 1ike that shown in Figure 1.

Further tests are neeged to overfect the photodiode chopper. A photodiode with even
closer spacing would be better.

We believe that a vacuum pnotodiode chopper would be better than the spark gap chopoer.
f It would, in addition, permit individuai chopping of multiple puise emissicn--something
- impossible with spark gap choppers.
Shorter laser pulses are of interest in holographic microscopy of burning rocket
fuels as well.

Notes Added in Proof
i

The area under “ne photoelectry

} current oulse (Figure 3) gives the electrical charge
passed by the diode {j.=., integral of T

ric
1 of current}. This turned cut to 5e eauai to the
initial charge on the capacitor (200 ..F}{20,000 volts) = 4 Lcouiombs. The photodiode
discharged the capacitor. This is not unexcected since the cathcce sensitivity (2 ma/watt]. 1
laser power, and duration have the capability of liberating €ar more charge, v 400 .C. :

To achieve 40 amceres of photoelectric current frem a standard ITT diode (0.6 ¢m
1 a

a
anode-catnode spacingj. The dicde was heated until the c¢lass reached the sofiening
point. The cathode-anode distance was reduced .tube ailowed to collapse). A standard
photodiode (S-1 cathode) was aitered without losing vacuum. The nhotocathode, however,
} looked different, anc may. in fact, have been altered (nicher work function)}. Hizh :
] photoelectric currents were drawn, making the authors believe that muitiple photon
processes were working.
* See "Notes Added in Proof."
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TITLE: Vacuum Photodiode Laser Pulse Chopper

=
Q
=
©
= —
< o
o
o
(@
Nanosec/Div
Figure 3. Typica!l schotocurrent as a function Figure 4. Typical laser emicsion.
of time (using Figure 2 circuitry).
Vertical sensitivity 20 amperes/
major division. orizontal sensi-
ivity 50 nanoseconds/major division.
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TITLE: _Speckle Suppression of Holographic Microscepic Reconsturctions .

A technique which reduces speckle noise andimproves resolution of coherently
illuminated subjects was discoverea while attempting to maximize the resolution of
holographic images.

Inherent in holography is a granular field noise, generally called speckle, which
masks the microstructure ot recorded subjects. A concentrated effort to reduce this
effect has been mace over the years. Leith and Upatnieks' introduced a diffuser in the
scene beam of two-beam holograpny which reduced the large diffraction noise to a fine-
structured speckle. For large subjects, tnis speckle is acceptable, but in holomicroscopy

, it hides fine detail. For this reason, efforts to eliminate the speckle have continued.
| Phase plates, gratings, cdouble holograms, mylri-color, multi-beam techndaues. etc., have
been tried with various degrees of success.<”® Mot all the effort has been restricted
to the recording phase. Noise reducticn in reconstruction techniques has included beam
dithering, or motion, extending the source area of the reconstructing beam, and using a
broad spectral line width 1light socurce. In many of these efforts, speckle reduction

has been accompanied by loss of resolution.

The device and technique oresented here first placed a rotating fine-structured
transparent diffuser through tre plane of the aerial image reconstructed from a holoaram
(by reverse reference beam method). Because of focal depth of the examining microscope
optics, the rotating diffuser was moved from the plane of the aerial image (position A) .
to a position between the microscope objective and the eyepiece (position B). A schema-
tic of the system is shown in Fig. 1. Before accepting pasition B, a careful cemparison
was made tc insure that no 1oss 1n resolution wouild be incurred. Within the limits of
the available equipment, position B was the most practical position to use. With the
moving diffuser in position B, a direct comparison between directly illuminated opjects
and holographic reccnstructicns of objects could be made.

A-comparative series of photographs was then taken by using the eyepiece as the
camera lens to focus the imaces onto Polaroid Tvpe 52 film. The exposure levels were
controlled by varying the time of excosure. The subject chosen was a sample of solid
rocket propellant. This subject shows much structure, and its refiectivity properties !
range from diffuse to specular ana from transiucent to apsorptive. A steei ruler with |
divisio?s of 1/32 inch was placed adjacently to caiibrate the field (1/32 inch is 794
microas).

The first comparative set presented is shown in Fig. 2. Photomicromaphs 2a and 2b
show a comparison of the actual fuel sample wnen directly illuminated by a) white lignt
and b) helium-neon laser light. Figure 2c then compares the difference between
b) laser-lighted subject with no attempts at sbeckle suppression, and ¢) laser illumi-
nated subject witn rotating diffuser to improve resolution and suppress speckle.

For the second series of photograchs, a similar sample of vropellant was first
holographed. A nelium-neon laser was used to heth record anc to reconstruct the
image to be photomicrograpned. Figure 3a shows the photograpned reconstruction
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TITLE: _Speckle Suppression of Holographic Microscopic Reconstructions

with no attempt to suppress speckle. Figure 3b shows the identical system with the
addition of the rotating diffuser between tne evepiece and objective. Note the
increased detail and size of the field when tne moving aiffuser is introduced. It
was only after examining Fig. 2c that it was realized that a field stop placed near
the moving diffuser should have been left off.

The final comparison was made to show the relative practical differeoces
encountered when employing holography of dynamic subjects. The problem one typically
encounters is that the recording laser is not at the same wavelength as the reconstruct-
ing laser, i.e., ruby to HeNe. The hologram for the series of Fig. 4 was taken with
a ruby laser. Figure 4a is the HeNe reconstructed image as seen through the microscope.

Figure 4b is the photograph with the insertion of the rotating diffuser device via a
translating slide.

The holograms made fcr Figs. 3 and 4 were made in the reflection type holocamera
shown in Fig. 5. This is a holocamera used for the associated studies for the U.S.
Air Force. Its complexity is due to the fact that it is just one of various holographic !
geometries used. These geometries are dictated by the windows on a pressure vessel '
in which the samples are mounted.
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(a) White light illumination.
(c) Coherent illumination, A

(b) Coherent illumination,

(a)

Figure 2.
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(a) (b)

Figure 3. (a) Reconstruction of hologram, helium-neon recording,

HeNe playback.
(b) Same as above with rotating diffuser to improve

resolution.
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Schematic of the reflected light holographic arrangement
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TITLE: DOUBLE REFERENCE BEAM HOLOCAMERA FOR RECORDING SEPARATELY RECONSTRUCTABLE |MABEE

Work on Contract FOL611-76-C-0053 demonstrated that double exposure holography
offers a unique way to determine the velocity of small particulate. Single reference
beam-double exposure holograms have little certainty about the particle motion due to
the fact that both images are reconstructed simultaneously. This is particularly the
case when the .particle field is dense and particles are not moving in the same direction
Instead, one would like images that can be separately reconstructed. This need (or
requirement) was realized by the construction of a holocamera with two reference beams. ¥
! The optical arrangement is shown in Figure | (i.e., Figure 17 from JANMAF paper). |

After the beam splitter, an optical switch (Pockel cell and beam-splitting polari- i
zer) chose one of the two possible reference beam paths. The Pockel cell was elec- |
trically switched to its half-wave voltage betwten the two laser pulses. As a result, i3
the second reference pulse was diverted along the second reference beam path. A
quartz half-wave plate in this path repolarized the second laser pulse so that it was
parallel and coherent with the scene laser pulse. With this arrangement, each pulse
b of the laser is recorcad as a hologram of a spatially different reference beam. Both
holographic images are recorded on top of each other on the same photosensitive plate.

E However, unlike single reference beam holograms, the two images can be separately recon-
1 structed.

Reconstruction is as with a single reference beam hologram, except now two counter-
propagating reference beams are directed through the double-exposed plate. One beam
reconstructs one of the 3-D images. The beam from the second angle reconstructs the
second image. Now the two images can be played back in sequence. Individual particle
images can be seen to jump. Their displacements can be measured, and their velocities
unquestionably computed from the known pulse separation,

The technique was actually tested and found to work. Holograms of MX-70 propellant
burning at 34 atmospheres showed that the particulate was moving at velocities of ~ 6
meters/second.”™

The multiple reference beam technique shown in Figure | could easily be extended to
include at least two more frames. For laser-pulses separated by 10 microseconds, such
a holocamera would have a 100,000 frame per second rate.

* R. A. Briones and R. F. Wuerker, 'Holography of Solid Propellant Combustion," l4th
JANNAF Combustion Meeting, Colorado Springs, Colorado, August 15-19,1977.
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T|T[_E;~%9ssive Double Reference Beam Holocamera for Recording Separately Reconstructable
mages
Work on Contract FO4611-76-C-0053 demonstrates that the velocity of small particles

can be determined from a double exposure hologram. The technique has many advantages

when flow field is nonuniform, such as around the wakes of aerodynamic bodies, or in
combustion environment of solid propellants. The technique does not work when a single i
reference beam hologram is double-exposed. The two images reconstruct simultaneously
and one has difficulty in locating the initial and final position of a given particle,

particularly if the particle field is dense, and the motions are random. 1

Instead, the images should be separately reconstructed. A holographic arrangement
with two reference beams, and with a Pockel cell to switch or choose the two possible
reference paths was described.*

This disclosure describes a holocamera in which the reference beam directions are
chosen by the polarization of the illuminating laser beam.** The holocamera also has
a reflected light beam channel. The following pages are taken from the program plan
named below.

* R. A. Briones and R. F. Wuerker, '""Active Double Reference Beam Holocamera for

Recording Separately Reconstructable Images,' Invention Document of September 7, 1977.

%% R, A. Briones and R. F. Wuerker, '"Holographic System for the Study of Propellants,"
Phase I1l Program Plan, June 14, 1977.
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Passive Double Reference Beam Holocamera for DOCKET NO.

; Pa
Recording Separately Reconstructable Images "

HOLOCAMERA

The new holocamera is schematically diagrammed in Figure 1. It
differs from earlier holocameras by the incorporation of a pair of
assisting Tenses and by the addition of a second independent reference
beam.

The assisting lenses make possible the achievement of high resolu-
tions when holograms are reconstructed by the reverse reference beam
technique.* These relay lenses provide the numerical aperture needed to
achieve high resolution. They need only be simple plano-convex lenses;
however, achrcrats have been shown to be best when there is a change in
wavelengti cn reconstruction.

With the two independent reference beam paths, two separately recon-
structed images can be recorded on top of one another (i.e., on the same
plate). The beam splittersthat provides the reference beam are arranged
so that they reflect only vertically- or horizontally-polarized light,
respectively. This is achieved by tipping the beam splitters to the
Brewster angle. As a result, each reflects only the lignt (15%) whose
electric vector is parallel to the plane of the reflecting surface;
neither reflects any of the orthogonally-polarized light. For the Figure 1
arrangement, the reference beam directions are chosen by the polarization
direction of the input laser pulses.

As a result, two independent separately reconstructable images are
recorded on the same plate. Holograms recorded on a rapid double exposure
basis will show, on reconstruction, the particle field at two different
intervals of time. Particle motions can be followed if the pulses are
separated b, time short enough (~ 10 microseconds) so that th2 particles
have moved not more than five or ten diameters. Particle velocities
follow naturally from such unique recordings.

The new holocamera is completely passive. It can be used with any
linearly polarized solid state laser such as ruby, doubled ruby, doubled
YAG, etc., wnose output pulse polarization can be rotated with an external
electronic half wave plate such as a Kerr cell or a Pockel cell.

* Ibid (see in particular Figure 2).
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The new holocamera requires only a laser system that emits tuwo
orthogonally-polarized output pulses. The first pulse is reflected by
the first beam splitter. MNone of it is reflected by the second beam
splitter. Most of the light (0.72%) passes through the splitter into the
scene beam portion of the holocamera. The holocamera records a hologram
of the scene with a reference beam of positive angle with respect to the
scene driection. The second orthogonally-polarized pulse is not reflacted
by the first beam splitter. Only the second Srewster é-r = spiittar
reflects 2 15" portion of light and directs it along the second refarance

my The

V)«

v

beam path (corresponding to the negative angle refarencz de
second hologram is recorded superpositionad over the first on the sare
photosensitive plate. After davelopment, the tuc imag~s can be separately
reconstructzd oy re-illumination from the two different reference beam
directions.

The holocamera can be used as a conventional holocamera by simply
not rotating the polarization of the second pulse. It will then record
conventional rapid double exposure nolograms and holographic interfero-
grams .

The reference beam mirrors have been physically placed so that the
two reference beams are both spatially and temporally matched. The scene
beam is similarly matched. Temporal matching permits recording of holo-
grams with lasers of low temporal conerence. Spatial matching accormodates
lasers of low spatial coherence {such as a Q-switched ruby laser). The two
mirrors and the inverting lenses in the scene arm of the new holocz~ara
were needed to spatially match the scene beam to both reference bears.

The scene is placed between the inverting lenses and the assisting
lenses. Events are transilluminated by collimated scene light. This mode
of illumination gives highest resolution (particulariy for ruby holograms
reconstructed with a nelium-neon laser of 10, shorter wavelength). DOiffuse
illumination will be ichieved by inserting a piece of ground glass just
after the last inverting lens (or anywhere behind the subject).

The assisting lenses provide the numerical aperture needed for
microscopic resolutions. Narrow band filters {transparent to the laser
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light, but reflecting at all other wavelengths) are placed bet.ieen the
two assisting lenses. These filters in concert with the mechanical
shutter reduce the flame light to below the laser light levels,

The assisting lenses and the hologram plate holder are fixed
rigidly together so that the combination is considered to be a single
optical elerent. The two will be mounted so that they can be withdrawn as
a unit for the purposes of loading fresh plates or for reconstructing
already processed holograms.

The holocarmera will also be provided with a reflected light option.
This is also diagrarmed in Figure 1. For reflected 1ight recording, the
second refsrence te2m will be re-routed and used to record non-iens-assisted
reflected 1ignt -holograms. Since the first reference beam is undisturbed,
it will be possible to make a simultaneous transmission hologram (provided
the shutter synchronization problem is solved) and reftected light holograms
of the same event. For such recordings, the holograms should be further
covered with sheet polarizers to minimize fogging due to the non-used
orthogonal polarized scene light.

The external appearance of the holocamera has been sketched in

] Figure 2.
: In summary, the holocamera shown in Figures 1 and 2 and proposed for b
i RPL for further solid propellant studies will have the following features:

e Superpositioned, but separately reconstructable, holograms.
® For showing particle phenomena at two separate times.

e High resolution.

e 2 microns for collimated illumination and for helium-neon
laser reconstruction of ruby laser holograms.

e 7 microns resolution for diffuse light holograms, ruby laser
recorded and helium-neon reconstructed.

o Non-lens-assisted reflected 1ight option
e 10 micron resolution

o Particles subject to holography's mntion condition,
"To be recordad, ootxca] path must not cnange by more

than one-tentn wave. -
/\\3 : : i —Z */ / //
A. Sr'ones Date R.F.Wuerker Date’
Witnessed, Read, and Understood by: and

46
. GJL.Clark : Date L.0. Heflinger Date




NI ——"

TRIS PAGE IS ins'x QUALITY PRACTLCABLE
FROM CUPY FURNISHED TO DDC

Passive Double Reference Beam Holocamera for DOCKET NO.
Recording Separately Reconstructable Images

Page 5 of 7

e Approximately five-inch diameter scene volume, to accommodate
the bomb.

e Holograms are to be recorded on either 2 x 2-1/2 inch or
1 x 1-1/2 inch sensitized gel glass plates.

e Single plate per loading.

e The assisting lenses and plate holder will be a single unit which
can be easily removed from the nolocamera for purposes of re-
loading with a new plate or for reconstructing the hologram,

e A mechanical shutter will be a part of this assembly and will
also serve to fire the laser.
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