THEORY

How Holography Works
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MBTRIC TIME

There are three different ways of stating lengths of time less than one second. There is
fractional, which includes camera time; decimal, or sports time; and metric, or scientific, time.

This table relates all of them.

FRACTIONAL DECIMAL METRIC
(Camera) (Sports) (Scientific)
1 1.000 1000 ms
1/2 .500 500 ms
1/3 .333 3323 ms
1/4 .250 250 ms
1/5 .200 200 ms
1/6 .167 167 ms
1/7 .143 143 ms
1/8 .125 125 ms
i/9 .111 111 ms
1/10 .100 100 ms
1/15 .067 67 ms
1/30 .033 33 ms
1/60 . .017 17 ms
1/100 .010 10 ms
1/125 .008 8 ms
1/250 .004 4 ms
1/500 .002 2 ms

1/1000 .001 1 ms

One millisecond (ms) is to one full second as one second is to 1000 seconds or 16 minutes and 40

seconds. Light travels about 300 km or 186 miles in 1 ms.
1/2000 .0005 500 us
1/4000 .00025 250 us
1/5000 .0002 200 us
1/10,000 .0001 100 us
1/100,000 .00001 10 us
1/1,000,000 .000001 1 us

One microsecond (us) is to one full second as one second is to 1,000,000 seconds or 11 days, 13

hours, 46 minutes, and 40 seconds. Light travels about 300 m or the length of a football field in

1 us.
1/10,000,000 .0000001 100 ns
1/100,000,000 .00000001 10 ns
1/1,000,000,000 .000000001 1 ns

One nanosecond (ns) is to one full second as one second is to 1,000,000,000 seconds or 31 years,

259 days, 4 hours, 26 seconds. Light travels about 30 cm or one foot in 1 ns.

1/1,000,000,000,000, .000000000001 1 ps
One picosecond is to one full second as one second is to 1,000,000,000,000 seconds or 31 millennia,
7 centuries, 9 years, 289 days, 1 hour, 55 minutes, 12 seconds. Light travels about 300 microns or

about 1/100 of an inch in one picosecond.

1/1,000,000,000,000,000
.000000000000001 1 fs
One femtosecond (fs) is to one full second as one second is to 1,000,000,000,000,000 seconds which
is 31,709,792 years. Light would travel 300 nm in 1 fs but that is shorter than anything in the

visible! One oscillation of light of Helium-Cadmium laser wavelength of 441.6 nm takes 1.472 fs.



PARIS OF A WAVE
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SINE WAVE-- Light's magnetic and electric vectors oscillate across space as a sine
wave. A sine wave is the graph of the trigonometric function y=rsin O, derived
from the relationships of sides and angles in a right triangle.

CREST-- The highest point or maximum of a wave.

TROUGH--The lowest point or minimum of a wave.

AMPLITUDE--is one-half the distance from crest to trough. It is used to measure
intensity. i

WAVELENGTH--represented by the Greek lette;')\ is the distance between two consecu-
tive crests. For visible light the wave{engphs are. between 400 and 700 nm.
FREQUENCY--tells how often a wave goes through a complete cycle from crest to crest
in a unit of time. The unit commonly used to denote fx_;equency is a Hertz, (Hz),
] one cycle per second, and the range of frequencies for ‘light starts at 430
C trillion Hz for red light and goes to about 750 trillion Hz ‘for blue.

NOT ALL WAVES ARE SINE WAVES
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SQUARE WAVE DELTA ORZTRIANGULAR WAVE

The above terms are applicable tothese waves.
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Wave of constant amplitude but vary- Wave of constant frequency but vary-
ing frequency (Frequency Modulated) ing amplitude (Amplitude Modulated)

The waves of light which are used for making holograms must be temporally coherent;
that is, their frequencies or wavelengths do not change.
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Wave of varying amplitude and frequency
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WAVELENGTH
AND COLOR

The visual effect of light which fhe brain interprets as color is directly

related to the wavelength of the light. The visible spectrum starts with the reds

which are the longer wavelengths and as the wavelengths get shorter (and the fre-
quency gets larger) the colors transform into the familiar hues of the rainbow:
orange, yellow, green, blue, indigo, and violet. Ultraviolet has a shorter than
violet but it is a color to which the eyes do not respond. Infrared is of a
longer wavelength than red, again invisible to the eye.

Lasers emit monochromacic light--light of only one wavelength, or just one
line of the rainbow's many colors. Here arc some typical laser lines and their
wave patterns drawn Lo scale., p———y = one nanonmcter

NITROGEN LASER

>>= 333 nm
ultraviolet
HELIUM-CADMIUM LASER
A= 441 nm

Y'blut;f

;\= 502 nm

green

RUBY LASER

?\= 694 nm
red

Nd-YAG LASER

o

)\= 1060 nm

infrarcd

ARCON_LASER -
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COHERENCE

Light coming out of a laser is both spatially a.d temporally cohereut.
Temporal coherence means that all the waves coming out of the laser have the

same wavelength-the spacing between crests does not change with time,

TEMPORALLY COHERENT WAVE NOT A TEMPORALLY COHERENT WAVE

There is more than one wave of light coming out of the laser and these
waves are all in step as they exit the port. They can be thought of as orig-
inating at the totally reflective mirror opposite the exit mirror, even though
they make many rouund trips between the mirrors in the resonating cavity before

leaving it, This is spatial coherence; all the waves make their crests and
troughs simultaneously.
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TEMPORALLY AND SPATIALLY COHERENT TEMPORALLY BUT NOT SPATIALLY CONERENT

When temporally coherent waves are not spatially coherent, they are "out
of phase" with each other. Crests do not match up, troughs don't match up,"
and neither do points in between. One way to indicate the amount that two
waves are out of phase with each other would be to use fractions of a wave-
length. Since these wave forms are based on the trigonometric sine curve we
can also use degree measure or radian measure, assuming that every wavelength
is equivalent to a 360 degree period or a 27 period.

1/4 WAVELENGTH _ .
WAVES ARE IN PHASE WAVES ARE 4 90 DEGREES OUT OF PHASE

Ti72 RADIANS

"(1/2 WAVELENGTH 3/4 WAVELENGTH

WAVES ARE{ 180 DEGREES OUT OF PHASE WAVES ARE < 270 DEGREES OUT OF PHASE
TTRADIANS 3772 RADIANS
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It's absolutely essential that the waves used to form a hologram
be spatially and temporally coherent to form the constructive and
destructive interfereuce fringes. 1 1¢ the wavelength of the interfering
beams vary (lack of temporal coherence) the interference will
not become a standing wave pattern and will be constantly changing its
shape, leaving nothing but a blur on the holographic plate. The reference
beam must have all its waves cresting and troughing at the same time
to provide a non-random base of reference. The light reflected off
the object loses its spatial conerence, but this modulation of the
object beam is exactly the information we would like to record.

A phase hologram is recorded om a transparent medium that introduces
phase differences in the reconstructing beam by optical path variations.
For instance, in a bleached silver halide emulsion, light travels
through gelatin, then through transparent silver halide whidh has a
different index of refraction from the gelatin, so the light gets slowed
down and bent, introducing a phase difference, then through several
morce gelatin and silver interfaces until when it finally exits it
has reconstructed tne phase differences between reference and object
beams recorded in the hologram. Phase holograms have been recorded on
dichromated gelatin, photo-resest, thermoplastics, and photopolymer.
Bleached silver halide emulsions are the most popular type of phase
hologram because the materials are readily available from commercial
manufacturers and relatively easier to handle, Phase holograms are

much brighter than absorption-holograms since they pass much more
light

ET>Holograms can be made with any type of wave sound, radio, maybe

x-rays, and of course, light.



TRIGONOMETRIC
, FOOTNOTE

The sine function was devised to answer the question, "If I know
one of the angles in a right triangle, and the length of the hypotenuse
(the long side), what is the length of the side opposite the angle?™
The Pythagorean Theorem falls short here, since it applies only to
right triangles with the length of two of its sides known. (A"+ B = C)
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Notice what happens to the side opposite the angle we are examining
as the angle gets bigger.

Y

. The solution to these problems is found by plugging the given values
into the formula y=r sin 8, and conjuring up tHe sine function on a
pocket calculator. But there are other uses of this function and its
cousin, the cosine function, especially in holography. These functions
pop up in the spatial frequency formula f=sin 8/\ , the reference beam

is attenuated by the coefficient cos 9, the diffraction equation is chock
full of trigonometric terms, and of course, lxght oscillates in a sine

( wave pattern.
To understand what a sine curve is and why it has the shape that it

- . has, imagine a clock whose hour hand always points at 3, and whose minute
hand moves backwards. Suppose that we first look at the clock when the
minute hand points in-the same direction as the hour hand. As the minute
hand moves counterclock-wise, the angle that it makes with hour hand
becomes larger. Some angles made during one revolution are on the facing
page. In each revolution the two hands form angles varying in measure

= - from 0 to 360. When the hands point fn the same direction, it is con-
venient to think of them as forming a 0 angle,

Y &




How suppose that the minute hand of the clock is one unit long and
that the clock is divided in half by a horizoatal line through its center.
If we let x represent the measure of the angle @ formed by the clock's
hands at any moment, then the vertical distance, y, from this horizontal

line to the tip of the minute hand is called the "sine" of the angle x.
Sec picture below.

Diagrams of approximate sines of different angles are given below.
. ., In the last two, the sines are negative numbers; this is because the
distances from the horizontal line to the tip of the minute hand are
measured downward instcad of upward.

sine of ¥ is .50 sine of 60 iz .87 sinc of 90%is 1.0

sine of 180 is O sine of 210%°is -.50 sine of 270%is -1.0

Experience i{s the best teacher. Try drawing your own sine curve
by following the directions on the next two pages, and you will gain
somc insight oo what type of crcature a sine wave is and then see its
application in holographic technology.
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WP4.2:\FACTS.INT THE FACTS ABOUT INTERFERENCE

NOTES AND OBSERVATIONS INTERFERENCE LECTURE
The recording and reconstruction stages of holography are
synonymous with interference and diffraction. These two concepts
need to be understood to comprehend holography.

INTERFERENCE LECTURE NOTES
What happens when a razor blade cuts a laser beam?
Diffraction over edge of obstacle suggests wavelike nature.
Huygens principle explains diffraction in water.
Young shows two-source interference in ripple tank and two-slits
of light.
Two razor blades = two bobbers or slits.
Michelson's interferometer demonstrates spatial frequency
variation and stability requirements.
Moire patterns give excellent fringes.
Sixty year old handout graphs out secrets of multiple point
interference patterns.
Diffraction gratings disperse light sources into wonderful
spectra. :
Reflections from coatings a fraction of a wavelength of light
thick enhance or destroy colors.
Standing waves illustrate laser resonator cavities and the
Lippmann photographic process.
Laser speckle is an indication of coherent light.
Interference effects generate holographic images.
Light in Flight holographic recording reveals the wave-like
nature of light.

WHAT IS LIGHT A WAVE OF?
OUTLINE OF ELECTROMAGNETIC RADIATION SUB-LECTURE

I. The discovery of Magnetism.
A. The test for Magnetism.

II. The discovery that moving electrons generate magnetism.
A, Coiling the wires amplifies the magnetic field.
B. Invention of Galvanometers to detect and measure

electricity.

C. Electric motors.

III. The discovery that moving magnets generate electricity.
A, Induction coils.

. Electrical dynamos, generators, and alternators.

Microphones.

Iv. The oscilloscope.

Electron gun and phosphorescent screen.

The Time Base and directiomnal coils.

Voltage measuring channels.

Storage Capability.

Electrical Waves.

Sine, Square, and Delta.

Wavelength, Period and Frequency.

N w

s
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INTERFERENCE LECTURE NOTES YOU GOTTA HEAR IT SOMETIME IN YOUR HOLOGRAPHIC CAREER!

METRIC MEASUREMENT

I. 10,000,000 meters from the North Pole to the Equator
through Paris
II. One meter =

10 decimeters =

100 centimeters =

1000 millimeters =
1,000,000 microns =
1,000,000,000 nanometers

RECORDING A HOLOGRAM OF A CONVEX MIRROR

I. Scale of one micron = one foot
A. Gelatin coating seven feet tall on top of Sears Tower
glass.
B. 35 nanometer silver bromide grains are the size of
walnuts.
II. Twenty interference fringe planes in layer.
III. Processing chemicals action.

A. Developer

B. Fixer

C. Rehalogenating Bleach

D. Solvent Bleach

E. Rehalogenation without Fixation
F. Blood Bath
G. Photo-Flo

EYEWITNESS DEMONSTRATIONS: Recall what you saw.
What does happen when a laser beam is cut in half?

Ripple tank demonstration: Review of wavelength and frequency;
diffraction around edge; reflection from plane and curved
surfaces; two source interference.

Thin film interference effects: Anti-reflection coatings, soap
bubble colors, oil on water, and Newton's rings.

Young's fringes with razor blades and slits.

How does the fringe spacing relate to the angle between the two
interfering beams?

Was the red or blue end of the spectrum nearer to the white
light when you looked at it through the diffraction grating?
What were all the things mentioned that had diffraction grating
properties?

What was the shape of the beam path in a Michelson
interferometer?

What happens when you look through a smaller and smaller aperture
at a laser illuminted target?

How does this explain resolution in a lens or hologram?

THEORY 2 c Ed Wesly



WP4.2:\FACTS. INT THE FACTS ABOUT INTRRFERENCE

SCAVENGER HUNT: Enjoy these optical phenomena outside of class.

0il on water * soap bubbles * Newton's rings * diffraction
gratings on windshields, window screens, CD's etc. * iridescent
colors on animals *

OPTICAL SCIENTISTS AND INVENTORS: Remember the endeavours of
these gentlemen which make them relevant to this lecture.

Sir Isaac Newton * Christian Huygens * Thomas Young * Sir Wiliam
Bragg * Albert Michelson * Gabriel Lippmann * Nils Abramson *

IMPORTANT WORDS: Know what they mean!
* coherent * interfere * constructive and destructive

interference * in and out of phase * pathlength difference,
epsilon * interference fringes * Young's double-slit experiment *
diffraction grating * iridescent * thin film coatings * multiple
layer thick stacks * Michelson's interferometer * standing wave
generator * nodes and antinodes * Lippmann plate * interference
filters * dichroic filters * Huygen's principle * diffraction *
Fraunhofer diffraction * spatial frequency * resolving power *
Light in Flight holographic recording *

BIBLIOGRAPHY: Outside reading for the truly faithful.
Optics Guide 5, pages 1-25 through 1-29, 4-5 through 4-38.

Sir William Bragg, The Universe of Light, Dover Reprint, pages 1-
15, 125-145.

Revision D 12/25/94 3 THEORY
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DIFFR ACTION

Thomas Young in the early 1800's explalned 1ntetference ‘in light waves by liken-
ing them to waves in water. The experimental setup shown below provedr his hypo-

thesis. This experiment illustrates the property of light called diffraction.

Tle=I= mummnum;

This is schematlc representatlon of the experlment v1ewed from above.

\

L eavhatbaver

PLANE WAVE

MONOCHROMATIC

Each overlapping set of crests produces the light bands by constructive inter-
ference, and the troughs ‘superposition produce the dark bands. The bright fringes
are called the orders of ‘diffraction, with the zeroeth order corresponding to the
_path light falling on the grating would have taken if the grating weren't there.
The symmetric pair of fringes on either side of the zerceth order are called the
first order, the next pair the second order, etc. A hologram bends light by dif-
fraction to reconstruct the wavefront that had come from the original object and
this information is carried on one of the first orders.

3rd
. ’///’,‘ The location of the orders of
. /,////” ,,/——"zl‘ diffraction can be predicted by
grating - st this equation:
- <ath mA = dsind

st where é= disténce between slits,

A= wavelength of ‘lighgt,
N 2nd m= oxder of diffracticn,
3rd and 9= angle between the diffracted

light and the normal to the
grating.

Netice that for a jiven d and m, different wavelengths of light will give different

sin @ and therefore rend at different angles, producing a spectrum. 4777@§ﬁ



DIFFR ACTION
.EXAMPLES

Light from a He-Ne laser with wavelength of
633 nm encounters a diffraction grating with a
spatial frequency of 500 lines/mm. To what angles
does the light get diffracted? Spatial frequency
of 500 lines/mm = fringe spacing of 1/500 mm =
.002 mm = 2 pm = 2000 nm. The diffraction equa-
tion is mA= d sin@, which changes to mAd = sin®.
For the first order, m = 1, A= 633 om, d = 2000 nm
Sin® = 1 x 633 am / 2000 nm = .3165
Sin® = .3165, 6 = 18.5°.
For the second order of diffraction everything
is the same except that now m = 2, so
sin®@ = 2 x 633 nm / 2000 nm = .633
sin® = ,633, @ = 39.3°,
For the third order, m = 3, so
sin@ = 3 x 633 nm / 2000 nm = .9495
sin® = .9495, € = 71.7°,

w2 ’ Fourth order, m=4,
[~ sin® = 4 x 633 om / 2000 nm = 1.266. There is

no angle with sine greater than 1, so there is no fourth order of diffraction
for this grating at this wavelength.

If the fringe spacing, d, were smaller, like 1000 nm, then first order
diffraction would have an angle of 39.3°. Second order of diffraction ends
up with a sine greater than one, so there is no second order in this instance.
Generally for a given wavelength the higher the spatial frequency, which means
a smaller fringe spacing, the larger the angle of diffraction.

orders of diffraction

One method of separating the colors from a multi-line laser is to pass
the undifferentiated beam through a diffraction grating. For a Krypton ion
laser tuned to these four colors, the dispersion can be predicted by solving
the grating equation four times. R
Let ¢ = 1000 nm
First order diffraction m =1

o0

BLUE: A= 457 nm . = o
sin@ = 1 x 457 nm / 1000umm = .457 < 2
sin® = .457, 6 = 27.2°, &0 9
GREEN: A = 514 nm o
sin0 = 1 x 514 nm / 1000 nm = .514 > ith o
sin0 = .514, O = 30.9%, 5
YELLOW: A = 568 om o
sin 0 =1 x 568 nm / 1000 nm = .568 5
sin 0 = .568, O = 34.6°. :

RED: A = 647 nm \'

sin 0 = 1 x 647 nm / 1000 nm = .647

sin 0 = .647, O = 40.3%, R

The angle of diffraction is dependent not only on the grating spacing,
but on the color or wavelength cf the light incident on the grating. Short
wavelengths, the blues, are bent less than the longer wavelengths, from green
to yellow to red. This ie called dispersion through a diffraction grating.
White light can be broken up into all its components through a grating pro-
ducing a continuous spectrum,

5/ SO/
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Fig. 66. The black dots here may represent a set of regularly spaced openings in the barrier of the ripple tank, or they may re-
present a set of particles, evenly spaced, which scatter the incident light in the form of circular ripples (or spherical if we extend
the treatment to the imensional case). The waves are advancing from below, and their front is parallel to0 A. The wave-
front D c is formed as already explained Fig. 65. Here other wave-fronts are formed also. To see them look along the diagram

obliquely in the directions 0'A,0 B, 0c,and 0 D in turn. There are no other wave-fronts but these. (Diagram by W. T. Astbury.)

] W W m
Fig. 67. This disgram is an extract from the last, showing th ] i
This r r s g the formation of the diffracted .
how the direction of diffraction depends upon the length of the wave. The shorter waves um&ft:h:hﬁ?n;ﬁei; .L;:iﬁ;}m';
¢ same way as the blue waves to the red.
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Fig. 68. ‘This diagram shows that a diffracted set of waves is not formed unless th tres (black d

lt:ughtf lge is drawn, as in the figure, to touch some of the wave crests whiche:l:e cxgrccl‘; r;runt, itO:o)e: fe:?v:i;doet;ﬁv 'rll-.{x:

some of the ripples ‘gvould cause a crest on the front and some a hollow, and in the aggregate there is mutual destruction. ‘The
: interference’ between the separate sets of ripples is more fully discussed in what follows.
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RESOLVING POWER

resolving
target

one cyclé=two lines

How fine a detail a photosensitive emulsion can discern is quantified
in its resolving power. A test target is photographed through a lens of
known resolving power, and the emulsion is developed under stringently con-
trolled conditions. This target is cowposed of cycles of alternating light
and dark bands. When a film reaches the limit of its resolution, then the
light and dark bands are neot differentiated but blend into a blob. If‘z is

the smallest distance between a cycle of a light and a dark band, then the
resolving power, r is given by:

T= l/ﬁ lines per mm

For instance, if the smallest spacing observed in the emulsion under a
microscope was .02 mm, its resolving power is 1 / .02 = 50 cycles per mm.
Siace one cycle = 2 lines if the dark and light spaces are equal in size,

—--—then the resolving power would be 100 in the more familiar lines per tm, T

Notice that resolving.power is an application of spatial frequency.

What we are capturing on the holographic film are patterns of bright
and dark fringes. The range of resolving powers necessary to make holograms
start at less than 100 line/mm for diffraction made with red laser light with
a small angular separation to over 4000 lines/mm for a reflection hologram
made with blue light. Typical camera films resolve at best 200 lines/mm for
a fine grain emulsion like Kodak Panatomic~X. Holography films beiong to
the family of micro-fine grained emulsions.

The classical test for resolving power fails at the high spatial fre-
quencies necessary for holographic recording. Manufacturers of these films
will publish statements of estimated resolving powers or will say the film
is capable of making reflection holograms with certain colors of laser light.

See the FILM SPEED sheet for a listing of comparative resolving powers
for typical holographic emulsions.
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The need to assign numerical tolerances to the performance of
optical systems and photographic processes has resulted in the
general acceptance of the USAF 1951 resolution test target. In this
target the number of line pairs per millimeter doubles with every
seventh target element (a “'line pair” being' a dark bar plus an
equally spaced clear bar). An element consists of two target pat-
terns of three lines each, at right angles to each other. These six
elements are known as a group.

USAF TEST TARGET

IIII"'-'
M=z

Hi

4 =l F s :

s = — =

= 6 =il "|='
Positive Negative

Our chromium test targets cover the range from group 0 to

group 7, while the emulsion targets cover 0 to0 6. USAF test tar-
gets, of either chromium or emulsion type, are available in either
positive or negative form. The corresponding numbers of line
pairs per mllhmeter appear in the following table.

Line Pairs Per Miilimeter

Group Number

TEST TARGETS

NBS TEST TARGET
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SPECIFICATIONS: TEST TARGETS

Substrate: 50 x 50 x ].5mm for USAF pattern

63.5 x 63.5 x 1.5mm for NBS partern
Type: Evaporated chromium or photographic emulsion
Pattern: USAF 1951 or NBS 1963A

Element C
Number 0 1 2 3 4 5 6 T+ Range: USAF chromium type 1-228 Ip/mm
USAF emulsion type 1-114 lp/mm
1 1.00 2.00 4.00 8.0016.0 32.0 64.0 128 NBS chromium type 1-18 lp/mm
2 1.12 2.24 449 8.9817.95 36.0 71.8 144
3 1.26 2.52 5.04 10.1 20.16 40.3 80.6 161 Test Target
4 1.41 2.83 5.66 11.3 22.62 45.3 90.5 181 oot _argers
5 1.59 3.17 6.35 12.7 25.39 50.8 102 203 PRODUCT
6 1.78 3.56 7.13 14.3 28.51 57.0 114 228 Description NUMBER
*Chromium only. USAF 1951 emulsion positive 04 TRP 001
. . 003
Also in widespread use is the NBS 1963A test target. In appear- USAF 1951 chrom.xum P osxfxve 04 TRP
USAF 1951 emulsion negative 04 TRN 001
ance it is self-explanatory, the number nearest each pattern ele- . .
ment being the number of line pairs per millimeter for that ele- ISAF 1951 chromium negative 04 TRN 003
g pars p NBS 1963A chromium positive 04 TRP 005

ment. NBS test targets are chromium positive only.

326 MELLES GRIOT




'FRINGE ARRANGE MEN TS

SCALE‘ 1.céntimeter = 1 micron

transmission
TTTTT T T 11711
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\L N L] ] JI ! PLATE

@ - z/iéne_ A= 632.8 rm, 6 = 80°
reflection
PLATE

——nZ30-N—T O—>

= A/2cos (8/2) A= 632.8 nm, © = 205 d = .3 micron

These scale drawings depict £he fringe arrangements that would be
found in a holographic diffraction grating using the set up geometries at
the right. A typical holographic emulsion is about 6 microns thick; the
support material is not shown because at this scale the film the emulsion
is on would be one and a half meters long and the glass plates ¢n which the
‘emulsion is also available would be 14 meters long! Notice in these cross-

sectional views the differences in the spacing and the position of the fringes

in the two types of hologram.
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the COSINE factor

~
ON AXIS <
[
REFERENCE =
X=T
=20 e = 20° 0 = 40°
cos 6 =1 cos 20 - .94 cos 40 = /7
X= width of Leam I~ projection of X onto the film or plate

©= angle of beam to the normal Doth @ 's are equal because they
are complementary to the same angle.

’

Pecause I is the projection of X onto "4~ plate, it is longer,

- spreading X 's light out, =o it has a lower density or flux. The

exposure is cut down by tle ratio of the beam's width to its pro-

jection, or —x—— which i~ the definiticn of cosine 6.
H >
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HOLOGRAPHIC RECORDING PARAMETERS

There are four parameters to check before making a holographic
exposure. They are PATH LENGTH MATCHING, POLARIZATION VECTOR
ALIGNMENT, BEAM BALANCE RATIO, and EXPOSURE DETERMINATION, in
that order.

PATH LENGTH MATCHING should be done while setting up. The
distance from beamsplitter to holographic plate in the reference
beam path should equal the distance from the beamsplitter to the
object to the holographic plate. All optics, 1like beam path
folding mirrors should be included in the measurement. String is
the best measuring tool, as the distance need not have a
numerical value. One path should not be longer than the other by
an amount longer than the coherence length of the laser. (For
Melles Griot LHP-171, this is about 16 inches; for Spectra-
Physics 124B, it's about 12 inches; for Spectra-Physics 127, it's
about 8 inches.)

POLARIZATION VECTOR ALIGNMENT should be done next, as different
amounts of light will be reflected from glass surfaces depending
on their polarization state and the beam balance ratio will then
change. If wusing a glass disc reflected/transmitted
beamsplitter, a single half wave plate before it will suffice, as
then both the reference beam and object beam will have the same
polariztion state. If using the polarizing beamsplitting cube,
half wave plates on one or the other or both outputs may be
necessary.

Manipulate the half wave plate to ensure that the reference beam
has maximum penetration of the holographic plate by observing
the reflection from a piece of glass put in the plate holder.
Minimum reflection means maximum transmission. Observe that the
object beam has the same polarization. See the Handout, ALIGNING
POLARIZATION VECTORS.

BEAM BALANCE RATIO should be set after all the pinholes are in
place so that "bullseyes" do not affect the light measurements.
Unfortunately, spatial filters may get detuned while ratio
adjustments are being made, so check components downbeam of the
splitter before making more measurements if you touch anything.

Measurements of the reference and object beams are taken
individually, with the 1light meter probe parallel to the

holographic plate. The ratio will vary depending on the
application.
BEAM BALANCE RATIO SUGGESTIONS
TYPE OF HOLOGRAM RATIO (Reference:0bject)
Laser Transmission 4:1
White Light Transmissionl 2:1

1. Reference Beam Intensity as compared to brightest spot on



One Step Rainbow Shadowgram  4:1

Two Beam Reflection 2:1
Single Beam Reflection Determined by object
Diffraction Grating 1:1

(For the theorectical background see the Handout, THE ROLE OF THE
BEAM BALANCE RATIO IN HOLOGRAPHY.)

TROUBLESHOOTING BEAM BALANCE RATIO

If the shadow aren't very black, or worse, a cloud of haze
surrounds the object in a classical laser transmission hologram,
then there is too much object light. Raise the ratio.

If there is a photographic negative image that overpowers the
holographic one in an image plane hologram, then there is too
much light in the real image from the master hologram. Cut back
on the replay beam for the master.

If the object is lost in a Spectral Haze in the One Step Rainbow
Shadowgram, add more reference beam.

If the shadows aren't very black and\or there is a milky haze on
the surface of the split beam reflection hologram, add more
reference.

For all types of holograms: If the image is not very bright,
and stability and coherence length don't seem to be a problem,
and exposure tests have been run up to the saturation point, then
more object light is needed. If the beamsplitter is set for the
maximum object light, spread the reference beam more to weaken
its intensity.

DETERMINATION of the EXPOSURE TIME can be made using the S & M

Meter. Place the probe up against a piece of glass in the
plateholder. Read both beams simultaneously. Refer to the chart
on the wall or on the S & M Instruction sheet. {(See the handout,

MANUALT FOR SCIENCE & MECHANICS' SUPERSENSITIVE PHOTO METER-
DARKROOM MODEL A-3 BY WILFRED M. BROWN)

You may wish to expose a small test strip at this recommendation
and develop it before a large hologram is attempted, (a trade-off
between time and expense!) or to make a series of exposures on
one test hologram centered around the recommended one. (See the
Handout, THEORY AND PRACTICE OF TEST STRIPS.) Without a meter, a
first best guess can be attempted, or a test series bracketing
around this guess could be implemented. CAUTION! Film and
Plates are not interchangeable sensitometrically! Tests should
be made on the same material, preferably from the same package,
as the final product. Always note the development times of your
tests so that it can be duplicated on the next shot.

real image on film plane.



THE REFERENCE BEAM SPECIFICATIONS

Gabor called the reference beam "the coherent background" which
would interfere with the object, producing the holographic
pattern. This reference beam should be easily reproducible, so
that the hologram could be viewed without too much effort. (Not
so easily reproducible reference beams, or coded ones, have
security applications.)

The parameters of the reference beam which need to be specified
are its Direction, its Angle of Incidence to the hologram, and
its Distance from the hologram. The reference beam can come from
either the same side as the viewer (reflection hologram) or the
side opposite the viewer (transmission hologram), but it still
has the same attributes.

The earliest holograms of both Gabor and Denisyuk had the
reference beam incident normal to the plate. In the transmission
hologram case of Gabor, this meant that the viewer would see the
reference spot along with the object, creating an unpleasant
viewing experience. For Denisyuk's earliest attempts, this meant
that the replay beam would have to originate from between the
viewer's eyes, an inconvenient situation. The off-axis reference
geometry of Leith and Upatnieks first solved the blinding problem
in the transmission case, then it was applied to reflection
holograms.

THE DIRECTION of the reference beam can be from the left, right,
top or bottom. Most display holograms are referenced from the
top, as most display environments have lights directed down from
the ceiling. But sometimes it is more convenient if the
holographer is setting up the space to have the lights on the
floor, and light the holos from below, as then there is no need
to be up on ladders, attaching things to ceilings.

Many laser lit holograms of the Classical era were side-1lit
(although left or right were never standardized) because having a
laser attached to the ceiling would be difficult. Having the
laser on a table or tripod would be a much more stable mount,
however people could walk behind the hologram, blocking the beam,
plus there always is the danger of someone looking back into the
reference spot and complaining of eye damage.

ANGLE OF INCIDENCE can really be any angle, but it's so much
easier to assign 45 degrees as the angle since it's easiest for
viewers to understand. The problem is that angles are measured
from the normal in optics and holography, a concept that hasn't
really caught on with the viewing public (or many holographers) .
It's harder to explain to people that 60 degrees from the normal
is very steep, whereas if it were measured from the hologram
plane it would be a shallow incidence.

1



For both reflection and transmission holograms, a shallower
(lower) reference beam angle means that the light will have to be
further from the hologram along the ceiling than a steeper one.
But a steeper angle of incidence means greater loss of light due
to reflection at the air-glass interface (both in recording and
reconstruction), unless polarized light is used.

REFERENCE BEAM DISTANCE is measured along the angular direction.
It is important for proper image reconstruction, without
aberrations. (See the Handout, HOLOGRAPHIC ABERRATIONS.) This
dimension is extremely important when viewing technical holograms
when measurements need to be taken. Since many two-step image
plane holograms are made with guasi-collimated beams the further
away the better.



-~ Intermodulation Noise

A noticeable speckle pattern can be seen on an object ill-
uminated by laser light. This is caused by the constructive and de-
structive interference between light reflected from every pair of
points all over the object. The holographic recording material
is sensitive not only to the refercence-object interference pat-
tern but also to the self-interference of the object.

This speckle pattern may get in the way of viewing the image
clearly. Anything that manifests itself as uunecessary information
in a communication proces:s is called ncise. In holeography, our
signal is inforwation about the object; it is encoded on the carrier
which is the reference beam, and in reconstruction it is carried
to our eycs.

This particular noise in holography is called intermodulation
noise; inter because it is formed between object points, and
modulation hecanse it changes the reference beam. In some ways
it is analogous to static in radio. Other noises in a hologram
are recording mediumm noise and optical noise. All these effects may
be minimized. 1In fact, reflection holograms are free from the
intermodulation noise. Let's examine the causes of this noise and
the ways to minimize it. It would be helpful to have the sheets
on diffraction and spatial frequency handy for reference.

For a particular object, light from every point on it inter-

! t ‘
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one object point-reference holographiic information
beam interference pattern plus intermodulation noise

feres with the reference beam, producing a pattern on the hologram.
(See figure !.) Looking at the pattern produced by light from two
object points and a refereuce beam, you can see not only the inter-
action of the reference and object points but the interference of
between two object points. (Rigure 2) Notice that the interference
pattern of the two object points has a lower spatial frequency than
the interference of the reference-object beams; i.e., the fringe
spacing is larger. Tliese fringes are arranged in different dir-

- ections from the signal fringes. The reconstructing reference beam

\-, is then scattercd in many different directions and does not contri-
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bute to the object wavefront,
pattern into the signal.

It introduces its own speckly
Every pair of points on the object

makes this interference amongst themselves.

The spatial frequencies of the

distances between the interfering points increase.

[Lk.) .

‘noise:from adjacent
bject pointe

two adiacent points lLas
spatial frequeiucy is set by
object interfering with cach other.

oW spatial

farger o jects wil: of course produce more of
cause there are more pairs of iaterfering poiuc..
as Lhe object gets closer to the £:7m plane.

becomes more soviocus

The auple lcetlween the eudpoinls is
gets smaiier and closer to che size of the sivual friuges.
foiow, )

fignure 5
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Loise from the endpoints
of a uear ohject

angle diffocent trom the signal's.

noise gets larger as the
The noise from

fivuee 4

noise from endpoints
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froquency; ohie upper limit of

the light from the endpoiuts of ine

(See figure:. 3 & %)
this noine b -

The noiszse Al-o

larger, sc ube fringe -pacing
{52¢

. One reiaed of minimiziva-—0o- -

the intermodulation noise ic

to keep the spatizl frequency —
of the signal highor than the
spatial frequency of the noisc.
The bigger the distance hietween
the friunges, the smallir the

angle of diffraction~--ihe

smaller th: fringe spacing,

the larger thc angle of
diffraction. Dy keeping the

noisc fringes' spacing larger

than the signal's, w: can

diffract the roisc ro au

We can physically accomplish thail

in recording the hologram by having the smallest angle between
the refercuce beaw and any object beam greater than the largest
angle foruw:d by a pair of poiunts on the object. (See diagram on
the next pajpe.) OF course, this is not always physically poss-
ible due to compositional factors.,



‘-; Angle ¥ is the largest

T~ angle betwoen light from two
///’//’ \\\\ points on the chject. This
sets the upper limit of the
spatial frequency of the noise.
Angle 0 is the smallest
\\ angle between light from a
" peint on the chject and the
reference beam. This sets the
\\\\\\”“'"""/// lower limit of the spatial
fraquency of the signal.

- ’ If angle 8 > angle d,

; \‘ | then the noise will be at a
\ minimum due to the set up,
\_ However, practical set ups

\ ' ’ - louvk more like this:

—

_', ;;'"/(‘ b
e\
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with th~ rauy: ¢f th> =2patial
frequeniics of ¢lo nolse and
of the vignal overlapping.

. Reflection holograms ave free. from intermedulation noise be-
¢ause the noise fringes are arranged mor: or less perpendicular to
the informatien fringes. Noise fringes are made by point sources .
on the same side of the {ilw--in cffect, a transmission hologram.
Not~ the fringe arrangement shown in figure 2. But the refer-
ence and objcet beams coms from obiject beam
different sides of the recording ;
material in a reflection holo-
gram, with fringes formed almost
parallel to the film. So in
reconstruction, the signal
fringes reflect light back to
the observer, while the noise
fringes reflect light off to
the side, out of the viewing
bandwidth.
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Another method of minimizing intermodulation noise is by
controlling the ratio of reference to object beams. Remember
that the silver halide materials are negative acting; the more light
that hits them the denser it gets, and less light leaves a corre-
sponding lesser imprint. The arcas of high density (even after
bleaching) will act as areas of nigh reflectivity in the mirror
analogy of the reconstructing mechanism, and the arcas of low
density will have low reflecting power. By making the combined
carrier wave and signal stronger than the noise coming from the
object, the carrier will cuxpose more silver aud create wore highly
reflective mirrors, while the noise will not contribute as much,

This minimizes the effect of the noise because its reflective
power is low.

RELATIVE AMPLITUDES
Jow ratio high ratio
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However, there is a drawback to using the high
ratios because the noise is formed by the light from
the object; if there islittle light from the object th
then the carrier wave is not modulated as much. As a
result the signal is weaker, so brightness of the recon-
structed image is lower than when the reference beam is
strongly affected by the object beam. There is a con-
stant battle between brightness and noise.

The general rule of the thumb is thjs: Low refer-
ence to object beam ratios, like 1 to 1l or 2 to 1,
will produce bright holograms with a good deal of noise,
because the noise fringes are almost as reflective as
the signal fringes. High ratios are less noisy because
the carricr mirrors are more reflective, but the image
is not as bright since the modulation of the recon-
struction beam is low because the recording reference
beam's modulation was low. .

The holographer's job is to minimize noise and
maximize brightness by controlling the geometry of the
set up, the ratio of reference beam to object beam,
and the processing of the recording material. All
this depends on the object to be holographed. 1If a
set up is too noisy, raise the ratio, but don't be
surprised when the brightness decreases. Some appli-
cations may place emphasis on brightness first with
little or no regard to laser speckle noise. Low
ratios will do the job. Control of the ratios is
one aspect of successful holography.

e
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THE ROLE OF THE BEAM BALANCE RATIO IN HOLOGRAPHY

Ed Wesly Experiment E 632

When two coherent wavefronts intersect, an interference fringe pattern is
formed. If the two waveronts are point sources, or collimated, and of equal intens-
ity, the intensity distribution of the fringe system will vary sinusoidally from
very bright to total extinction.

Let us look at the case of two collimated wavefronts schematically in Figure 1.
Astraightline fringe system is generated, and if we wished to record it we would place
a photosensitive plate in the field. Appropriate exposure and development would
yield variations in the amount of silver deposited throughout the emulsion. A bright
fringe would be represented by the maximum amount, the nulls by the minimum -~
ideally, none. When either oné of the original wavefronts encounters this pattern,
it is shaped into the other wavefront thanks to diffraction through the grating-like
structure.

If three collimated beams of equal intensity arranged at the corners of an equi-
lateral triangle are interfered, we would have three sets of patterns caused by the
mutual interference of each pair of beams. (Figure 2) A beam coming from any one
of these three positions would then reconstruct the other two. And of course this
notion can then be taken further to n number of beams. Spherical wavefronts behave
the same, except that their fringe pattern shapes are sets of hyperbolae instead
of straightline patterns - off-axis zone plates rather than diffraction gratings.

Let us examine the recording process graphically. If we look at the intensity
distibution of the fringes formed by two coherent sources of equal intensity we
would see the cosinusoidal distribution of Figure 3. The fringes are of high
contrast - the brightest fringe is the sum of like amplitudes squared, while the dim-
mest fringe's intensity is zero.

To make the recording with the highest reconstruction efficiency, we would like
to map the intensity distribution onto the characteristic curve (density vs. log
exposure) of the recording material so that Imax gives us the highest density and
Imin (=0) gives us none. (Figure 4) Then the recording material will give us a
fairly linear recording with the maximum modulation possible, yielding the bright-
est reconstruction.

In the three equal source case, the intensity again goes from zero to a



maximum. The more complex intensity distribution throughout space is shown in

Figure 5. Recording parameters are nevertheless the same as for the two beam case -
the dimmest fringes are represented by the minimal amount of silver, while the bright-
est are the maximum.

But what if the coherent sources are not all equally intense? 1In the three
beam case, let us call source #1l the reference and #2 and #3 the object beams.

Also suppose that the combined intensity of #2 + #3 were % that of #1l. We would

say then that the Beam Balance Ratio (BBR) would be 4:1, reference to object beams.
The fringe system formed by #1 + #2 or #1 + #3 would have a DC bias as shown in Figure
6, and the entire intensity distribution would be as shown in Figure 7.

To record this fringe system so that we would get the brightest reconstruction
we would find an exposure so that the DC component, which would cause overall fogging
of the film is below its threshold of sensitivity. Then we must also tailor the
time of development to get the proper gamma (slope) of the characteristic curve
so that once again Imaxgives us the maximum modulation density. (Figure 8)

So we would get a good recording of the fringe systems between #1 + #2 and
#1 + #3. But what about between #2 + #3? Since this fring system is not as strong
as the systems with Beam #1, it will record weakly or not at -all, depending on where
its intensity falls on the characteristic curve. (Figure 9)

So when this hologram is viewed, Beam #1 will reconstruct both object beams.

A beam from position #2 will reconstruct the reference (Beam #1) but #3 weakly or
not at all. Similarly for #3. So we have suppressed the intermodulation of #2 with
#3.

When making holograms of objects, we interfere the refernce source, (or carrier),
which could be a point source or collimated wavefront, with the complex wavefront of
the signal, which is the object. If we think of the object as an infinite set of

points in space, then each point on the object interferes not only with the reference
beam but with each other. So the hologram records not only the interference of each
object point with respect to the reference beam, but also the mutual interfernce of
all the object points. This extra pattern results in what is call the intermodulation
noise, which is evidenced in holograms by the absence of true blacks in the dark .
arts of the object - i.e. poor contrast. The object's interference pattern diffracts
unwanted flux into the object's space.

The Beam Balance Ratio enables the hologram to discriminateAbetween the true

holographic information (reference plus object) and the spurious pattern of the



object itself. If the reference and object beams are equal intensity, then the
intermodulation noise fringes are recorded equally as well as the information
fringes. But by making the reference beam much stronger than the object's light,
we can put the intensity of the noise below the threshold of recording and minimize
or eliminate it, as we did for the intermodulation of beams #2 and #3 in the three
beam case. This results in a much more pleasant viewing experience with its higher
signal to noise ratio.

For holograms of diffusely reflecting objects, a good separation of noise and
signal fringes starts at about a 4:1 ratio and the typical usable rang extends up
to about 16:1. The proper ratio for maximum diffraction efficiency and high signal
to noise ratio is determined experimentally. Exposure and development tests are
made at some fixed ratio and inspected for peak performance, or development is
fixed and exposure and ratios are scanned. Experience gained in the field plays an

important role in finding a suitalbe starting point and being able to judge quality.
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Ed Wesly

Manufacturers brought out videodiscs
not just to improve prerecorded video
images but also to prevent bootlegging
of programs, since expensive equipment
is necessary to replicate them, unlike
the videocassette. The demise of the disc
was due to lack of standardization.
Three systems appeared on the scene
simultaneously, so none could survive
splitting up a small market. Audio discs
seem to be doing much better, since all
discs work in all players. Sources of
audio discs, also known as Compact
Discs, herein referred to as CD’s, smug-
ly assert that their products deliver bet-
ter sound reproduction, and charge
about twice as much for a CD as for a
record or cassette. They must feel that
they are invulnerable to the pirating
that occurs with the audio cassette.

Or are they? Certainly producers of em-
bossed security holograms thought that
they were counterfeitproof, but Jeff
Blythe has blown that ship out of the
water! Could it be possible to duplicate
the CD holographically?

This is not such a silly idea. The CD
works optically, and as readers of this
magazine we all believe that a

hologram is the optical equivalent of the
object holographed. In principle then
the hologram of the CD should work just
as well as the original!

The problems in attempting to prove
that thisworks are not insurmountable.
A Denisyuk recording scheme would be
the logical way to start, simply contact
copying the disc should suffice. The ma-
Jjor obstacle is to get the hologram to
replay at the wavelength of the laser in
the disc player. CD units use near IR
laser diodes, so if the disc were copied us-
ing He-Ne there would not be good
Bragg diffraction at the longer wave-
length. Swelling with triethanolamine
could work, but trying to fine tune the
reconstruction color in the infrared
could be painstaking.

What I propose is to simply place the
holographic film next to the disc and ex-
pose it as it plays! Our research at
Northwestern University has shown
that Agfa 10E75 has some sensitivity at
nm as we have made holograms on it us-
ing a Diolite.l assume that 8E75HD has
a similar spectral sensitizing dye or
perhaps a more suitable recording
medium could become available in the
future.

Exposure could be accomplished while
the unit is running as then the

reference angle will be exactly
duplicated. A possible problem is that
the thickness of the film may not let the
information be read properly. The test
would be to listen if the disc is being
played while exposing. Good fringes will
be formed regardless of the spinning
motion, as it is the relative phase of the
incoming beam and the one returned
from the disc’s surface that count. So the
film must be stuck to the CD rather
well. Because the beam interrogating
the disc is focused well, there is the
slight possibility of over exposing the
film on a single playing/exposure, but
what is more likely is that many passes
are necessary or torun at a slower speed
to suitably darken the film. A non-
shrinking develop-rehalogenating
bleach processing scheme like CWG2 is
a must.

This magazine is prepared to give a
Lloyd Cross Award to anyone who can
make this work. It would certainly be
fun if holographers could have their own
exclusive disc-swapping network!
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HOLOGRAPHY SUPPLEMENTARY MATERIAL
NOTES AND OBSERVATIONS LASER LECTURE

EYEWITNESS DEMONSTRATIONS: Recall what you saw.
What happened when the Ruby rod was bathed in UV?
What makes the mirrors in a laser special?

Why are laser beams almost parallel?

What makes a laser pulsed?

SCAVENGER HUNT: Enijoy these optical phenomena outside of class.
Look for lasers at the supermarket, CD and video disk players,
concerts and light shows.

RELEVANT TRIVIA: Useful facts for this Chapter.
LASER is an acronym for LLght Amplification by Stimulated
Emission of Radiation.

OPTICAL SCIENTISTS AND INVENTORS: Remember the endeavours of
these gentlemen which make them relevant to this lecture.

* Albert Einstein * Gordon Gould * Charles Hard Townes * Arthur
Schawlow * Ali Javan * William Bridges *

IMPORTANT WORDS: Know what they mean!

* laser * maser * stimulated emission * laser transitiomns *
population inversion * threshold * resonating cavity (oscillator)
* high end reflector * output coupler (leaky mirror) * amplifier
rods * power supply * anode * cathode * continuous wave * pulsed
* Transverse Electromagnetic Modes * mode-restricting aperture *
Gaussian profile * power * Watts * energy * Joules * longitudinal
modes * coherence length * multimode * directionality * coherence
(spatial and temporal) * intensity * monochromaticity *
divergence * milliradians * polarization * power requirements *
wall-plug efficiency * optically pumped * electrical discharge *
Q-Switch * Pockels cell * Brewster stack * intra-cavity etalons *
frequency selecting prisms * getters *

TYPES OF LASERS:

SOLID STATE GAS LIQUID SEMICONDUCT(R
Ruby Helium-Neon Rhodamine 3G Ga As
N4:YAG Argon InGaAsP
Nd:YLF Krypton
Ti:Sapphire Helium-
Alexandrite Cadmium
CO,

BIBLIOGRAPHY: Outside reading for the truly faithful.

Optics Guide 5, pages 17-1 TO 17-38, 18-1 TO 18-36.
Understanding Lasers, Jeff Hecht, Radio Shack, 1988.

Laser Pioneer Interviews, High Tech Publications, Inc., 1985.

QUIZ CRIB NOTES:
Know the parts of a laser. Know what makes laser light special.
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INTRODUCTION

What is a laser?

The term "laser" is an acronym for "Light Amplification by Stimulated
Emission of Radiation." Thus, the laser is a device which produces and

" amplifies liaht. The mechanism which accomplishes the stimulated emission

was postulated by Einstein in 1917. Lasers may generate energy in the ultra-
violet, visible, or infrared spectrum. The first continuously operating
{(c.w. - continuous wave) helium-neon laser was reported in February 1961 by
Javan, Bennett and Herriott of the Bell Telephone Laboratories. Helium-neon
lasers produce an intense, coherent, visible light beam of wavelength 6328 A
(Angstroms) , or, expressed in another unit of length: 632.8 nm (nanometers).
All exercises and lecture demonstrations contained in this book utilize low-
power c.w. He-Ne (helium-neon) lasers.

How does the He-Ne gas laser operate?

Without delving into the mathematics and gquantum theory involved in the
operation of a laser, the simplest way to describe the device is to compare
it with an electronic r.f. oscillator.

An electronic oscillator (Fig. 1) has four main parts: (1) amplifier,
(2) resonant feedback network, (3) output coupling port, (4) power source.
The corresponding parts of a laser are shown in Fig. 2. Here the amplifier
is a glass tube which contains a gaseous mixture of helium and neon, with
neon as the active lasing material. When the laser's power supply (the
"pump") delivers enough energy to cause continuous glow discharge in the gas
tube (much the same as a neon sign is pumped by an electrical discharge),
the neon atoms are elevated to a higher energy state by colliding with the
helium atoms. When the neon atoms drop back to their lower energy state,
they give up energy at certain wavelength: in this example the wavelength is
632.8 nm, in the red portion of the visible spectrum. The light output will
be random and scattered equally in all directions. Some of this light is

FEEDBACK -t

¥

OUTPUT
L3 OUTPUT
AMPLIFIER COUPL ING uT

POWER
SUPPLY

Fig. 1



lost through the side walls of the glass tube, but the portion that travels
down the center of the tube strikes other excited neon atoms creating more
light energy of the same wavelength.

FEEDBACK
(OPTICAL)
AMPLIFIER
[]-. S - -D—» OUTPUT
A |
100% POWER
REFLECTING SUPPLY
MIRROR TRANSMISS | ON
M1 RROR
(OUTPUT
COUPL ING)
Fig. 2

The laser tube is placed in an optical cavity formed by two highly re-
flective mirrors positioned to face each other along a central axis. The
mirrors reflect the initial beam which, as it bounces back and forth, even-
tually builds up enough energy to emerge through whichever mirror has the
least reflectivity. This escaping light constitutes the highly directional
beam of the laser. Since in the He-Ne laser, light amplification is only
1.02 on each pass of the beam from one mirror to the other, all losses must
be kept below 2%. The so-called transmission mirror is coated to allow less
than 1% of the generated light to escape. Thus, the beam emitted is less
than 1/100th as intense as the beam between the mirrors.

Since the laser tube and the mirrors form an optical resonant cavity,
the optical path length between successive reflections at a mirror must be
of an integral number of wavelengths to produce reinforcement of the wave.
Perfect alignment of the mirrors produces a beam which has an irradiance
distribution that decreases smoothly from the center to the edge of the
beam; the flux density pattern is ideally Gaussian over the beam's cross-
section. This pattern, - a single disk area, - produces a single spot of
light. It is designated "single mode," "uniphase," or TEM,, mode. The
last from Transverse Electric and Magnetic.

The TEMyo, mode has a number of properties which make it the most desir-
able mode in which to operate. The TEMyo beam's angular divergence is smallest
and can be focused down to the smallest sized spot. Furthermore, the TEM,,
(uniphase!) mode does not suffer any phase shifts or reversals across the
beam as do higher order modes. It is completely spatially coherent.' This is
an important consideration in interferometric applications and holography.




Properties of laser light.

Laser light is quite different from light normally encountered. It has
four unique characteristics that make the device a useful tool: (1) it is
highly directional, (2) coherent, (3) very bright, and (4) monochromatic.

1) The directionality of the laser light is because only the light on the
axis between the mirrors can escape from the laser. The beam emerges
inherently well collimated and highly directional, and thus useful for
applications where high concentration of light in a given direction is

- important.

2) The coherence of laser light in time and space is the one previously
unobtainable property that makes it such an important source of light.
Only light whose multiples of half a wavelength fit exactly between the
mirrors is allowed to escape from the laser. Thus, standing waves are
established between the mirrors, and each light particle is in step with
the others. Since the light produced by the laser can be thought of as
a wave oscillating some 1014 times a second, for such a wave to be coherent
two conditions must be fulfilled: 1) It must be very nearly a single
frequency (the spread in frequency or linewidth must be small). If this
condition is fulfilled, the light is said to have temporal coherence,
and 2) the wavefront must have a shape which remains constant in time.

(A wavefront is defined to be the surface formed by points of equal phase.
A point source of light emits a spherical wavefront. A perfectly col-
limated beam of light has a plane wavefront.) If this second condition
holds, the light is said to be spatially coherent.

3) 1Intensity and monochromaticity go hand in hand. Since the laser builds
up energy of only one frequency, all its power per interval of wavelength
is much greater than the power available from other sources, this is
simply because of its greater monochromaticity.

4) Monochromaticity (single coloredness) is the result of the narrow pass
band of the amplifier plus the selectivity of the resonant feedback
mirrors. For example, the wavelength of the red light emitted by a He-Ne
laser is 632.8 nm. It is possible to limit the wavelength spread to a
small band, say from 1 nm to 10 nm and produce light of high chromatic
purity. Such light is called roughly "monochromatic" light, meaning
light of a single color. If we refer to monochromatic light of 633 nm,
it means a small band of wavelengths around 633 nm.

The anatomy of a He-Ne gas laser.

A) The Plasma Tube.

The plasma tube is a long capillary tube, two millimeters in diameter,
surrounded by a hermetically sealed outer tube, one inch in diameter. The
laser action which produces the beam occurs in the central capillary tube as
the high voltage D.C. is applied to a mixture of gases, approximately 85%
helium and 15% neon, at a pressure of about 1/300 of an atmosphere. As the
electric energy is applied, the electrons of each atom respond by changing
their orbits from the normal ground level configuration to the larger and
more complex orbits associated with higher energy levels. After a short time
in the energized state, the electrons spontaneously revert to their original



conditions and the characteristic spectra of both helium and neon gases may

be observed as each of the atoms radiates its recently acquired energy. This
produces the characteristic blue light of helium gas and the familiar red glow
of neon which may be observed in the laser tube. IMPORTANT NOTE: Do not look
into the laser! Hold a piece of thin paper in the beam path near the exit
window of the laser to observe the colors.

Although neon radiates several different wavelengths of light as its
electrons fall from higher energy levels to the ground state, one of the
strongest radiations in the visible light range (632.8 nm) is produced when
the orbital electrons fall from the 352 to the 2P4 level. wWhen one of the
neon atoms undergoes this particular transition, a photon of light travels
down the laser tube and other energized neon electrons along its path are
stimulated to undergo the same transition. This frequency action produces
additional radiations of the same frequency. The phenomenon is called stimu-
lated emission or radiation. The stimulated emission results in a combined
wave of increasing amplitude. Upon reaching the end of the laser tube, the
wave encounters a mirror which sends it back through the tube to stimulate
more energized neon atoms and increase its amplitude by a factor of 1.02 with
each pass. With a flar mirror at each end of the laser tube, perfectly
aligned waves of high amplitude are generated in a very short time.

Fig. 3. Exploded view of laser

These waves are coherent in time because only those waves with an inte-
gral number of half wavelengths from mirror to mirror can sustain oscillation.

4‘




The situation is similar to the standing waves in a jump rope.

To produce an external laser beam, the mirror at the front of the laser
tube is a partial reflactor which reflects 99% of the light and transmits
approximately 1%. The mirror at the back end of the laser tube has a higher

reflectivity and reflects about 99.9% of the light while transmitting less
than 0.1%.

During the manufacturing process, the coatings of the two mirrors are
_carefully adjusted so that the laser will resonate at 632.8 nm emission at
the expense of other radiations produced by the neon gas.

FLAT MIRROR CAPILLARY PLASMA TUBE CURVED MIRROR
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Fig. 4. The capillary plasma tube

A "semi-confocal” mirror arrangement is used in the plasma tube (Fig. 4).
This consists of a flat mirror at the back of the laser tube and a concave
mirror at the end where the beam emerges. Although a greater power output
could be obtained with a flat mirror (or a long radius curved mirror) at each
end of the laser tube, flat mirrors.are very difficult to align; it is even
more difficult to maintain their alignment when the laser is subjected to
minor mechanical stresses during operation. With the semi-confocal arrange-
ment, some power is sacrificed but the laser is so stable it can withstand
the rough vibration and stress which occurs in a typical student laboratory.
Furthermore, the curvature of the mirror at the output end of the laser tube
is calculated so it will focus the laser beam at approximately the plane of
the distant flat mirror. This curve/flat arrangement produces a laser beam
which is cone shaped between the mirrors, the point being at the flat end,
and diverging at the curved end. To compensate for this divergence, an
additional converging lens surface is placed on the laser output mirror to
produce a beam whose edges are very close to parallel.

Because of the internal geometry of individual laser tubes, it is found
that the beam tends to vibrate more strongly in a particilar plane than at
any other possibilities. That is, the beam tends to be elliptically polar-
ized. It is also observed that there is sometimes a secondary beam, polar-
ized at right angles to the favored direction of vibration. 1In a short laser
tube, one will find that the output beam is polarized at a given instant and
that this plane of polarization appears to shift between two favored directions
at right angles to each other in a somewhat unpredicatble manner. /This inter-
esting effect may be observed by passing the laser beam through a polarizing
filter and observing the changes in beam intensity.

The capillary tube in which the laser action occurs is surrounded by a
second tube about one inch in diameter. This outer tube has two purposes:



9
_ (oL, des) e6£8d ¥ba sAud © WY ‘ToyoTeMm °H
(oL, ATIr) zzd wubtsag 31sks 3do-oxa3osTd ‘TI30IPSd "S°T PuUBR T3USTOM *H
(zr, deos) g1d ubrsaq swelsAs Tes1ado-o0a309Td ‘S p ‘xobnay
(TL6T) "CL°N ‘amewTisg ‘-oul
‘ sausumiIisul OoTboToa3sW |, ‘IeseT SN-9H ' bursn sauswtiodxd, ‘"H'H ‘99113309
(69, uer) (gzd soTuoazoeTd xerndod ‘*H'D ‘saTmouy

: sodUBIdI Y

A1ddns zeomod zese] sen °g *b1dg

324N0S 1N3IYIND 43ZINOI 39VLT0A
- -+ -_ -+

T

39VL70A HOIH H3IH Yylx3

¥01b1s3y
INTLIWIY
4OLSISIY 18.3:2 20k
1sy17ve

3a01q
9NIXJ078

3Q0HLIYD

3804 YISV 30ONY

*S3Ie]1S UOT3O® JI9SBT oYl UaUyM poaouwal ATTEOIJBWOINE ST UDTUYm S3TOA
000z 3noge jo osind e sopTAcxd 3TnoxTo 9jexedes ® ‘eqny 9yl ur seb ay3l SZTUOT
pue uoOT}OR I9SRT TBTITUT SY3} 3av1s Ol °SI03STSaI 3selleq jo butias e jo pre
syl UYaTM S3TOoA QQTT paxtnbex syl 03 pesonpsx ST STYL ~S2Toa 0007 ATozeurtxoxadde
Fo andano pauTquod e sonpoad O3 JTNOITO ASTOROp sbeiToa B buTlsn sotiss ut
poppe usyz aie ssbejroa ssaylL "s3ToA Q00T Jo sandano juspuadeoput omyl sonpoxd
03 Arozexedss jndjino Jswiojsuell 9yl FO SUOTSANOXS aaTiebau pue satitsod oyl
uodn 10 SISDTITIOSI 93B]S PITOS -eaTyeboau s3iToa QOQT pue a2a13Tsod s3TOoA Q00T
Jnoge JO SUOTSAINOXS obejztoa esd-oj-yead UY3ITM DY SITOA QL9 OF SITOA QOIT
ayaz dn sdejs Xswxojsueal e ‘sSTYl Op OL °S3ITOA (000Z 3O ®beaToa "3 @ B seonp
-oxd pue pIODSUTT |Y3 WOXF "D°Y S3ToA QTT soateosx ATddns xamod *D°q 9yl

A1ddng xemod *D°d eui (g

T(uosu %G pue UNTILY %G8 InOge ‘-9°T) T 03

9 jJnoge 3o suoT3xodoiad UT peXTW 9JIB UOSU PUR UNTTSY usyM 3ea1b se sswtl 007

jnoge sT 3ndino syjz ‘uorjoe butsey spracad ITTIM SUOTR seb uosu 9yl 3Ry} punog

useq sey 3T ybnoy 1y -sseooid xs9sueal AbIsus JUSTOTIISO 3SOW © UT SWO3R UOSU

Agresu y3Tm OpPTITOO Aoyl ‘jusiino 3091Tp obejtoa ybty ouy Aq peztbisus e

swole UMTTSY 9Yl SY °X00Z se ybty se xojoey ® Aq seb uosu ayz jo andano oyl
eoURYUS O3 PUNOF usdQ SBY 3T 9Snedaq I9SeT 9U3 UT papnyour ST seb wuniisH

cuotyeasdo aese] butanp Spoyled Iyl

Aq peqiosqe ATmOTS ST 3T se A3Tae0 aose] oyz utr Atddus syy soystusTdeod UYOTUM
seb uosu o9yl I0J IATOAISSIIA abxeT © septacad 3T (g ‘3Juswubile judU
—ewxsd pThTa ® Ut SIOIIATW pus oml a3 pue Axerrtdesn xsuut ayy sazoddns 31T (I



Laser Safety

Powerful pulsed lasers are used for welding and, also, are capable of
drilling holes in metal. High-power lasers are used in surgery, in resistor
trimming, in non-destructive testing, and even in static and dynamic art
exhibits. More and more graduate research is performed with high-power
lasers in the 102 - 1012 W/cm2 range. Therefore, it is essential that all

:persons who are exposed to laser hazards be informed on the subject of laser
safety.

All exercises and lecture demonstrations described in this book can be
performed with lasers whose output falls in the 1-5 mW range. A recent study
concludes that with ordinary caution even the highest power lasers in this
range (1-5 mW) are safe. Over 90% of the exercises described for the student
laboratory, from elementary school science to undergraduate physics level,
can be performed with low-power helium-neon gas lasers in the 0.5-1.0 mW
range. The Metrologic ML-669 modulatable student laser used in most exercises
covered in these pages has a nominal 0.8 mW visible output which places the
device within the Class II category, as defined by the Department of Health,
Education and Welfare for laser safety. To insure absolute safety, however,
the following precautions and safety procedures are recommended:

1) Treat all laser beams with great respect.

2) DNever look into the laser window (even when turned off) or stare into
the beam (on axis) with either the naked eye or through binoculars
or a telescope at a distance.

3) Do not rely on sunglasses as eye-protecting devices.
4) Never point the laser beam near anyone else's eyes.
5) Cover all windows to protect passers-by.

6) Never leave lasers unattended while activated. If not in use,
disconnect A.C. power cable.

7) Room illumination in the work area should be as high as is

practicable to keep the eye pupil small and reduce the possibility
of retinal damage due to accidental exposure.

8) Remove all superfluous and highly reflective objects from the beam's
path. These include rings, watches, metallic watchbands, shiny
tools, glassware, etc.

9) Beware of electrical hazards: Ungrounded frames or chassis' and
inadequately insulated power cables. Adequate grounding should be
provided for the laser case and the laser should never be operated
without a protective cover.

10) Never attempt any adjustments to the laser plasma tube or associated
electronics with the laser plugged in. First, disconnect the power



cable and then discharge capacitors. ZLethal current levels at high
voltage is present inside the laser chassis.

11) while operating outdoors (laser communications, speed of light
experiments, etc.) do not point the laser at passers-by and do not

track vehicular or airborne traffic with the laser beam.

12) Do not operate the laser in rain, snow, fog or heavy dust.

Potentially dangerous, uncontrolled specular reflections can result. st
I_E
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Care and Maintenance of Equipment L

The following suggestions for routine care of the equipment will help to
prolong its useful life:

1) To save the plasme tube, the laser should be shut off and disconnected
when not in use. : (

2) To prevent dust from entering the laser housing, the laser should be
stored in a dry room and covered with plastic or other suitable
covering.

3) If possible, all chemicals should be kept in a separate store-room,
away from the laser and its accessories.

4) Before and after each use wipe smudges.and fingerprints from lenses,
prisms and other accessories with a soft cloth, or, preferably with
a good quality lens tissue.

5) After each use, wrap lenses, prisms, glass plates, filters and all -
fragile accessories in lens paper or soft tissue and place them in
individually marked envelopes or boxes. In this way they may be
easily located and safely stored.

6) Never use solvents to clean plastic parts, polarizing and color
filters, photographic.films such as holograms, diffraction grating
replicas and similar items. '




DECIPHERING LASER SPECIFICATIONS

When shopping for a laser, you may run across some facts and figures that may
seem baffling at first but quite simple, after learning the jargon.

Lasing Medium: The material that lases, falling into the broad categories of solid state,
liquid, gas, or semiconductor.

Wavelength: The color of emission. Some may be in the infrared (Nd:Glass, YAG, or
YLF; certain dyes; CO2; semiconductors) or ultraviolet (Nitrogen, some Argon or Krypton
lines), or possibly tunable over a certain range (Alexandrite, Ti: Sapphire; most dyes).
Frequency doubling or tripling, also called first or second harmonic generation, is
applicable to some instruments, halving or thirding the wavelength of the fundamental .
laser line.

CW or Pulsed: Whether the laser emits a Continuous Wavetrain and is on indefinitely
like a lightbulb, or emits light in short biasts in finite units of time. The ability to do either
mode depends on the intrinsic energy storage capability of the medium, and or intracavity
devices like mode lockers. Pulses can be emitted as a gigantic one, (Q-Switched) or a
series of dribbles. Solid state lasers operating in the free-lasing mode (also called free-
running or open mode) emit a pulse as soon as they reach threshold (population
inversion) in a random bunch of pulse widths of varying energies intermittently while they
are being optically pumped. But mode-lockers inside the laser cavity order the pulses to
be the same in duration, delivered regularly with respect to time, and consistent in energy.
The duration or pulsewidth is measured in fractions of a second, the delivery rate or
frequency is in Hertz (remember that anything higher than about 16 Hz will look
continuous to our eyes). A typical spec for a mode-locked Nd:YAG laser would be
something like 10 picosecond pulses, 60 times a second, (60 Hz), with energies of 10
milliJoules each.

CW Power: Is measured either in full Watts (W) or milliwatts (mW, thousandths of a
Watt). The range of power in the visible ranges from .5 mW of the gentle Helium-Neon
to the 25-30 Watts of a fire-breathing Argon.

Pulsed Energy: Is measure either in full Joules (J) or milliJoules, (mJ, thousandths of
a Joule), a Joule being one Watt of light emitted over a period of a second. (a Watt-
second) The shorter the pulsewidth, the higher the peak power.

TEM Mode: This is a map of the Transverse Electromagnetic Modes of the laser, a
picture of the beam’s cross-section. The subscript numbers tell how many gaps there
are across the beam first in the x (horizontal) direction then in the y (vertical), but a 01
mode looks like two semi-circles on top of each other. See figure from M-G. For
cylindrical lasers the orientation is a moot point. TEM0O mode is called the fundamental
lowest order, or Gaussian mode, and all the rest are called higher order or multi-modes.
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Another common laser mode is the donut mode, a round beam with a black center.

The modes are created by interference effects inside or outside the cavity. If the
diameter of the beam is big enough, and the divergence caused by the non-flat optics in
a confocal or hemispherical resonator form a geometry which causes parts of the beam
to be out of phase with each other in certain locations, and is especially troublesome in
high gain media like Ruby or Argon. The black lines or spots appear, and the energy that
should be there is shifted into the bright areas, because constructive interference effects
occur there. Apertures, either holes drilled in metal or variable irises, to decrease the
working diameter of the bore of the lasing tube can remedy this situation. Of course this
decreases the output power, but what is left can be put to use much more effectively.
To decrease the price per milliwatt ratio, some He-Ne manufacturers offer the same
length tube but equipped with a bigger bore capillary tube to use more gain medium, for
higher, albeit multi-moded, output.

For holography, the fundamental mode, or TEM 00, is preferred, as well as for any
application requiring the focussing of a beam to a small spot. Any other type of beam
profile, without a pair of 0’s, is useful for things where a simple beam is necessary, like
laser light shows, where the audience never gets to see the beam standing in one place
for long.

BEAM DIAMETER: This is measured near to the output port of the laser, as it is usually
diverging and growing a long distance away. Since the beam is Gaussian, with the center
brighter than the edges, the measured specification is made from the points where the
intensity is 1/6% (e is an irrational number invented by Gauss; its value is 2.something)
where the intensity is what fraction of the center.

POLARIZATION RATIO: Lasers emit light whose polarization varies from horizontal to
vertical to anything inbetween for varying random periods of time, hence randomly
polarized, unless they are equipped with some sort of intra-cavity polarizer, like a Brewster
window. The purity of polarization depends on how many of those devices are in there,
along with the characteristic of the gain media, and the figure of merit is given as a ratio
of the dominant polarization to the orthogonal one. A typical He-Ne with one Brewster
window has a polarization ratio of 500:1, meaning the vertical polarization is 500 times as
strong as the horizontal.

Although Argon lasers have two Brewster windows, their polarization ratio is less because
of the higher gain of the gas, like only 100:1, while Ruby lasers have a Brewster stack,
many tilted pieces of glass, with a higher ratio.

LONGITUDINAL MODE SPACING: This figure is derived from the formula f = ¢/2, le
being the cavity length. This tells the spacing between all the frequencies that can
resonate comfortably between the laser’'s mirrors. It is accepted as a measure of
coherence length, although it is a rough estimate, as the coherence length is also a
function of the gain curve of the medium, so some of the predicted sidebands may not
have enough oomph to get over threshold. A typical 5-7 mW He-Ne lists Longitudinal
Mode spacing of about 370 MHz, which gives a practical coherence of about 30 cm.
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Mode spacing in the kHz means excellent coherence, like meters.

MODE SWEEP: Something that shouldn’t be happening, as the laser should be stable
and not let the beam wander in either pointing or coherence.

WEIGHT: Usually anything that could cause eye damage is too big to be casually picked
up.

OPERATING CURRENT: Dependent on the characteristics of the medium, from
miliAmperes for diode and He-Ne’s, to tens of full Amps for Argon-Krypton.

OPERATING VOLTAGE: Dependent on the characteristic of the medium, from just a few
Volts for diode lasers to hundreds of volts for Argon to thousands of Volts for He-Ne’s.

ELECTRICAL REQUIREMENTS: What type of electrical service the laser power supply
plugs into, which can be a couple of AAA batteries for some diode models to regular 110
Volt 60 Hz AC for most lasers to 440 Volt 3 Phase with each phase supplying up to 70
Amps for some jumbo Argon or Krypton models.

DIMENSIONS: it appAears that anything that can cause eye damage is just physically so
big that it can’t be picked up.

COOLING: Air can either be forced across the laser, or allowed to naturally rise out of
the unit, or water can circulate over the medium.

PRICE: Always the bottom line. Bargains in new lasers would be <$100 per milliWatt
in He-ne’s, <$5 per mW in Argon, <$40 per millJoule in Ruby.
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INSIDE JK LASERS

Ed Wesly

Even the competition would have to
agree that JK Lasers are the very best
ruby lasers ever made for holography.
The availibility of extremely high
quality light from these lasers is the
foundation of the coming boom in
pulsed laser portraiture. Maybe just
the holographers are getting better,
but holograms made with these lasers
surpass anything made in the past
with anything else with the exception
perhaps of the Conductron laser.™

In 1967 the Conductron laser was the
first one to record holograms of liv-
ing people. It used Korad parts in a
unique configuration and pumped
with enough tender loving care to give
enough energy to shoot the famous
portrait of Dennis Gabor, the trio of
beer-drinking poker players (used in
Salvador Dali’s “Holos! Holos! Velaz-
quez! Gabor!”) and the underwater
scene with seven divers, the reference
beam coming out of a flashlight held
by one of them, amongst other things.
It was donated to the Smithsonian In-
stitution, borrowed by Peter
Nicholson, and present whereabouts
unknown.>*

Ruby lasers belong to the solid state
family of lasers, which includes
Nd:YAG, Nd:Glass, and Alexandrite.
All these lasers are optically pumped;
the lasing medium’s atoms are raised
to a higher energy state by liberal
doses of light, rather than by an elec-
trical discharge through the gas, like
the more familiar HeNe’s and Argons.

They are dubbed solid state because
the rods are in that form rather than
a gas. Although transisters and diodes
are known as solid state devices, laser
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diodes are usually referred to as semi-

_conductor lasers to avoid confusion.

Ruby was the first material to lase
back in May 1960 thanks to TH.
Maiman at Hughes Aircraft. This was
quite a surprise, as physicists thought
that ruby would not be successful
since its quantum efficiency was cal-
culated erroneously to be only about
1%. It really is about 75%, and loves
to lase. Even Art Schawlow ended up
with egg on his face because he gave
a paper in which he commented that
ruby wouldn’t lase since the ground
state would have to be completely
depopulated—the rod would have to
have every atom pumped up.’

I remember that as a child in about
1960 or 61 I saw Professor Schawlow
on “I’ve Got a Secret” (an early game
show) break a colored balloon inside
of a clear one using a ruby laser,
although I didn’t understand that at
the time. My parents couldn’t explain
it, either. But even today, the Nobel
Prize Laureate still does that demon-
stration whenever he gives a talk,
using a small ruby-rod inside a toy
raygun body.

The JK comes from John Kenneth
Wright, one of the founders of the com-
pany in 1971, Their goal was to build
a wide range of solid state lasers,
and at that time the market was ill-
defined, so a modular approach of
design was adopted, with reliable
basic building blocks of optics and
electronics which could be assembled

to suit the customer needs. But after-

a while certain specifications were
recurrent, setting a standard for par-
ticular applications, so that various

Photo: Courtesy of Lumonics inc.

product lines were developed, in-
tegrating certain components into
basic models.

The earlier System 2000 ruby lasers
used an inverted tee optical rail, on
one side of which the optics and mech-
anical subassemblies were bolted,
with the electrical cables and plumb-
ing hoses on the other. The current
HLS series uses an optical bed which
is more stable, but the cabling ar-
rangement is less convenient as all
the connections are made from below.

Also available from JK are a Plasma
Ruby model, which is basically iden-
tical to the HLS except for the absence
of etalons, which are unnecessary for
its use in Thompson scattering ex- -
periments. JK also make Nd:Yag and
Nd:Glass models, based on similar
design philosophies.

All ruby lasers start with rods from
the same source—Union Carbide.
Their KORAD division is history, but
they still keep growing the

What separates JK from the rest is ex-
tremely sensible engineering. The rod
is held in a ceramic pumping chamber
with 2,4 or 6 linear flashlamps paral-
lel to it. Theoretically, helical wrap-
around flashlamps should get more of
the population inverted and provide a
nice round profile, but when the cur-
rent is dumped into the helix, it tries
to unwind the tube, causing prema-
ture breakage. The straight tubes do
not have that problem. Many manu-
facturers leave the grounds side of the
flashtube in the pumping chamber in
the cooling water! The JK’s lamp ends
are outside the chamber. Changing a
helical flashlamp requires removing



A view of a 10J, HLS-4 pulsed ruby laser from Lumonics.

the ruby rod. Not so for JK’s design.
To get the rod nicely pumped up, JK
uses a ceramic pumping chamber so
that light not going directly to the rod
from the lamp hits the wall of the
chamber and penetrates the glaze and
comes out of it in all directions, dif-
fusely illuminating the rod, so that it
is evenly pumped. In practice this ar-
rangement does just fine, as evidenced
by the burn patterns taken after a
variety of rods pumped by 2,4 or 6
lamps. (figure A). Notice that there are
no quadrilateral or hexagonal shpes
to the beam profile.

The oscillator is the most complicated
part of the laser, and the source of the
high quality of the light. It includes
a %4"x4" rod in its own pumping
chamber, with mirrors at either end
of the resonating cavity, a pair of
etalons, a polarizer and a Pockels cell
Q-switch, all held in robust mounts
with micrometer adjusters to a trio of
%" Invar steel rods, for an extremely
stable cavity. All the hardware and at-
tachments are of sound design prin-
ciples. Asa testament to that, aklutz
like the author has completely taken
the oscillators of a couple of these
lasers apart for cleaning and returned
them to full factory tune. Documenta-
tion for the chore is good but, a HeNe
alignment laser up the butt of the
oscillator is essential for the align-
ment procedure.

When the flashlamps go off, the ruby
rod is flooded with light and starts to
glow with a pink florescence. The
oscillator rod is positioned between
two mirrors in the usual sort of re-
sonating cavity arrangement, so that
light can traverse back and forth

through it, gaining energy with every
pass and coming out of the front one
which is 20% transmissive. This light
is good enough to burn holes in razor
blades but not coherent enough for the
demands of holography. Other devices
in the resonating cavity purify the
output. On the box containing the
pumping chamber there is a polarizer
on the side toward the rear mirror.
After passing through it the light en-
counters a pair of etalons.

The etalons, a thick one and a thin one
(other manufacturers take note), are
about 20mm in diameter and have ap-
proximately a 6mm diameter surface
exposed, so that if there is any damage
a fresh part can be rotated into posi-
tion. The free spectral range of the
ruby has a notoriously wide band-
width, (lots of different wavelengths
can lase simultaneously) but these
two little cavities in the bigger cavi-
ty really work. Although JK conser-
vatively guarantees one meter coher-
ence for 90% of the shots, they rate
this at full pumping. I have seen
greater than three to four meters co-
herence in holograms with the laser
being run just above threshhold. The
original system 2000 ruby lasers had
oven temperature regulated housings;
the etalons are tied into the water
cooling circuit in the current HLS
series.

Normally when the ruby laser is fired,
it emits what appears to our eyes a
single pulse of light, but really is a
series of emissions of about 20 short
pulses over the period of a millisecond.
These spurts come about because the
rod is pumped for a few milliseconds
by the flashlamps and as the rod

reaches threshhold it emits a little
light and loses a little bit of energy,
but it is still being pumped so0 it gains
more energy and emits again, and
again and again until all the energy
in the rod is depleted. But if there is
something blocking one of the mir-
rors, there will be no lasing action un-
til it is removed. This is the job of the
Q-switch—to prevent laser action un-
til just the right moment when the rod
is pumped up with as much energy as
it can take, just raring to let out a big
wad of light. The origin of the name
“Q-switch” is interesting. In electron-
ic engineeringese the measure of the
quality a radio resonator cavity is
termed its “Q.” By blocking this cavi-
ty you spoil its “Q”" So at first these
things were called Q-spoiling switch-
es, then simply Q-switch.

Any laser can be Q-switched by using
a rotating rear mirror. The front and
rear mirrors will only be aligned prop-
erly for laser action for an instant.
This type of arrangement is not very
popular as it is difficult mechanical-
ly to accomplish.

Another form of a Q-switch was a
bleachable dye cell in the resonator
place in-between the rod and the rear
mirror. This dye was opague until
enough light bleached it clear, so that
then light could pass through it and
off the mirror and back into the rod
and off the other mirror and back
through the rod again, gaining energy -
with every pass in a very short length
of time and letting out one single
giant pulse. This type of Q-switch was
first invented by Peter Sorokin in the
mid-60’s, back when the power of ruby
lasers was measured in Gillettes, the
number of razor blades a laser could
burn through. The dyes are hard to
work with, as repeated use destroys
them, but they are still used some-
times as they have a slow turn onrate,
which allows more passes through the
etalons, making them more selective
for better coherence.

The JK uses a Q-switch that is elec-
tronically controlled, the Pockels cell,
for precise timing of emission and dou-
ble pulse capability. Some crystals ex-
hibit the Pockels effect, which makes
them act like retardation plates when
the stress of electric current passes
through them. Their lattices line up
depending on the voltage applied to
them, and they can act like % or %
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wave plates for a particular wave-
length. JK uses a KDP (Potassium,
Deuterium and Phosphorus) crystal,

‘which requires relatively less volt-

age than others At the end of the
oacillator’s pumping chamber is a
Brewster stack to vertically polarize
the light coming out of it. Then the
light passes through the etalons to the
Pockels cell whoee voltage is adjusted
to give it quarter wave properties at
the ruby wavelength. A quarter wave
plate circularly polarizes light that
has- already been polarized in one
plane This circularly polarized light
reaches the back mirror, is reflected
back, still circularly polarized but in
the exactly opposite direction. When
this circularly polarized light goes
back through the Pockels cell, it be-
comes linearly polarized again, but
orthogonal to its original direction, so
it is now horizontal. When this hori-
zontally polarized light encounters
the vertically oriented Brewster
stack, it is rejected. So the Pockels cell
acts as a blockade to the light.*’

After a certain delay to ensure full

pumping of the rod, the “plug is
pulled,” so to speak, on the Pockels
cell, so that it no longer acts like a %
wave plate but as a plain piece of glass.
All the light bouncing off the rear mir-
ror goes back into the rod and through
it to the front mirror and back and
forth and the rod lets go with one
short, high peak power pulse. This
emission lasts 20 nanoseconds, which
is 20 billionths of a second—an in-
credibly short period of time. (To
understand just how short a nanosec-
ond is, consider this analogy. Let one
second be equal to one nanosecond. At
this scale, one full second would then
be one billion seconds, which is great-
er than 31 years!) It is interesting to
note that with pulsed lasers there is
a definite beginning and end to the
“bolt of light” emitted from them.
Taking c to nominally be 300,000,000
meters per second, a 20 nanosecond
emission is 6 meters long, thanks to
distance=rate times time, or (3x10%
mfs X (20x10°°) s=60x10" m or 6
meters Itisto JK’s etalons’ credit that
most, if not all, of their wave train has
the same wavelength.

One would think that a 20 nanosec-
ond pulse would be able to stop any
and all motion. Not so. The quarter
wavelength movement tolerance is
often bandied about, so let’s calculate.
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by zapping a piece of blackened photo-
graphic paper with laser light.

Rounding 694 nm, the ruby wave-
length, to 700 nm for simplicity, then
% wavelength becomes 175 nanome-
ters. The velocity, v, for something
to move 175 nm in 20 nanoseconds
would be given by v=d+t, so
(175x10~")m - (20x107°) =8.75
meters per second.

A more stringent requirement, one
eighth of a wavelength for brighter
holograms would be half that, about
4.5 m/s, and in kilometers per hour
that is 16.2, which translates to the
more familiar 10 miles per hour! For
living things sitting still this is fine,

‘but if you notice in the old TRW

holograms of bullets they are in
silhouette!®* Even shorter pulses are
necessary for speedier events The
light is emitted from the oscillator
through a mode restricting aperature.
This 1.7 mm hole in a stainless steel
disk is there to ensure that the beam
profile is nice and round—a good
Gaussian Temgshape, using the best
light from the center of the rod, as
without it the edges are quite ragged,
depending on how well the rod is
pumped up.

After the beam comes out of the
oscillator, it is cleaned-up by a spacial
filter, consisting of a 150mm positive
lens focusing the light through a 250
micron diamond pinhole. In case of
slight misalignment, the diamond is
the only material that could take the
beating. Normally, we think of the
gem cut diamond, nice and trans-
parent, but the material itself in the
pinhole looks like a dark grey metal.
There is no breakdown of the air here
as one would expect, as the spot size
is rather large and the energy densi-
ty israther low. The spatial filter also
starts the beam diverging slowly, to
fill up the following amplifying rod(s).

Not only can a ruby rod act as an

s e e ey ey S A I

oscillator, sending out a single fre-
quency signal built up after many
round trips inside the resonating cavi-
ty, it can also act as a single pass
amplifier. When a beam of coherent
light from the oscillator passes
through another rod that is all
pumped up and raring to go, it cuts
loose with a vengeance, amplifying
the power many times from what it
receives. There is no need to enclose
the amplifier rod with its own mirrors!
It always amazes me that the ampli-
fier rods preserve that single frequen-
cy that comes out of the amplifier, but
they do it 50 well that there is as much
highly coherent 6943 Angstrom light
as you want (or can afford).

This is not to insinuate that amplifier
rods are dumb, but they will amplify
anything passing through them
equally well in either direction. For
instance, the reflection from the nicely
cleaved end of a 600 micron fiber op-
tic went back into the third amplifier
rod of the Fermilab laser, got stronger,
through amplifier number two and,
even more s0, and amplifier number
one took it on the chin, so to speak,
developing a nice one inch deep crack.
Thanks to the conservative filling fac-
tor of JK, the oscillator pump beam
could be steered around the blistered
spot and the laser could be used
nevertheless.

It is the amount of amplification that
distinguishes the differences between
the JK models. Their HLS 1 is simply
the oscillator described above, putting
out about 50 mJ. This is not enough
to do a portrait, but at Northwestern
University we have taken 47x5"
Single Beam Reflection holograms
quite comfortably with the oscillator
alone, and I believe that the one rod
is sufficient to do even 8"x10"s.

An HLS 2 is the oscillator pumping a
3 "% 8" ruby rod in its own separate
chamber surrounded by four flash-
lamps, emitting one joule. More effi-
cient use is made of the %" rods of an
HLS 2 to pump a final %" x8" rod for
10 giant joules. All the above lasers
come in identical packages, with vari-
ations in layout on the optical bed in-
side. But if ten joules is not enough,
then there is the great-granddaddy of
them all: the 25 joule HL.S 5.1 had the
fortune of working with the only one
made so far at the 15-foot Bubble
Chamber at Fermilab for recording
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physics events with Gabor-type holo-
grama. It has all the rods of an HLS
4 pumping a monster 1" x 8" ruby rod.
This is a sinful amount of light. Per-
fect smoke rings would puff off the
burn papers. This laser is a testimo-
nial to the extremely efficient engi-
neering of JK, as it survived all the
punishment the physicists would give
it over a period of greater than
200,000 shots and is still going strong.

Originally the System 2000 and HLS
series came in a plain Jane vanilla-
white and black package. Although
the JK personnel weren’t too happy
about switching over to the Lumonics
group colors after their acquisition, it
gives them the slickest looking laser
in my book, stealing the title away
from the old favorite, the Coherent In-
nova series. It’s hard to believe that a
navy and powder blue laser with rac-
ing stripes would look good, but check
out the photograph!

Electronics are not this beam jockey’s
forte, but from the looks of the tidy
power supply cabinets it would appear
that they are designed as well as the
optics. A box about the size of a huge

stereo amplifier controls the timing of

the Pockels cell and firing of the flash-
lamps. Ten digit thumbwheels dial in
the voltages supplied to the flash-
lamps which ultimately sets the out-
put of the laser. This is how exposure
of the hologram is controlled, as time
is fixed by the Q-switch. This control-
ler sits on top of a refrigerator-sized
metal cabinet containing the capaci-
tor banks that store electricity in a
manner similar to the way the tank
on your toilet stores water. These
capacitors are almost the same size as
the toilet tank. An efficient “hum” ac-
companies the charging of the capaci-
tor bank, and their large thirst is the
reason that the rep rate is limited to
six pulses per minute, except for a
special 1 Hz oscillator only model. On
demand to flash (or flush), the stored-
up juice is released into the Xenon-
filled flashlamps with a resultant
bright burst of light to pump the ruby
rods. Three of these boxes drive the
Fermilab laser, and when it was fired
the magnetic field set up by the cur-
rent leaving the cap’s sucked in the
sides of the cabinet which then re-
sounded like a tympani trio.

The amount of juice stored in the no -

PCB’sis lethal. Thousands of volts at

high amperages are necessary to fire
the lamps, 50 all the equipment is safe-
ly tucked away behind plexiglass
covers. Before removing them, the
unit is grounded out with shorting
cables to prevent shock. Five kilo-
joules is the dose the electric chair
deals out; ten times that is used to get
the 25 joules of light that the biggest
delivers, giving some idea of the effi-
ciency of these lasers. Typically, they
are wired to plug into 220 volt single
phase AC for the states, which is used
for electric stoves and household air-
conditioning, not like the industrial
strength 208 VAC three phase requi-
gite for ion lasers.

But there is no reason for the average
user to get into these works. The only
problem that I've seen occur with
these units are relay contacts frying
when an attempt is made to dump the
capacitors while they are in the
charge cycle, which is not a very
bright thing to do. But a safety circuit
has been installed to prevent this from
happening on more recent models.
The only complaint I can register is
the inaccessibility of the temperature
guage and level checking for the cool-
ing circuit.

The problem with using red laser
light for portraiture is its ability to
penetrate the skin. Red light doesn’t

FOR YOUR
INFORMATION

A joule is a measure of energy—
one watt second. It is the prod-
uct of power (watts) over a period
of time in seconds. Egr instance,

~ to feel the effect of one joule, I
devised a test of strength where
a one-watt Argon laser beam
would be shuttered so that it
would hit a callous on my palm
for one second. Needless to say,
I flunked it as I jerked my hand
out of there immediately, with
a nice blister to boot. So one
joule=1 watt for 1 second, or 10
watts for ¥, of a second, 100
watts for ¥, second.... One
joule in the 20 nanosecond Q-
switched realm means a peak
power of 50 MV —read that with
a capital “M” for Mega which
means Million!

bounce off the surface of tissue but in-
to it a bit and then out. A flashlight
beams mainly red light through your
hand. Look at the sun or a bright elec-
tronic flash and you see red, not
because of the blood in the skin but
because the red light can penetrate
through the tissue while the green
and the blue are reflected or absorbed.
Take a look at your hand under the
gentle HeNe and it is hard to distin-
guish even the fingerprints. Look at
the same thing under the green Wrat-
ten #3 safelight and you can certain-
1y see the texture much better. This
explains the waxy look of holo-
portraits. The solution is to, of course,
use a pulsed green laser, and the only
one that seems suitable for holo-
graphy is the model SLM (single
longitudinal mode) frequency doubled
N4:-YAG from JK, with about 200mJ
output at 530 nm. Of course then the
problem is to find a good green-
sensitive recording material, and both
Agfa and Iliford have a long ways to go
on that.

For more information contact:
Lumonics Inc Ontarig Canada (613)
592-1460
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