
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 8.
pulse train.

Examples of optical measurement using a
a) Photographs of reconstructions
from holograms of an air gun pellet fired through

‘a glass plate. The first (top) and seventeenth
(middle) holograms were used. b) Photoelastic re-
icordings of the propagation of a stress wave down
'a transparent bar. Time interval = 55 us.

References

10.

i

12

i

14.

Kressel, H., Lasers, Volume 3, Dekker, 1971.
Bradley, D.J.,IEEE Journal of Quantum Electronics,
QE7, p. 270, 1971.

Bradley, D.J., Proceedings of the Technical
Programme, Electro-Optics '71 International
Conference, Brighton, England, p. 1, 1971.

Gates, J.W.C. and Hall, R.G.N., Proceedings of
the Technical Programme, Electro-Optic Systems
Design Conference, New York, p. 387, 1970

Rundle, W.J., IEEE Journal of Quantum Electronics,
OE.5, p. 342, 1969.

DeMaria, A.J., Glenn, W.H., Brienza, M.J. and
Mack, M.Ei i Proe M FEER 3578, | 125019697

Burch, J.M., Third International Conference on
Quantum Electronics, Paris, Quantum Electronics,
2, p. 1187, 1964,

Hercher, M., Applied Optics, 8, p. 1103, 1969.
Hanna, D.C., Optics and Laser Technology, 2,

P 175, 1870%

Ross, I.N., Proceedings of the Conference on
Applications of Holography, Besancon, § 2.4, 1970.
Wuerker, R.F., Applications of Holography,

Plenum, 1971

Ansley, D.A., Applications of Holography,

Plenum, 1971

Rogers, G.L., Journal of the Optical Society of
America, 61, p. 784, 1971.

Hall, R.G.N., Proceedings of the Conference on
Applications of Holography, Besancon, § 9.5, 1970.
Born, M. and Wolf, E., Principles of Optics,
Pergamon, 1970.

Bibliography

1.~ Snitzer, Eland Youny, C:G., Lasers, Vol 2,
Arnold, 1968.

John Gates is a Senior Principal
Scientific Officer at the National Physical
Laboratory. His specdialities have been inter-
ferometry, polarimetry, lasers, and holography.

Roy Geoffrey Noel Hall is Senior
Scientific Qfficer at the National Physical
Laboratory. He has been closely concerned with
research into pulsed solid state laser design
and the application of these devices to engineer-
ing holography.

Ian Ross is a Senior Scientific Officer
at the National Physical Laboratory and has been
a member of the Laser Section since 1966, working
on pulsed lasers and holography.



SESSION 11l — HOLOGRAPHIE,

37 SHORT INTERVAL DOUBLE PULSED HOLOGRAPHY

OF REFLECTING OBJECTS

37 HOLOGRAPHIE A DOUBLE IMPULSION A COURT INTERVALLE

D'OBJETS REFLECHISSANTS

37 HOLOGRAPHIE REFLEKTIERENDER OBJEKTE MIT HILFE ZWEIER IN
KURZEN ZEITABSTANDEN AUFEINANDERFOLGENDER IMPULSE

Roy G.N. HALL, John W.C. GATES and lan N. ROSS

Division of Optical Metrology
National Physical Laboratory

TEDDINGTON, MIDDLESEX, ENGLAND

ABSTRACT

Double exposure holography has proved of
considerable value in the analysis of deformation
of sokid bodies and refractive changes in fluids.

Usually successive exposures have been ma-
de with an apprectable time interval, but a much
greater range of interesting effects may be obser-
ved with a shorter time interval, down to a few
micreseconds,

A Q-switched laser, giving an exposure time
of a few nanoseconds for each pulse, permits the
technique to be extended to fast moving evenls
and also allows the examination of objects sub-
jected to impact,

The paper describes some engineering ap-
plications and the extension of the method to
studying impact loaded regions of the human body.

RESUME

L’holographie 3 double exposition sest
montrée d’un intérét considérable dans "analyse
de la déformation de corps solides et des chan-
gements d'indice de réfraction dans les tluides.

Ordimairement, on avart fait des ¢xpositions
multiples avec des intervalies relativement longs,
mais on peut cbserver une gamme plus grande
d’effets intéressants avec un intervalle plus court,
jusqu’a quelques microsecondes.

Un laser déclenché donnant un temps d'ex-
position de guelques nanosecondes par impulsion
permet d'étendre la technique 3 des phénoménes
rapides et permet I'examen d’objets sournis & un
impact.

La communication décrit des applications
technologiques et Fextension de la méthode & 1'é-
tude de régions du corps humain soumises & des
chocs.
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ZUSAMMENFASSUNG

Zur Untersuchung der Verformung von Fest-
karpern und von Brechungsindexinderungen in Strém-
ungen hat sich die Doppelimpulsholographie ats
sehr niitzlich erwicesen.

Normalerweise werden hierzu zwei Aufl-
nahmen tn grossen Zeitabstinden gemacht. Weit
interessantere Effekte sind jedoch nur in kirzeren
Intervallen, bis 2u einigen Mikrosekunden beobacht-
bar.

Ein Q-Switch-Laser, der Impulse von einigen
Nanosekunden emittiert, gestattet die Ausdehnung
dieser Technik zur Beobachtung schnell ablaufender
Vorginge, ebenso ist damit eine Untersuchung stoss-
belasteter Objekte maglich.

Die vorliegende Arbeit beschreibt einige
technische Anwendungen und eine Erweiterung der
Methode im Hinblick auf die Analyse von Berei-
chen des stossbeanspruchten menschlichen Koérpers.
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INTRODUCTION.

A «frozen fringe» hologram is made by exposing
photographic material twice to the interference field for-
med by the interaction between light waves transmitted
or reflected by an object and a coherent reference wave.
In the reconstruction an interference pattern is formed
which reveals any changes that may have occurred between
the two exposures. The reconstruction retains all the pro-
perties of single exposure holograms, including three di-
mensional recording, and if a pulsed laser is employed as
source, rapidly moving events may be recorded. The ad-
vantages of this technique have already been demonstra-
ted in non-destructive testing, stress analysis, plasma re-
search, moving particle distributions and wind tunnel inves-
tigations. At previous conferences we have discussed the
usefulness of pulsed interferometric holography for the
recording of both transilluminated events {1-2] and reflec-
ting surfaces [3]. Successive exposures have usually been
made with an appreciable time interval, but it has become
increasingly evident that the recording of two holograms
with a very short time separation is a powerful method
for obtaining information about transient phenomena, whe-
ther this information be velocity, or the rate of change
of some other parameter [4-5]. There is, therefore, a de-
mand for double-pulse lasers having adequate coherence
for reflection holography and operating with pulse separa-
tions from 1 us to 1s.

There are advantages in developing the laser source
and holographic recording system for such a purpose as a
single unit, rather than as two separate units. Varying
requirements in the studies to be made (and the variation
may be quite large, even in the course of work with one
object) are best met by utilising the flexibility of cutput
available from pulsed lasers, and adjusting to the best
compromise between pulse duration, output energy, and
coherence for each particular requirement. It seems to
have been the case frequently in the work of others that
specifications for pulsed laser holographic sources have
been drawn up to include all of the extreme values of
the various parameters simultaneously, and this has led
to performance requirements which are unrealistic, impos-
sible, or at best very costly, to satisfy. We have been suc-
cessful in recording holograms of transient events on dif-
fusely reflecting three dimensional objects extending in
size to about 50 cm® using a pulsed ruby laser with just
sufficient temporal and transverse mode characteristics.

THE LASER.

The laser (Fig.1) consists of a 10 mm by 100 mm
ruby rod pumped by a linear Xenon flash lamp in an ellip-
tic configuration, Q-switching and double-pulsing is achie-
ved using a 100,000 rpm air turbine rotating prism {6] in
conjunction with a double prism assembly [7]. This system
provides pulse separations from 10 us to 500 us, the upper
limit being determined by the duration of the flash en-
velope. Adequate coherence is achieved by using a single
plate silica resonant reflector and a tilted intracavity eta-
lon. We have demonstrated [8] that satisfactory interfe-
rence holograms can be recorded using this laser in a
double-pulse mode with a diffuser placed between the
laser and a diffusely reflecting object surface. Although
the extra diffuser improves the uniformity of the object
illumination and reduces the danger of eye damage it also
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Fig. 1 : Laser resonator, showing Q-switched and double-pulsing ar-
rangernent and the coherence controls.,

imposes severe restrictions on the stability of the source,
the diffuser and the object, if good contrast fringes are
to be obtained in the double-exposure hologram We deci-
ded, therefore, to dispense with this first diffuser and
to employ an aperture within the laser cavity to improve
the uniformity of the illumination on the object. Accord-
ingly, an aperture of 1.8 mm diameter was inserted into
the resonator and the resulting Fresnel number of 2.0 had
the further effect of restricting the output to just a few
transverse modes. The figures 3 to 11, excluding figure 6,
show that the transverse, the temporal coherence and the
object illumination are adequate for differential hologra-
phic interferometry of diffusely reflecting objects.

REFLECTION HOLOGRAPHIC SYSTEM.

The arrangement used is shown in figure 2. It
employs a conventional geometry, using the Fresnel reflec-
tion and transmission at an uncoated surface as a beam-
splitter, negative silica lenses for beam expansion and mir-
tors for redirection. Reference and signal beams are ex-
panded to cover uniformly both the photographic plate
and objects up to half a metre across making the optical
path lengths from the laser to plate as nearly equal as
possible.

The angle between the reference and signal beams
at the hologram is 20°-40° and the ratio between their

Mirror

Negative Photographie
silica lens plate
Beamsplittes Negative

silica lens .
Mirror

Fig.2: Hologram recording arrangement.
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energy densities at the hologram plane is about 5 to 1.
Agfa Gevaert 9X 12 cm 10E7% plates have been used and
found to require approximately 50 mJm™ (50 erg cm™?)
for a density of 0.5. The pulse lengths of 25 ns and pulse
separations of 25 us permitted the experiments to be
performed without any mechanical stabilization or anti-
vibration measures.

HOLOGRAMS.

Figure 3 shows a spinning fan. The interference
pattern is a quantitative indication of the rotational move-
ment of the fan blades. That the fringes are parallel [9]
follows from the fact that they are a measure of only the
cdmponent of motion in the direction bisecting the illumi-
nating and viewing directions. In the example shown the
speed of rotation was calculated to be 200 rpm. Loss in
contrast of hologram detail occurs if the rate of change of
path during the exposure [10] is too high, and, by varying
the fan speed up to its maximum, the tolerance on path
change was shown to be at least 0.3 wavelength which is
consistant with theoretical prediction.

Fig.4 : Photograph of the reconstruction made from a double-
exposure hologram of a metal plate showing deformation
produced by a hammer blow. Pulse duration 25 ns, pulse
separation 25 Us.

Fig.3 : Photograph of the reconstruction made from a double-
exposure hologram of a spinning fan. Rotation speed
200 rpm, pulse duration 25 ns, pulse separation 25 L.

Figure 4 shows the transient deformation in a
freely suspended mild steel plate, measuring 153 mm wide
by 440 mm long and having thickness 6 mm, when struck
on its rear face by a light hammer. In this example the
first exposure was made just before the plate was struck
by the hammer and the second 25 us later. The amount
of deformation (d) present may be calculated from the
number of fringes (n) observed, in conjunction with a
knowledge of the geometry of the system. In our case,
since

SN
~ 2cos¢

and A = 0.6943 um and ¢ = 15° (half angle between il-
luminating and viewing directions), the maximum defor-

mation is approximate]y 10.5 um. Fig.5 : Photograph l‘J[- reconstruction n‘lade frf)m dolubie-cxpmurc
A 90° vee groove, starting at 9 o'clock at the hologram of metal plate showing dgtorm_auon produced
: 4 2 by hammer blow. Vee groove machined in plate, at rear,
plate edge and ending in a blind hole centred on the cross 9 o'clock position to cross, Note modified ring sys-
was then machined into the metal plate. The form of tem to left of cross indicating groove position. Pulse dura-
transient disturbance obtained in this modified structure tion 25 ns, pulse separation 25 Us.

MR | p e - —



1s shown in figure 5 and it is very evident from the fringe
discontinuity where the vee groove is located even though
it 18 in the reverse side of the plate and away from the
observer. 4

By way of comparison figure 6 is a photograph
of a reconstruction of a conventional time-averaged holo-
gram of this same modified plate. This time. however, the
holograrn was recorded with a c.w. gas laser and the plate
set into a steady vibration mode by means of an electro-
magnet [11]. The position of the vee groove is indicated
by the discontinuity in the fringe pattern to the ieft of
the cross.

Photograph of reconstruction made from hologram produced
by conventional time-averaged holography. Plate as in figu-
re 5 and vibrated at 1.5 kHz. Helium-ncon laser. Sharp chan-
ge in fringe pattern to left of cross indicates groove position.

Fig.6 :

The transient deformation of a motor-cyclist’s
crash helmet after being struck by a hammer is shown
in figure 7. The hologram from which the reconstruction
comes was recorded immediately following impact anc
clearly shows the ripples generated by the hammer blow.

PHYSIOLOGICAL ASPECTS.

Holography when using a Q-switched laser is not
limited to inanimate objécts and many interesting results
can be observed when the double-pulse technique is ex-
tended to examine parts of the human body under some
form of movement or shock. ZIVI and HUMBERSTONE,
for example, have used the technique to examine the chest
movement of subjects during inhalation [12]. Figures 8 to 11
show some double-pulse holographic interferograms of live
subjects recorded at this laboratory.

Figure 8, for instance, shows the facial movement
of one of the authors when struck on the head by a ham-
mer [13] - while wearing a crash helmet, of course ! The
movement of the eye ball, under the closed lids, is-about

2
]

Photograph of reconstruction made from a double-exposure
hologram of a motor-cyclists’ crash helmet showing the
¢ffect of a hammer blow on its crown. Pulse duration 25 ns,
pulse separation 25 Ws.

Fig.7:

Photograph of a reconstruction made from a double-exposure
hologram of a motor cyclists’ crash helmet worn by one
of the authors, showing the effect of a hammer blow on the
helmet. Pulse duration 25 ns, pulse separation 25 L.

2 um - a possible method for measuring the shock-
absorbing ability of crash helmets !

In figure ¥ the head and shoulder of a live sub-
ject is shown in the process of breathing out. Body and
skin movements are clearly visible.

Figures 10a and 10b are both photographs of
reconstructions made of human feet. Figure 10a shows
the movement of the parts of e foot when a small jump
is executed. The «kinkingy in the fringes noticeable on the
left foot are presumably associated with ligaments under
the skin. In contrast, figure 10b shows skin movements
that occur when the board on which the subject is stand-
ing is struck sharply by a heavy hammer.



Fig.9 : Photograph of reconstruction made from a double-exposure

hologram of the head and shoulder of a live subject showing
the effect on the body of breathing out suddenly. Pulse
duration 25 ns, pulse separation 25 Us.

In figure 11 the double-pulsed hologram was made
during the course of adjustment of the laser system, and
does not involve a separate «object» in the ordinary sense.
The recording shows the hand pressing the laser firing but-
ton (a plunger switch clasped in the left hand), and a
surprising amount of movement of the skin and clothing
was revealed.

COMMENTS ON SAFETY ASPECTS.

It is important that extreme care be exercised
when making holograms of live subjects to ensure that
potentially dangerous levels of illumination are not presen-
ted to the eye. The levels recognised as safe are set out
in [14] and it is not difficult to keep to these limits for
the beams from the object [15] and, more importantly,
the reference wave which may be more intense. It is always
necessary to make a careful study of the geometry of the
system for it is important to realise that laser light may
reach type eye by paths other than those of the object
beam direction. It has, for example, been pointed out [15]
that in certain circumstances the reference beam may
be reflected into the eyes of a subject via the surface of
the unexposed hologram plate during exposure. A 10 %
reflection at such a surface might well result in radiation
well above the recommended safety level, reaching the
eye.

Once some careful consideration is given to the
possible dangers of the proposed experiment it is a simple
matter to rearrange the components in such a way that
the dangers are completely removed. As a further safe-
guard it is usually possible to screen the human subjects
eyes from potential reflectors of stray radiation, and to
provide a non reflecting target on which the gaze is ci-
rected.

CONCLUSIONS.

It has been our intention in this paper to show
that useful double-pulsed reflection holography can be
performed using a fairly simple low output laser. For this

9
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Fig.10a : Photograph of a reconstruction made from a double-
exposure hologram of the feet of one of the authors
showing the effect of a small jump. Pulse duration 25 ns,

pulse separation 25 Us.

Fig. 10b : Photograph of a reconstruction made from a double-
exposure hologram of the sanie feet, but this time sho-
wing the effect produced when the board on which the
subject is standing is struck with a hammer. Pulse du-
ration 25 ns, pulse separation 25 Us.

Fig. 11 : Photograph of a reconstruction made from a double-
exposure hologram of hands and arm showing the effect
produced when the laser firing switch is operated by the
left hand. Pulse duration 25 ns, pulse separation 25 Us.

reason, the examples have been chosen for their familiarity
and the readiness with which the effect can be related to
known behaviour. They are not typical, of course, of the
kind of studies in which quantitive results are required,
but it is inherent in this method that quantitative infor-
mation can be obtained.
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App‘endii to «Short interval double-pulsed holography of
reflecting objectsy presented at the meeting
of the Congress by R.G.N. HALL.

DOUBLE-PULSED STUDIES OF DISTURBANCES
IN HORIZONTAL SURFACES. -

In the examples of double-pulsed holography pre-
pared before the meeting, the surfaces of the various ob-
jects employed were all «diffusing». Light reflected by
such surfaces suffers a spatial phase modulation which
varies rapidly and randomly across the surface of the ob-
ject. Motion of the surface between the two recording
light pulses is revealed in these examples in the form of
a two-beam interference pattern, but good contrast in the
pattern is only obtained if the random fine-structure phase
variation in the reflected wavefronts remains substantially
the same in the two exposures. When the material of the
object is not opaque, light is scattered diffusely from the
material in a layer below the surface, and if the motion
of elements of the material in the layer varies, the contrast
may be adversely affected. This may have happened to
some extent in figures 8-11 (in the main part of this pa-
per) since the human skin is translucent. Liquids, in which
scattering elements may be in rapid random motion, are
likely to present some difficulties ; for example, the con-
trast of the interference pattern formed after a double
exposure will depend on the duration of each light pulse
and on the time interval between the pulses. Figure 12
shows how the previous apparatus was modified to record
horizontal surfaces of solid bodies and liquids. The direc-

Photographic
/ plate
/

\wj / iy

Mirror
Horizontal

—

scattering surface /

Negative
silica lens

Beamsplitter

pal

Laser Negative
silica lens

Mirror
Fig. 12 : Recording holograms of horizontal surfaces.

tions of illumination and viewing are equally inclined to
the vertical, giving maximum sensitivity to vertical displa-
cements of the surface, and minimum sensitivity to hori-
zontal displacements.

Figures 13, 14 and 15 show some early experi-
ments to test the effect of motion in liquids. There are
obvious qualitative differences in the reconstructions from
the holograms, which were all obtained with a time inter-
val of 25 ps and a pulse duration of 25 ns.

Fig. 13 : Paper surface tapped.

Fig. 14 : Drop of milk, falling into milk.

Fig. 15 : Steel ball, into oil/water emulsion.
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TIME-SEQUENCE OF MULTI-TIME-DIFFEREN-
TIAL HOLOGRAMS.

A previous paper [16] described a convenient ex-
perimental technique for recording a sequence of holograms
in order to show (and measure) progressive changes in an
object. The same apparatus was used in the present work
and employs a holographically - fabricated scatter plate to
transilluminate a phase object. Successive areas of the scat-
ter plate are illuminated in sequence, and the hologram is
recorded in a plane conjugate with the scatter plate. For
convenience the areas may be arranged with radial and
circumferential spacing as shown in figure 16.

has received a sequence of double exposures with 40 ms
interval.

The three areas on the same radius each received
one exposure at the same instant. The spacing round the
circle represents a time progression of 20 ms for each
interval.

The recording shows the development of gas den-
sity changes in a pair of 150 watts gas-filled lamps just
after switching on the current through the filaments. The
patterns of interference show the different temperature
distributions in the two lamps at two stages of the develop-
ment of the convective flow inside the envelope, and for

Fig. 16 : Illumination pattern.

During the exposure, the pattern of illumination
(Fig. 16) is rotated one step after each light pulse, giving
the record shown in figure 17. The outermost ring has
received a sequence of double exposures with an interval
of 140 ms. The next ring has received a sequence of dou-
hle exposures with a 60 ms interval and the innermost ring

Fig. 17 : Hologram.

Fig. 18 : Hologram elements selected for (Fig. 19).

two simultaneous values of the time-differential of expo-
sure at another stage of the developments.

Thus, the illustration demonstrates a three dimen-
sional record made at successive instants in a time sequence,
with three time-differentials. Perhaps it might therefore
be claimed that the record is FIVE-DIMENSIONAL !

Fig. 19 : Eight photographs of reconstructions from four elements of the hologram shown in figure 17. Each pair of photographs shows

two different planes of focus.

Element A ; beginning of sequence.

From the

Element C ; time interval 60 ms.

Element B ; end of sequence.

inner ring of hologram elements (Figs 17 and 18), time interval 40 ms.

Element D ; time intervai 140 ms.

L4

From elements of the hologram on the same radius (Figs 17 and 18), same elapsed time.
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65 PRACTICAL LASERS FOR PHOTOGRAPHIC AND

HOLOGRAPHIC RECORDING

65 UTILISATION PRATIQUE DES LASERS POUR ENREGISTREMENTS
PHOTOGRAPHIQUES ET HOLOGRAPHIQUES

65 PRAKTISCHE AUSFUHRUNG VON LASERN FUR PHOTOCRAPHISCHE UND

HOLOGRAPHISCHE AUENAHMEN

lan N. ROSS, John W.C. GATES and Roy G.N. HALL

Division of Optical Metrology
National Physical Laboratory

TEDDINGTON, MIDDLESEX, ENGLAND.

ABSTRACT

Pulsed lasers can often be used very pro-

fitably as light sources in the study of transient .

events. Their practicabitity has often been ques-
tioned, however, on grounds of inadequate effi-
ciency and portability, and high costs. These Li-
mitations are not insurmountable. Several laser
. units, we have built and used, are described sho-
wing that very useful compact pulsed lasers can
be constructed, Requirements on these lasers have
come primarily from holographic applications and
one of the considerations has been to find the
minimum requirements for adequate holographic
performance.

RESUME

Les lasers pulsés peuvent souvent étre uti-
lisés trés utilement comme sources de lumiére pour
T'étude d’événements transitoires. On a cependant
souveni contesté Ja possibilité de leur utilisation
pratique en raison de leur efficacité inadéquate,
la difficulté de les transporier, leur prix élevé, Ces
limitations ne sont pas insurmontables. Plusieurs
unitds laser que nous avons construites et mises
en ocuvre montrent qu'on peut réaliser des lasers
pulsés compacts trés utilisables. Le besoin pour
de tels lasers vient & l'origine des applications ho-
lographiques et I'un des buts a ¢té de déterminer
les spécifications minimales en vue d'assurer des
performances adéquates en holographie.

351

ZUSAMMENFASSUNG

In vielen Fillen kénnen Pulslaser vorteilhaft
als Lichtquellen zur Untersuchung zeitlich verin-
derlicher Vorginge eingesetzt werden. Dagegen wur-
de ibre praktische Verwendbarkeit wegen des ge-
ringen Wirkungsgrades, der schlechten Transpor-
tierbarkeit sowie der hahen Kostén oft in Frage
gestelit. Diese Nachteile sind jedoch nicht uniber-

‘windbar. Es werden einige von uns gebaute und

verwendete Lasergerite beschricben. Sie zeigen,
dass sehr niitzliche kompakte Pulslaser gebaut wer-
den konnen. Die Hauptanforderungen an diese La-
ser wurden im Hinblick auf die holographischen
Anwendungen gestellt, wobei versucht wurde, die
fur eine geeignete holographische Aufzeichnung
minimalen Voraussetzungen zu ermitteln.
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INTRODUCTION.

It has been realized for some time that pulsed
lasers have much to offer in the field of high-speed recor-
ding. The advantages of lasers stem from their capability
for high intensity, short duration pulses, from the nar-
rowness of their spectral profile and from the high direc-
tionality of their output. Even in situations requiring only
one of these properties the laser is often superior to a
conventional source. In long distance high-speed photo-
graphy, for example, the small divergence of the laser
output can result in an illuminating and viewing system
which is much more efficient with a laser than with a
flash source.

In recording techniques requiring a light pulse
with not only high directionality but also high mono-
chromaticity and short duration it is often essential to
use a pulsed laser. An important technique of this kind
is holography and we have been concerned not only with
the holographic recording of transient events but also the
design of more suitable pulsed lasers for practical appli-
cations in this field. \

REQUIREMENTS FOR HOLOGRAPHY.

Holography, while placing a stricter requirement
on pulse duration and coherence (both spectral profile
and directionality are aspects of coherence), also needs
greater output energics than is generally required in photo-
graphy since the fine interference fringe pattern which
forms the hologram can only be recorded on slow high
resolution recording media, This combination of properties
has tended to result in the use of expensive lasers which
are so large and heavy that they are not worth moving and
only experiments which can -be brought to the laser are
performed. For many applications of holography, however,
the laser should be capable of transportation to the test
site, should be robust and should not represent a dispro-
portional capital cost, In our attempts to meet these re-
quirements we have considered the laser and holographic
recording technique as an integral unit to be optimized,
where the technique can be modified to better suit the
laser requirements as well as adjusting the laser parameters
to suit the holography. Mast of the size and weight of
a laser is in the power supply units and as well as mini-
mizing the requirements on the power supplies it has pro-
ved to be possible to improve their design so as to give
significant reductions in size, weight and cost.

Anoiher requirement of a laser source used in
the holographic recording of transient events results from
the need, expressed by many workers, for a double-pulse
with pulse separations of 1 us upwards, or even for a pulse
train with perhaps ten pulses extending over a millisecond.

In a previous conference [1] we describe the use
of a five-sided air-turbine-driven rotating prism Q-switch
capable of a millisecond train of up to 20 pulses. An
example of the use of such a laser in high-speed photo-
graphy is shown in figure la.

These are photoelastic pictures of a shock wave
travelling down a test bar using as the light source a repe-
titively pulsed Nd : glass laser giving an output at 0.53 p
by virtue of conversion to its second harmonic in a crystal
of ammonium dihydrogen phosphate (ADP), A diagram
of the laser is shown in figure 1b. The pulse separation
in this instance was 55 us. Further details of this work
have been given by Churchward earlier in this conference [2].
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Fig, 1a : Dynamic recordings of a stress wave travelling along a
transparent bar (Photoelastic technique).
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Fig. 1b : Repetitively Q-switched Nd : glass laser with second
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DOUBLE PULSE LASER FOR REFLECTION
HOLOGRAPHY.

The usefulness of having a double-pulsing facii:: -
with a controllable pulse separation has led us to mods:y
the Q-switch as shown in figure 2. The five-sided prism

! Aperture

flectaor
 Laser rod Reflecta

Q-switching

Fig. 2 : Laser design for two Q-switch pulses separated by a

short time interval,
is replaced by one of rectangutar cross-section having onh
one polished side face. Two roof prisms are mounted b
low the spinning turbine so that laser action occurs twie
once from each prism, with a time separation equal to the
time for the turbine prism to rotate the reflected axial
ray from one prism to the other. The time separation van
consequently be controlled by changing the angular separs-
tion of the prisms with respect to the turbine or by va
rying the speed of rotation of the turbine. The prium
asserbly used gave pulse separations down to 10 us, while
the upper limit of 500 ps was set by the duration of the
pumping flash, Two -methods of obtaining equal pulse ener-
gies are possible with this arrangement. A small loss may
be introduced in the optical path used for the first pulse
only, and, in our case, this was done by placing a wedge
(Fig. 3) in front of the appropriate roof prism such that
one of .the angles of internal reflection in the prism was
just below the critical angle. A fraction of the beam is
then lost out of the back of the roof prism, this loss being
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accurately controlled by rotation of the wedge. In the
other method, also illustrated in figure 3, the second prism
is translated in a direction normal to the roof-edge and
the incident ray so that the axis of generation of the
second pulse is translated with respect to that of the first
and hence uses a different and yet undepleted volume of
the active medium. The second method, although it pro-
vides more energy per pulse, cannot be used where exact
repeatability of transverse and angular distribution in the
output is required from one pulse to the other.

Output
Air turbine reflactor
Q-switch prism Laser rod
] |
‘ Insertion

| of loss

Fig. 3 : Methods of achieving two equal energy pulses from the

double-pulse laser.

The use of the turbo-Q-switch laser has been fur-
ther extended to the holography of diffusely reflecting
objects up to 0.5 m across. An increase in coherence length
to 25 cm was achieved using a design of resonant reflector
as shown in figure 2. This resulted in only a small drop
in laser efficiency. The requirement on transverse coherence
posed a greater problem since the usual specification for
this type of holography is for single transverse TEMg
mode (i.e. complete transverse coherence) and the drop
in laser efficiency to achieve this coherence was so great
{because of the poor optical quality of the ruby rod)
that the laser could not supply enough energy. One can
show, however, that complete transverse coherence is not
essential to the reflection holography of diffusely reflecting

g 4 :

Transient disturbance in a motor cyclist’s crash helmet
following impact from a hammer. Photographed from
a double-pulse hologram.

objects and that reduced coherence can be tolerated

more energy is available. Consequently it is possible that
optimum operation does not lie with single mode operatio
i this entails too much reduction in output energy. This

[r—

1s the case with our turbo-Q-switch ruby laser which has
a transverse coherence adequate for this holography even
in the absence of any aperture mode selection and in this
form has an output energy of 250 mJ, again quite adequate
for the recording of objects of 0.5 m across. Single expo-
sure holography and double exposure holographic inter-
ferometry have been-performed with this Jaser both with
and without the double-pulse facility [3]. The double-pulse
holography has been described in this conference by Hall [4],
and figure 4 shows an example taken from that paper of
the stress wave on the surface of a motor cyclist’s crash
helmet following impact from a hammer.

‘SMALL LASERS.

It 1s comparatively rare that holography, or photo-
graphy, require energies exceeding that possible with the
above laser system. The large majority of applications re-
quire a very much smaller energy or coherence, as long
as proper attention is given to the best design of recording
arrangement. Suitable laser sources would be expected to
emit in the range 1 to 10 mJ and we have concentrated
some effort into designing portable laser systems for ope-
ration at these energies. The volume of active material
required is small, with rods of length 50 mm or less, and
leads to reduced difficulties with respect to heat dissipation,
thermal distortion, mput power requirements and rod opti-
cal quality as well as to increased laser efficiency and lower
size and cost. The choice of active material has been left
open, the possibilities being ruby, emitting at a wavelenght
of 694 nm, Nd : YAG with second harmonic generation
emitting at 530 nm and Nd : glass with second harmonic
generation also emitting at 530 nm, and the performance
of these different media are being compared. The laser
can be either free-running or Q-switched depending upon
the requirement for pulse duration and the laser must be
designed separately for these two alternatives. In particular
a simple efficient and reliable Q-switch is required.

The energy to be delivered by and the pulse dura-
tion of the power supply vary according to which of the
above alternatives is chosen, but there is another important
parameter, the charging rate or the pulse repetition fre-
gquency. This, along with the energy. determines the mean
power requirement which, above any other, determines the
size and weight of the unit. For most holographic recording
a single shot is used, but if the laser can be repetitively
pulsed 1t can be particularly useful in two ways. The first
requires a repetition frequency of > 2 pps and enables
the laser to save much time in the initial setting up of
the laser itselt and of any optical arrangement used in
the recording. The second requires a repetition frequency
= 20 pps and renders the laser effectively continuous to
the eye so that it can be used in the reconstruction of any
pulsed holograms particularly those recorded with it. For
pumping the small lasers discussed here at more than 20 pps
it is necessary to think in terms of a 1 kW mean powe: ca-
pability of the power supply. We have been able to achieve
this with very light weight and compact units by (i) elimi-
nating the usual transformer and using direct thyristor con-
trolled charging through a voltage doubler (ii) employing
electrolytic capacitors capable of high discharge rates and
having low internal losses. Figure 5 shows two such units.
One, designed to pump a Nd : YAG laser, delivers 20 J in
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150 us at a maximum repetition frequency of 25 pps and
weighs only 14 kg. The other, designed to pump a ruby
laser delivers 50 J in 500 ps at a maximum repetition fre-
quency of 20 pps and weighs only 12 kg.

Fig. 5 : Two portable laser power supplies fov repctitive pulsing.

1

Original
flashtube

AN ; D Ruby rod

Discarded refiector

Fig. 6 :

Pocket ruby laser.

An example of that can be achieved in producing
a useful compact laser of low cost is our ’pocket” ruby
laser, as shown in figure 6. This single shot device delivers
4 m) with a useful degree of coherence. It is made simply
by modifying a suitable electronic photographic “flashgun™.
The original flashtube is retained, but the reflector is re-
placed by a silvered glass tube surrounding the flashtube,
while a ruby rod with its ends reflectively coated is inser-
ted parallel to the flashtube inside the glass tube. A small
laser head is thus formed within the body of the unit.
The ruby rod, 25 mm long by 2 mm diameter made from
indifferent quality material and having its ends coated
with dielectric multilayers to 100 % and 95 % reflectivity
at a wavelength of 694 nm, will produce 4 mJ of laser

354

output in 500 ps from the 25J stored in the capacitor.
Since the rod is operating near threshold its output has a
useful degree of transverse coherence and a coherence length
of 10 mm. The external dimensions of the pocket™ laser
are just those of the original flashgun, 100 X 70 X 40 mm,
and its weight is 300 g. The usefulness of this laser is indi-
cated by figure 7 which shows photographs of reconstruc-
tions from two holograms ; one, a hologram of a simple
engineering surface in reflection (a Stanley knife blade)
and the other, a hologram of a fine aerosol of water
droplets.

Fig. 7a : Holographic interferogram of a distorted Stanley knn

plade. Simple ruby laser recording.

Fig. 7b : Fine water dropict: in reconstruction. Hologram record
using simple ruby laser.

The pulselength of 500 us was, surprisingly, sho
enough to record the moving aerosol, but would not
course be short enough for many objects. Further, a ve:
short resonator such as this makes it difficult to achic.
a light output with high directionality (the divergence
the pocket laser 5 mrd) and high transverse coheren.
Figure 8 shows diagrammatically a laser which incorpx
rates these improvements and is particularly simple a:
economic [3]. A two inch ruby rod is now used, pumpe
by a two inch xenon flashtube in an elliptic cylinu:
cavity. The output reflector is a multilayer dielectric coat-

[j Roof

reflector

Output

o :
reflector SY5ptinem

Ruby rod

Fig. 8 :
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to 96% at 694 nm while a good quality roof prism is used
as the rear reflector thus making the laser insensitive to
angular misalignment when Q-switched with a rotating
mirror element. A novel Q-switch of this type is used.
It consists of a 90% prism mounted between the moving
coil of a small loudspeaker and a fixed support so that
the prism is given a rotational impulse when an electrical
impulse is sent to the speaker. This electrical impulse is
injected simultaneously with the flashtube triggering, The
inertia of the prism and moving coil arrangement is ad-
justed in relationship with the moving coil support (which
acts as a restoring force to the deflection) and with the
initial angular position of the prism such that the angular
velocity is a2 maximum when the prism brings the resonator
mirrors into line and when the gain of the ruby is also
a maximum. The Q-switch pulse consequently always occurs
at a given time after the flash initiation (jitter * 10 us)
thus enabling the laser pulse to be timed with respect to
an event. This facility is not normally the case with a
mechanical Q-switch. The laser when operated in the confi-
guration shown in figure 8 can, with correct adjustment
of cavity length, give a single Q-switch pulse of half-width
50 ns and energy 1 mJ. The resonator length was 500 mm.
As this length is reduced the number of pulses increases
but the output also rises, and when the duration of laser
output is 40 us the output energy is up to 10 mJ. This

latter configuration is most useful, when compared to the
laser freerunning (20 mJ in 1 500 ps), since with a drop
in output of only a factor 2 the duratron is reduced by
a tactin of 38. The power supply for the laser {lash tube
is + commercial unit built for photographic studios. Al-
though the flash duration is long and results in a long
free-running laser pulse and a considerably reduced effi-
ciency {(in our case 350 J was being used at twice threshold
energy) this disadvantage is more than offset by the cost
of the unit (1/10 of typical commercial laser unit) and
its weight (5 kg). Other types of Q-switch are possible and
have been considered. We have for example tried the na-
tural choice for a simple Q-switch, the bleachable dye.
However, at the, relatively low powers generated by small
lasers, dyes become inefficient and we were not able to
achieve a useful energy in single pulse operation.

CONCLUSION.

This paper reports the extension of a laser source
to the holography of sizeable objects and to holographic
interferometry requiring two pulses separated by a short
duration. Also described are two example of simpler, chea-
per, and more portable lasers which are useful for a large
number of photographic and holographic applications,
particularly in the field.
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Abstract A portable Q-switch laser incorporating a simple
and inexpensive Q switch and a commercial photographic
flashtube power supply is described. This laser has potential
uses in high-speed photography and many forms of
holography.

1 Introduction

Considerable effort has been put into producing lasers for
holography which are capable of meeting all the requirements
of this recording technique, however extreme (Ansley 1971).
It is possible, for example, to purchase a laser with a
Q-switched output of 17T in a single transverse mode and
with a coherence length of several metres. One can also have

the facility for double-pulsing the laser, with pulse separations’

extending from 1 us upwards and with very high reproduci-
bility of mode. These lasers, however, suffer from the disad-
vantage of being practically immobile and very expensive.
On the other hand, the great majority of photographic and
holographic applications (as well as other optical measure-
ment techniques where the detector may be a photodiode or
the eye), require very much less energy with greatly reduced
requirements on coherence and stability. Such lasers, which
should be easily portable and have a price comparable to
that of gas lasers, are not commercially available and this
note reports on the development of a simple and economic
Q-switched ruby laser designed for applications requiring a

light pulse of a few millijoules. Possible uses in the field of
holography are in the measurement of particle and droplet
distributions, in plasma diagnostics and in the nondestructive
testing of engineering components. Some examples of these
have been given by Wuerker (1971), Pavitt et al. (1970),
Gates ef al. (1970) and Hall (1970). :

2 The laser

The particular design features of this laser are the mechanical
Q switch and the use of a cheap commercial power supply.
In other respects the laser design, as shown in figure 1, is
not unusual. A 2 inx 4 in ruby rod of only standard quality
1s pumped by an E G & G 2 in xenon flashtube in an elliptical
cylinder cavity. The rear reflector is a roof prism with a good
quality roof edge, and the output reflector is a multilayer
dielectric mirror giving a reflectivity of 96% at 694 nm.

2.1 Power supply

A particularly lightweight and portable power supply unit
can be realized with a ruby laser of this size since (i} the long
fluorescent lifetime of ruby (~4 ms) suggests the possibility
of using electrolytic capacitors and (ii) the modest requirement
for energy allows the use of a charging voltage less than twice
the mains voltage, and this can be achieved by direct charging
from the supply without the need for a transformer. Commer-
cial units incorporating both of these fea*ures are sold for
operating xenon flash lighting in photographic studios. We
have selected one suitable to our requirement (Courtenay
Majorette Mk IIT). It delivers up to 400 J in 2-3 ms, weighs
11 1b (5 kg) and costs about cne tenth of the price of a typical
laser designed unit. It is capable of 100 W mean power output
and can, for example, be operated at 50 J and 2 pulses/s. The
flashtube was triggered using a third electrode and a larger
trigger transformer than is normally used with this power
supply unit. A car ignition coil was found to be suitable. The
efficiency of pumping the ruby rod was lower than optimum
because of (i) dielectric losses in the electrolytic capacitors,
(ii) overlong flash duration and (jii) inefficient flashtube
operation due both to third electrode triggering and to low
charging voltage. This was not a problem, however, since
plenty of energy was available from the supply. With the laser
non-Q-switched the energy threshold was 170 J stored. At
350 T stored an output of 30 mJ was obtained over a duration -
of 1-5 ms.

2.2 Q switch

The simplest and cheapest type of @ switch is probably
the saturable ahsorber since it consists merely of a cell of dye
liquid inside the resonator and requires no external controls.
Unfortunately, however, with the low gain and energy avail-
able from small lasers such as ours, the dye tends to be
inefficient due to incomplete bleaching of the dye absorption,
Small residual absorption which cannot be bleached alse has
a greater effect in a small laser, and if a repetition frequency
of more than about 1 pulse/s is required, the dye must be
circulated to prevent further reduction in cfficiency.

We have in preference devised a simple and inexpensive
mechanical @ switch (figure 1). A small 90° prism is mounted
between the moving coil and the surrounding metalwork of a
small cheap loudspeaker (Radio Spares 2%in, 3 £ general
purpose), from which most of the diaphragm is cut away to
reduce damping. An electrical signal to the speaker moves
one end of the prism out or in and causes the prism to rotate
about an axis parallel to its reflecting surface. The Q switch is
operated, simultaneously with the triggering of the flashtube,
by discharging the energy stored in a capacitor through the
speaker coil. A mechanical impulse is thereby given to the
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Figure 1 The laser resonator and @ switch

prism, and during the resulting oscillation of the prism it
passes through the in-line position and Q switches the laser.
Efficient Q switching occurs if the prism comes into line at its
maximum angular velocity and at the moment of maximum
gain in the ruby rod, These two conditions can be reliably
met by correct choice of (i) the rotational inertia of the prism
assembly, (ii) its resonant frequency of oscillation, (iii) the
restoring force and damping of the oscillation (i.e. the
mounting of the moving coil) and (iv) the initial orientation
of the prism. With this laser, the maximum gain occurred
after 1-2 ms, but this was not critical and the efficiency was
approximately constant over the range 1-0-1-5 ms. Figure 2
is a graph of the @-switch prism’s deflection as a function of
time and shows that, if the prism is offset by an angle of
11 mrad, the prism has the maximum angular velocity of
28 rad s~! when it Q switches, and this occurs at I-4 ms. A
useful property of this mechanical Q switch is that, unlike
most others, satisfactory synchronization of the laser pulse
to an event can be achieved. This is because the Q switch
is initiated electrically and the laser pulse occurs after a
predetermined time which is constant (to within +10 ps in
our case).

The moving prism is hinged so as to tilt in a predictable
and repeatable way, but in any case the use of 2 roof reflector
with two successive reflections at the moving mirror greatly
reduces the sensitivity of the system to any displacements of
the loudspeaker diaphragm and moving mirror except the
rotation required for Q switching.

The relatively low angular velocity of the Q-switching prism
tends to give rise to a @-switch “open time’ long enough to
allow multiple pulse operation of the laser. For efficient
single pulse operation the open time must be adjusted to be
equal to the pulse duration and, in this case, would have to
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Figure 2 The deflection of the Q-switch prism over the first
few milliseconds following initiation

Figure 3 An oscilloscope trace of the laser output power
for single-pulse operation: horizontal scale, 100 ns per
square; vertical scale, 10 kW per square. The small
secondary pulse on the trace is an electrical reflection and

should be disregarded

be reduced appropriately. The open time depends on the
resonator length and aperture as well as the angular velocity
of the @ switch so that if the open time has to be reduced
then an increase in the resonator length or a reduction in the
aperture are alternatives to an increase in the angular velocity
of the Q switch, Figure 3 shows a single Q-switch pulse of
half-width 50 ns and energy 1 mJ, obtained when the resonator
Iength was increased to 500 mm.

Figure 4 An oscilloscope trace of the integrated laser

output for double-pulse operation: horizontal scale, 10 us
per square; vertical scale, 3 mJ per square. The two pulses
are represented by the steps in the trace, corresponding to
energies of 1-0 and 1-2 mJ respectively with an interval of
15-0 ps. The dimming of the initial part of the trace arises
from the triggering process and should be disregarded
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If the resonator length or the angular velocity of the prism
is reduced, an increasing number of pulses is obtained and
the total output energy rises, and although the achievement
of a single @-switch pulse was the primary aim, some of these
other forms of output are useful. For example, the laser can
be operated to emit two pulses each of energy I mJ and with
a time separation of 15 us (figure 4) or, alternatively, if the
Q-switch open time is increased considerably, a total output
of 15 mJ is obtained in a duration of 50 us. This represents
about half the output energy obtainable with the laser
operated without @ switching, but the duration of the pulse
train is reduced by a factor of 30,

3 Conclusion

A small Q-switched ruby laser has been designed and built,
and is suitable for the many applications in high-speed
photography and holography which require only a few
millijoules of light energy. The laser incorporates a small
moving-coil loudspeaker unit adapted to act as the @ switch,
and operates with an inexpensive commercial power supply
unit,

Quite a range of modes of operation may be sclected by
simple adjustments, from a single 1 mJ, 50 ns pulse to 15 mJ,
50 us pulse train, and double pulsing {1 mJ per pulse, interval
15 ps). There is considerable scope for development in
output energy and mode control.
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