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ABSTRACT
Electromechanical Shutter Mechanism
Basil An tar
i

An electromechanical shutter mechanism capable of achieving
shutter speeds up to 50 m/sec was designed, constructed and tested.
An exploding wire was used to generate a cylindricaily imploding blast
wave. The input energy capability was 200 joules. The explosion chamber
was designed to make use of the reflection of the finite-energy cylindrical
imploding blast wave at the base of the shutter in the track. A qualitative
correlation between energy input to the explosion and the kinetic energy
of the shutter was made for different wire resistances. A shutter to be
used as a component cf an interferometer was constructed and tested.
This shutter can achieve very rapid closed-open-closed operating times.
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Introduction.

The work reported in this thesis was initiated from the need to
design an electromechanics1 shutter mechanism for use in interferometric
studies requiring exposures of short duration. As used here, the*name
electromechanical shutter refers to the use of electrical energy as the
driving power to move a shutter with appreciable speeds. The shutter is
a small thin plate with a narrow aperture cut throgh it. As operated here,
the shutter provides closed-open-closed interception of a given beam of
light. Such mechanisms provide relatively jitter-free action and cause
/

essentially no modification of the spectral distribution of the studied
phenomenon.
i

In previous work on this problem, Camm1, described an electromechanical
shutter which opened and closed a 20 M* slit in 5 J^sec. Clayton
a shutter in which a 20

2

described

V> fixed sl.it. which could be opened and closed in

2 |isec by a 20 H moving slit. In this thesis a mechanism is described
which is capable of moving a shutter plate having a 20 ^ slit through
a fixed ■ position iight beam with a speed of 40 m/sec.
The.mechanism that was investigated was designed according to a
theoretical model which utilizes the dynamics of a finite-energy cylin¬
drical implosion blast wave^. This model behaves in the following manner.
An initial implosion shock having a, finite velocity and energy is initiated
at the cylinder wall by exploding a metal wire as shown in Figure 1. This
implosion shock will then accelerate radially inwards toward the origin
of the cylinder leaving a region of high pressure behind it as shown in

1

Figure lb. Upon reaching the origin it will then reflect and proceed out¬
wards as an explosion shock as shown in Figure 1c. This method was used
so as to utilize the high pressures achieved at the cylinder origin, where
the shutter is placed. These high pressures acting on the shutter over a
*

short period of time will impart enough momentum to it to move it with
very high velocities.
In order to achieve the desired objective,

preliminary studies were

carried out to find the optimum circuit parameters to get an effective
wire explosion. For this purpose several wire diameters and wire lengths
were tested. Achieving this, the variation of the shutter speed with
electrical energy input was investigated for different wire diameters.
Also the deceleration*of the shutter along its flight path was tested
for one set of initial conditions. A shutter was constructed with a 20
slit aperture and tested for the effective exposure time produced as
this aperture intercepted a given light beam.

S.
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2.

Theory

2.1

Exploding Wire Behavior
This work is concerned with a method of initiating an implosion

shock wave, which will, in turn, impart momentum to a projectile. An
exploding wire was chosen as the wave initiator. Since the development
of its theory, exploding wire phenomenon ( E.W.P. ) has been widely used
as means of rapidly dumping energy into a system. In what follows is a
brief summery of E.W.P. Also included is a consideration of the main
/
.
parameters which will result in optimum energy partition.
The method of exploding a wire electrically in a controlled and
uniform manner, has been thoroughly investigated by many investigators^’^’''’^’^
The electrical circuit used is now well established; it is a simple
R-L-C circuit, such as shown in Figure la. Basically it consists of a
charged condenser, a switch, and the wire to be exploded. When the switch
is closed, at time tQ, the overloaded wire begins to heat rapidly through
its melting point. After some time it begins to expand.smoothly to
several tipies its original diameter. After melting, the wire becomes
superheated beyond its boiling point before it starts vaporizing. As the
density decreases, the conduction electrons in the metal suddenly become
localised to the atoms and the metal loses its ability to conduct
electricity. The resistance of the wire rises sharply. So also does the
voltage drop across it. Because the current through the wire is very
' . . 3
high ( «10 Amps.), a large amount of energy is stored in the magnetic
field of the circuit where it is available for ohmic heating. As the
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resistance continues to rise, dissipative heating goes up proportionatly,
the current decreases sharply and the voltage across the wire may exceed
the original voltage on the condenser. At this point the wire explosion
'may take one of two courses.
When the voltage is high enough to break down the surrounding gas,
an arc, in the shape of a hollow cylinder, forms around the wire. Meanwhile,
the material of the wire continues to expand and the arc grows larger. At
the same time, a cylindrical shock wave propogates ahead into the ambient
gas. This shock wave that originates from the wire explosion and propogates
into the ambient gas is the implosion shock wave which will be discussed
later.
If the voltage across the wire is not high enough to form the
peripheral arc, the explosion enters a " dwell " phase in which the wire
continues to expand but comparatively little current flows. The hea'd shockwave appears during this period, the dwell lasts for several microseconds,
following which an arc strikes along the inside of the expanding cylinder.
In order to avoid this arc, and the dwell, the dimensions of the wire
must be carefully chosen to match the circuit electrical parameters.

3 4
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According to F. D. Bennett ’ , and Anderson and Smith , certain
criteria must be satisfied in order to obtain optimum electrical resistance
for maximum power and energy partition to the explosion. Investigations
of the available literature shows that, even for the case of fixed circuit
resistance, the conditions for maximum power dissipation have not been
defined precisely. Anderson and Smith, gave the condition of maximum
power dissipation to be approximately,

4

V“

<L/0)

where R is the circuit resistance, L the inductance and 0 the capacitance.
F. D. Bennett, starting with the basic R-L-C circuit equation, proved
that the optimum total resistance is, in practice, 10% higher than the
i

value quoted by Anderson and Smith. He did this in the following way. The
basic ci.rcuit equation is
L (di/dt)
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(1)

where it has been assumed that
R

«
c

R

= R
w

and
L
w

« L =
c

L

,

where R is the vzire resistance, R is the circuit resistance, L is the
w
c
w
wire inductance, and L

c

is the circuit inductance. R and L are constants

at any instant of time. Solving Equation (1) for the current i in the
circuit yields
i

- ( V/toL ) exp ( -ort ) sin cut

,

(2)

where
O' = R/2L

and'

Note that, at any instant, the power

to = ( 1/LC

- R2/4L2 )4

2

P = i R .

Maximizing P with respect to R, subject to the constraint that i
should be maximized with respect to time t, and considering only the first
maximum since the wire is gone shortly thereafter, the above conditions
will insure maximum power dissipation at. the first current peak. This will
lead to the result
,

Rop{; «

i.l ( L/C )* .

(3)

Furthermore, Bennett was able to show that, if the interval
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for maximum power dissipation extends beyond the first current peak, then
the optimum total resistance will be
JL

Ropt

«

1.24 ( L/C )2 .

Also, as the interval becomes infinite,

(4)

the optimum resistance approaches

the critical damping resistance
R

opt

~

2.0 ( L/C f.

(5)

In conclusion, the optimum average resistance of the exploding wire
circuit should satisfy the following inequality :
I.

1.1
/

R

( C/L r

£

1*30

-

(6)

The uppe?: bound has been set to exceed slightly the value for

maximum energy dissipation in the first quarter cycle interval*

2*• 2

Finite Cylindrical Implosion Shock Wave.
-

An imploding or collapsing shock rave, in contrast to the exploding
shock wave, gathers strength as it approaches its center at which point
the pressures and temperatures become very high. These high pressures and
temperatures are of sufficient intensity and duration &s to produce very
high velocities of projectiles of practical interest. This phenomenon has
been investigated by many investigators. Spherical shock waves have been
of special interest and are currently under intensive study by such
investigators as R. F. Flagg^. Both, the classical solution of its behavior
and its uses are being studied. The behavior of cylindrically imploding
shock waves is currently under study by P. D. Ellis^. He is developing a
theoretical model of its dynamics. The following is a simple summary of
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his model.
The imploding shock wave is initiated by exploding a metal liner
( a wire in this case ) at the cylinder wall. The wave so generated will
have a finite initial velocity and a finite amount of energy. This shock
will then move radially inwards towards the ( line ) origin of the cylinder
with an increasing Mach number, causing the pressure behind it to increase.
In the absence of energy loss mechanism, as the shock approaches the origin
(the convergence line of the implosion ), the properties of the gas become
infinite. Upon reaching the origin, the shock will then reflect and proceed
outwards as an explosion shock, leaving behind it a gaseous region of very
high-pressure, and very high-temperature. The intense physical properties
of this gas at the origin decay very rapidly while accelerating the projectile
whose base is located on the origin line ( see Figure 1 ). The momentum
imparted to the projectile is calculated by integrating the pressure force,
acting on the base of the projectile over all the time the projectile is
situated at the origin. It is assumed that the projectile is fixed at the
origin during the duration of the shock reflection. Begining with the
equations of continuity, momentum and energy, and integrating over the *
duration of the reflection process, Ellis has found that the momentum imparted
to the projectile is given by
M

(7)

k E

where
E
where

EQ

~ E
- E
tot o vap

,

is the total electrical energy imparted to the wire, is the

energy expended in vaporizing the wire, and k is a function of the non-
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dimensional pressure, velocity and density across the. imploding shock wave,,
Knowing the specific heat ratio, ambient pressure, cylinder diameter, speed
of sound, and the energy imparted to the shock wave, the momentum M can be
determined. Equating Equation (7) to the momentum of the shutter, assuming
no losses, and knowing the rr&ss of the shutter, its velocity can be found
as
v

= ( k/m ) Et*t

.

(8)

From this relation it is seen that i:he projectile velocity is function of
the square root of the total energy input,

I

One goal of the experimental investigation reported in this thesis

was to determine the validity of this relation. Within the range of experimental
accuracy, it was possible to show that such a variation was obtained. This
will be discussed in section 4 .

8

3.

Experiment

3•1

Experimental Apparatus.

The apparatus used for the investigation of the shutter speed
and the amount of energy supplied to the wire is shown schematics]ly
in Figure 1. It consisted of two main parts: the exploding wire circuit,
and the shutter speed measurement system.
The wire explosion circuit, shown in Figure la, consisted of a
capacitor bank, a switch and the wire to be exploded. The storage capacitors
used were of the fast discharge type ( Sprague-Photoflash PQ-425 ) with
/

a rated capacitance of 25 ^f ( 30 Mf measured capacitance ) and 4.0 kV
maximum voltage. As many as 10 capacitors were connected in parallel and
in series as necessary to obtain the desired energy output. The charging
unit was a 0-20 kVDC ( Plastic Capacitors ) power supply. A 0-5 kVBC
electrostatic voltmeter ( Weston ) was used to read the voltage input. A
time-delay triggering circuit was utilized for initiating the discharge.
This circuit is shown in Figure 2. It has a delay capability from 70 to 650
microseconds, and can be triggered either manually or by an input .*
electrical signal from a remote source. The switch used was a spark gap
( EGScG, GP-31A ). The spark gap trigger circuit is shown in Figure 3. The
spark gap is fed by a high voltage pulse from a trigger transformer
( EG&G, TR-148A ). The spark gap has a energy discharge capability of
200 joules. The wires used were copper magnet wires ranging from 4.5 to
10 mils in diameter. These wires had to be striped of their plastic coating
before they were used.
A photograph of the explosion chamber is shown in Figure 4. A covering

9

face plate is not shewn. The chamber is a semicylindrical cavity 0.20 in
long bored out of Micarta. It has two brass electrodes, one at each end
of the' hemicylinder diameter. The cavity is completely enclosed except
for a horizontal slit along the axis of the semicylinder. The shutter is
placed in this slit against a Mylar diaghram which covers the slit. Upon
recieving the impulse from the reflecting shock, the shutter moves in a
horizental direction along a track, which is made, out of Teflon so as to
minimize frictional losses. A photograph looking inward along the track
toward the slit in the explosion chamber is shown, in Figure 5.
l

The shutter speed was measured using a light source ( Spectra Physics,
O

model 120 Stablite, 6328 A, He-Ne gas laser ), which produces a collimated
light beam C.65 mm in diameter. This source which is directed toward a
photosensing device, is also directed in such a way as to intercept the
flight path of the shutter. In these tests, two kinds of photosensors
were used. Most of the preliminary tests were made.using a ( Jarrel Ash
83-021 ), single window, photomultiplier housing with an ( RCA IP-21 )
photomultiplier tube. In the latter part of the tests, a ( TI H38 )
photodiode and an ( HP 5082-4203 ) PIN photodiode were used. The laser,
a mirror oriented at 45° to the laser beam, and the explosion chamber were
all mounted on a straight channel along which they could be freely positioned
The photomultiplier signals were fed to a 561A Tektronix oscilloscope
and photographs of the scope traces were taken. A photograph of the set up
is shown in Figure 6. Several shutter materials were tested. The one
finally chosen was a Formica

13 mm square plate and 0.3 mm thick.
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3.2

Experimental Technique.

•The aim of this work was to find an efficient method of passing a
20 M* slit through a light beam in 1 P'Sec or less. That is, the shutter
is to have a 20

opening and is to operate closed-open-closed so as to

give an open time of 1 M’Sec or less. To achieve this end, the work was
subdivided into three main parts: First, to find criteria for optimum
wire explosion; second, to achieve shutter plate speeds of better than
40 m/sec;, and, third, to make a slit 20 |J» wide in the shutter plate
intercept a light beam in a closed-open-closed manner and to record the
/

exposure time duration.
As pointed out in section 2.1, in order to get optimum energy
partition to a wire explosion, L, C, and of the circuit must be
known. Hence the inductance had to be measured, bearing in mind that the
inductance of the wire is considered negligible compared with the*'
inductance of the circuit. This was accomplished in the following*manner.
An oscillogram of the circuit response in the shorted circuit condition
was recorded and the damped frequency of the circuit obtained. The
inductance was then obtained by solving the following equation for such
a circuit condition
fQ

= 1/2TT(LC)8

,

in which f^ is the measured frequency, C is the known circuit capacitance
and L is the desired circuit inductance. The inductance value which was
obtained was 4.6 p-h.
The criterion described in section 2.1 for maximum power dissipation
applies only at the first current peak or thereabouts. It is obvious that
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the resistance of an exploding wire is not constant but reaches its maxi¬
mum in time at the maximum current. Hence, the value of the optimum
resistance must be evaluated at that condition. At maximum current, the
o

temperature of the wire is several thousand degrees Kelvin. E. David
discussed the resistance changes induced by heating of a copper wire and
he estimated that the wire resistance increases by a factor of 100 for
a rise from room temperature to about 4000°K. It is worthy to note that the
circuit resistance is negligibly small compared with the high wire resistance.
Neglecting it, therefore, will not affect the related parameters. Various
^ire resistances are tabulated in table I. Working with the above
approximation it can be seen that, in order to obtain optimum resistance,
the wire length should be about 1 cm. Since the explosion chamber was
originally built for a 12 cm wire length, a series of tests were conducted
for 12 cm long wires of 4.5, 5.6, 7.1, 8.0 and 10 mils in diameter at 60,
30, and 15 M^f.capacitances. Following these tests, the wire length was
reduced in two steps: first, it was reduced to 6 cm, and later to 3 cm.
An insert was made and fitted j.nside the larger original semicylinder
which had an internal diameter of 3.81 cm. Again a series of tests were
coducted for all wire diameters and for two capacitances, 30 and 15 M>f.
Then another insert, which had an internal diameter of 1.605 cm, was fitted
into the chamber. This was the final cylinder diameter used since it gave
high temperature wire resistance very close to the calculated optimum
value. All wire diameters were tested at this wire length again for 30
and 15 M-f capacitance,
The method of beam interception described in section 3.1 was used
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for shutter speed measurements. This technique gives a-minimum interference
with the measured speed. All measurements were made by having a 13 mm
long shutter plate intercept a fixed position light beam., The speed was
’calculated from the relation
*v

=

As/At

,

in which As is the length of the shutter plate and At is the time required
for the shutter plate to traverse the light beam.

Photographs of the oscillogram recording during bean: interception
are shown in Figure 7. The horizontal scale is in sec/cm, while the vertical
scale is in volts/cm. Figure 7a shows an oscillogram taken with a photo¬
multiplier as the beam reciever, and 7b shows one taken using a photodiode.
The straight horizontal trace in these oscillograms represents a constant
light intensity while the sudden rise and fall is an indication of the
change in the constant conditions. In these oscillograms, the light-darklight situation is of a fixed beam being intercepted by the moving shutter.
In these oscillograms, the " rise

11

and " decay " curves, whose shapes are

characterstic of the light senser used, are easily observed. The " rise
and

11

decay

11

11

times are the times taken for extinction or initiation of

the stream of electrons emitted from one electrode to the other after a
sudden change in the energy impinging on the photosensor. For the photo¬
multiplier, which has slow rise and decay times, the two curves overlaped.
This indicates that the shutter plate has completely passed through the
light beam before the decay curve has fully ended. The rise curve, then,
starts from a point on the decay curve. Since the photodiode had some¬
what faster decay and rise times, a plateau of light extinction was
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observed after complete decay before the rise curve started. In these
oscillograms, At is the interval from the start of the decay curve to the
start of the rise curve. The width of the light beam, which was 0.65 mm
in diameter, was considered negligible in comparison with the length of
the shutter plate, which was. 13 mm.
A shutter was manufactured- from a piece of 13 mm square Formica
.3 mm thick. A slit 20 u wide and about

4 in long was built into this shutter.

This aperture was made by aligning and gluig on the face of the shutter
plate, and over a
shim stock,

4 in diameter hole in the shutter, two pieces of brass

.001 in thick, at a distance of 20

V1

apart. A suitable wire

diameter, circuit capacitance and voltage were chosen to impart'to the
shutter a speed of 20 m/sec, In theory this would allow the 20
pass over a

20

fixed slit in

slit to

2 M»sec, thus giving an effective exposure

time through the fixed slit of 1 i^sec. A test was conducted sending this

20 M* slit throgh a very small diameter light beam, but without using the
second, or fixed slit. By using the small light beam, a very short exposure
time could be achieved. To do this the laser beam had to be reduced from its
original'diameter to a much smaller one. To reduce the beam diameter, a
lens with a 33.1 mm focal length was chosen. According to the diffraction
limit theory^, this lens would give a diameter of the Airy disc of 78'M*.
However, due to the coherent nature of the laser beam and the fact that
the lens was not of laser quality optics, a much larger diameter of the
Airy disc was actually obtained. It was found to be 300

at the focal

plane of the lens. A trace of light intensity variation across the slit
together with a trace of the speed of the shutter were obtained. These
will be discussed later.'
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3.3

Experimental Procedure,

.Before each test, the explosion chamber and the electrodes were
cleaned and the wire placed in the chamber in the following manner. The
wire was held in place by first sticking a small piece of double,-sided
thin adhesive tape on the cylinder wall, then the wire was wrapped around
a grooved cylindrical insert which fitted in the semicylindrical cavity.
This allowed the wire to stick loo^sely and in a uniform manner along the
cylinder wall. The ends of the w?.re were pressed tightly against the brass
electrodes, making sure that there was very good contact. A piece of Mylar
i

sheet, .004 in thick, was fitted ever the slit in the explosion chamber.
The shutter plate was placed in the Teflon track and was inserted loosely
in the slit. It was made to rest firmly against the diaphram. The electrodes
were connected to the main circuit, and the capacitors were allowed to
charge. Upon reaching the desired voltage, the power supply was cut off.
Then, pressing the

n

fire " button activated the spark gap and the capa¬

citors discharged across the wire. Pressing this button also initiated
a sweep on the oscilloscope screen. The oscilloscope recorded the light
intensity variation experienced by the photosensor as the shutter plate
passed through the light beam. A photograph of the oscilloscope trace
was taken by leaving the oscilloscope camera shutter open. The energy
input into the wire was obtained by noting the voltmeter readings before
and after the explosion.
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4.

Results and Discussion.

Since the explosion chamber was originally built to use a. 12 cm
long wire, a series of tests were conducted using this length. Using

•8

E. David*s

approximation for the value of wire resistance at the current

peak, it was found that the resistance of this length of wire exceeded
the theoretical optimum resistance by afactor of 10 to 50. Good results,
therefore, were not expected and, indeed, were not obtained. For all these
tests, a breakdown in the circuit occured while appreciable energy was
still stored in the capacitors. This could be explained as follows. In
/

cases of very high wire resistance, the time rate of energy addition
exceeds the energy loss rate. This cause partial vaporization of the wire
and hence a breakdown of the circuit occurs while considerable energy is
stilly stored on the condenser. This kind of explosion is termed in the
literature as slow explosion, and is a very inefficient method of’energy
partition. Nevertheless, a certain amount of energy was imparted to the
shutter, but the shutter speeds obtained were small and the performance
lacked the repetability desired. Hence, all these results were discarded,
and will not be discussed further.
Before reducing the wire length to its optimum, it was thought worth¬
while to reduce it in two steps, in order to allow observation of the trend
of events. So, the wire length was first reduced to 6 cm. In this case,
all the stored energy was discharged, but the actual resistance still
exceeded the optimum theoretical value by a factor of about 10. So, this
explosion was also considered a slow explosion. Although shutter speeds
of up to 27 m/sec were obtained', repeatability of results was still
inadequate, so these results were also discarded. A pattern of increasing
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shutter velocity with increasing energy inputs was observed during these
tests.
On reducing the wire length to 3 cm,

the optimum theoretical wire

resistance was approached and, in this case, the actual resistance
exceeded the calculated cne be a factor of 2 to 3 for a capacitance of
15 M'f. In such circumstances,

the explosion is classified in the literature

as a fast explosion. The results obtained were both reasonable and reproduce
able to within - 10%* The velocity change with voltage, at a constant
capacitance, for various wire diameters is shown in Figure 9. The values ■
obtained fitted a straight line reasonably wellover the range of energies
tested. The linear variation of shutter speed with input voltage is in
accord with the theoretical prediction of the cylindrical implosion
phenomenon discussed in section 2.2. No investigation of what took place
inside the explosion chamber was carried out. From inspection of Figure 9,
it is clear that the slope of these curveds changes with a change in wire
diameter. Further, for the same energy input, higher speeds were obtained
for the larger wire diameters. This result is expected since, for larger
diameters, the resistance of the wire approaches the optimum value and,
hence, more efficient wire explosion. Shutter speeds in excess of 50 m/sec
for 200 joules of energy input were obtained for shutters weighing 80 mg.
To investigate the effective exposure time through an aperture of
20 |J», the circuit parameters were chosen to give a shutter speed of 20 m/sec
For this a 4.5 mil diameter wire, 15 M*f capacitance and 2.6 kV voltage
were used. An oscillogram of light intensity variation across the slit
is shown in Figure 9. Form this oscillogram an effective exposure time
of 5 Usee is obtained. This is determined by integrating to find the area
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under the curve shown and dividing the result by the maximum intensity.
The shape of the curve obtained is a result of the Gaussian distribution
of intensity across the laser light beam. Since the beam diameter was
reduced to only 300 1^ in the plane of the shutter flight path, the time
base in Figure Sa shows 16 |Vsec for the drak-to~dark interval. The overall
speed of the shutter at the time this exposure was taken was calculated
from Figure 8b by using the method discussed in section 3.2. A delay time
of 1320 M»sec,

the time elapsed from initiation of the input signal to

the time the slit intercepted the beam, was observed. This delay time
could be reduced,

to a minimum of 70 l^sec, or increased, by varying the

the trigger delay mechanism. It could be also altered by changing the
speed of the shutter or by changing the location of the image interception
along the shutter path.
' Since the shutter speed could be increased to about 50 m/see, very
short exposure times could be obtained using the same mechanism. Specific
tests using higher shutter speeds were not carried out.
The variation of the shutter velocity along its flight path is shown
in Figure 10. This curve was obtained using a 4.5 mil wire diameter, 2.6 kV
input voltage* and 15 |if capacitance. This curve indicates that the shutter
reaches its peak velocity very early in its flight and continues at a
reasonably uniform velocity for a rather long distance from the chamber.
Thus,

the location of where the shutter is to intercept the light beam

in order to yield minimum exposure time is not critical.
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TABLE

I

WIRE RESISTANCES AT ROOM TEMPERATURE
AND
ENERGY TO VAPORIZE THE WIRE

Wire Diameter
(mils)

Resistance
(ohra/cm)

Vaporization Energy
(joules/cm)

4.5

0.0168

5.652

5.6

0.0108

8.748

6.0

0.0094

10.05

7.1

0.0067

14.075

8.0

0.0053

17.847

10.0

0. 0039

27.942
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FIGURE 1 - Imploding Blast Wave
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FIGURE 2 - Time-Delay Triggering Circuit.
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FIGURE 3 - Spark Gap Trigger Circuit.
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FIGURE 4 - Explosion Chamber.

FIGURE 5 - Shutter Mechanism.
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FIGURE 6a - Exploding Wire Circuit.

FIGURE 6b - Experimental Setup.
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FIGURE 7a - Oscillogram Trace using a Photomultiplier.
Horizontal Scale is 500 l^sec/division, Vertical Scale
is 20 volts/division.

FIGURE 7b - Oscillogram Trace using a Photodiode.
Horizontal Scale is 200 l^sec/division, Vertical Scale
is .2 volts/division.
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FIGURE 8a - 300 ^ Beam Diameter Intensity Variation Across a 20 |i Slit.
Horizontal Scale is 20 Msec/div., Vrtxcal Scale is 20 mv/div.

FIGURE 8b - Speed of Shutter as Figure 8a was Recorded.
Horizontal Scale 500 M<sec/div.
Vertical Scale .2volts/div.
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