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TRANSIT TIME CHARACTERISTICS OF MULTIPLIER
PHOTOTUBES UNDER PULSE CONDITIONS

INTRODUCTION

A phototube is a phofosennitive or light actusted
electron tube. It consists of a photocathode for emitting
photoelectrons when it is illuminated and an anode for
collecting the electrons emitted by the cathode. Since the
electrons must be drawn from the cathode to the anode, an
external source of voltage is reqguired for the operation of
the tube.

If a phototube is to be used for emplification, struc-
tures called dynodes are inserted into the phototube and
it then becomes 2 multiplier phototube., The light falling
on the light sensitive photocathode causes it to emit free
electrons, which are focused into a beam and drawn to the
first dynocde. This dynode is at a more positive potential
due to an extermal source of voltage. FEach primary elec=-
tron that strikes the dynode will free more electrons.

The ratio of the number of electrons lesving the dynode
surface to the number incident is called the secondary
emission ratio. The secondary emission ratio 1s dependent
upon the energy of the primary electrons. This process is
then repeated, as each stage or dynode has a more positive
potential than the previous one. The combined photoelec-
tron emission and secondary electron emission can give a

current multiplication of several million.
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To achieve the large values of amplification, it 1=
necessary that the materisls for the photocathode and the
dynodes be very efficient. The efficiency of interaction
between photons and electrons varies with the wavelength
of the incident radiation, and for any given photocathode
material there will be s wavelength of inecident radiation
giving the largest current amplification.

This thesis in no way attempts to pass judgment on
manufacturers or their tubes, for a given tube ean be
suitable for one application and yet not suitable for
another. In many applications transit time through a
phototube is unimportant; in other applications it may
have a negligible effect upon the results required; in
8t1ll other applications the transit time may conceivabdbly
have a value of the same order of magnitude as the time
one is working with, therefore, having a real significance
and requiring consideration.

In the past five vears there has been an inecreased
interest in phototube transit time analysis. R. V. Smith
at the Westinghouse Research Laboratories, Quentin Xerns
and Frederick XKirsten at the University of Californias
Radiation Laboratory, W. J. Mclamara at the Bell Telephone
Laboratories, and George Morton at the RCA Laboratories
have done considerable work in the areas covered by this

thesis.



EXPERIMENTAL CONSIDERATIONWS

Nine commercial maultiplier phototubes were tested to
determine their transit times and the factors contributing
to variations in the transit times. Figure 1 on page 4
shows six of the multiplier phototubes considered in this
thesis. The 6935 and the 6362 are not shown in figure 1,
but their appearance is about the same as the 6291, except
that they have only a one-half inch diameter end-window as
compared to the one and one~half inch diameter for the
6291. Both the 6935 and the 6362 are designed for use in
printed c¢circuits. The 6365 appears the same as the 8935,
only it has a height of two inches as compared to four and
three-quarters for the 6935,

The 6292, 6291, 6935, and the 6362 are 10-dynode box
structures; the 6365 1s a 6-«dynode box structure, and are
manufactured by Du Mont, The 2020 and 6656-@ are 10-dynode
shielded squirrel cage structures; the 931l-A is a 9-dynode
unshielded squirrel cage structure; the 6810 (17, p.137-
140) is a l4~dynode linear structure, and are manufactured
by RCA. All of the phototubes are end-window types except
for the 931-A whiech 1s a side-window tube. The sample of
tubes tested is small; of the 54 tubes, there were six
P31-A's, four 62902's, four 2020's, two 6810's, eight
6201's, six 6935's, six 6362's, two 66565-A's, and sixteen
63565's.



Firure 1. Phototubes

A - RCA 64810 D - RCA 6655-A
B - Du Mont 6292 ¥ - RCA 2020
C - Du Mont 6291 F - RCA 931-A



L Mercury-Capsule Light Pulser

o

Accurate transit-time measurement requires:
1. A time reference signal of known accuracy.
2. A light pulse with a fast-rise time.

3. Equipment that will accurately measure short
time intervals and fast-rise time pulses.

4., An environment which will not affect the
multiplier phototube response.

The most direct method of achieving the first two
objectives was determined to be a mercury-capsule light
pulser (figure 2, page 6), developed at the University of
California Ernest 0. Lawrence Radiation Laboratory (LRL)
(5, p.1-35 and 6, p.31-36). This pulser's most important
feature for transit time measurement, 1s that electrical
pulses and light pulses are generated simultaneously in an
arc discharge. In this way the electrical pulse ecan be
used as a time reference. According to LRL, the 10 percent
to 90 percent rise time for both pulses in the mercury
pulser is less than 0.5 nanoseconds (1 nanoseeond = 10 °
seconds = 1 millimicrosecond), and the light pulse width
at the 50 percent points (%., where 'a' is the pulse ampli-

tude) is less than 1.0 nanosecond. The light comes from a
region of small dlameter and can be considered a point
source.

The reason for a fast rise time requirement becomes
apparent when transit time 1s defined., It is the interval
between the breakaway point on the input light pulse and
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Figure 2. LRL Mercury~Capsule Light Pulser
(Light pulses are emitted from the back of the pulser.)

- PG-5 monitor signal output
- PG-6 high voltage input

- Polaroid attenuator (varies
light intensity by factor of
100)

- Mercury-capsule driving coll
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PG-1 125 ohm
Trigger output

PG-4 51 ohm
Trigger output

PG-3 driving
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PG-2 51 ohm
trigger output
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the 50 percent point on the resulting multiplier phototube
output pulse (2, p. CC56-8 (3) ). If some other point is
used, the results will vary by some small amount. This can
be a source of difference between the results obtained by
different observers.

To find equipment that will measure rise times in the
1.0 nanosecond range is difficult, but it can be achieved
by modifying a Tektronix 517-A oscilloscope. The oscillo-
scope rise time through the vertical amplifier is 7.0
nanoseconds; by going directly to the vertical deflection
plates one can achlieve approximately a 1.0 nanosecond rise
time. By doing this one has to sacrifice sensitivity, for
going to the vertical plates gives a sensitivity of approx-
imately 15 volts per cm. Both the reference pulse and the
output signal pulse are displayed on the same sweep of the
oscilloscope.

Multiplier Phototube Environment

The restrictions on the multiplier phototube environ-
ment should be such that no external signal can affect the
results. An obvious solution to this is to mount the
phototube in a dark enclosure. Figure 3 on page 8 shows
the light enclosure with the light pulser mounted on the
end, The enclosure has a microswiteh and high-voltage
relay which cuts off the phototube high voltage when the
door is opened. The high-voltage leads and the signal

cables are terminated at the enclosure walls to make for



Figure 3. Transit Time Measurement Apparatus

Dark enclosure, cables, power supplies, and
Tektronix Oscilloscopes use for transit time
determination.



e
mobility, as well as to insure that the structure is light-
tight. The door 1s inset and has a felt seal around the
edges. A Folaroid camera with 3000 -speed film at an aper-
ture of f 4.7 was inserted In the enclosure and the film
was exposed for five minutes; no light leaks were detect~
able. In figure 3 on the shelf above the dark enclosure
are the powsr supplies for the mercury pulser driving
coil, the mercury pulser high voltage, and the phototube
high voltage. The 541-A Tektronix Oscilloscope is used to
monitor the mercury pulser, and the 517~A Tektronix Oseil-
loscope is used for observation of the output signal and
marker signal.

Bloek Diagram for Transit Tirme Measurement

Figure 4 on page 10 shows the block diagram for the
transit time measurement. It is the same system as shown
in figure 3.

The multiplier phototube output signal pulse ecable
and the time marker cable have delays which are known to
within 0.2 nanoseconds. These cables were measured using
a SKL pulse generator and a 517-A Tektronix oscilloascope.
When using the Tek¥ronix oscilloscope with a direct con-
neotion to the vertical deflection plates, the delay
through the signal cable and the time marker cable must be
100 nanoseconds longer than that through the cable that
triggers the oscilloscope. This allows the sweep to be
trigezered and under way before the signal is applied to



Figure 4. Block Diagram for Multiplier
Phototube Transit Time Measurements
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the vertical deflection plates. The distance between the
light pulser and the multiplier phototube is one inch. The
veloeity of light in air is 1.0 foot per nanosecond, so
this transit time is negligible.

TRANSIT TIME VALUES

The transit time in a multiplier phototube depends
upon several factors. It varies with the cathode to anode
voltage, the voltage distribution along the dynode struc-
ture, the place on the cathode in which the light is inci-
dent, the use of a fluor in the optical path, and the
construction of the multiplier phototube.

Transit Time Variation With Overall Divider Voltage

The transit time as a funetion of the anode to cath-
ode voltage 1s shown in figure 5 on page 12. The transit
times shown here are the averages measured for each sample
of multiplier tubes. The transit time 1s not as accurate
as that which could be obtained with larger samples; how-
ever, the transit time does not vary by more than 4.0 nano-
seconds from tube to tube.

It i1is noted thnt'riguro 5 1s log log paper and there-
fore the relation between the transit time and the anode
to cathcde voltage is not linear. The relation can be
found by examining the slope of each curve, and the deri-
vation on pages 30 and 31 shows the relation that the

transit time 1is proportional te the inverse square root of



Transit Time, Millimicroseconds
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Figure 5. Multipllier Phototube Transit
Time as a Function of Divider Voltage
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the applied voltage. The constant of proportionality will,
of course, change from tube type to tube type. Also, it
should be noted that the slopes are not all exactly one-
half, but the variations sppear to be random, and no sys-
tematic departure is observed.

The voltage ranges which are used are typical of what
might be used in any given application. The upper limit is
where regeneration occurs, and the lower limit is where the
output signal is too small to give accurste transit times.
The manufacturers rated voltage falls in approximately the
middle of each voltage range. The input signal was always
maintained at a constant value for each tube, and at a
value for which the output was never saturated., The reason
for this beccomes apparent, when it is remembered that the
transit time measurement depended upon measuring to ths 50
percent point on the output pulse, and if a saturated pulse
output was used the amplitude would be down, and conse~
quently a transit time shorter than the actual transit time
would be accepted. Using such measurements will lead to
errors of from l-5 nanoseconds in the true transit time
value.

The values as found in figure 5 are in subastantial
agreement with those found by Smith (15, p. 121), Kerns (4,
p. 114), and Kirsten (7, p. 3) for the 6292, 66556-A, 931-A,
and the 6810. The 6291, 2020, 6935, 6362, and the 6365
were not ‘determined in these studies and to the author's
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knowledge, values of transit time for these tubes have
never before been published.

Figure 6 shows the oscilloscope trace of the transit
time. The first pulse i1s the marker or reference pulse,
and the second pulse is the mmltiplier phototube output
pulse. Figure 6 shows two things quite clearly. The
first, being of primary interest, is the decrease in the
transit time with the increase of voltage. The other
point of interest is the marked increase in amplification
as the anode to cathode voltage increases.

A point of interest 1s the method of getting the
transit time from the photographs such as figure 6. The
method used was to put the photograph on a comparator,
which is a much more accurate method than trying to meas-
ure directly off the oscilloscope face. Possibly a better
way to have made the measurements would have been to super-
impose timing markers upon the output signal with a fre-
quency of 500 megacycles,

Photocathode Influences Transit Time

Photons striking on various portions of the photo-
cathode actually liberate photoelectrons which take differ-
ent times to reach the first dynode. It can be seen read-
ily that the shape of the photocathode, the focusing
shield, and the electric field within the tube determine
the time required for the electron to travel the distance
between the cathode and the first dynode. The effects of



Figure 6. Delay between Trigger Pulse and
Marker Pulse for Various Divider Voltages.

Tube Type 931-A
Horizontal 10mus/em
Vertical 13 volts/cm
Voltage Distribution #2

Anode-cathode voltage from top to bottom:
1000v
1200v
1400v
1600v
1800v
2000v

15
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this variation of time of travel for the electrons shows
up at the anode pulse in the form of a spreading effect.
Figure 6 on page 15 shows this effect quite forcefully,
for the input pulse to the phototube is 1.0 nanosecond:
wide at the S50 percent points, and at a divider voltage of
2000 volts, the output pulse is approximately 15 nanosec-
onds wide at the 50 percent points. It is evident that
this spreading effect will tend to increase the transit
time of the tube.

In order to get a qualitative analysis of this effect,
a 6810 multiplier phototube was used, and the effect was
studied by masking off a small portion of the cathode and
then noting the transit time for this portion. Figure 7
on page 17 shows the transit time difference in millimi-
croseconds as a function of the distance of the exposed
portion from the center of the 6810, which has a 2-inch
diameter photocathode. When the light 1s incident on the
extreme edge portion of the tube 1t will increase the
transit time of those electrons by approximately 10 nano-
seconds. If the whole cathode is illuminated, there will
be a very definite spreading effect at the anode. As the
electron travels through the tube there will also be an
additional spreading due to the dynode shape and structure.
The shape of the photocathode has much to do with the
spread: the flat cathode, the partially curved cathode,
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and the fully curved cathode having less transit time
spread in that order.

The larger dynode structures such as the 6810 and the
6292 will also display a larger spread effect than will
the smaller dynode structures such as the 931-A. Some
figures (la.lp. 82-85) are available for time spread in
various tubes for different manufacturers, but the method
used to find these values is not mentioned. Smith (15,
p. 122) has also found this spread for a limited number of
tubes, and he gives his method as well as hls results.
Voltage Distribution Influences Transit Time

Of great interest is the fact that the transit time

will vary with the voltage distribution on the voltage
divider. The voltage divider's overall voltage 1s a given
value, but_it can be distributed in a saddle distribution,
a linearly increasing or decreasing distribution, or a con-
stant distribution. The merits of these various distribu-~
tion are discussed elsewhers (2, p. CC8~4 7-14)3 this
study is concerned with the effects of the distribution

on the transit time.

Figure 8 on page 19 shows the transit time as a fune-
tion of divider voltage of a 931l~-A for two different volt-
age distributions. For figure 8 distribution #1 is a
saddle distribution and distribution #2 is a constant dis-
tribution. At any given anode to cathode voltage, it is
apparent that the transit time can be improved by the
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choice of the distribution. In this particular case, the
transit time is improved by only 2.0 nanoseconds for any
given voltage, but in the larger tubes this will be some-
what greater. If the transit time was extremely critiecal,
it would appear that optimization of divider networks would
be essential. The maximum current output or maximum gain
is essentially the same regardless of the divider network
used (2, p. CC8-4 7~14). This is advantageous for, if
both gain and transit time should be critical for a spe-
eific application, one could improve the transit time by
changing the divider network without appreciably affect-
ing the maximum gain of the tube; however, the voltage at
which this gain occurs would be altered. The saddle dis-
tribution appears to give the fastest transit time in a
glven tube, It is assumed that the divider networks used
for this report are characteristic of those normally used.

The latter stages of the multiplier phototube had to
be capacitively by-passed for with the peak pulse outputs
drawn from the tubes, the blseder current momentarily
decreases and therefore there was a resultant voltage fall.
In the output you then see what appears to be a second
pulse, but is actually the same pulse much distorted. This
type action is highly nonlinear as far as the response is
concerned. The difficulty is overcome by by-passing the
last few dynode bleeder resistors. The value of the ca-
pacitor is not critical, but should be chosen so that the
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RC time constant will be at least ten times larger than
the longest pulse to be detected.
Fluor Improves Transit Time

A fluor (18, p. 2-5) acts as a wavelength shifter
(seintillator); for it consists of a photoflucrescent com-
pound used with a scintillator material to absord photons
and emit related photons of a longer wavelength. A fluor
was inserted between the light source and the 6810 multi-
plier phototube. Figure © on page 22 shows in the top
trace the pulse output with no fluor in the optical path.
The bottom trace shows the output pulse with a fluor in
the optical path. As can be seen, the gain does not appear
to be altered, but the rise time of the pulse is somewhat
improved.

The mercury pulser has an S-4 spectral response and
the 6810 phototube has an S~l1l1 spectral response., There-
fore, the light from the pulser of about 3000 angstroms is
absorbed by the fluor and re-emitted as light of approxi-
mately 4500 angstroms. The light pulse on the output of
the fluor will thus have a much faster rise time and a
slightly higher amplitude., This sharp-rise time pulse will
strike the S-11 photocathode, which 1s very sensitive to
4500 angstrom light, and then the output pulse will also
display a sharper rise time. Since the transit time is to
the 50 percent point on the output pulse, it is interesting
to note that the transit time 1s decreased by having the
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Fligure 9.

Tube Type.6810
Horizontal 20mus/cm
Vertical 13 volts/em
TOP: 6810 without fluor
BOTTOM: 6810 with fluor
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fluor in the optiecal path. It should be borne in mind that
the improvement in the transit time comes about by im-
proving the rise time of the input pulse. The reason the
output is not attenuated with the fluor is that it has 98
percent transmission.

Transit Time As & Funetion of Dynode Structure
The electron transit time in a multiplier phototube

structure has been shown to be inversely proportional to
the square root of the divider voltage (14, p. 16-21 and
15, p. 121-122), The validity of this statement depends
upon three basic assumptions: (1) zero emission velocity
at each surface, (2) instantaneous secondary emission,
(3) a unique slectron trajectory and potential distribu-
tion function within each gap, and independent of the
overall voltage. For the case of the multiplier photo-
tube, these assumptions prove to be essentially correct,
although they do not represent the full physical picture.

The data of figure 5 is plotted as a function of the
inverse square root of the overall voltage in figure 10 on
page 24, The data falls along straight lines from the
origin which verifies that the assumptions made form an
edequate picture of the physical process.

0f extreme interest in figure 10 is the fact that the
tubes fall within six groupings, which are the four geo-
metric shapes mentioned, represented by the 54 tubes. It
should be noted that the box dynode structures fall in
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three groups depending upon the size of the dynodes, the
distance between dynodes and other geometrical considera~
tions, Thus, it would appear possible that glven a tube
with a known type of construction and size it would be
very possible to predict the transit time for a given volt-
age. The variations in figure 10 appear to be of a random
nature, and no departure of a systematic nature is ob-
served,

It is difficult to make too many conclusicns sbout the
maltiplier phototubes, but it is evident that transit times
for the tube types increase with the number of dynodes, the
gap between the dynodes, and with the length of the cathode-
to~dynode~l gap. If it 1s desirable to have both a short
transit time and a high gain, the squirrel cage or the
shielded squirrel cage structures would be the most desir-
able. If it is desirable to have both a short transit time
and a small size, the shielded squirrel cage structure
would be the most desirable. Most of the tubes are end-
window type so that this is generally not a factor in con-

sideration.
CALCULATED TRANSIT TIME

In order to determine if the measured values for the
transit time for the various tubes are correct, it would
be desirable to be able to calculate the transit time for
a tube. In calculating the transit time there are two
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possibilities: (1) the use of the dimensions, geometry,
and voltages, of a specific mmltiplier tube and the neces-
sary approximations, (2) the use of an exact general
method which 1s good for any geometry. The usefulness of
each method depends upon the validity of the assumptions,
and from a practical standpoint the ease of using the
method for other than the most simple geometries.
Approximate Calculated Transit Time for the 6261

In order to caleulate the transit time, it is neces~
sary to have the dynode atructure of a multiplier photo-
tube available. PFigure 11 on page 27 shows such a struec-
ture for the 62901 with the dimensions indicated in the
figure. It will also be noted that a path has been as-
sumed for a photoelectron to the first dynode, and also a
path is assumed for a secondary electron traveling through
the box dynode structure. The 6291 was a convenlent tube
to use, as the dynode structure has a quarter circle geom-
etry that is easily descoribed mathematically.

The electron will be assumed to be emitted from each
dynode with zero initial veloecity. The following energy
relationship will then be true:

% mve = eV (1)

m = mass of electron, kilograms
e = charge on electron, coulombs

v = velocity of electron, meters/second
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V = voltage between dynodes, volts
d = distance, meters
t = time of travel, seconds

Equation (1) ean be rewritten as:

2
imn($) =ev (2)

Rewriting equation (2) ylelds:

=| ma?
i ]m )

Equation (3) is interesting for it shows clearly that
the transit time could be represented by a constant times
the inverse square root of the epplied voltage for a given
dynode spacing. The total transit time will be the sum of
the transit times along the length of the tube and is rep-
resented by equaticn (4).

Ty = Agz:f t (4)
ca

With the aild of equations (3) and (4) the trensit
time for the 6291 phototube can be calculated using the
saddle voltage distribution indicated in figure 11 for an
enode to cathode voltage of 2000 volts, and using one-half
the voltage distribution wvalues of figure 11 for an anode
to cathode voltage of 1000 volts.

The results of this caleunlation yield a traneit time
of 30 nanoseconds for the 1000 volt édistribution, and 22
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nanoseconds for the 2000 volt distribution. These values
are approximately one-half the measured values of 67 nano-
seconds at 1000 volts and 40 nanoseconds at 2000 volts.

The calculations would be expected to be less than
" the measured values, for instantanecus secondary emission
is assumed, as well as the fact that the chosen path is
greatly idealized by 1ts straight line distances. Of
great interest 1s the fact that the calculated transit
time is in the same order of magnitude as the measured
value. Ho'cior, the measured values of transit time are
more accurate than the calculated valuss of transit time.

ixact Relation for Transit Time

The exact relationship for the transit time has been
rigorously worked out (14, p. 16-21 and 16, p. 185-207),
and only the assumptions and results will be presented
here.

The equations consider an electron in the ith gap of
i'hultiplior phototube, having left an arbitrarily shaped
dynode surface with zero velocity, and being accelerated
gn an arbitrary electrostatic field toward another dynode
at a potential more positive by an amount V4. When along
its trajectory Z4, it has reached a position which is at
potential V(z) with respect to the preceding dynode, its

veiocity can be written:

'% mv2 =@ V(z) (5)
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”%{-'J—[ (6)
Ze zi.Ii(z)

If we assume that the spatial potential distribution
between dyncdes and the resultant trajectory, are depen-
ent only on the geometry and not on the actual value of

V4, of the voltage between dynodes, we can get another

relation:

V(iz) = £4 (z) Vi (8)
let

wolE ©
then

ty = ﬁ; (10)
1

Here the f1(z) is the voltage distribution function
along the trajectory z3. It 1s now necessary to take the
sum of a number of such accelerations (secondary emission
is again considered instantaneous) assuming that the divid-
er maintains constant ratios on all electrodes:

Vg = By V (11)

By 1s the ratio of the voltage across the ith gap to
the overall voltage, and these By's are constants and

therefore independent of the overall voltage.
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T =)y tg = 1 ¥ J%} (12)

let

A .
A= # = -E- J*
ge ,? lzi (13)
1 1 ; 3 3
then

T = J% (14)

Equation (14) is misleadingly simple, but when the
value of "A" 1s taken into consideration the complexity
of the problem is apparent. It is evident that, even for
the simplest of geometries, the A4 coefficlents are impos-
sible to calculate other than by numerical methods.

The suthor has made no attempt to evaluate the value
for the transit time from the exact method pursued in this
section. I bellieve that it adds little to the transit
time measurement picture, except to make it quite apparent
why a laboratory method would generally be preferred.

It would appear that the tranait time expression for
'A', as gilven by equation (13), could be minimized. To do
this would require that the ratio of the voltage across the
ith gap to the overall voltage be as large as possible.
Also, 1t is desirable that the value of the voltage distri-
bution funetion along the trajectory zy be such that the
integral along the path would make 'A' very small.
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. CONCLUSION

In order to accurately measure transit time in multi-
plier phototubes, it i1s necessary to have a fast rise time
light pulse source, an accurate time reference, and an en-
vironment which will not introduce stray signals into the
phototube.

(1) The transit time varies as the inverse square
root of the anode to cathode voltage.

(2) The transit time varies with the point on the
photocathode where the light is incildent. The
center of ths photocathode gives the shortest
transit time.

(3) The transit time is a minimum when a saddle
voltage distribution 1is used.

(4) The fluor improves the transit time measurement
by scting as a wavelength shifter and thus
giving a faster rise time to the input pulse.

(6) The transit time appears to be predictable, for
the various geometries fall into groupings as a
function of the inverse square root of the volt-
age, 8o that a tube with a known geometry would
have its transit time predicted for a given
voltage.

The approximate calculated transit time is in close
agreement with the measured value, however, the latter are
more accurate. A rigorous mathematical approach can give
a qualitative picture on designing a phototube for a mini-
mum transit time.

Other factors influencing the values of transit times
are controlled by the methods used in performing the meas-

urements. These ineludes:
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(1) If some value other than the 50 percent point on
the output pulse is used for the time of occur-
rence, either a longer or shorter transit time
will be obtalned.

(2) A saturated output current gives a shorter trans-
it tiwe than an unsaturated output current.

(3) The transit time can be measured directly off the
scope or it can be measured on a comparator or
with a marker signal. The latter methods give
more accurate results,

It becomes apparent that when large transit times are
prohibitive, care should be taken in choosing the specifiec
multiplier phototube to use. If it is desired to have the
gain a maximum and the transit time a minimum, the squirrel

cage structures would be the choice.
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LIGHT FEEDBACK EFFECT

One of the more important aspects of this thesis does
not relate directly to the measurement of transit time,
but rather to a phenomenon which was observed in the pur-
suit of the major objective. This is a phenomenon which
has been seen by other observers and has been given the
name "light feedback effect". The light feedback effect
is actually of a great deal of interest because it is the
phenomenon behind an unwanted effect known as the after-
pulse.

After-Pulse Phenomenon

The first indication of the light feedback effect was
noted when using the 6810 multiplier phototube near its
regeneration voltage. The top trace in figure Al on page
37 shows the after-pulse as observed. The bottom trace
shows the output after the divider voltage has been re-~
duced, so that the operation is no longer near the regen-
eration point. Initially, the hypothesis can be made that
the after-pulse is created by light being generated in the
anode region of the tube. The anode light travels back to
the photocathode, causing the emission of photoelectrons
which travel through the tube, and appear as a second
signal pulse of decreased amplitude at the anode. The
light goes from the anode region to the cathode region in

a fraction of a nancsecond. Therefore, the after-pulse is
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Figure Al

Tube Type 6810
Horizontal 50 mus/em

TOP: After-pulse in 6810 at 2800
volts divider veoltage.

BOTTOM: No after-pulse in 6810 at
2400 volts divider voltage,
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displaced from ’the primary pulse by nearly the transit
time of the tube. Referring back to figure 5 on page 12,
the transit time for the 6810 at a divider voltags of 2800
volts is approximately 385 nanoseconds. The top trace of
fizure Al shows that the after-pulse is displaced from the
primary pulse by approximetely 35 nanoseconds. This would
tend to verify the initial hypothesis that the light is
generated in the anode regilon of the tube.
gyltin to Detect Light at Anode

To make certain that light feedback was the actual
phenomenon taking place in the anode region, two tests
were performed:

(1) A faint glow in the anode region of the 6810

‘phntotnbe was photographed (7, p. 3) using
Polaroid 3000-speed film with an f 4.7 aperture
and a time exposure of five minutes,

(2) A second multiplier phototube (a 931-A side-
window type because of the ease of mounting in
the dark enclosure and its high gain character-
istics) was used to detect and display the re-
sults on another oseilloscope.

A bloek diagram of the second aystem, using the 931-A
as a detector 1s shown in figure A2 on page 30. If the
light dces originate at the anode region, it would take a
path equal electriecally to the transit time of the 6810,
the transit time of the 931-A, the pulse output ecable
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delay to the oscilloscope, and less the time marker cable
delay to the oscilloscope. Again from figure 5, the 6810
has a transit time of 40 nanoseconds at 2000 volts; figure
8 on page 19 shows thet the 931-A has a 14 nanosecond
delay at 2000 woltes for distridbution #2.

The computed delay between the time marker and the
output signal 1s 113.5 nanoseconda. The delay between the
time marker and the output signal as measured from a photo~
grapbh on a comparator was 115.5 nanoseconds. These results
are in close enough correlation to denote that the light
feedback signal is actually emitted in the anode region.
When the 93l-A was varied along the length of the 6£10,
the only detectable signal as read on the output of the
931-A was that from the anode region of the 6810 phototube.

Figure A3 on page 41 shows the output signal from the
931-A phototube when 1t is mounted over the anode of the
6810. Figure A4 on page 41 shows tha actual physical
arrangement which was used in determining the light feed-
back effect. To make certain that some of the light from
the light pulser was not coming directly to the 931-A
phototube, the 6810's high voltage was removed. When this
was done, no output was obtained from the 931-A which veri-
fied that there was definitely a light being generated in
the anode region of the 6810. Figure A3 shows the 931-A
output for two different divider voltages on the 6810,
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Figure A3, Light feedback
Signal at Anode of 6810 PMT

TOP: Anode-Cathode 2400 Y.
Horizontal 50 mus/cm
Vertical 4 volts/cm

BOTTOM: Anode-Cathode
2800 v.
Horizontal 50 mus/em
Vertical 4 volts/cm

Figure A4. Physical Relation BRetween 6810
and 931~-A for Detection of Light Feedback

Top tube is the 931-A.
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and immediately suggests that a relation between the gen-
erated light and the divider voltage can be found.

Anode Light Varilation with Divider Voltage

Py using the 931-A phototube =s a deteetor, the light
siznal at the anode of the 6810 was observed as the anode-
to-cathode voltage on the 6810 was varied. Figure AS on
page 43 shows that the light intensity in the anode region
of the 6810 varies linearly with the applied voltage.

Most phototubes have the light generated in the ancde re-
gion, but ancde structures such as the squirrel cage,
gshielded squirrel cage, and the box structure are so con=-
structed that the anode light cannot be fed back to the
cathode, The 6810 has a linear dynode structure so that
it 1s very easy for light to go direectly back to the
photocathode. If a given tube displays the feed-~back
phenomenon, it should be worked below the regeneration
voltage, for the first after-pulse can be a significant
percent of the primary pulse as is demonstrated in figure
Al.

The intensity of the light generated in the anode
reglion is nearly proportional to the current in the malti-
plier phototube. Several effects probably cause the light
to be generated in the anode region. Among the possible
causes are ionization of residual gases, the fluorescence
of the mica supports, the fluorescence of the glass

envelope, or some combination of all of these, This



Figure A5. Variation of Light Feedback
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explanation would also account, in part, for s much
smaller feedback signal in sguirrel cage structures,
where there are no mica supports and where the electron
path ecannot reach the glass envelope.

Light feedback could be an extremely disturbing
effect in certain appliecation, such as where you would
want to use the pulse width, or where you are integrating
the output pulse to yield specific information., The ad-
verse effects which this phenomenon suggests are com-
pletely avoildable if the tube 13 not used near the roegen=
eration voltage. This voltage can be below or above the
rated voltage of the tube, for the voltage where regen-
eration occurs depends a great deal npon the divider

network distribution.





