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INTRODUCTION

A photomultiplier is a device which yields a pulse of charge as output
a certain fraction of the time upon receiving an input light signal. The
output signal varies statistically in size. 1In addition, output pulses are
obtained even with no light input; these noise pulses follow statistical
rules also.

Ordinary pulse counting measurements, possible when output pulses from
all sources can be individually discerned, blindly add up pulses as they
come in, regardless of pulse origin. In dc measurements there is a dc com-
ponent of signal representing the time-averaged charge output, contaminated
by an ac component which represents ac noise generated in resistors and the
ac component of the output pulses. The signal-to-noise expressions for dc
measurements (involving dc or ac measurements) are difficult to obtain and
still provide no information to use in rejecting pulses which, on the average,
look like signal pulses yet do not arise from signal.

From the above it is evident that, if output pulses are sparse enough
so that the individual pulses can be resolved in time, a means of rejecting
non-signal pulses would improve both the pulse counting and dc methods of
measurement of Qeak light sources with photomultiplier tubes. This study
was undertaken to identify the relevant parameters affecting signal-to-noise
ratios and to determine the best values of the parameters for several par-

ticular tubes.



GENERAL DISCUSSION OF PHOTOMULTIPLIERS

‘In a light detector three things are desired: (1) sensitivity to very
small signals; (2) high signal-to-noise ratio; (3) output directly propor-
tional to light intemsity input. In the visible and near-visible regions of
the electromagnetic spectrum the photomultiplier suits this purpose well.
The photomultiplier consists of a material that emits electrons upon absorp-
tion of light energy, followed by a series of dynodes at decreasing potential
with respect to each other. The photoelectron is accelerated by the inter-
dynode potenﬁial to the first dynode, where it causes the emission of second-
ary electrons. The number of secondary electrons follows a probability law.
The resulting secondary electrons are then accelerated to the second dynode,
‘where more secondary electrons are emitted and the cascade continues, as
shown in Plate 11,2' The same number of secondary electrons is unlikely to
be emitted each time an incident electron impinges on a dynode surface.
Consequently, dependent upon chance, a statistical distribution of sizes of
output pulses is to be expected.

Many things can happen to mask this distribution. There is always some
ohmic leakage between dynode structures; even glass insulators have finite
conductivity. Thermal electrons emitted at various stages in the amplifi-
cation process behave like photoelectrens, stérting cascades that have the
same form, assuming uniform dynode properties, as cascades due to photo-
electrons, though of smaller average net charge. In dc measurements, one
must worry about Schottky noise and Johnson noise. Schottky noise is due to
the fact that the electrons in a steady current flow pass a point randomly
‘in time. Johnson noise reflects the fact that random thermai motion of
electrons in the load resistor generates white noi5e3. There are also the

possibilities of ion feedback, prepulsing, afterpulsing, natural radiocactivity,



EXPLANATION OF PLATE I
Two of the most widely used types of photomultipliers.
Fig. 1: Venetian blind type.

Fig. 2: Compact type.
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and fluorescence, some or all of which can make a tube unsuitable for either
ac or dc work. Ion feedback, prepulsing, afterpulsing, and fluorescence can
be eliminated by careful design, and it is thought that the extremely large
pulses found in some tubes and which do not abate at low temperatures are
due to natural radioactivity of the glass and metal of the tube4'5'6. These
pulses can be eliminated by use of an upper level discriminator, once their
origin is determined.

With all of these faults, it may be wondered why the photomultiplier is
used instead of a Golay cell, or thermistor, or even a phototube with elec-
tronic instead of cascade amplification. The first two are unsuitable because
of lack of sensitivity and long response time. The photomultiplier anode
can be considered to be a capacitor which receives a packet of charge in a
time interval of about a nanosecond and which subsequently discharges through
a load resistor. For a 1P21 photomultiplier tube with capacitance ~6& pF,

a rise time of ~2 nsec has been obserVed7. Discharge through a 1MSL load
resistor would give rise to a decay time of about 6/}&5. Some special photo-
maltipliers have even sharper pulses.

Let us compute the advantage of_multiplier amplification over an elec-
tronic amplifiers. Consider a photocell with an electronic amplifier of
band width Af and a photomultiplier with load resistor R and anode current
Io. Let the photomultiplier tube have an ideal multiplier, with a photocath-
ode of well-defined quantum efficiency. This tube can detect a minimum
luminous flux of 4:m' Let the photocell havg the same photocathode. For
the photocell and the electronic amplifier let the minimum detectable lumi-

nous flux be 4)v" The gain in signal of the multiplier over the amplifier is



Assume that the output of the multiplier needs no further electronic ampli-
fication and that gain fluctuations due to secondary emission are negligible
compared to the Schottky noise. This is true if the multiplication at the
first dynode is greater than 2, If this is so, the photocathode yields a

i ; . 3
current Io' the mean square noise component of which is

(2> =2el.af,

Since the measurement is dc, thermionic emission and background flux can be
considered a steady, dc source of noise. Introduce a modulation factor T‘

defined for the photocathode such that

PEE%,

where I is the photoelectric current containing the information of interest.
Assume the current of interest must have a signal-to-noise ratio f3 in order

to be detectable. Then,

T a= P‘\JZelgAF .

If the signal is multiplied by an ideal electronic amplifier, the noise comes

from Johnson noise in the amplifier input resistor:
{~*) =4 kT RAY |

For the electronic amplifier, the photocathode current must have the value

Lo= YRR




If C is the input capacitance of the amplifier,

Y 1
At = 2NRC

RC being the time constant of the amplifier-detector system. Then,

_Iv__[" TC = %L'
CT’IM"ef’ kT C '7XlOPVE‘

at room temperature, C being expressed in farads. If C = 20//;»‘F and//3==2,

then

G=reool
If Tﬂ equals 1; that is, if no stray light hits the tube and there is no
dark current in the tubg,,the multiplier can detect a signal 1600 times
weakexr than a photocell plus amplifiers.

In pulse counting applications, the minimum detectable signal is usu-
ally considered to be "equal to the statistical uncertainty in the dark
count“g. It has been shown, however, that electron pulse counting has a
greater signal-to-noise ratio than dec methodslo. Indeed, for applications
such as the beam-foil technique, where the source is extremely faint, the
advantage of pulse counting (with a quiet tube) over lock-in amplification
is about four to one in minimum detectable flux. Two dc methods of detecting
a very weak signal were opposed to pulse counting for a weak Raman line.

The dc methods were lock-in amplification and the "noise-wvoltage technique",
a method in which the shot noise of the photocathode is cbserved. Three
detection systems were constructed and the three methods tried in turn. The

pulse counting technique could detect a minimum of tweo counts/sec or 1.3 x

10—17 W input power. The lock-in amplification method could detect a minimum



of 5.7 x 10"17 W or 4.4 times the minimum detectable signal of the pulse

counting technique; the noise-voltage method could detect a minimum of
4 x 10—17 W or 3.1 times the minimum detectable signal of the pulse counting
technique.

Consequently, if one desires to eliminate unwanted noise pulses, it
behooves cne to have some idea of what the pulse height distribution from
a photomultiplier looks like, and where in the multiplier the pulses from
some given part of that distribution most likely had their origin. This
is also important to nuclear physicisés, who wish to know what an "ideal

line" from their scintillation counters looks like.



PULSE HEIGHT DISTRIBUTIONS

There has been in the past some disagreement over which photomultir
pliers produced what shape of single electron pulse height spectrum. The
ideal case would be a pulse height spectrum with clearly defined peaks
corresponding to single electrons, electron pairs, triplets, and so on,
being emitted from the photocathode and cascading down the multiplier as-

sembly as shown in Fig. 1.
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Fig. 1, Multiple Peak Pulse Height Distribution (A)
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In recent years a distribution very like this has indeed been observed .

More often, however, pulse height spectra similar to Fig. 212'13 have been
obtained.
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Fig. 2, Exponential and Peaked Distributions (B,QC)
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In other cases the pulse height distribution may loock like Fig, 34.

Log N

Pulse Height —>

Fig. 3, Quasi-Exponential Pulse Height Distribution (D)

Case (B] suggests an exponential or Furry probability in the distribution
function for one cascade; case (C) suggests a Poisson distribution, and (D)
suggests multiple parallel processes of electron multiplication., Case (D)
is uswally obtained when all sections of the distribution are not affected
equally by temperature. One obvious way to surmount part of the dark noise
problem due to thermionic emission is to cool the tube; Engstrom showed
that.for the 1P21 family of photomultipliers the dark current follows at
least approximately Richardson's equation down to low temperatures, where

a low temperature tail is observed. The deviations from a Richardson's
curve were ascribed to different values of the work function in the tube14.
The low temperature deviation is now ascribed to cosmic rays and radicactiv-
ity of the tube and environs producing multiple photon eventsls. In many
photommltipliers, if not most, there is a distinct high energy tail to the
pulse height distribution.

The exact shape of the cascade distribution is important, since, if
the imfermation on the origin of the electron cascade is not destroyed by
the statistics, a discriminator, or "window", can be set to eliminate un-
wanted signal that probably does not originate from the photocathode, It
is difficult to discriminate between single thermal and photoelectrons

from the cathode, as the difference between the two, if any, in initial
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velocities on leaving the surface of the cathode is overwhelmed in the
common acceleration across a potential of the order of a hundred volts
for electrons of all sources. Nevertheless, there is considerable ad~
vantage to be had in measuring only electrons originating from the cath-
ode, as a considerable amount of noise is still eliminated.

There are two fairly simple rationalizations for the two types of
single electron spectrum usually claimed. As a simple, probably invalid
model, the exponential distribution can be imagined to arise from raising
the temperature of the electron gas in the region of the primary electron
impaét so that the distribution of electron energies goes from a sharp

cutoff to a slightly less sharp cutoff, Fig. 4.

N N

Energy —» Energy —>

Fig. 4, Population vs Energy Distributions

If we assume an electron escapes from the solid by undergoing numerous
collisions and finally wandering out of the material, the higher energy
electrons are able to wander longer and still overcome the work function
at the surface. There might then be an approximately exponential popu-
lation distribution of secondary electronsla. Ancther argument is that
an electron splashing out another electron is essentially a go, no-go
proposition or Bernoulli process. Thus there is, for a given occurrence,

a certain probability /0 of an electron-electron collision producing the



12

desired result. This would give rise to a binomial probability distribution;
if the number of collisions becomes large and the probability of electron

escape small, we have a Poisson distribution resulting.
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THEORY OF PULSE HEIGHT SPECTRA

There are two general ways of measuring the single electron pulse height
distribution. One way is to run one's tubelwith a very weak light source of
known frequency incident on the photocathode and then subtract the dark cur-
rent pulse height distribution from the distribution resulting from the light
and dark noise pulses, the light counts and dark counts together being suf-
ficiently small in number that the tube mﬁltiplication parameters do not
change and pulse pile up does not occur.

A number of authors have reported single electron spectra with peaked

distributionslz’lT_zz and a like number with exponential or quasi-exponential

distributionss'13’14’18'23-34. Efforts have been made to calculate probabil-
ity distributions based on either exponential or Poisson statistics; these
have met with varying successlz'21'35'36. The situation was clarified some-
what whén Delaney and Walton showed that, for some tube configurations, light
could pass the photocathode, reach the dynode structure, and contaminate the
observed pulse height spectrum with single electron pulse height spectra from
dynodes 1, 2, and so on. With this caveat, they were able to obtain from
some tubes single photoelectron pulse height spectra whiéh were clearly based
on Poisson statistics. Nevertheless, with some tubes they cquld not obtain
the desired peaked spectrals.

Prescott (1966) attempted a model of the single electron multiplication
process using the same general procedure as previous workers, except that,

instead of an exponential or Poisson distribution, he assumed a Polya proba-

bility distribution:

-V

POY = £ nt«y) ED
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where /.A. is the mean of the distribution, and b is a "shaping para.meter"37.
When b = 1, this distribution is the quasi-exponential, or Furry distribu-
tion; when b = 0, the distribution becomes the Poisson distribution. The
Polya distribution is also known as the "negative binomial distribution" or
"compound Poisson" distribution.

Using the generating function G(s) of a probability function f(x), let
us develop an interpretation of the Polya distribution and an iteration
formula for the problem of a secondary electron cascade. Let f£(x) be the
frequency function for x secondaries for each stage of multiplication; then

G()= 2 s 10
: allx
G(s), where s is an auxiliary variable, is the generating function for f£{x).

For the Polya distribution the generating function G(s) is

o= { ol ]

The generating function Gk(s) for the output of the kth stage is, then,
G () = G[G{- - - Gc(s)}]
LG ]

Through the Polya distribution one may introduce the idea of non—uniform
dynodes. Let us assume that the secondary emission distribution is Poisson-
ian, but that thé mean of the distribution varies from place to place on each
dynode, either because of secondary electron loss or surface variation on the
dynode. Let us assume the distribution function for the mean to be g(m).

The generating function for a Poisson distribution of mean m is exp[m(s-1)],

so that the generating function for one dynode is
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Ge(3) = X%(w\e‘sp[w(s—g)—}clw )

Now the moment generating function for m is
o

M) = Jj(w\) 21:?[%8] al‘\M}
so that °

G—(-s) = Mm(g-l) s

and the mean of the compound Poisson distribution is the same as the mean
of the mean distribution g(m).
p : — | varianc
According to Prescott, the relative variance V, where V = [_ﬁn_g]

2
mean
is given by

\/:-)—:-r— AV

where Vm is the relative variance of g(m}, and;;: is the relative wvariance
of a Poisson distribution of meanl/LA' so that the relative variance of the
compound Poisson distribution is the relative variance of the simple Polsson

distribution plus the relative variance of g(m). For the Polya distribution,

. l
G = [l+ )O/ACI"S)] o
M.,.0(s) = (l—la/us)—-‘/b.

By comparison, we may obtain

oo (41
L wm
%W%“ vl
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We have found that the mean of g(m) is//; ; it is asserted that the wvariance
is P/P&z and the relative variance b. Except for the exponential case b = 1,
this distribution g(m) is peaked, with the distribution becoming narrower
as b—-»0, b = 0 being a delta function S(m —/u}. When b = 0, the dynodes
are perfectly uniform. The pulse height distributions of such dynodes,
obeying point Ppisson statistics, having a finite area with a mean number of
secondaries for the dynode as a whole of//bt, with a total probability dis-
tribution governed by Polya statistics and a well-defined variance, have #
relative variance of V = . + b,
/M
Based on Lombard and Martin's method, assuming equal stage gains and

identical dynodes, Prescott obtained theoretical curves for the multiplier

structure. We had

Gie) = G Gone, (9 22 Beeds™,

where Gk(s) is expressed as a Maclaurin series, Pk(x} being the coefficients
th
of the x  power of s. Then

N %
Pk(ﬂ = —>ZT Gk(g) = — (}‘{Gk_i(S)}
' s=o

x4

2
sS=0

where (x) means xth derivative with respect to s. Applying Leibniz's rule

for derivatives:

and by algebra, we obtain
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x T { [+ \o/u [ l —Pk_l( o\] i :}gﬁ(@ ﬁ_,(x-g) {Y"l‘gﬂo“l)-% )
kxt,x>1,

with the initial conditions that
u~/1°
Pk(oj: {\"'\aﬂ[l—"a_l(o\]} _)

Ti>(3£) = | ) X = ‘ )
Tﬁb(“)'i'CD J Wl?él

For completeness, the j{th moment about the origin of the distribution leaving
stage K is

VEPRAS

xX=o

141 s o
oM PN  GOnEmt

The relative variance V of this same distribution is

|
\/ = (\04};)( l""/,“';lu—"-"' ————*—;E:‘) ‘

For K large,
= b
/A&““
Naturally there will be some cascades that "break”; i.e., at some point all
the incident electrons will fail to produce any secondaries at all. Therefore

the observed means and variances will differ from the true means and variances.
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If k is the fraction that breaks; i.e., Pk(o), then

/

.
M= -k

and

V's Vi k = W) Q-]
/M-I

The fractions of chains breaking are given in Table IV.

There are two obvious ways of attempting to fit experimental results to
Prescott's work. One can compute the pulse height distributions for a
variety of values of /ﬁhand b and plot one's experimental data with these
distributions, or one can compute the relative variance of one's experi-
mental distribution and compare this against relative variances computed
from Prescott's formula using estimated values of b and’/un. Programs for
computing the variance of the experimental distributions and for computing
pulse height distributions using Prescott's iteration formulae are given in
the Appendix. Due to the cost of computation only a few distributions were
computed. Fortunately the distributions converge to their final shape
quickly, five stages of iteration being adequate for /}AEL 3, and four for

/}L > 4.536. It has been observed experimentally that a few stages of
amplification determine the shape of the pulse height distribution527, and
the distributions calculated display this, as shown in Plates 11T and IV.
Distributions calculated by Prescott for a variety of values of the para-

meters’/bk, b are presented in Plate II.



EXPLANATICN OF PLATE II
Pulse height distributions for wvarious wvalues of b, the Polya shaping
parameter, and /A , the mean interstage gain. Graphs taken from Prescott

{1966) .
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EXPLANATION OF PLATE III
Pulse height distribution for Py =3, b = .6, for different stages of
iteration.
A. Secondary electron distribution leaving dynode 2.
B. Secondary electron distribution leaving dynode 3.
C. Secondary electron distribution leaving dynode 4.
D. Secondary electron distribution leaving dynode 5.

E. Secondary electron distribution leaving dynode 6.
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EXPLANATION OF PLATE IV
Pulse height distribution for/}A =5, b= .3, for different stages of
iteration.
The curves, from left to right, represent the secondary electron dis-

tributions leaving the first, second, third, and fourth dynodes respectively.
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EXPERTMENTAL APPARATUS AND TECHNIQUES

25

The present measurements were made using a photomultiplier in a light-

tight cold box, with the output going into an ND-130 multichannel analyzer

or a piccammeter.

The temperature control was accomplished by boiling off

ligquid nitrogen and passing the cold gas through a copper coocling jacket.

Strategically placed thermocouples allowed the temperatures inside the cold

box to be recorded.

11
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Pulses from the tube were displayed before or after amplification by
an ND-500 amplifier on a Tektronix 545 oscilloscope; amplified pulses could
also be fed into the ND-130 pulse height analyzer or unamplified pulses fed
directly, bypassing the ND-500 amplifier, into the internal amplifier of
the pulse height analyzer. The output of the tube could also be fed into a
Keithley model 416 picoammeter to measure the dec comp;nent of the output cur-
rent, as these ammeters had sufficiently long time constants to integrate out
most of the noise. Output from the pulse height analyzer could be displayed
on an oscilloscope, plotted on an xy plotter, or punched on paper tape with
a Tally punch. A BNC pulser was used to roughly relate pulse size to channel
number and to verify that the analyzer was approximately linear in function.
A Honeywell-Rubicon potentiometer monitored three copper-constantan thermo-
couples with ice water reference junctions; by this method the temperature
in the lighttight box, made of a wide mouth Dewar and Styrofoam, could be ac-
curately monitored. Cooling was accomplished by beiling off liquid nitrogen
and passing the cold gas through a copper cooling jacket and then over the
tube; a coldfinger arrangement was also built in, but never used. A 1.5V
light bulb operated at »~ .35 to .5 V provided the weak light source.

The light then passed through an interference filter with band width
centered at 4860 ;_ The green light emerging from the filter then passed down
a plastic pipe to bounce off a rough aluminum surface into the window of the
cooling jacket and the photomultiplier. Several tubes were examined before
one was finally selected for measurements. The other tubes were rejected
because of erratic dark noise, low gain, or both. The tube selected for mea-
surements was an R-106 photomultiplier by Hamamatsu, basically a 1P28 with
a quartz window. The R-106 is a tube with an S-19 cathode response (Cs Sb),

nine stages of multiplication, and a tube gain of the order of 106. The S-19
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cathode response was considered to be useful in other work now going on be-
cause of the high guantum efficiency ( ~20%) towards the blue end of the
spectrum, sco this type of tube was of some practical interest.

The tube itself is a compact, electrostatically focused side window
tube. -Due to the electrostatic focusing properties of the tube, it was found
that altering the cathode-first dynode voltage produced a radical change
in the pulse height distribution. The pulse height distribution for approxi-
mately double the cathode-first dynode potential locked very much like those
obtained by connecting the cathode to or back-biasing from the first dynode.
Unfortunately, for the same overall tube voltage, the tube suddenly experienced
a drastic increase in dark current and no further data was taken, in order not
to risk damaging the tube. This effect fits the experience of Berfolaccini
and Cova (1963); some of their photomultiplier tubes underwent sudden spon-
taneous increases in dark current on cocling, preceded by large increases in
tube gain. Other tubes tested before this report also exhibited large dis-
continuous dark current changes upon increase of tube voltage or light signal
or merely for no apparent reason. The R-106 experienced highly variable dark
current, ultimately swinging over to a self-sustaining large dark current
upon increase of tube voltage above about 1150 volts.

The green filter was chosen primarily to cut down light intensity from
the bulb; at ~s .4 V on the bulb it just barely glowed orange, and through
the green filter it was virtually invisible. A blue filter would have been
better, but green was easily available. The color of the incident light was
not considered important, as an experiment performed with a 1P28 tube, of sS-5
response, had no detectable difference in the normalized pulse height spectra
due to light for the Na yellow line at 5896 ; vs the Na blue line at 4668 ;,

The glass of the filter also stops much infrared which can change the cathode
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temperature by as much as 40° C.

The temperature response in dynode gain and quantum efficiency of the
1P2] type tube is very important, but, since it is recognized as existing,
varies greatly from tube to tube, and the R-106 was to be run at ~76° C, no
attempt was made to investigate these effects. The temperature for the data
obtained is noted along with the data.

Data were obtained with only weak illumination of the photocathode.

In every instance save one the live time of the analyzer did not go below
about 90% and illumination of the photocathode never lowered the live time
less than 5%. This high live time eliminated pulse pile up effects. At low
temperatures a tendency of the dark noise to be greater after illumination
than before was noted; the effect, if present, was masked at room temperature
by the magnitude and variability of the dark current. Alternately illuminating
the cathode and then counting for one minute periods over a ten minute inter-
val produced a slight appérent change in the dark pulse height distribution;
the effect was small, however, for any one minute period, and was probably

due to the comparatively bright light warming the cathode slightly. In photon
counting with the light intensity so low that the minute dark noise of the
R-106 at low temperatures is a detriment to detecting the light signal, no
appreciable warming of the cathode is to be expected. Consequently, when long
period counting times were used to obtain more reasonable signal-to-noise
ratios, no attempt was made to illuminate the tube intermittently during the
count. Illumination from the flashlight bulb tended to vary somewhat over

a minute's time until a larger battery and higher filament temperature, made
possible by a pin hole aperture, improved stability. If live time and anode
current may be believed, the bulb would change its illumination by 100% over

short time intervals when cperated at very low currents.
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The high voltage tended to drift by about 10 volts immediately after
a new veoltage was set on the power supply. Indicated voltage was correct
and any fluctuations in high voltage were quite slow, certainly of no im-
portance over the counting times used.

The temperature in the cold box was practically instantaneously re-
ported by the thermocouples; the temperature in the tube was allowed to come
to equilibrium over the space of one to four hours, depending on the magnitude
of the temperature change. The best indicator of the internal conditions of
the tube was the dark current. Down to about -50° C the dark current offered
a fairly reliable gauge as to whether the tube was or was not in equilibrium.

In addition to temperature, prior illumination was also a factor in dark
current. Above about 1150 V the dark current was apt to spontaneously in-
crease so much that it drove the analyzer to zero live time upon moderately
strong-illumination of the photocathode. The analyzer would go from 100% live
.time with a dark tube to 80% live time with the tube illuminated. The live
time would then drop rapidly to zero, even without further illumination of
the photocathode. With a warm tube proportionately less light was required
for this to occur. With a 1P21 tube at high voltage this condition persisted
with no light with no apparent diminution for half an hour. Dark current was
still very unstable unless the tube had "rested" for a day or more. This
effect was apparently difficult if not impossible to induce at lower wveoltages.
The effect may be due to ionization of remaining gas in the envelope as light
alone without high voltage had no such effect on the tube. High voltages
were avoided after the R-106 exhibited this behavior.

The shape of the dark current distribution apparently did not change
after such a period of high dark current; even if the level of dark current

. was not the same for the same indicated temperature on different days, the
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proportions of the distributions are the relevant parameters.
Data taken were stored on paper tape in about two minutes and further
measurements made to avoid the risk of temperature or voltage change in the

interim. The paper tape was printed or plotted out at leisure and the

results processed.
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DATA REDUCTION

Data were taken in paired sets: with the light on and off. Current
readings were taken with and without illumination; the total number of single
photoelectron responses after dark noise subtraction then yielded the average
interstage gain. Data were obtained at temperatures ranging from near room
temperature to below that of dry ice.

Results were key punched from the analyzer printout and put into a
pProgram that corrected for dark counts, normalized, found totals above and
below a given channel, converted channel number to fractions of the mean
pulse height, found the relative variance, and found the total number of
pulses. This program is presented in the Appendix. The program was quite
inexpensive to run.

Pregcott's iteration formulae for pulse height distributions were pro-
grammea for the IBM 360/50 computer; this program was quite expensive to run.
The program is included in the Appendix. It may be noted in Plates III and
IV how rapidly the distribution assumes its final shape. Note that it is
very nearly linear on a semi-log plot as it falls to zero.

A rough estimate of the value of b was obtained from the graphs pre-
sented by Prescott. The value of /pL was found to be about 5-6 and by in-
spection of Prescott's results one can see that b ~ 0.2. A better value of
b was found by comparing the relative variahce computed for various wvalues
of /pa and b to that found experimentally.

It was assumed that the best signal-to-noise ratio would be obtained by
rejecfing all pulses above or below the value for which a dark pulse height
distribution would have greater fractional population than a light distribu-
tion of equal number of pulses. Consequently, the total counts above and

below a given channel were computed for both light and dark counts for each
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of the pulse height distributions analyzed.

Several values of were obtained for various voltages and tempera-
tures and are presented in Table I. Pulse height distributions both with and
without light for various values of high voltage and temperature are pre-
sented in Plates V - XI and XX -~ XXIX. Discriminator levels for the varying
tube voltages and temperatures were chosen. The upper and lower discriminator
levels chosen were selected by use of the signal-to-noise plots, Plates XV =
XIX, and tables in which the light and dark counts between two given channel
numbers were divided to obtain signal-to-noise ratios, Tables VI - X. 1In
view of the fact that signal-to-noise ratios were computed on the basis of
the signal counting rate being equal to the dark counting rate, dark count
rates observed for a variety of wvoltages and temperatures are presented in
Table IV. Computed values for the relative variance for different values
of J}A-and b, Table II, were compared to the relative variances obtained ex-
perimentally and shown in Table III. Due to the high gain, corrections for
the number of cascades that broke were insignificant, as demonstrated by
Table IV. Due to the presence of the high amplitude tail in the single electron
pulse height distribution the data were truncated at various levels and the
variances computed for the abbreviated distributions as well as the complete
distributions.

In an effort to determine the single electron response the photocathede
was back-biased in varying degrees; this apparently defocused the electron
multiplier structure as demonstrated by Plates XII - XIV. In an attempt to
enhance the single electron response the cathode-first dynode voltage was ap-
proximately doubled; this defocused the structure, but before good data on this
phenomenon could be obtained the dark noise increased spontaneously and the

measurement was discontinued.
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TABLE I
Gains and Mean Inter-stage Gains

Obtained at Various Operating Voltages and Temperatures

Run No. Temperature Tube Gain Mean Inter-
Degrees C Voltage Xloét % Stage Gain
ldp** -83 + 5 1150 5.0 + 10 5.5
133B* -71 + 5 1150 2.2 + 30 5.0
Lig¥ex =77 + 5 1105 9.1+ 13 5.9
181 %% -102 + 5 1100 8.3 + 25 5.9
143%* -83 + 5 1100 4.8 5.5
145%%* -83 + 5 1100 3.8 + 33 5.4
147%%* ~83 + 5 1100 4.0 + 20 5.4
124%* -65 + 5 1100 2.0 + 30 5.0
162+ -54 + 5 1100 13.6 + 27 6.2
142%* -18 * 3 1100 4.8 + 40 5.5
157++ +21 + 5 1100 2.0 +100 5.0
165%** +21 + 5 1100 4.3 +110 5.5
175%4% =77 + 5 1005 2.5 + 80 5.2
149%* -83 + 5 1000 1.8 + 50 4.9
170%** +22 + 5 1000 0.36+ 20 4.1
150%* -83 + 5 950 1.4 i;?o 4.8
151 %* -83 + 5 900 4.3 + 5.5
174%* -3 + 5 900 0.95+ 20 4.6

* . Data Taken 18 May 1970.

** Data Taken 3 June 1970.

*#%% Data Taken 20 June 1970.

+ Data Taken 19 June 1970.

++ On exposure to light on the next run the tube noise spontaneously increased.
Data Taken 19 June 1970.



TABLE II

Relative Variances Based on Prescott's Theory (1966)

Mean Interstage Gain _m= 5

bfo .1 .2 .3 .4 .5 6 .7 .8 .9 1.0
v{§.25 .375 .50 .25 .75 .875 1.0 1.125 1.25 1.375 1.5
Mean Inter-stage Gain AA =6

bjo el .2 -3 4 .5 .6 .7 .8 .9 1.0
Vi .20 .32 .44 .56 .68 .80 .92 1.04 1.16 1.28 1.4
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TABLE III

Run | Voltage | Temperature | Mean Factor* | Truncation Pt.| Rel. Var. £(x)
(Volts) | (Degrees C) Ch. No.| P. Ht.
181 1100 -102 + 5 0.82 260 4,37 0.29 0.972
0.87 300 5.04 0.48 0.980
0.91 350 5.87 0.71 0.987
0.94 400 6.72 0.89 0.992
" 0.97 450 7.56 1.04 0.985
1.0 511 8.58 1.24 1.0
172 § 1105 =77 + 5 0.80 200 3.55 0.017 .962
‘ 0.85 250 4.41 0.31 0.975
0.89 300 5.30 0.54 0.984
0.92 350 6.18 0.71 0.989
0.95 400 7.06 0.85 0.993
1.0 511 9.02 1.18 1.0
147 | 1100 -83 + 5 1.0 511 0.83 1.0
0.85 Less Exponential 0,33 1.0
1247 1100 ~65 + § 1.0 511 0.46 1.0
176 1005 =77 * .5 0.84 200 8.71 0.19 0.979
0.89 250 10.89 0.52 0.989
0.93 300 13.07 0.81 0.994
0.96 350 15.25 1.19 0.998
0.99 400 17.43 1.58 1.000
1.0 511 22.26 1.70 1.0
170 | 1000 +22 + 5 1.0 511 0.70 1.0
174 200 -73 + .5 1.0 511 1,22 1.0
—— Less %xponenﬁial 0.51 1.0

* The Mean Factor is the number that the 0ld mean must be multiplies by in
order to obtain the value of the mean for the truncated data.



TABLE IV

Data Taken from Prescott (1966}

Fraction k of Cascades That Fail to Propagate

36

Polya Shaping
Parameter, b

Mean Stage Gain,};&

3.0 3.5 4.0 4.5 5.0 6.0
0.0 0.060 0.034 0.020 0.012 0.007 0.003
0.1 | =——-- 0.058 0.039 0.026 0.018 0.009
0.2 0.12 0.084 0.060* 0.045 0.034 0.020
0.3 | =——— 0.11 0.084 0.066 0.052 ————
0.4 0.18 | —=——- 0.11 ———— SVAMENIDIVIS |
0.5 0.21 | =-—-- 0.13 | «=m=- R e
0.6 0.2 | ——m—- RRVNESE - — S
0.8 0.29 ————— ————— —~——— e | e
1.0 0.33 T [—— SNSRI — -

* Interpolated by Prescott.

An additional wvalue is,}} = 2.0, b = 0.5, k = 0.38.




TABLE V

Typical Dark Count Rates for The R-106

Run Temperature Voltage Counts/Minute
*C v
178 -77 + 5 1105 29.5
144 ~78 + 5 1110 48.8
1248 -65 + 5 1100 23,300%
147a -83 + 5 1100 59
180 -102 + 5 1100 20.0
l4asa -82 + 5 1050 66
175 =71 + 5 1005 23.3
169 +22 + B 1000 11,966
1418 -10 + 2 1000 676
l49a -83 + 5 1000 39
150a -83 +5 950 29
l41cC -10 + 2 900 21.9
174 =73 % B 900 68.5
1518 ** -83 + 5 200 30
151Cc#** -83 + 5 900 12.9

* Tube probably not yet in electronic equilibrium.

** Run 151B was a 1 minute count after exposure to light;
151C was a 10 minute count thereafter.

not change.
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Temperature and voltage did
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TABLE VI
Percent Improvement in Signal-to-Noise Ratio by Use of

Upper and Lower Discriminator Levels. Run 174A-B, 900 Vv, -73 + 5° C

Upper Level % Signal
Chl. No. 30 40 50 80 511 Lost
Lower Level
Chl. No.
¢ 0.2 0.3 0.3 0.3 0 0
5 4.2 4.3 4.3 4.3 3.6 45
10 8.4 8.5 8.3 8.2 6.5 77
15 14.6 15.8 13.4 12.7 8.3 91
TABLE VII

Percent Improvement in Signal-to-Noise Ratio by Use of

Upper and Lower Discriminator Levels. Runs 169-170, 1000 Vv, +22 +5°¢C

| Upper Level % Signal
‘ Chl. No, 40 45 60 511 Lost
Lower Level
Chl. No.
0 4.4 4.3 3.3 0 5
5 : 23.6 23.0 20.8 15.4 12
10 40.8 39.3 35.1 26.5 32
15 50.9 48.0 41.2 28.4 50
TABLE VIII

Percent Improvement in Signal-to-Noise Ratio by Use of

Upper and Lower Discriminator Levels. Runs 175-176, 1005 Vv, =77 + 5° C

Upper level % Signal
Chl. No. 30 40 50 70 20 511 Lost
Lower Level
Chl. No.
5 13.2 | === 9.5 8.8 7.5 4.5 10
7 17.1 13.7 12.1 11.4 —-—— ——— 29
10 14.6 ——— 9.5 8.6 7.0 3.4 38




TABLE IX
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Percent Improvement in Signal-to-Noise Ratioc by Use of

Upper and Lower Discriminator Levels.

Runs 178-179, 1105 V, =77 + 5° C

Upper Level % Signal
Chl. No. 60 70 75 80 85 90 511 Lost
Lower Level
Chl. No.
11 25.3 26.2 24.4 22.9 22.1 22.1 14.0 24
12 25.7 30.9 24.8 23.2 22.4 22.4 14.9 25
13 25.6 26.6 24.8 23.1 22.3 22.3 16.5 28
TABLE X

Percent Improvement in Signal-to-Noise Ratio by Use of

Upper and Lower Discriminator Levels.

Runs 180-181, 1100 v, =102 + 5° C

Upper Level % Signal
Chl. No, 55 60 65 70 75 80 Lost
Lower Level
Chl. No.
5 6.3 11.1 6.4 5.9 4.9 5.5 29
10 12.7 12.4 12.0 —— 6.6 7.5 34
15 17.8 16.9 16.2 - 13.5 13.9 38
20 22.2 20.8 19.7 —_— 16.2 16.6 44
25 21.7 20.2 19.0 — 15.2 15.7 51
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RESULTS AND CONCLUSIONS

Examination of single electron pulse height spectra with Prescott's
curves superimposed indicated that /;A © 5o0r6andb v~ .2. The cor-
respondence was not exact, the principal difference being that the experi-
mental data had a high amplitude tail extending from about two and one half
mean pulse heights to nine or more mean pulse heights. The relative variances
computed form the extended data would indicate a b value close to unity,
which from the shape of the‘spectra Qés considered impossible. The data
were then truncated and a relative variance computed for each truncation.

At about four and one half mean pulse heights the variance became close to
that to be expected from ’/41'5 or 6 and b 4.1, as may be seen in Table
III. Further truncation would further reduce the variance so that b could
equal zero on this basis; inspection of the graph indicates this value to be
unlikély.

The high amplitude pulses were found to be dependent on the total numbér
of pulses counted, but the debendence was not linear. For run 172, performed
at 1105 volts and -77° C, the total number of pulses beyond channel 300, or
about five mean pulse heights, were counted. The light distribution had 8.6
times as many pulses beyond channel 300 as the dark pulse distribution; the
light pulse height distribution had 13.9 times as many pulses in all and the
_dark pulse distribution had an integration time 40 times as long as the light
pulse distribution. It is interesting to note that when the pulse height dis-
tribution for a back-biased photocathode was subtracted from the normal dark
pulse distribution the high amplitude tail remained. This implies that the

ltail is due to thé photocathode. This fits well the hypothesis that cosmic
ray or natural fluorescence in'the glass or cathode material causes high

amplitude pulses. If there were a time dependent noise mechanism, such as
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radiation, and a population dependent mechanism such as residual gas fluores-
cence or just a very high gain section of dynode, this would require that 11
out of 30 high amplitude noise pulses be due to time dependent processes.

This would mean a noise counting rate of about one high amplitude pulse every
four minutes, a not too unlikely possibility. If one takes the data of

Verde, et. al., on high amplitude pulses literally, the pulses under consider-
ation would correspond to an energy range of about two to five KeV. The
residue of the high energy pulses would then be proportional to population.

A mechanism such as residual gas ionization or a small, exceedingly high

gain area of dynode surface would explain this phenomenon.

As mentioned above, in an effort to fit the probability distribution
predicted by Prescott, the data were truncated. Much the same effect on b
was cbtained by subtraction of a lohg period exponential from the data, though
this in turn engendered some lumps in the resulting distribution. In addition,
simply truncating the data resulted in a reasonable graphic fit with b s 2.
If Prescott's Polya probability distribution theory is correct, and if one
considers any local patch of high gain dynode surface to act independently
of the rest of the dynode and be reasonably uniform across its surface, then
one is left with a more nearly "triangular" compeonent rather than an exponen-
tial. The iow amplitude end of the observed distribution would not then be
in conflict with theory. Gas ionization might conceivably produce‘the same
result.

It was found that for tube voltages greater than about 200 V the use of
upper and lower discriminator levels would yield about a 20-25% increase in
signal-to-noise ratio as seen in Tables VI - X. The lower window level was
critical; the upper level was less so. The dual criteria of signal-to-noise

ratio and statistics must be considered in applying these tables; if the
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increase in signal-to-noise is buried in statistical fluctuations one is not
much better off than before. Integration time and counting rate are then

the determining factors in deciding to use discriminators. Consequently,
information on roughly how much light signal would be rejected by window com-
binations is included. These figures are an average over the range of values
for upper window levels for any one lower window level and are only approxi-
mate. Better estimates can be obtained from the signal-to-noise ratio graphs
if desired. Since the window levels indicated are dependent on the gain and
noise level at which the tube is operated on any given day for any given vol-
tage and temperature, windows must be set in terms of the proportions of a
light distribution taken that day. Since use of discriminator levels provides
comparatively little improvement in signal-to-noise ratio and cooling the
tube should, if large light levels are avoided, provide a low and constant
dark current, their necessity is unlikely to occur except where very high am-
plification might raise the noise due to several dynodes above the natural
low response level of the recording device.

In conclﬁsion, then, Prescott's Polya statistics provide a reasocnably
good description of the R-106 up to about two and one half to four mean pulse
heights, with high amplitude pulses above that level distorting the distri-
bution. The source of these pulses is not understood. The observed inter-
stage gain is about five and one half and the Polya parameter b ~ .1 - .2.
Discriminator levels produce an improvement in signal-to-noise ratio at tube
voltages above 900 V, but due to the fact that moderate to large amounts of
signal are lost and refrigeration produces such small dark noise, discrimina-
tors in the pulse counting mode are unlikely to ever be useful unless the
signal is amplified so much that the noise contributions from the second and

lower dynodes become appreciable.



EXPLANATION OF PLATE V
Graph of dark pulse height distributions for different tube potentials.
R-106, runs 141 A - D. |
Fig. 1.

A. 1100 v, 2 minutes live time.

B. 1000 v, 2 minutes live time.
C. 900 V, 4 minutes live time.
D. 800 Vv, 4 minutes live time.

Temperature ~10 + 2° C.
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EXPLANATION OF PLATE VI
Graph of single electron pulse height distribution, 1150 V on photo-

multiplier R-106, run 146. Temperature -83 + 5° C.
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EXPLANATION OF PLATE VII
Graph of single electron pulse height distribution, 1100 V on photo-

multiplier R-106, run 145. Temperature -83 + 5° C.
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EXPLANATION OF PLATE VIII
Graph of single electron pulse height distribution, 1050 V on photo-

multiplier R-106, run 148. Temperature -83 + 5° C.
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EXPLANATION OF PLATE IX
Graph of single electron pulse height distribution, 1000 V on photo-

multiplier R-106, run 149. Temperature -83 + 5° C.
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EXPLANATION OF PLATE X
Graph of single electron pulse height distribution, 950 V on photo-

multiplier R-106, run 150. Temperature -83 + 5° C.
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EXPLANATION OF PLATE XI
Graph of single electron pulse height distribution, 900 V on photo-

multiplier R-106, run 151. Temperature -B3 + 5° C.
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EXPLANATION OF PLATE XII
Graphs of pulse height distributions obtained from R-106 at -78 + 5° C.
A. Dark noise, photocathode at -125 V with respect to first dynode, run 128,
B. Dark noise, photocathode at +9 V with respect to first dynode, run 129.

C. Curve A minus curve B.
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EXPLANATION OF PLATE XIII

Graphs of pulse height distributions due to weak light on R-106 at

-74 + 5° C at 1100 V tube voltage.

A.

B.

Photocathode at =200 V with respect to the first dynode, run 152,
Photocathode at -110 V with respect to the first dynode, run 153,
Note the magnitude of the dark noise. Immediately after this measure-
ment the tube degenerated into a very noisy mode of operaticn, driving

the multichannel analyzer to zero percent livetime.
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E)C‘.DLANATION OF PLATE XIV
Curve A is the single electron response of the R-106 run at 1150 V,
-76° C, run 133B. The dark pulse height distribution has been subtracted.
Curve B is the result of run 133A at 1150 Vv, -76° C, with a standard
resistor string with the distribution resulting from back-biasing the

photocathode +9 V with respect to the first dynode subtracted.
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EXPLANATION OF PLATE XV

The graphs are based on the single electron pulse height distribution

and noise pulse height distributions for the R-106 run at 1105 Vv, =77° C,

runs 178-179.

A.

Graph A is the total of the normalized population at or above a given
channel for the weak light pulse height at or above a given channel for
the weak pulse height distribution less the dark pulse height distri-
bution., This is read off the left hana ordinate and is expressed as
probability density.

Curve B is the total population of single photoelectron pulses at or
below a given pulse size. Like curve A, the left hand ordinate is used.
Curve ¢ is the ratio of the populations of the single photoelectron re-
sponse at or below a given channel number to the corresponding dark
noise pulse height populatiocn.

Curve D is the ratioc of the single photoelectron response to the dark
pulse height distribution at or above a given channel. Both curves

C and D use the left hand ordinate and are dimensionless.

Curve E is the ratio of signal to dark pulses in a given channel for
populations of equal total numbers of pulses. These are the isolated

dots. These are read against the right hand ordinate.
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EXPLANATION OF PLATE XVI

Curve A is the normalized population of pulses at or above a given chan-
nel number for the single electron response of the R-106 run at 1100 V,

-102° C, run 18l. The dark pulse height distribution has been subtracted.
This graph uses the left hand ordinate.

Curve B is the total amount of signal at or below a given channel divided
into the total amount of dark pulses at or below the same channel for runs
180-18l. This curve uses the left hand ordinate.

Curve C is the instantaneous signal-to-noise ratio; i.e., the number of
counts in a given channel in the light distribution divided by the number of
counts in a channel for a dark pulse height distribution of egqual total number

of counts. This curve uses the right hand ordinate.
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EXPLANATION OF PLATE XVII

These curves are for the R-106 operated at 1000 V, +22° C, runs 169~170.

A.

Curve A is the proportion of the single photoelectron pulse height dis-
tribution at or above a given channel. This is read on the left hand
ordinate.

Curve B is the ratio of the number of pulses in a given channel for a
single photoelectron pulse height distribution to a dark noise pulse
height distribution of equal total nurber of counts. This is read on

the right hand ordinate.
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EXPLANATION OF PLATE XVIII

These curves are from the R-106, operated at 1005 v, -77° C, runs 175-176,

A. Curve A is the total proportion of the single photoelectron pulse height
distribution at or above a given channel. Curve A is read on the left
hand ordinate.

B. Curve B is the ratio of the single photcelectron and dark pulse popula-
tions at or above a given channel, Curve B is read on the left hand
ordinate.

C. :Curve C is the ratio of the single photoelectron and dark pulse height
populations of equal total number of counts. Curve C is read on the

right hand ordinate.
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EXP.'LANATION OF PLATE XIX
These curves are from the R-106 run at 900 V at -73° C, run 174.
A. Curve A is the proportion of the single photoeléctron pulse height dis-
tribution at or above a given channel.
B. Curve B is the ratio of the population of single photoelectron counts
in a given channel tc the dark pulse counts in that channel for signal

and dark pulse populations of egqual total size.
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EXPLANATION OF PLATE XX
Single electron pulse height distribution fﬁr R-106 operated at 1100 V
and ~83° C, run 147. The dark pulse height spectrum has been subtracted.
Superimposed are the calculated pulse height distributions from Prescott
(1966) for /ﬁﬁ =5, b=.1, .2, .3, and the single electron pulse height dis-

tribution less an exponential component.
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EX-PLANATION OF PLATE XXI
Curve C is the single electron pulse height distribution for R~106 at
1100 v, -83° C, run 147. The dark pulse height distribution has been sub-
tracted. This distribution is not normalized. Superimposed are the distri-~

bution C less an exponential component, E, and the calculated distributions

for/u=5,b=.2 (B) and/u=5,b=l.0 (a).
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EXPLANATION OF PLATE XXII
Curve A is the single electron pulse height distribution from R-106
operated at 1105 Vv, =77° C, run 179. Superimposed are the calculated dis-

tributions from Prescott (1966) for /U\ =6, b= .2, 0.
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EXPLANATION OF PLATE XXIIT
Curve A is the pulse height distribution for R-106 taken at 1100 V,
=102° C, run 18l. The dark pulse height distribution has been subtracted.
Superimposed are the calculated pulse height distributions taken from

Prescott's (1966) work with /J\ =6, b=0 (C) and/,\ =6, b= .2 (B).
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EXPLANATION OF PLATE XXIV
Pulse height distribution for 1000 V, +22° C, run 170. The dark counts
have been subtracted. Superimposed are calculated pulse height distributions

for/'=5:b=0, -l, -2, .3 and/= 6'b=.2.
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EXPLANATION OF PLATE XXV
Single electron pulse height distribution for R-106 run at 1000 V,
+22°9 C, run 170. Curve A is the single electron response and curve B is

a possible exponential trend in curve A.
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Fig. 1.

Fig. 2.

EXPLANATICN OF PLATE XXVI
Curve A is the single electron pulse height distribution for the
R-106 run at -3%00 V, =73° C, run 174. The dark pulse height dis-
tribution has been subtracted. Superimposed is curve B, a running
sum ofi%i?f(i) = f(x). Curve A is read against the left ordinate,
i=1

curve B against the right.

Run 174 less an exponential component.
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EXPLANATION OF PLATE XXVII
The solid line is the single electron pulse height distribution of the
R-106 at 900 V, -73° C, run 174. The dark pulse height distribution has been
subtracted. The dotted lines are (A) an exponential component and (B} the

result of subtracting the exponential component.
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EXPLANATION OF PLATE XXVIITI
Curve A is the single electron pulse height distribution of R-106
at 1005 v, =-77° C, run 176. Superimposed are the calculated distributions
from Prescott (1966) for P o 5, b = 0 (curve B) and/h =5, b=.,2

(curve Q).



20

PROBABILITY DENSITY

1.0

0.6

PLATE XXVIII

—

N S B | i1 I

20 40 60 80 100 120

PULSE HEIGHT (CHANNEL NUMBER)

| ] ] | |

140

1 2 3 4 5
PULSE HEIGHT ﬂzmmz PULSE HEIGHTS)



EXPLANATION OF PLATE XXIX
The dark pulse height distribution of the R-106 operated at 1005 V,
=77° C, run 175. The data are truncated at a higher pulse height than others

heretofore presented in order to show the high amplitude tail.
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1

994

1

. -
993

1
992
991

1
990
989
988
987
986
985

) FORMAT(IH/1H s 9H BRAND JH/LH ,'PM TUBE DATA REDUCTION')Y

 FORMATI(IS)

FORMAT( F10.5+5XsF10.035X+F10e8y5X,F1l0.8y5XyF10e8s10XsF4.045X4FL0.

i

FURMAT Fl0.5¢5XKe4F10.04505XF10.8),5X,F10.752X+F4.0)

DIMENSION CUMLI(550) CUMnissoi,'ALITEN{sso:, DARKNI(LE50)

TTDIMENSTON VARLTU(550), VARDKU(55G),VARLT(550),VARDK (550}

, : 94
FORMAT STATEMENTS

FORMAT{F5.0,2710.0)
FORMAT(F10.0)

FORMAT{Y PULSE HY' ¢ TXs*LIGHT 4BX,*NORM. LITE®,4X,"AT/ABY, LITE",2X
2 "AT/BELOW, LITE!4X,*'S/N ABOVE" 26Xs*S/N BELOW' $8X ¢ "S/N® y7X,*CHL®)

FORMAT{?®" PULSE HT',TX, *DARK ,8X, 'NORM, DARK',4X,'AT/ABY, DARK',2X%

s "AT/BELOW, DARK?®! 310X, "CHL® 35Xy "*DARK+LIGHT ' y5X,y 'LITE NURMII",4X,'D
ARK NORMII')

3,2{5X,F10.8}))

FORMAT(* MEAN OF LIGHT DIST. 1S:',F10.5,' SUM IS:",F10.0,' REL.

VAR .—. IS* K} " F 10 5, o T T o T s e e :
FORMAT(*Y MEAN OF DARK DIST. IS:', F10.5,% SUM IS:',F10.0,% REL.
VAR- {S"i,FlO.)} e
FORMAT{ Y YARI[IAMCE AS RUNNING FUNCTION OF PULSE HEIGHT:'}
FORMAT[4{BXyFLD+6)95X4F10.0)

FORMATIFLG .G

FORMAT(® CHLY,5X, 'LIGHT MEAN®,5X, *DARK MEAN®)
FORMAT(1X ,F4.0,4X,F1045,5X,F10.5) o
DIMENSTON NCH(550), SNRA(S55C); SNRB{553),CRUD(550)

DIMENSTCON ALITE(550), CLITE(550), DARKI5501):SNRI(550)

DIMENSION BCUML{S550),BCUMD(550)
DIMENS (N PLSHILI550)PLSHTD(550)

DIMENSTON iRAPISSGl;FILTH(SEU)
REAL I1
REAL NCH

1

100

_READ{1,988) TIME

READ(1,998) NCHI(T)DARK{I)4CRUDI(I}

o SUML = SUML+ALITEL(T)

SNRBLL)

PROGRAM
AMEANL YS THE MEAN OF THE LIGHT DISTRIBUTION

__AMEAND IS THE MEAN OF THE DARK DISTRIBUTION

TVARLT AN VARUK ARE THE RELATIVE VARIANCES OF THE LIGHT AND DARK
DISTRIBUTIONS, RESPECTIVELY

SUML AMD SUMDAARE_Iﬂﬁ‘SUMS OF ALL COUNTS IN THE TWO SPECTRA

T WRITE(3,999)

READI! 996 ,END=99) N

SUML = 0.
SUMb = C.
DO 100 I=1,4N

ALITE(I) = CRUDII}-DARK{1}/TIME

SUMD = SUMD+DARKI(I)
CONTINUE

AMEAND = 0. L o
~ AMEANL = Q.

CUML(1) =
CUMDIL) =
ALITENIL)
DARKN( L)
BCUMLIT)
pocumMt i)
SNRA(1L)

o

ALITE{1)/SUML
DARK{1)/SUMEC
ALITEN(L)
DARKN{1)

CUML(1)/CUMD{L)

_BCUML{11/BCUMD(L)

W onu

il'l (]



SNRI{1) = ALITENI(1)/DARKN{1)

~ WRITE(3,986)
D0 200 I=24+N :
ALITEN(E) = ALITE(I)/SUML _

DARKNIT) = DARK(1)/SUMEC
CUML{I) = CUML({I-1)=ALITENCI)

__ CUMDIT) = CUMD(I-1)=DARKN(I} =~
BCUML(I) = BCUML(I-1)+ALITEN(T)

SN

BCUMDL ) BCUMDII=1)4+DARKN(I)
__SNRAtlY = CumML({l}/CUuMDII) R
SNRB{I) = BCUML(I}/BCUND(I)

IF{ DARKN{I) .NE. 0. ) GO TO 150
SNRI(I} = 100,

GO TO 160
150 SNRI(TI) = ALETENCE}/DARKN(T)
60 10 = X
AMEAND = DARKN(I)*II+AMEAND
AMEANL = ALITEN(I)*II+AMEANL
WRITE(3,985) NCH(I1),AMEANL,AMEAND
200 CONTINUE ’
VARDKUI1) = DARKNI1)
VARLTU(1) = ALITEN(1)

PLSHTL(1)
PLSHTD(1) = NCH(1)/AMEAND
CRAP{1) = ALITEN(1)%*AMEANL
TFILTH(L) = DARKN(L)*AMEAND
CWRITE(3,990).
___ D0 250 I=2,N
11 =1 ,
CVARLTUIT) = ALETENCII®II*II+VARLTU(EI-1)
VARDKU(I) = DARKN{I)#IT*II+VARDKU(I-1})

TTPLS = NCH{1l)/AMEANL

"VARDKRTI) = VARDKUUIY/AMEAND¥%2
VARLT(I) = VARLTULI)/AMEANL*%2
PLSHTL(I} = NCH{I}/AMEANL

PLSHTD(1) = NCH(I}/AMEAND
CRAP{I}) = ALITEN(I)*AMEANL

FILTH({I) = DARKN(I)*AMEAND

T WRITE(3,989) PLSHTL(E),VARLTI(I), PLSHTD[II,VARDK[I}:NCH([}
250 LONTINUE
WRITE(3,995)

DO 300 I=1,N
WRITE(3,987) PLSHTL(I),ALITE(I}, ALITEN!I).CUML(I: BCUMLIIJ,SMRAII}
13SNRBCT)y SNRI (1) ,NCH(I])
300 CONTINUE
WRITE(3:994)
DO 301 I=1,N_
WRITE(34993) PLSHTDI(I)4DARKI(I), DARKN(II,CUMD(!),BCUMD(I}.NCHIIlf
1CRUD(I1CRAP(L)4FILTH(E)
301 CONTINUE S ~ e
WRITE(3,992) AMEANL, SUML, VARLT(N}
WRITE{3,991) AMEAND, SUMD, VARDKI(N)
GO TO 1.
99 STOP
END
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c - FORMAT STATEMENTS

017777 999 FrPeAT{LHL/LH ,9H #RAND JH/LH ,lall PM STATISTICS)

02 998 FORMATIZ2FLIwL,2110)

p3 - 997 FORAATIIS.9(2XK4FLT58)) R o
367 T T 996 FORMAT(LH 4SH T ,9(:2H  Pla,I) )

35 995 FORMAT(E14.7)

06 994 FLRMAT(IS, 10X,514,7) e

N7 T 993 FORPMAT(IA, 301 X, E14.70)

DR 992 FOPHATISH 8= 4Fil iE,5H Mz ,F.7 £,5H N= 2I5,5H L= ,15)
9 991 FAFPMAT(IH  Sui 1S53) o

107 77 T 9y FORMAT(14H  T42(K,1) ARE)

% R CIMENSION PSUNMI(9.1CI1),PL{9,15.1)4P209,1001),4P(9,1001),5UM(9}

12 Renpl o

e B
13 WRATTZ (24999
14 WRITF{3,991} e
15 7T 71 READU1,598,ENL=295) 8, M,N,yL
C CALCULATS pROBABILITY DENSITY
6 NN = MNal ) . B . o o
R
18 P{142) = 1:
.9 o LN 3% I=3,% ) L
20 719 B{L, 1y = T
C GZT P{24X)
1 CN 159 K= ‘- 7L e L
73 2 =& 1 (O I - s DAY o E O B o T D R
23 _ P2(Ky1)= 1./P1(Ky1)
' C X =3 ' N o } e
C X = 1
C IX = INTEGER X
4 IFIB Qs Jo) G0 TO 7 ]
- 3 - N B - S
26 P(Ky1) = PL{K,1)%%5]
7 G2 TO 8 _ N o L
8 T BRIV = oy
9 8 X = 1,
0 I¥ = 1 ) L .
I PSUMIKS 21 = BIRGFT#P1E=1,2)
32 P(Ky2) = MED7 (K, 1)HPSUMIK,2)
C X = 2 ONEARD e - o
g e R
4 SUMIK) = P(K,1)
35 GO 30 IX=2,M o L

PSUMIK, IX) = 77777

37 DO 2 J=i,1X ,

3g PSUMIK,IX) = PSUM{K,I¥)+ O(A,JJ*P5\~1,11 JH2)F (X td=1. )% (F=]1})
39 T TTTUED CChNTIRuE T T :

40 _ SUMIE Y = SUMIKI+P{K,Ix) .

41 : 3 I1x+1

42 N Li = JdJ _
43 , DI Jd) = (7 AVEP2 (K, LY RPSUNIK, IX)

fae . IF{P{K,JJ) »LIas »2C2C2021 ) 60 To 110

LA

e e A s {4
46 . S30 CONTINUF

47 G T2 13°

1TY: S O e B ofs B S =1 01 S S

49 . 120 P{Ke19 %

330 o 130 RRTTEA3,900) KyIUMIKY ] s _



4

3

151 133
‘52“7“‘"‘“ ToTmm T e
53

5 4

56

57 99
o

STOP

CONTINUS

CWATTED3,922) GeMer,L

WRITZ(3,996)
NG 4% I=1,%

GO 1O 1
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55 A0 WRITFE(3,957) IL,P(L, T P11, PUa, L0, P, Y, PUE, TV 77 7
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ABSTRACT

A cold box and system for delivering weak illumination to the photo-
cathode of a Hamamatsu R-106 photomultiplier was constructed. The single
electron pulse height distribution was measured withlthe weak illumination
and a multichannel analyzer at temperatures from -102° C to room temperature.
Back-biasing of the photocathode with respect to the first dynode apparently
distorted the focus so that the single electron pulse height spectrum could
not be obtained with that méthod. Based on a model of the electron multi-
plication process utilizing Polya statistics (Prescott, 1966), variances of
the distribution were calculated for various values of interstage gain and
a shaping parameter b, whose value determined whether the process followed
exponential or Poisson probability rules. Curve fitting and matching of
measured to theoretical variance indicated b ~~ .2 and interstage gain

~~ 5 - 6, Discriminator levels for optimizing signal-to-noise ratic in the

pulse counting mode were determined.



