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REQUIREMENTS FOR PHOTOMULTIPLIERS FOR DUMAND.

Je G. Learned and A. Roberts
Hawaii DUMAND Center, Honolulu, HI.

ABSTRACT

We discuss the way in which the requirements of the DUMAND array affect
the characteristics and design of the photomultipliers required. The size,
sengitivity, background requirements, lifetime and other characteristics are
considered. A summary describes the requirements concisely.

This paper lists and discusses the requirements for the PMT's needed
for the DUMAND detector, as we now understand them. Some of these have al- .
ready been discussed in some detail +« The requirementa are sufficiently un-
usual to require a speclal PMT; the number of tubes required (1000 or more)
is sufficient to warrant the design of a new type. This paper should not be
regarded as a formal specification; 1t is intended as a general guide for
PMT manufacturers interested in DUMAND.

It should be noted that there is at present no guarantee that the DU-.
MAND detector will be constructed.

1.0 INTRODUCTION

The primary requirement for the DUMAND PMT is very high sensitivity.
The DUMAND array is a lattice of PMT's designed to detect neutrino interac-
tions. The larger the array, the more sensitive the experiment. It is con-
sequently desirable to have as many detectors as one can afford, and to
space them as widely as possible. The achlevable lattice spacing depends
upon the trangparency of the ocean to Ceremkov light produced by the neutri-
no interactions, and also upon the sensitivity of the individual PMT sen-
sors. It is accordingly highly desirable for the PMT's to be large, and as
sensitive as pogsible. We have adopted as a measure of PMT sensitivity the
mmber of photoelectrons delivéred to the first dynode when the cathode is
1lluminated by & light flux of 100 quanta/m?.

2.0 PHYSICAL CHARACTERISTICS.

The PMT 1s to be used at great depths in the ocean — up to 6§ km - and
mist consequently be protected against hydrostatic pressure to about 600fat-
mospheres. This may be achieved either by a pressure-tolerant envelope or
the use of an external pressure-tolerant transparent protective envelope.
At this pressure only glass or ceramice are satisfactory; plastics creep.
The largest presently available glass pressure container is a 17" 0.D.
(16"1.D.) Benthos? sphere, consisting of two hemispheres that seal together
to form the envelope. Unless an economlcal socurce for larger spheres can be
found, this limits the largest PMT that can be wused to an O.D. of 16
inches.
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A hemispherical cathode 16" in diameter has a radius 20.3 cm. Allowing
a 3mm glass wall, we find an effective cross~section area perpendicular to
the polar axls of wx202 em? or 1256 cm?. The response to a photon flux of
100 quanta/m? is then

N, =.1256 x 100 x ¢

where

N, is the number of photoelectrons produced, and

¢ is the average cathode efficiency, including collection efficiency.

At e=.25, N, = 3.14; and at €=.20, N, = 2.5. Computer similations of DU~
MAND calcufationa have indicated that N, = 2.5 is a satisfactory sensitivi~
ty, if we require a minimum of two electrons for a trigger, and 3.0 if a
3-electron trigger is used. A minimum of 2.5 is thus required, and implies
a phototube of about 16" diameter. .

The spectrum of light incident on the PMT from the source 1is that of
Cerenkov 1ight, as modified by absorption in the ocean. Fig. '1 (from Ref.
4) shows a plot of that specttum, which quickly narrows down to the range
400-520 nm. Consequently, for low noise and high sensitivity, the cholce of
a blalkali cathode is indicated. ’

2.1 Uniformity of Cathode: Isotropy.

One function of the PMT is to distinguish small signals in the presence
of noise. The PMT will be subject to continuous random background light,
almost all at the single~quantum level; we need to distinguish events with
two photoelectrons from the background of single-electron nolse. The sig-
nals we seek will produce larger pulses as well; but we have no requirement
for good uniformity of pulse height (as e.g. for gamma-ray spectrometry).
Thus DUMAND has no special requirement for cathode uniformity of response;
the requirement will be for high average sensitivity. '

Ideally it would be desirable to have the PMT sensitivity independent
of the direction of the incoming light. For a hemispherical tube, one ex-
pects the sensitivity to vary ae a function of polar angle with the PMT
axis, It would reach a maximum at 6=0°, along the PMT axis, and about half
as mich at 90° As shown in Pig. 2, if the envelope is transparent, appre-
ciable sensitivity over the total solid angle should be present. For DUMAND
purposes the variation over all angles should not exceed a factor of two.
Other geometries (a spherical photomultiplier or a cylindirical photomulti-
plier) may be acceptable, but as of now, a hemispherical-cathode tube seems
most practical, and should yield acceptable angular sensitivity variation.

3.0 TYPES OF PMT BACKGROUND.

* = :

The DUMAND PMT presents a unique design problem. We want to trigger on
infrequent, very short {ns), signals from a weak, diffuse light source; - the
signals may produce a total of 250 individual sensor triggers per second,
comprising perhaps 25-50 events. These wust be detected in the presence of
a background that includes three major components, all much stronger than
the signal: PMT noise, Cerenkov light from natural radioactivity in the
ocean, and occasional interference from bioluminescent organisms. We con~
sider these in turn, though not in the same order.
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3.1 Bioluminescence.

" The light from bioluminescent organisms is not expected to be a serious
background, even though few measurements of it at the relevant depths or lo-
cation exist. In the firat place, few organisms of any sort are expected,
because of the absence of any plant iife in the eternal darkness of the
depths. Available food includes the resident lifeforms, and the detritus
that falls from above; apd the major life forms resident at these depth are
expected to include one-celled biota, and worms that live in the sediment.
However, occasional visitors from lesser depths can be expected, especially
if there are flashing lighte, sheltering structures, and sources of heat.,

The time scale of bloluminescent flashes from large organisms is such
that flashes have risetimes of many milliseconds. The shortest risetime we
have heard quoted is about 50 microseconds for bacterial colonies, These
are all too long to be confused with the nanosecond Cerenkov signals. The
intensities may be high enough to temporarily jam nearby sensors; but the
frequencies of such events are not so great as to give serious alarm.

3.2 TPMT Noise.

It is to be expected that PMT noise will coneist of a spectrum of pulse
heights, of which the greater part will be single electrons from thermionic
emigsion by the photocathode. 1In bialkali cathodes at the ambient tempera-
ture expected - 0° C. - a good bialkali cathode will have a thermionic em—
igsion rate of not over 10 electrons/cm? sec. As we will see, this is con-
siderably lower than the rate produced by the external K*? signal. '

Another component of tube noise consists of delayed large pulses due to
positive ions produced by the accelerated photoelectrons, either in the re-
sidual gae, from the first dynode, or from the electron multiplier. These
will be accelerated in the opposite direction and strike the cathcde. On
the average a positive ion will produce several photoelectronss, and thus
the PMT will exhibit the phenomenon of afterpulsing; the presence of large
pulses delayed a few microseconds from an initiating signal. It iz not
clear whether all large pulses arise in this way, but certainly a large
fraction do. BSuch afterpulses of large size will prove to be critical in’
the performance of PMT phototubes for DIMAND.

3.3 Background light from K*? in the Ocean.

Of the many radioactivities present in ocean water, the only one of
serious concern to DUMAND is that due to the potassium content; all potas-—
gium on earth contains a small amount of the lsotope K“o, which has a life-
time of something under a billion yearas. It concerns us because it is a po-
tent beta-emitter, its electrons producing in seawater, on the average, 43
Cerenkov quanta between 300 and 650 nm per disintegration. Consequently the
ocean 18 everywhere a weak light-socurce, and it can be shown" that {f the
ocean transparency is such that the attenuation length for light at the wav-
elength of peak transparency 1s 25 meters -i.e. 25m water — a flux of about
120 quanta/sec em? 18 present. At a mean cathode efficiency of 207, this
will produce a background rate of 24 photoelectrons/sec cm? from the photo-
cathode. Since most decays are far away, the probability of two photons
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from the same ‘disintegration striking the photocathode 1is emall, and the
background will consist mostly of single photoelectrons; there will be,
however, a small but significant number of true two— or more electron counts
from the K*0,5 ‘

The sum of tube noise and K*0 background will be a net single-electron
background rate of about 30-40/sec cm“. Since a 16" hemispherical cathode
has an area of 2610 em?, the expected single—-electron background rate will
be around 100K/sec. In addition, the large afterpulse rate will be 1/2 to a
few percent of this amount, if we extrapolate from the behavior of present
tubes, or 500~2500 counts per second. :

4,0 REDUCTION OF PMT BACKGROUND.

The weak diffuse Cerenkov light produced by muons or neutrinos must be
detected in the presence of the backgrounds just discussed. For that pur-
pose we must first set a threshold-siﬁnal of at least two photoelectrons re—
aching the first dynode, or the K*U background will swamp us. Our arrays
have been designed to date on the assumption of a two-electron trigger. If -
the threshold were three photoelectrons, the array spacing might have to be
decreased.

Elimination of the single-electron background is in itself not neces—
sarily the complete answer to our problem. The residual rate of large
pulses, due to the tail of internal tube noise, estimated above at several
thougand per second, is also a serious difficulty. :

4.1 Required Degree of Background Reduction,

The obviocus and simplest mode of generating an array-wide event trigger
is as follows: open a gate, whose duration is the transit time through the
array, whenever a suitable sensor trigger is received, and declare an event
trigger 4f within the gate time the proper number of sensor triggers is re- -
ceived. Por a 500m array, the maximum transit time for a muon i1s of the
order of two microseconds. An acceptable tentative event trigger may there—
fore be defined as at least k sensor triggers within 2 microseconds. The
number X and the threshold for sensor triggering will have to be adjusted to

keeg the gate rate G at a tolerable level. Computer simulations indicate a
desirable value of k=3,

4.2 ¥Elimination of Single-Electron Background.

The usual method of discriminating against small background pulses Iis
the use of pulse-height discrimination at the PMT output. With conventional
dynodes the separation between 1, 2, 3..etc. photoelectrons is imperfect;
Wright® estimates that 30% of the single-electron counts remain if the dis-
criminator is set to accept all two—electron pulses. It would be hopeless
to try uniquely to select two—electron pulses from a strong one—electron
background. ' The problem can be much ameliorated - even solved, in principle
- 1f a sufficiently high-gain first dynode is used. Existing tubes with
high—gain first dynodes7 provide much improved discrimination between one-
and two-electron signals. Unfortunately, with the very high background we
have, this procedure does not appear practical for us, especially in view of
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the fact that manufacturers tell us that high-gain first dynodes are di{ffi-
cult and expensive to produce in tubes with large dynode apertures. We
therefore seek another method to reduce the single-electron background by
the required factor of 100 to 1000, while losing as little as possible in
sensitivity.

The light signals we detect are due to diffuse light, and consequently
the photons that strike the PMT are uniformly and randomly distributed over
the cross—section presented to the Incident beam by the cathede. If we re-—
quire two photoelectrons for a trigger, they will originate from uncorrelat-
ed and separate locations on the tube face. '

4.2.1 Segmentation of multiplier structure and anode.

Another potentlal method of eliminating the single~electron background
is through segmentation of the multiplier structure and the anode. If the
multiplier consists of m separate segments, each isolated from all others so
that the multiplication of any photoelectron is confined to a single seg-
ment, then separate anodes on each segment will contain signals from inde-
pendent electrons. A single-electron initiating signal will produce only
one output anode signal; two independent simultanecus input electrons in
different segmenta will produce two simultanecus output signals. Signals
due to two initial electrons can then be recognized by requiring a coinci-
dence between any two output anodes. If there are m segments, there will be
a loss of 1/m of the true event rate by the accidental coincidence of the
two initiating electrons in the same segment. Depending on the geometry of
the dynodes, there may also be some loss due to crossover from omne segment
to another. Leakage between segments is tolerable to the extent that it
does not unduly increase the random coincidence rate between segments.

The required multiplier property, of segregating each cascade to a sin-
gle segment, we will refer to as confinement. This procedure is of course
particularly applicable to micro-channel plate (MCP) multiplier structures.
For traditional tubes it may mean multiple dynode stacks, or concelvably,
one dynode stack with a segmented anode.

4.2.2 Calculation of Single~Electron Background.

If the total single electron counting rate is R, and the resolving t ime
for colncidences between segments Is T,, then the rate R, of random coinci-
dences between any two segments will be

R, = m(n-1)/2 x 2(R/m)2t
= (m~1)/m x Rt

which is almost 1ndependent of m for large ms For the value R = 1.0 x
105 /eec, T = 10™8 gec, the random colncidence rate is

R, = (m=-1)/m x 100/sec.

Without segmentation, the background rate would be tens. of thousands per
second. .
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4.3 True two-fold triggers from K*0,

Those K40 disintegrations that occur very close to the photocathode can
occasionally produce true coincidences of two or more electromns. Thelr
number has been calculated® in DUMAND Note 81-19, and for the 16" PMT is in
the vicinity of 120/sec, 3just under 1073 of the singles rate. We will re—
coneider this quantity when we consider background reduction.

4.4 Background Summary.

The contributing components of the background will be

1. True twofolds from K*0.

2. Random background from single K40 counts; reduced by coinciden-
ces if segmentation is used, by pulse-height discrimination
alene if it is not.

3. Large background pulses occurring in more than one segment.

Our present estimates_for Nos. 1 and 2 are respectively 120/sed and

100/sec, assuming segmentation., The third depends too much upon tube design

to estimate. It must obviously be minimized.
5.0 TIMING ACCURACY.

Uniformity of collection time over the entire photocathode is clearly
desirable; minimizing time jitter will decrease the resolving time for el-
iminating random twofold coincidences between segments, and will improve
true event reconstruction accuracy. On the basis of computer simulations,
we set a maximum FWHM on the output pulse in the vicinity of 10 nsec.
Experience indicates that this {is an achievable resolution: at the
single-photoelectron level.

6.0 LIFETIME AND GAIN.

It 1s desirable that the DUMAND array operate for ten years witho@t_the_“
failure of more than 10% of the sensors. This requires a mean lifetime of
100 years for the PMT’s. This requirement is unprecedented; it is diffi-

cult to measure or predict lifetimes in this range.

There is no obvious reason why most PMT’s, properly treated, should not

last indefinitely, following an initial burn-in of several hundred hours.

Experience at Fermilab, CERN, and elsewhere indicates that conventional
PMT’s, so treated, do indeed have lives of the required order. However, ex-

perience to date with MCP's in PMT’s has been that lifetime has been limit-
ed. Recent work seems to indicate that this can be ameliorated - perhaps
even eliminated - by covering the MCP with a thin coat of aluninum®; this
seems to eliminate the positive ion bombardment of the cathode that shortens
its life. '

MCP plates also seem to have a lifetime defined by the total charge
transmitted by the plate. When this reaches values of the order one
coulomb/cmz, significant gain losses are observed. It seems possible that
the gain can be restored by railsing the voltage, and since we have no abso-
lute signal requirements, this procedure would be acceptable. Reducing the
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overall gain demanded from the MCP would alsc increase the lifetime. It is
to be hoped that some combination of such procedures will achieve the de-

sired longevity.

7.0 SUMMARY.

We summarize the required properties of the DUMAND PMT as follows:

1. S5ize: Approximately hemispherical photocathode to fit inside 16"
I.D. glass sphere.’

2. Spectral sensitivity: Bialkali cathode or equivalent, with uniform
and high sensitivity in the range 400 - 500nm.

3. Sensitivity: the average number of photoelectrons reaching the
first dynode when the cathode 18 uniformly i{lluminated (wide beam) along the
axia by a flux of 100 quanta/m? should be at least 2.5, preferably 3.

4, Uniformity of cathode sensitivity: not critical. Average cathode
quantum efficiency (including collection efficiency) from 400 nm to 520 om
at least 20%.

5. Angular variation of sensitivity. There should be no gaps in angu-
lar coverage; it is desirable that the ratic of maximum to minimum response
not exceed 2 (see Fig., 2), If the tube is of the hemispherical type it
should not be silvered on the back hemisphere.

6. Tube noise: not to exceed 10 electron/sec cm? of cathode, at 0°C.
Large pulse (>1 photoelectron) signal-induced background to be minimized:
preferably not over 1¥ of total counting rate.

7. Means must be found to decrease the single-photoelectron rate by a
factor of 100 to 1000. Poseible methods include pulse~height discrimina-
tion, with a high-gain first dynode, and/or segmentation. In the latter
case a segmented anode is required with 6 to 15 segments. If parallel dy-

node structures are used, or a single dynode structure with aegmented an-
odes, crossover between segments must be minimized. An MCP multiplier would
satisfy this requirement ideally, provided it meets the other requirements.

8. The transit time of electrons through the PMT must. be such that
single photoelectron pulses shall have an output FWHM time jitter not to

exceed 10-12 nsec. Tails of the time distribution should be minimized.

9, The lifetime of the tube under the specified operating conditions
should be about 100 years; methods for specifying and measuring lifetime
need to be agreed upon. The tube will be operated in an environment of
150-200 photona/cm sec continuously.

10. The overall gain of the PMT under conditions satigfying require-
ment 6 shall be at least 10%. & gain of 10% is desirable, since then no am—
plifier would be needed.
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1l Magnetic Field Sensitivity. The tube must operate with no magnet-
ic shielding whatever, in the earth’s magnetic field. Variation of sensi-
tivity with orientation will be unavoidable.

12. OQutput linearity 1s not important. In fact, for large pulses (>
about 5 electrons) a logarithmic response would be desirable.
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Addendum to HDC 81-14,

Since this report was written, HDC 81-15 has appeared. That report modi-
fles some of the conclusions of the present paper, and the following supplement
indicates how the conclusions of 81-14 should be changed.

1.0 Allowable Background Rate.

The major problem in DUMAND PMT design is getting rid of the K*? back-
ground. In this report, 8l-14, we saw no feasible way of accomplishing that,
aside from segmentation of the multiplier structure. In 81-15, it 1s shown
that by raising the trigger threshold to three photoelectrons and using a
high-gain firet dynode, with uniformly high collection efficiency, the K+0
background can perhaps be reduced to manageable proportions. While this is not
an eagy task to accomplish, it offers at least in principle an alternative to

segmentation.

Raising the trigger threshold is not desirable; 1t reduces the effective
sensitivity of the PMT and requires the array to have closer spacing than would
otherwise be necessary. Investigation of that effect shows it to be tolerable.
Fig. 5 of report 81-15 indicates the degree of contraction required: from a
spacing of 58 x 50 x 22.7m to 45 x 45 x 17.5m.

The requirement for low noise can perhape best be stated as follows: When
operated in the ocean, where the expected K*? counting rate of single photoe-
lectrons is expected to be about 10%/sec, it must be feasible to reduce the
total residual noise plus signal counting rate to ~1000/sec, by either setting
the pulse-height discrimination threshold no higher than at three photoelec~
trons, or by segmentation and coincidence background reduction.
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DUMAND SIGNAL PROCESSING
A Fast Event—Analyzing Algorithm and Its Effect on ]
Al lowable Sensor Rates and PMT Design. \

A. Roberts, Hawaii DIMAND Center

ABSTRACT

A new event-filtering algoritim ia proposed, requiring only a
fev microseconds, and capable of discarding about 99.9% of spuri~
ous event triggers. It pawses the remainder to track-finding al-
gorithms (as yet undefined) that may require milliseconds for
track recognition. 8uch an event filter will allow a random indi-
vidusl eensor trigger rate approximately ten times higher than
would otherwise be possible. It thus significantly eases the re-
quirements on PMT background rates, and may make it possible to
avold segmentation of the PMT electron multiplier structure.

1.0 Bequired Degree of Background Reduction.

We wish to investigate the rate at which array-wide event triggers are
produced by random cowats in the individual gensors. This rate, and the
speed with which the spurfious gates can be rejected, will together determine
the allowable sensor noise rates, and will therefore affect the requirements
of the sensor PMT's.

The obvious and simplest sode of generating an array-wide event trigger
is as follows: open a gate, whase duration is the maximum particle transit
time through the array, whenmever s suitable gensor trigger is received, and
declare an event trigger 1f within the gate the proper number of sensor
triggers k is received. For a 500m array, the maximm transit time for a
muon ie of the order of two microsecomds. An acceptable tentative event
trigger sy therefore be defined #s at least k semsor triggers within 2 mi-
crosaconds. The mmber k and the threshold for semsor triggering will have
to be adjusted to keep the gate rate G at a tolerable level. Computer simu-
lations indicate a desirable value of k=3,

1.1 Notationm.

Let R = individual senser counting rate, however arrived at.

Ry = individual sensor endhtins rate when the sensor threshold
is set for a minimum of j photoelectrons arriving at the first dy-

node.

M = number of sensors in the array (nominally 756),

t = duration of an event gate designed to find mion tracks in the
' array,

Gy = rate at which event gates are observed when the criterion for
an event gate is the occurrence of k' sensor signals within the

time t,
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P(p,k=1) = probability, in a Poisson distriﬁution whoae mean is p, of

finding k-1 or more events.

The relation smong thase quantities is
G = MR x P(MRt,k-1)

As R increases, so does MRr, and for MRt>>l, P{(MRt,k-~l) approaches unity.
Then G, approaches the limiting rate MR.

2.0 Allowable Bvent Gate Rate.

We now ask what is the individual sensor trigger rate R that will pro-
duce an acceptably small spurious event trigger rate. That rate is defined
by the equation for Gk given above, and the relation is plotted in Figure l.
A gate rate Gg is acceptable if it allows on~line analysis and rejection 1if
the event is spurious ~ i.e., due to random noise coincidences.

Figure 1 shows, for t = 2 ugec, the relation between R, the individcal
sensor rste, and G, for k = 3 and 4. We assume that the array has 756 sen—
sors, as presently planned.

What is the largest allowable G ? If we carry out a complete track re-
construction it will probably take some milliseconds. We would like an al-
goritim in the microsecond range, since we want to handle as large a gate
rate G as possible, and thue allow as high a sensor nolse rate as possible.
As we will see later, reducing the gensor noise rate is a major problem in
PMY design.

We now describe a fast event-testing algorithm.
2.1 Fast Trigger Algoritim

Suppose we set up an array in memory with M x M elements®, where M 1is
the number of sensors Iin the array (presently 756). The elements of the
array contain the time difference batween the sensors represented by the in-
dices I and J - defined as the distance between them divided by ¢; a 16-bit
word is thus more than adequate as an array element. If the interval
between the two sensor counts 18 not equal to this quantity, plus or minus a
quantity At, which we will sae is of order 50-100 nsec (to allow for varila-
tions in 1light path), it is not time-like, and the two are not on the same
track; the interval can be labelled &s spurious. If there are q sensor
triggers in the gate (¢>k), the same can be done with all other intervals in
the gate, of which there are q(g~1)/2. The criterion for acceptance of the
event is the existence of k(k~1)/2 acceptable intervals, which define k true
signals. This procedure should suffice to discard most random gates in a
hurry. If the event survives, it can be passed along to track-finding rou-
tines.

As an example, if t = 2 psec, and At, the allowable margin for error,
is 0.1t (+ 100ms), the probability that the correct interval be observed
between random counts within the gate is p=At/t = 0.1; for three intervals
(among three pulses), it is p3, or 0.00l. Thus we can reject 999 of 1000

*The required sire is actuslly M(M-1)/2 = 285,390, since the 1J element = JI
element, and the diagonal I=J is undesired. Its current cost would be about

$3000.
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totally random threefold gates. The calculation involves, for q triggers,
the comparison of q(q-1)/2 pairs of numbers.

2.1.1 Verification of Faet Trigger Algorithm.

In order to test the concept of fast rejection of spurious intervals, I
wrote two computer programs, called TDIFF and ALG. The former ie an analyt—
ical calculation, using simulated mion tracks, of the deviation of the true
time difference between sensor light signals from the stored time difference
between sensor locations. It showed that only for small sensor separations
could we expect relatively large discrepancies (i.e., up to 100nsec) between
these gquantities.

Program ALG is an algoritbm for calculating the time difference between
randomly chosen sensors, assigning random times to counts imn them and going
through the exercise of comparing these quantities to see how well we can
reject them. The calculation made above, with a 2-usec gate and t100nsec
error, was verified almost exactly; the number of random events satisfying
these criteria, with three events required in a gate, was 10 out of 10000.

In addition, a study of "true" events, as produced by the DUMAND Monte
Carlo program DUMC!, indicated that in 140 intervale examined only one was
outside the 100nsec tolerance; the mean absolute deviation wae about 23
ngec, Figure 2 gshows a histogram of the distribution of the difference
between the “observed" time difference between photon signals at the sgen-
sora, and the time corresponding to their separation. Consequently we may
have confidence that the proposed algorithm will neither lose true events
nor allow too many spurious ones, with At = 1100Onsec.

2.1.2 Consequences of Fast Event-Gate Screening.

One would hope to carry out this type of screening in a matter of mi-
crogeconds ~ not over, say, 5 to 10. In addition, parallel processing can
increase the rate of screening. Then gate rates G up to several x 10°/sec
may be feasible. Thie means that sensor trigger rates per module up to R
about 1000/sec may be allowable.

Obviously, the choice of algorithm for deleting random events is of the
utmoet dimportance. With a l-msec processing time, the maximum event gate
rate G is about 1000/sec - somewhat more, perhaps, with parallel processing.
From Fif' 1, this correponds to an 1nd1vigua1 sensor rate of 100-200/sec.
A fast algorithm allows G to be several x 10°, and the sensor rate R to ap-—
proach 1000/sec. That difference is sufficiently significant to allow re-
laxation in the requirements for PMT’s acceptable for DUMAND. -

Let us pow examine in detail how the PMT requirements will be affected.
We first list the expected background sources, as given, e.g., in Report HDC
81-14 (Ref. 2).
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3.0 Summary of PMT Noise Sources.

The contributing components of the PMT noise background are

1. True twofolds from K*°.

2. Random background from single K*0 counts; reduced by coinciden-
ces if segmentation is ueed?, by pulse-height discrimination
alone if it is not.

3. Large background noise pulses, occurring in more than one segment.

We discuss these in turn.
3.1 True K0 Rate

Those K“? digintegrations that occur very close to the photocathode can
occasionally produce true coincidences of two or more electrons. Thelir
mmber has been calculated in DUMAND Note 81~203, and for the 16" PMT is 1in
the vicinity of 120/sec, just about 1073 of the singles rate.

4.0 Reducing the Random Noiss Rate

The Kﬁ“—plus-tube noise single-electron counting rate for a single sen—
sor is estimated® at about 10°/sec. As we see from Fig. 1, this rate is
far too high to allow any analysis of triggering in a 2-usec gate; every
such interval would contein about 100 counts on the average. In order to
allow any ansalysis of gate triggers, the singles rate R must be reduced by
at least a factor of 100, if we have a fast (l-usec) processing algorithm,
and by 1000 if the processing algorithm is slow (mseé.).

4.1 High-Gain Dynodes ve. Segmentation.

With conventional dynodes (gain per stage about 4-5) a reduction of the
singles rate to 30% of the full value can be expected from setting a thres-
hold of two electrons“. This yielde a rate R of 3 x 10%/gec. With a thres-
hold of 3 photoelecttons, another factor of 3, giving R = 10%, is to be ex-
pected. This still leaves us at least a factor of 10 short of what 1s need-
ed.

It was for this reason that the concept of segmentation was revived? as
a method of reducing the random K0 background. If the maltiplier structure
is divided into m segments, so that any electron cascade is confined to only
one such segment, then, since nearly all K*0 counts are due to single pho-
tons, they will be registered in only one segment. On the other hand, true
events with two or more simultaneous photoelectrons will in general fall in
different segments, and can be selected by means of a coincldence circuit
accepting two-folds between any pair of segments. The true rate suffers a
logs of 1/m, the probability that the two electrons land in the same Beg-
ment.

It is possible that a high-gain first dynode might produce the desired
background reduction, provided we are willing to raise the individual sensor
threshold to 3 photoelectrons at the first dynode. Figs. 3 and &4 show
curves from a paper by Hayakawa and Havashi®, who calculated the background
reduction as a function of threshold (two or three photoelectrons) and first
dynode gain., We see that a first dynode gain of 15 will suffice to reduce
the single sensor rate R by a factor of 100, provided the threshold is 3
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photoelectrons. A first dynode gain of 25 yields a reduction by a factor of
1000.

It should be noted that in a real PMT the effective dynode gain in-
cludes as a multiplying factor the efficiency of collection of the secondar-
ies produced at the dynode, which frequently varles across the dynode sur-
face. Thus the dynode gain is not constant; and it requires only s moder-
ate area of lower gain to smear out the distributions encugh to decrease the
background rejection factor materially. Thus, from the curves of Ref. 5,
we calculate that if 10% of the dynode area has 'an effective gain of 10
instead of 25, the noise rate would be increased by a factor of 5.

4.2 Effect of Three-Electron Threahold.

The use of a three-electran threshold is approximately equivalent to
reducing the effective sensitivity of the PMT by about one-third, as com
pared with a two—electron threshold. A Monte Carlo investigation of the ef-
fect of raising the threshold to three photoelectrons indicates that a sen—
sitivity of 1.75 units at the two-electron threshold 1s equivalent to a sen-
sitivity of 3.0 at the higher one; the effect 18 thus somewhat greater than
the naive factor of one-third reduction.

The appropriate comparison for our purposes 1s between a), the segment-
ed tube, with a threshold of j=2 photoelectrons and a sensitivity* of
3(n~1)/m, where m is the mumber of segments; and b), the unsegmented tube,
with a sensitivity of 3 and a threshold of j=3 photoelectrons. Using our
Monte Carlo simulation programs, we have made that comparison for the case
m=6, so that we compare 8=2.5, threshold 2 (the segmented tube) and S=3.,
threshold 3 (the unsegmented one). We have varied the array spacing, keep—
ing the height fixed at 500m, until we found values that yield efficiencies
as nearly identical as possible (and also satisfactorily high.) The simula-
tion includes the variation of sensitivity of the PMT with the angle of in-

cidence of the light.

Fig. 5 shows the comparison; we note the contraction of the array re-
quired to accommodate the higher threshold for the high-gain first dynode
unsegmented tube.

The difference in spacing in the two cases resulta in different numbers
of sensors and different array volumes; Table 1 summarizes the comparison.

Table 1. Comparison of Arrays with Segmented, Unsegmented PMT’s.

PMT Type Sens. Thresh. Array Spacing,m Array Dim.,m. Sensors Vol,106 m3
Segmented 2.5 2 50x50x22.7 250x250x500 828 31.25
Unsegmented 3 3 45x45x17.8 ~  225x225%500 1044 25.3

The difference is clearly in favor of the segmented tube; but it {is
apparent that if necessary we could use the unsegmented one. The differeance

between the two arrays, though noticeable, is not critical to performance.

*in units of photoelectrons reaching the firat dynode in a Cerenkov flux of
100 quanta/m2,
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4.3 Reduction of Background by Use of Segmentation.

The random background of twofold coincidences between segments, due to

K9° decaz is estimated to be about 100/sec if PMT segmentation is used. It

ﬁiven by N = R2t (m~1)/m, where we have taken for R 10°5 /sec, and for T

sec. Here R is the total singles rate of the sensor, and 7 is the co-

incidence resolving time between any two of the m segments; m i@ between 6
and 15.

4.4 Sensor Background of Large Pulses.

This is a troublesome topic, because the mmbers quoted differ widely,
and because the cbeservations on different PMT's are sometimes widely at var-
iance. The conventional wisdom etates that there is a background of large
signal~induced pulses®, delayed with respect to the signal causing them,
which is due to positive ilons produced somewhere in the tube by the primary
photoelectron or the cascade it produces in the multiplier structure. These
ions strike the cathode after a delay due to their time of flight, and pro—
duce pulses of several photoelectrons that are large enough to produce a
Bensor trigger, unless some means 18 found to get rid of them. Their abun-
dance is estimated as from 1/2 to several percent, and varies widely between
different tubes of the same type. This explanation has been disputed; but
no convincing alternative has been advanced. Some tubes are claimed to have
very low large-pulse backgrounds (0.1%). If this should be true, it would
golve our background problem rather neatly.

If the standard interpretation is correct, a random singles rate of
100K/sec, which is what we expect from noise plus the K0 decays, will pro-
duce a large—pulse background of 500 to perhaps 2000 large pulses per sec-
ond, considerably outweighing the other sources of background. If this
number could be reduced by a factor of only 3-5, we would be in a much more
favorable state. '

4.4.1 Deadtime Gating.

The large-pulse background, judging by some data from Hamamatsu, might
be reduced by perhape a factor of 2 by introducing a short (50-100ms) dead- -
time, appropriately delayed, after each singles count. This is possible be-
cause perhaps half the afterpulses occur at a fixed délay after the Initiat-
ing count. The total deadtime so introduced would be only .65 to 1.3%Z. We
will refer to this method of decreasing afterpulses as deadtime gating.

l. Without deadtime gating, we estimate a contribution to the noise
rate, from large Dbackground pulses in more than one segment, of
500-2000/sec; adding the contribution from 1 and 2, the total semsor rate R
is 720-2200/sec, which is marginally too high for acceptance. From Figure
l, we infer that to keep G; from getting too large, R had better not much
exceed 800-1000/sec.

2. With deadtime gating, the large pulse background becomes 250-1000,
and the total rate R 470-1220/sec, for a total trigger rate G4 of 50-500K.
The lower end of the range would be acceptable; the upper end 1is more
doubtful.
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5.0 Variation of Gate Irigger Raquirement.

We next consider the effects of ralsing the gate requirement to k=4
sensor triggers.

A significant decrease of background 1s obtained at low sensor rates,
23 we see in Figure 1 from the curve labelled G4+ We can now accept sensor
rates R to at least 1000/sec. However, as the total trigger rate G appro-
aches 1/t, where t 1is the event gate duration, increasing the required
number of triggers k helps less and less.

This change produces significant decreases in track-identification ef-
ficlency, which can be compensated for only by decreasing the array spacing;
it should therefore be used only if a high background rate makes it abso-
lutely necessary. TFigs. 6 and 7 show the difference between k=3 and k=4
for the two PMT types, with the array spacings of Table 1. With either BMT
design, the 4-gensor gate trigger reduces track efficiencies, espectally at
low values of cosf, where the tracks are shortest. To restore the efficien-
cles, a reduction in vertical spacing would be required.

A summary of background rates under various assumptions 1is given 1in
Table 2.

Table 2. Contributions to the PMT Noise Background Rate, Rj
All rateg in sec™!

A. Two-electron (j=2) sensor threshold, feasible only with segmentation,

True X*0 Rate Random K*0 Rate Large~Pulse Background ‘Total
(m=no. of segments) Without dead- With dead- Sensor
time Gate time Gate Rate R

120 100 (m=1)/m ~100 500-2000 720-2220
250-1000  470-1220

B. Three-electron (j=3) sensor threshold.
1. With segmentation.

60 0.2 250-1000 310~1060
125-500 185-560

2. Without segmentation.
60 100-1000 250~1000 410-2060
125-500 285-1560

6.0 CONCLUSIONS

l. The availability of a fast (usec) algorithm for discarding spurious
event gates allows the individual sensors to operate at a counting rate 5 to

10 times higher than would be poesible with a slow (msec) algorithm.

2. This relazation on noise rate requirements allows us to reconsider
PMT’s in which the dynode structure is not segmented, and discrimination
against nolse is accomplished by means of a high-gain first dynode (gain
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~25). It 1s necessary that the dynode gain be uniformly high, to avoid ex-
cesslve nolse background. This simplification is achieved at the expense of
requiring three photoelectrons to trigger the sensor, rather than two; the
effective sensitivity is thereby considerably reduced.

3+ The segmented dynode structure has the advantage of a sensitivity
conelderably higher thar the high—gain first dynode structure; it is,
however, probably more expensive and more difficult to design and build.

4, Any means of decreasing the inherent large-pulse noise of the PMT,
including signal-induced noise, will materially improve array performance.

5. The selection of true events via the technique of the event gate ie
already beginning to run inteo difficulties at ~1000 sensors and a 2-usec
gate length. Increasing either number materially will present greater and

greater problems to the signal processor. At present no alternative appro-
ach has been suggested.
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Fig. 5. Comparison of segmented and unsegmented PMT’s. Constants for un-
segmented PMT: sensitivity S=3, threshold j=3 photoelectrons; for the seg-
mented PMT: S=2.5, j=2. Array spacings were adjusted to match the perfor-
mances as closely as possible. For S=3, j=3, array spacing 18 45 x 45 x
17.5m; for S=2.5, 3i=2, it is 50 x 50 x 22.7m. Data were simulated by Monte

Carlo methods.
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