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ABSTRACT

Two pairs of large area(88cm® and 520cm?) scinfila
lation counters were constructed to detect protons having
energies in the range Tmev to 50mev. Some of the properties
of the photomultipliers and base circuits which were used with
the counters,were studied in order to obtain suitable pulse-
heights and pulse shapes for use in experiments involving a
wire chamber spectrometer. In all of the counters studied the
pulseheights were dependent on the position at which the
ﬁrotdnsieﬁtéred the scintillators, and this had the effect of
decreasing the energy resolution. By finding the distribﬁtibn‘;
of pulseheights across the face of the secintillators it was
rossible to form a set of calibration points which were used
elong with position information obtained from the wire chambers
to correct for this pulseheight non-uniformity. The energy
resolutions at>47mev s with collimators at the centresof the
scintillators, were 1,9% for the smaller of the two pairs of
counteré and 3,5% for fhe larger. Prom preliminary data obtained
with the larger pair of counters it was possible, using the method
described above, To improve the uncollimated energy resolutions

by a factor of three from 18% to 6%.
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CHAPTER I

INTRODUCTION

The object of this work was to construct and test

- two pairs of scintillator-photomultiplier assemblies -for use
in a wire chamber spectrometer 15. The spectrometer was
designed and constructed to study some (p,2p} reactions and
in: particular the proton=proton bremsstrahlung process. Its
main:advantage over other, more commonly used methods for
data collection is that i%:subténds a very'lafge’solid angle
(between: .1 and .2 steradians) at the target while at the
‘same time maintains very good angular resolution. The energies

of the outgoing particles are measured in a pair of scintil-
lation counters which are alsc used to select the events of
interest and to initiate +he triggering of the wire chambers.
. As a result of the large solid angles employed,'large area

( 400 cm? ) scintillators were required.

The distance the light has to travel frdm the point of
scintillation to the photocathode of the photomulfiplier in seintil-
lators of the abdve size is generally very long and, consequently
the absorption of 1light will decrease the resolution. This
effect will be reduced by placing the photomultiplier close to
the scintillator. Another, more important effect is the decrease
in the overall resolution caused by the variation in pulse-

height from different positions in the scintillator. It is

for the above reasons that two pairs of counters were
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constructed., In the case of the first pair, or small counters,
the scintillators 10.6 cm. in dismeter and 2.3 cm. thick are
atfached directly.to the photocathodes of five inch photo-
multipliers while in the second pair, or large counters,
scintillators 22,8x22,8%2,5 cm, are viewed frem top and -
bottom sides by two five inch photomultipliers through 30.5
cm. long light pipes. In both the small and large counters
the pulseheight depends on the position at which the scintil-
lation takes place. In the small counter this position
dependence is due'mainly %g photécathode nonruniférmities
while in the large counter it is due mainly to light absorption
" in the scintillator. As the precise measurement of the energies
of the particles is of great importance we have tried o
immrove the resclution of the counters by corrccting the
pulseheight non—uniformity‘ﬁSIng the information from the wire
chambers.,

The main features of the spectrometer are shown in
Pigure 1. In the case of a gaseous target the reaction
volume is defined by two sets of baffles in the forward
direction and by the beam profile in the other two directions.
When a nuclear reaction takes place the two outgoing charged
particles which are to be observed pass through a pair of
wire chambers and are detected in scinfillators 51 and S2
where their energies are measured., If the particles satisfy
the coincildence requirement and their energies are in the

desired range, the wire chambers are sparked and information




FMgure 1

Diagramatical representation of the spectrometer showing
scattering chamber, wire chambers WSCL to WSC4, and‘scintil-

lation counters S1 and S82. The chamber is filled with the
gas to be studied (hydrogen in the case of the proton-proton
bremsstrahlung experiment) at atmospheric pressure, Propane
and helium jackets are used to separate the helium-neon
nixture of the wire chambers from the target gas and to
decrease multiple scattering. Two sizes of scintillation
counters are shown, a small one 10.6 cm in diameter and

2.3 cm thick (dotted 1ines); and a large one 22,8 22,8 2.5
cm (heavy lines). The thickness of the wire chambers (é.z mm)
is not shown to scale; and the distance separating them is

only approximate.
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yielding their position is subsequently read into two on-line
computers (PDP—9 and IBM 360/65). The PDP-9 computer, after
decoding this information, calculates the spark co-ordinates,
the trajectories of the particles; and determines whether or
not they form a vertex lying within the reactionﬁﬁoluMé; If
they do; the event is accepted and the pulseheights and track
co-ordinates are transferred to the large computer (IBM 360/65)
where the pulseheights are corrected for the non-uniformity
and & complete kinematic analysis is performed. _

The requirementé¢§f the scintillation counfers in
experiments using the above mentioned wire chamber sﬁectrometer
are (1) fast timing information to spark wire chambers and (2)
pulseheight information for energy measurements. The timing
pulsge ig talen from thé snodes of thé:phdtomultipliers and
goes through a differential discriminater where it is energy
selected and shaped before entering a coincidence unit with
the resolving time set at 20 nano-seconds ¥, One of the
restrictions imposed on the anode pulse by the electronics is
that the range of energles of interest should have pulseheights
between 100 mv and 500 mv. Therefore, in order that all protons
with energies between 7 mev and 50 mev are analysed, the anode
pulses should be slightly saturated. The analog energy
information is obtained by taking pulses from the appropriate

dynodes of the phototubes, inverting them by pulsetransformers

*

The flight times of two protons detected in the spectrometer
may differ by as much as 12 nano-seconds; also the triggering
time of the differential discriminaters can vary by 6 or 7 nano-
seconds as in the case of the small counters (due to the rise
time of the pulses).
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CHAPTER IT

SCINTITTATORS AND LIGHT PIPES

2-1 General Considerations

The following series of processes Ieads to the
detection of a scintillation at the anode of s photomultiplier;
1) interaction of charged particles in the soiﬁtillator,

11) conversion of energy into light,

111)  tremsfer of light +to the photocathode,

vy emission of photoelectrons from the photocathode,

V) collection of photoelectrons at first dynode, and

V1) multiplication of electrons at subsequent dynodes,.
Each of the above processes is statistical in its nature,
except mumber three which depends on the geometry. These
processes may be approximated by exponential, poisson and/or
gaussian.distributions. By convoluting the expressions for
the individual processes if is ﬁossible to describe analytical-
ly the 0peratlon of the s01nt111at10n counter. From studying
the above processes 10“13) the most successful being those
using the theory of branching processes developed by Euling 14),
valuable information on the energy and time resolution of
scintillation counters has been obtained. However, in practice
once the scintillation.material and photomultiplier have been
chogsen only the transfer of light to the’photocathode and the
design of the base circuit for the phototube remains to be

considered.
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2-2 Tight Collection and Uniformity of Counters

Before describing the scintillator-phototube as-
gsemblies used with the spectrometer it_is worthwhile discussing

the factors influencing their design.

5.9.1 CGeometricsl Considerations for Scintillators with

Transparent Walls

AWhen a scintillation takes place im a scintillator
having transparent * walls a certain amount of the light (trapped
light} is continuously interna11y~reflected from the walls, and
may be collected provided one or more faces of the écintillator
is optically coupled to a photomultiplier. In order, however for
this trapped light to be indepeﬁdent of position at which the
“scintillation takes place the scintillator should be a paral-
lelopiped 2,15), In the cases of cylindrical and spherically
shaped scintillators wiﬁh transparent walls, the amount of trapped
light collected by the phototube is dependent on pdsition; and
hence would not make satisfectory shapes for large area scintil-
lators where the pulseheight uniformity is important 16)._Along
with the trapped 1ight the photocathode collects all the direct
light within: a cone of apex angle,yo, equal to the angle of
total internal reflection. For this diregt light to be also
independent of position the scinfillation.must take place at
a distance greater than the lengh; L = d.tan)efrom the photo-
sensitive surface; where 4 equals the diagonal of the face
being viewed 2). This position effect may be eliminated

* The scintillators are made so as to have either 'transparent!

ortdiffused! walls. If the walls are highly pollished they are
called transparent, and if they are made rough and coated with
a reflective paint they are called diffuse.
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provided a light pipe of length I is connected between the
scintillator and the photosensitive surface. The light pipe
may be considered,as far as calculations are concerned,as part
of the scintillator. Iﬁ practice however, 1igh? pipes will only
R approximately satisfy this condition. A simple calculation,
similar to thatgiven by Akimov,12 for the light collected by a
phototube coupled to one face of a scintillator is as follows:
Neglecting the absorption of light in the scintile
lator and light pipes;~ﬁpe amount of light from a point in the

scintillator incident on an element of solid angle da is

dR= 4 =Ly siny dy

i

hence, the amount of light within a cone of apex angle yo ,equal

to the angle of total intermal reflection, will be given bys
B2
R, = LdR..zx(l - coSys)

From any point inside a parallelopiped scintillator

six such cones can be constructed with axis perpendicular to

the faces of the scintillator, consequently, the percentage of

the total amount of light collected from one face isg
R=100%(1 ~ 5RJ= $%(5cosy, - 3)%100%

and, for a refractive index of 1,5, we have R= 36%.

If two photosensitive faces are viewed then the
percentage of light collected now becomes R'= 49%. It should be
mentioned that this percentage of light could also be obtained
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with only one photosensitive face provided the opposite face
is coated with a material having a reflection coefficient of
one, In practice the reflection coefficient would always be
less than one. |

2-2,2 TDesign Considerations for Light Pipes

Tight pipes operate on the principIé“tﬁat light
entering within a critical angle yo. , equal to the angle of
total internal reflection, with the axis of the light pipe,
will be transmitted along the light pipe with one hundred
percent efficiéncy provided the grossesectional area does not
‘decrease 17). Any decrease in thé dross—sectional érea will
| correspondingly give a decrease in the amount of light trans-
-mittgd. In the case of light pipes which f;per along their
length while at the same time maintain:.  constant cross-
section it is necessary for the optimum_fransmission of light
that the angle of taper is small. Light pipes which satisfy
this condition are refered to as being adiabatic 17). In
practice when going from the rectangular face of a scintil-
lator to the circuléf face of a photomultiplier the adiabatic
condition is seldom satisfied. This is due to the difficulty
in machining the exponentially tapered curve required to keep
the cross—sectional area constant. Approximations to the
adiabatic conditibn aie made H& constructihg straight edge
tapered light pipes., Alternatively,strip light pipes which twist

aloﬁg their length and are brought together at the photocathode
can be used . The strip light pipes will remain adiabatic
provided the angle of twist is small. The properties of the

various light pipes have been investigated by several workers




2-9,17725) | and it has been found that the strip light pipes

are the most efficient.

2-2,3  Absorption of Tight in Scintillator and Light Pipes

Light absorption in the scintillator- causes the
light collection at the photocathode to be no ionger in-
dependent of position at which the scintillation takes place.
This is the main cause of the non-uniformity in large area
gcintillation counters.

The tedious calculation of the light arriving at
the photocathode with the effect of the absorption included
is not presented here since work 2,6) by others has shown
that such calculations although giving the general trend of
the non~uniformity do  not agree sufficiently well with the
experimental results. However, it is easy to visualize that

two or more photosensitive faces will reduce the non-uniformity.

2-2.4 Reflection of Surfaces and Optical Contacts

' In the case of large area scintillators where most
of the light arriving at the photocathode has undergone
multiple reflections, the most efficient surface for the walls
is one which is totally internally reflecting. For small“
scintillators however, diffusely or specularly reflecting

surfaces may be more efficient 24,25), Tn both cases when

| only one photosensitive face is used the opposite face should

be made diffusely or specularly reflecting. When diffusely or
specularly reflecting surfaces are used the light collection
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wiil be dependent oﬁ the position at which the scintillation
takes place, -

The requirements of the material used to couple the
scintillator to the light pipes and the light pipes to the
photocathode are that the refractive index of-the material
is the sanme és that for the scintillator and light pipesiand
that the absorption of light is sﬁall at the wavelengths of

interest.

2-2.5 Photocahtode Sensitivity-

The counter uniformity is influenced by‘variations
in the quantum efficiency from different positions on the
ﬁhotocathode. It is also affected , although to a lesser extent
by the response of the photocathode to different wavelengths of
light caused by the different absorption and reflection
conditions in the scintillator and 1light pipes.The above effects
are especially important iﬁ the case of the small counter where
the secintillator has been placed directly onto the photocathode.
The use of light pipes will eiiminate this cause of non-uniformity
by distributing the light across the entire face of the photo-
cathode. They will however;'decrease the collimated resolution

of the counters by absorbing part of the light.

2-3 Design of Scintillator—Photomultiplier assemblies

2~%.1 Choice and Properties of Scintillators

The plestic scintillator NE-102 26) was chosen for

its fast decay time, availability in relatively large sizes,
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small counters respectively. The resolution is defined as the

full width at half maximum of the peak of monoenergetic
Vpartiéles entering the scintillator, divided by therenergy
of the particles. The quantum efficiency Q has been used in
the calculations since the large and small scintillators are
viewed by different phototubes. Gy and Gg have been incorporated
as geometrical factors,to account for the different shapes of
the large and small scintillators,and to a first approximation
may be taken as unity. From Figure Z;LS/Ll is approximately
equal tO‘é;Z,and from the data provided by the menufacturers
of the phototubes Qg/Q; is of the order of 1.2. It should be
- pointed out that the ratio Qg/Q; was found from the ratio of
the cathode sensitivities,which have been measured at a wave-
length of one micron;and hence is used only as a first
approximation in the above calculation which has assumed a
spectral response of 4200 angstroms for the scintillators.
Using the above numbers the ratio R;/Rg becomes equal to 1.6.
This value for the ratio of the resolutions can be taken as a
lower limit to the expected value;since,in practice the
geometrical factors which account for the different shapes
and reflection conditions in the large and sm&ll scintillators
will tend to increase it.

NE-102 has a non-linear response for protons below

an energy of about l4mev 28

Jand this is shown in Figure 3.S5ince
we are interested in protons with energies lying between 7 mev

and 50 mev this effect is important. Fortunately it is pos-
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sible to correct to a certain éxtent for the non-linearity by
using the space charge properties of the phototubes. Space charge
effécts,“which are caused by high current dénsities in ﬁhe'photo—
tube, also introduce a non-linearity, which is in an opposite
sense to that described above, and hence, it is possible by
careful adjustment of the phbtotube high volfégé %0 diminish

the non-linearity of the scintillator. o

2-3.2 Design of Small Counters

The 301nt111ator, 10 6 om in diameter and 2.3 cm
thick, is directly attached to a five inch phototube (EMI 9618R)
using the potting compound RTV-615B 29), 1In Figure 4 an exploded
-view of the small counter assembly is shown. An aluminium
jacket (#4} is slipped over the scintillator and taped using
vlack 1ight»tight tape to the phototube and mu-metal shield. An
O-ring groove is éut in the ffont face of the jacket so that an
aluminium foil, 1 mil thick (#8) forms a light tight fit when
the brass ring (#9} and locking screws (#10) are in position.
The O-ring #6 serveé as é spacer., To ensure thaﬁ‘the phototube
- was light tight it was painted with bLéok nonréonducting black-
Bqard paiﬁt. The whole assembly was then wrapped with severai
layers of black tape. This arrangement enables the exchange of
phototube base circuits by simply removing the inner mu-metal
‘shield (#2) which they are attached to without disturbing the
mounting of the scintillator.

The potting coumpound was used rather than the
conventional methods 305,eg Dow Corning 200 Fluid, since a

material intermediate between cement and fluid was required
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FIGURE 4

Eiploded view of small counter assembly, where

1 - EMI 9618R phototube, 2 - Inner mu-metal shield,
3 - Outér nu-netal shield, 4 -vAluminium ring
assembly (comnected to phototube and outer mu-metal
shield with black tape), 5 - Scintillator NE-102,

6 - O-ring spacer, 7 - O-ring, 8 - Aluminium foil,
9 - brass ring (determines the effective area of
the scinﬁillator),and 10 = locking screws,
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in order that the base circuit could be changed without seriously
disturbing the optical contact. No precise tests were performed
on the potting compound prior to its use with the counter,
however, it was found to give similar iesults for the energy
resolution as to that given when the Dow Corning 200 Fluid

was used,

2=3.3 Design of Large Counters

Two rectangular scintillators 22.5x22,5%2.5 cm® coupled
tb-strip light pipes 30 cm long on two qpposing faces have been
built. The first scintillator-light pipe assembly ébnsisting
of the scintillator NE-102 coupled to polyvinyltoluene light
pipes was manufactured by Nuclear Enterprises Ltd., while the
second, made from NE-110 scintillator and lucite light pipes
was counstructed by our own workshop. In the latter case the
scintillator was Joined to the light pipes with WE-580 optical
cement. Figure 5 is a photograph of the large counter assembly
and in Figure 6 an exploded view of thekmounting arrangement
used is shown. The scintillator and light pipes are surrounded
by an opaque acrylic cover (#9) made by heating 1/16 inch thick
acrylic sheet with a bunsen flame and bending, when soft, over |
a mould similar in shape to that of the scintillator and light
pipes. The mould itself was made ffom wooden strips, one inch
thick plywood, with the space between the strips filled in
with plaster. The cover, which is in five parts, is designed
such that there is at least a half inch space between it and

the scintillator and light pipes. In one of the counters the
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FIGURE 5

Photograph of large counter assembly



*o3eld oseg = €1 °TIOF"Ty = 2T °*JI03BTTTAUISS = TT

sedtd QUITT = QT °a2A00 OTTAI0¥ OTU] *Ut 9T/T snbedo = §
(Z) °32 (9) ydesqe UDTUM SMOIDS o068 = 8  °(6) Jen00 oTTLIo®
SY3q 99EpOMwoDE 09 S92BI 8Yq JO U0 UT qnd 240013 ,% ¢ oT)edtd
WITT JO pue ojuo AT3Y3T2 SITI 4T 2eYq UYoMs 9qnd qaed oJquUsd

Y2Tm OSTp OoTTAxoe enbedo 3oTyy ,% = , °s8uta Surpdnoo °Ty

TYY 4T = 9 °(9)3uridnod syq 04 (eqnioqoyd ayz sousy pue)
(z)osTp 9ya yodoeade YOTUYM SMaIDs JUOT pue sqnu JO £38S JNOT = ¢
pue % cequniyoaoyd OHOTIY = € °woaq0q pue doq qe $9898F 4%

YaTM °eTp opIsino ,/, ‘OsTp umTutwale YOIyl ,8/¢ = g <eqna

-oq0yd §Uq- 3O JkSJI €Y1 Q3 (ZJOSTID umiuTwnTe BY] YOBIAE UOTUM

(saeangoegnuew ognyogqoyd eyq £q poptaoad)smagos o02Tx€ = T

soIogM uhﬁ@smmmm J29qUN0d 83aeT JO MOTA pepotdxy

; 9 mundId J
o : _
o
!
m.m L
& Aa
uclT
< xkﬁéﬁvﬁu W
ﬁ‘ peo [y FF] 5
\\ fo|  LFed
M IT _ OT L Lo €

N 1T




SRPU

inside of the cover is lined with specularly reflecting
aluminized mylar foil held inm place by double sided Scotch

tape, while in the other NE-560 diffusely reflecting paint

has. been used. The cutting and finishing of the acrylic- cover
was accomplished by using a small portablemhénd arill fitted
with thin circular grind stones, An entrance window consisting
of 1 mil thick aluminium foil allows protons to enter the scintil—
lator (#12). The écintillator—light pipe assembly along with the
acrylic cover is attached to a base plate by means of two

opaque acrylic discs (#7) whose centre parts have been cut such
that they fit onto the ends of the light pipes tightly so

that no gluing is mecessary. Attached to the discs are

aluminium rings (#6) designed to fit over the front of the photo-
tubes. The phototube cam be brought up to the light pipes by
means of four long screws (#5) which run from the aluminium ring
at the front of the phototube to aluminium discs (#2) attached to
the rear of the phototube (by means of the three screw holes

in the mu-metal shield provided by thé manufacturers). When

the potting compound, which Joins the light pipes to the
photocathode,has set,the assembly is locked in place by means

of screws attached to the base plate (#13).The joints in the as-
sembly were made light-tight with the use of putty and black
tape. PFinally the Base plate was attached to an adjustable

stand end placed behind the wire chambers. This arrangement
enabled the scintillators to come within two inches of the

wire chambers.
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- CHAPTER ITI .

PHOTOMULTIPLIERS AND BASE CIRCUITS

3=-1 Choice of Photomultipliers

Ih the case of the small counters,M;ﬁbtbmul%ipliers
having - good quantum efficiency, small photocathode non-,
uniformities, and relatively fast rise and transit times were
required. The EMI 9618R phototubes, selected at the factory
for photocathodé non-uniformities less than 10%, satisfied
these conditions.

In the case of the large counters where the photb—
cathode non-uniformity is not so critical, since the light
from any point in: the scintillator is distributed across the
entire face of the photocathode, the emphasis has been placed
on the rise and transit times of the phototube. The Philips
XP1040 phototubes with rise times of 2 nano seconds and transit
times of 45 nano seconds were chosen to view the large scintil-
lators*,

Table 2 shows some of the properties of the EMI 9618R
and Philips XP1040 phototubes.

32 High Voltage Power Supply

To eliminate the need for high voltage coupling

capacitors which may introduce noise,negative high voltage was

used. This required the phototube to be insulated from the

nu-metal shield to ensure that no electrical breakdown would

% fThe RCAC70I33Bphototubes having higher photocathode efficiency

would have been preferable, however it was judg2d that the
improvement in performance would not justify the higher price.
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TABLE 2

PROPERTIES OF PHOTOMULTIPLIERS USEDt

Photomul tiplier “EMI 9618R "Philips XP1040
“Photocathode material . . CSBSb—O - Cs-Sb
Spectral response curve S-11 B A(S11)
Wavelength at maximum response 41008 4200%3004
Iuminous Semsitivity * 85 | 70
Maximum useful diameter 111 mm 110 mm
Hultiplication: stages 11 14
'Dynode type Venitian Blinqy Linear Focussed
Dynode material CsShb - AgMg0-Cs
Riée time 10 ns 2 ns
Transit time . 45 ns

+ Abstracted from the manufacturers manuals 33,34}

* Average of four phototubes which we have bought from the
manufacturers.
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occur. By wrapping several layers of black insulation tape
around the photomultipliers we were able to solve this problem.
In the case of the large counters the two photo-
multipliers which view the top and bottom sides of each
scintillator were; due to economy, driven byﬂﬁhe-samempower
supply. This waé achieved by passing the output of fhe power
supply through a distribution box consisting of an inpﬁtiand
two outputs. Since it was necessary to match the gains of the
phototubes accurately, one of.thevoutputs was kept at the
voltage of the input, whilé in the other the volbtage could be
varied by means of a potentiometer comnected in series with
the input. In the later case a resistor was placed in series
with the potentiometer, the value of which depended on the
difference in operating voltages of the two phototubes. This
arrangement enabled the gains of the phototubes to be matched

to one or two percent in a 1024 channel ADC.

3=3 Pfoperties of the Dynode Chain

The simplest form of base circuit is the linear
resistor chain where the value of all resistors between
dynodes are equal. This base circult is normally sufficient
to provide the high gain necessary for most applications,
however, in certain cases where the maximum gain is desirable
each individual resistor should be adjusted until the optimum
operating condition is attained. Another type of resistor
divider chain ié employed when the density of the electron

current in the phototube becomes so large that space charge




- 27 =

effects become apparent at the last stages. This resistor

chain has the value of the resistors at the last stages

increasing according to a three halves law. The dynodes in

this case have been assumed to operate in a similar manner
""" to that of a simple diode valve, where theméffecfs BffsPace
charges are relatively well known. .

The circuit between photocathode and first dynode
is different for different phototubes due to the various
focussging énd accelerating electrodes. The voltage on these
electrodes may be adjusted to satisfy one or more of the
following conditions:
1) Maximum pulseheight°
2) Maximum energy and/or time resolution.
3) Minimum transit time,
4y Minimum photocathode non-uniformity.
It has been shown 51) that for the optimum performance of the
Ihlllps XP1040 phototube the voltage of the focussing electrodes
should be carefully set. 1
The situation at the final stages is slightly dif-

ferent. Under normal operating conditions the signal current
is superimposed on the chain current and the response of the
tube becomes non—lineér 32). To understand this effect it is
convenient to first consider the situation when the tube is
in continuous operation i.e. the d.c. mode. The signal current

at the last stages Will cause ‘the voltage across these stages

to decrease and since the overall voltage on the phototube
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remains constant these decreases may be regarded as voltage
increases on the eariier stages and the gain of the tube will

be increased. Different signals will be associated with different
gains, and congequently this will introduce the noh—linearity.
With a chain current‘one hundred times the signal current the non-
1inearitj will be of the order of one percent. When the photo= |
tube is operating in the pulsed mode, the stage Voltagésiwill
follow the variation in the instantaneous signal current and

the gain of the tube will be altered correspondingly giving
distortion to the input signal. If, however, capaciﬁoré are "
connected across the last stage resistors such that the in;.
dividual time constants are much greater than the period of thé
pulse, then the dynode: voltéges at the last stages will be
stabilized against variations in the imstantaneous signal

current. The value of the last decoupling capacitor is given

bys

o= ( 200 )10

where, Ia equals the ﬁaximum,average gignal current ; t equals ..
the length of the longest pulse, and V equals the voltage across
the last stage. The factor of one hundred makes sure that the
variation is less than one percent; and the factor of ten arises
from the fact that the change in gain is approximately ten times
the change in voltage. The value of the other decoupling
capacitors can be decreased from the anode downwards according

to the relations;




L Nal

wvhere, g equals the stege galn for the dynodes. The gain of

¢

the tvbe will now remalin approximately constant for the

dvration of the pulse at a velue delbermined by the average d.c.
level of the signel current., IF, howvever the egpiitude of
the signel, or the counting rate changes, %hen-the“aVerage

signal current will also change and the gain of the tube will
be altered. If the chain current is made large enough or the

v

Last stage resistors replaced by voltage stabilizers such

12
o

4]
[6]

genew dlodes the above effects can be reduced to negligible
proportions. It should be pointed oulbt that even a]thouWh emple
precaution has been taken to wminimize the loading effect

described above, the tube may still be count rate dependent

dve Ho g property of the dynodes themselves.

Bed space Charge Effects in the Photomultiplier

3

opace cherge eifects al the last dynode steges
cause the large pulses to become saturated; and hence,
another type of non-lineerity is inbtroduced. This time the‘nonm
linearity is in an opposite sense to the non-~linearities
described before. The efrect devends on the charge
density of the electrons, which In turn depends on the amount
of 1ight 1°aou¢u;ﬂtne photoeathode, the dynode number, the

type of base circuit used, and the oversll voltage on the phototube

[

Since the effect is similar to the space charge effects in
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one of the dyuodes. The dynode pulses are taken through & 50 ohm

and inbto & coupling cepacitor which elimir . high
voltogze. The pogitive dyncde pulses are thern inverted by a
. . -

pulse transformer (BEG&G ITL00) and sent via 50 ohm double
shielded cable Lo the comtrol room.
In the case of Tthe large counters wheres two photo-

tubes are used to view esch scintillator the pulses {rom both
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mixed dyaode pulses are sent to the controi room s where they
are stretched and digitized. The anode pulses are also mixed
and used to select the events of imterest and to trigger the

wire chambers.
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CHAPTER IV

TESTING OF PHOTOMULTIPLIERS AND BASE CIRCUITS

Since the photomultipliers were required to operate
with very high signal currents, due to the>iéfgé améiitude and
high counting rafe of the pulses, 1t was necessary to do some
extensive testing to decide which base circuit was the most
suitable, which dynode to choose for an energy measurement, and

the approximate overall operating voltage.

4-1  Method Used to Test Linearity of Phobtomultipliers

To test the linearity of the scintillators and photo-
tubes, protons were scattered from a polyethelene (CHQ) target,
6 mils thiék, and observed at the center of the scintillators at
an angle of 45°, The pulseheights of the elastically scattered
protons from the carbon and hydrogen nuclei were then observed
on an oscilloscope. Theoretically, from the kinematics of elastic
scattering,the pulseheights should be in a ratio of 1.9 %o 1.
However; due to the unequal energy losses in the materials
subsequent to the arrival of the particles at the scintillators;
this ratio will be increased to approximately two to ome. The
non-linear resSponse of the scintillator will increase the carbon
to hydrogen pulseheight ratio while the space charge effects will
~tend to decrease it. The effect of the space charge saturation
on the pulseheights can be studied by measuring the height of

the carbon and hydrogen pulses for various oversll phototube
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voltages. By observing the pulseheights from the anode and
various dynodes of each phototube and plotting the log of the
pulseheight against the phototube voltage we were able to
determine which dynode was the most suitabie for ouriapplication.
Siﬁce the height of the dynode pulses should be large compared to
tﬁe noise ih the transmiésiOn"lines,(ie radidwfreQuenéﬁwpickwup |
from the cyclotron) the above measurements were repeated, in the
cage of the EMI phototubes, using different base circuits in an
effort to determine which basevcircuit gave the largest linear

.dynode pulses. SN

4-2 Bage Circuits and Results for the EMI 9618R Phofomultipliers
.' The base circuit that was first tried for the EMI 9618R
phototﬁbe wés«the one recommended by the manufacturers for high
gaih and high current 33}, However, it was soon discovered that
the nonplinearity due td space charge effects appeared before the
required pulseheights were reached. Reducing the voltage on the
phototube had the effect of increasing the rise time of the anode
pulse from 12 ns to around 17 .ns and hence decreased the timing
resolution in the Spectrometer It was also necessary to amplify
the pulses, Part of the problem arose from the fact that after

the overall tube voltage was reduced the voltage across the
resistor between the photocathode and first dynode was ap-
prox1mate1y half that recomended by the manufacturers This was
gsolved by replacing the re51stor by a series of zener diodes.

The pulseheights, however, still remained low.

Figure 7 shows a test circuit that was built in order bo
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FIGURE 7
Test circuit for EMI 9618R
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investigate the possibility of using a non=linear base circuit
to reduce the effect of space charge saturation., It was hoped
thatlby increasing or decreasing the voltage on altermate dynode
stages that some defocussing of the electrons would take place
which would decrease their charge density and-hence reduce the
space charge saturation. It should be pointed out that a base

circuit in which the last stage resistors were increased according

~to a three halves law was tried, and found to give little

improvement over the recommended one described above, The zeners
between photocathode and first d&nbde, in Pigure 7, have been
shunted by a 100 kilo-ohm potentiometer in order that the effect
of the focussing electrode could be studied. Figure 8 shows the
results when the voltage on the focussing electrode is wvaried
node and that of the first dynode. In
these measurements the rest of the potentiometers were set such
that the linear base circuit of 16.8 kilo-ohm was obtained.By
varying the 50 kilo-ohm potentiometers between dynodes,4 and é,
6 and 8, and, 8 and 10 the voltages on dynodes 5,7 and 9 were
changed to form several non-linear base circuits. For each
circuit tried the carbon to hydrogen pulseheight ratio for the
anode was measured for various overall phototube voltages. In
order to find which base circuit gave the largest linear pulses,
the carbon to hydrogen pulseheight ratio was plotted against the
height of the hydrogen pulse, Figure 9. The éurves of Figure 9
clearly show that base circuits in which the voltagés on alternate
dynodes are changed can give better results for the linearity at
a particular pulseheight than the linear or near linear base

circuits.
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From the considerations of the above, the base cireult
shovn in Mgure 10 was constructed. Here the resisgltors between
dynodes 2 and 3, 4 and 5, and, 6 and 7 ere cne Tenth the value of
the resistors in the preceeding stages, &nd the wesistors at the
last stages have been increased. The final registor between

d

ynode nombhe LL and the anode wasg nol increased,in accoxrdance

.
3
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with She menufacturers sbatement that any iacrease in is

vesistor will ned sevicusly affect the space charge saturaltlon.

< . .

v owbput from dynode 10 is shown in the figure, however in order
ke . A
to investigate the effects in the other dynode steges outputs

rom dynodes 7,8,9.and 11 were elso taken. The dynode pulses

! ey ER

for the cerbon and hydrogewn protons scatvered Lrom

gt 459 were inverted =nd sent bo the control woom.via 250 £F

i

s

L IRV g} EPUR - = s =-v K PR ot 7Y RSN L
U.(/lt.lj.by shielded . coblaes, whaoe b FETG CDSeIVed Ol VS OBCLLLGw

scope, The log of the pul sehelgite plotted against the overall
voltage on the phototube Lor sowme of %he dynodes and Lfor the
anode are shown in Flgure 11. From the graphs'the effect of the
gpace charge saturatlon is seen im the chanoe of slope of the
lines between 1%00 and 1600 volis, Tho puluenvmgh% from dynodes
below dynode nuvmber eleven are very émallﬂ.The reasor, for this is
shown:in Figure 12 where the shepes of the pulses from dynode 7T
to the anode are reproduced from photographs teken of the
oscilloscope traces. Here the phototube hos been operated at
overall voltage of 1800 volts and *he pulseheights have been

multiplied by a factor of 1.54 to correct foxr the attenuation in

[N
e
i
-

the cable, Below dynode 11 long tails appear the dynode pulses

which are not accountable for from the considerations of space

charges elone and are probably due to the design of the base
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o

Figure 11

Pulseheight versus overall phototube voltage for protons

scattered from a CHo target at 459 for one of the EMI 9618R

_phototubes. The pulseheights were measured on an oscilloscope

250 feet from the phototube.
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effects of space charge saturation, and potentiometers were
inserted to find the optimum voltage for the focussing
electrode ¢l and for dynode number 3. |

Using a gamma ray source (0060) the voltage on the
pulseheight was observed on an oscilloscope.It was found now- .
ever, that the response of the tube varied rather sharply when
the voltage on dynode number 3 was varied,betweeﬁ-that of
dynodes 2 and 4, and it was decided to adjust the voltage
under normal operating cbﬁéitioné. The reéults aré-shdwn in
Figure 14, where the pulseheights from the anode have been
‘normalized to one hundred percent at the optimum voltage of

the dynode. It was also found that the'position of the peak in
Tigure 14 4id not chonge 2s the overall volia -
tube was increased or decreased.

: Figure 15 shows the variation of pulseheights from
dynodes 11 to 14 and the anode, for the base circuit of Figuie
13 (modified for dynode outputs) as the overall volfage on the
phdtotube'is increased. In this case, as before, protons were
scattered from a CH, target and the scattered protons from the
hydrogen and carbon nuclei at 45° were observed on an oscillo-
scope in the control roon, |

| Figure lé ghows the shapes of the pulses from dynodes
10 to 14 and the anode at an overall phototube voltage of
1800 volbs. Here the possible effects of space charge saturaticn
~are seen in the helght and length of the pulses. The pulse-
heights have been multiplied by a factor of 1.25 in this

figure to account for the attenuation in the cable (we used a
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TFigure 15
Pulseheight versus overall phototube voltage for protons
:scattered from a CH, target at 45° for one of the Philips
XP1L040 phototubes. The pulseheights were measured on an

oscilloscope 250 féet from the phototube.
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different cable from the one used with the EMI phototube}. In

. order to find the effect of the space charge saturation on

the charge of the dynode pulses, the ohargg of the carbon and
hydrogen pulses (found from the area of the pulses in Figure 16)

were plotted against the dynode number in. Figure 17. Here, as

before, the saturation effect can be seen in the change of slope
of the lines.

From Figure 17 we can find the average currents
delivered from the phototube for different count rates at the
approximate overall voltage which we will be using»in eXperiments'

with the spectrometer. At count rates of 107 per second we get

“an average current of about .3 ma, which is one tenth the value

of the chain current, delivered from the anode of the phototube.
At higher count rates the average current from the anode
becomes comparable with the chain current and the need for the

voltage stabilizing zeners becomes obvious.
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CHAPTER ¥

OVERALL PERFORMANCE OF COUNTERS

5~1 Linearity of Counters for 0-50 mev Protons

From the results of chapter 1V it was possible to.
choose a base circult, determiﬁe the dynode from which pulses
could be taken for an energy measurement, and to find the
appfoximate operating voltage for the phototube. After deciding
on the above it was now necessary to test the 11near1ty of the
counters under normal operating condltlons. This was accomplished
by measuring the energies of the scattered protons from a
-polyethelene target in a 1024 multichanmel analyser. The proton
energies were varied from 25 mev to 50 mev by changing the

zls0o by imserting aluminium aLSOTrbLErs

beam,eielgy axnd
(made from several layers of aluminium foil) in front of the
counters. By using absorbers of thicknesses 5, 10, 20, 40 and

80 mils it was possible to observe protons with different
energies below 25 mev. The results for one of the small

counters is shown in Figure 18 for two different overall photo-~
tube voltages. Here the base circuit of Figure 10 was used with
a chain current of approximately 5% ma and for the energy
measurement pulses were taken from dynode number 1l. The dymode
pulses_wefe inverted in a pulsetransformer (EG&G ITL00} before
sending them to the control room. From Figure 18 it can be seen |

that increasing the voltage on the phototube has the effect of

séturating the pulseé at a lower energy,as,exﬁected. However 1t
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Figure 18

Channel number versus energy, for two overall phototube

voltages; for the small counteor
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glso reduces the cut off energy which may be important when
the range of emergies of interest are in the low energy region.

_ The results for omne of the large counters, when the
dynode 10 pulses from both top and bottom phototubes are
inverted and added in a mixer module, are shown in Figure 19
Here the base circuit of Figure 13 was used with a chain current
of approximately 3 ma and an overall operating voltage of around

1700 volts (1695v on top and 1671v on the bottonm counter)

B2 Spectra from CHo_and Ta Targets for Collimated and

Uncollimated Protons,

Using the scattering chamber of Pigure 1 fitted with -
a movéble target holder (not shown}, spectra from a 6 mil CH2
target and a 1 mil Ta target‘were observed. This was achieved
by passing the pulses (the summed pulses in the case of the
1arge countersy through a stretcher module and then via Nuclear
Data ADG's into the memory of the PDP-9 computer. Using computer
programs developed at the University of Memitoba the spectra
were then plotted on a Calcomp plotter. |

Typical collimated épectra at 45° from the 6 mil CHo
target, for both small and large counters, at beam energies of
arround 23 mev and 45 mev are shown in Figures 20 and 21 In
_both cases the scattered protons have been collimated at the
centre of the scintillators by collimators of % in and 1 in
diameters for the small and large counters respectively. The
resolutions of the carbon peaks for the small counter are 2.2%
at 23 mev and 1.84% at 46.6 mev. The resolutions for the large

 counter are 4.3%% and 3.5% respectively.
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Figure 19

Channel number versus energy for large counter
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Figure 20

Typical spectra from a CHo, target at incident beam
energies of 2% mev and 46.6 mev for the small
counter. The ground states of the carbon and hydrogen
nuclei along with the first excited (4.4mev) states

of carbon are marked on the spectra. The third excited

state (9.6mev) of carbonm is also marked at the higher
energy. .
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Figure 21

Typical spectra from a CH2 target at incident beanm

energies of 23.6 mev and 41.5 mev for the large

counter, The ground states of the carbom and hydrogen
miclei along with the first exeited (4.4mev) states
of carbon are marked on the spectra. The third excited

state (9.6mev) is also marked at the higher energy.
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The collimated and uncollimated spectra from the 1

nil thick Ta target for a beam energy of 42.2 mev are shown in

Figure 22 for the small counter and in Figure 23 for the large
counter. From the Figures the non-uniformity of the counters

cen be determined. In the case of the small counter shown here
the non-uniformity, see page 5, is about 14% and for the large
éounter if is about 22%., Also from the Figures the collimated
regolutions from the Tantalum target are 2.3% and 4.6% for the
small and large counters respectively. The reason.for the poorer

resolutions, compared to that obtained using the CH, target, is

due to the energy loss in the Ta target.

The results for the resolutions, from.the Ta target,

at different beam energies are shown in Pigure 24. The measure-

P - JS e T
CiL v U

Wwoere baken using ¥ in and 3 in diameter coilimators for the

E!
w

small and large counters respectively. Straight lines obeying the

1/JE law have been drawn through the points.

5-3 Method Used in Correcting Non-uniformity of Targe Counters

The non-uniformity of the large counters was
determined by observing the pulseheights of scattered protons,

collimated by a % in diameter hole, from the Ta target at about

thirty different positions across the face of the scintillator.

The pulsecheight at the centre of the scintillator was then
divided by the pulseheights from these positions and the
results plotted and interpolated onto a 10X10 correction
matrix. The correction. matrix was then stored in the memory of
the 366/65 computer ready to be used along with a pulseheight

correction (PHC) subroutine program to correct for the pulse-
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' Resolution versus energy for both: the small and

large counters.,
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height non-uniformity.

| In order td test the correction matrix, the wire
chambers were sparked on random elastic coincidences from the
Ta farget, with the counters uncdllimated, and the results,

giving the spark co-ordinates and the proton pulseheights,

‘stored on magnetic tape. The data was then procesSéd off=line,

using kinematic (which eliminate any background eventsj'énd

related programs developed at the University of Manitoba, to

- give histograms of the pulseheight distributions for both of

the large counters. In this menmér it was possible to compare
the spectra for the corrected amd wncorrected pulseheights.

Another method for obbtaining the distribution of
pulseheights; and hence the correction matrix, is to ask the
computer to separate the tantalum data into 'bins' where each
bin: gives the pulseheight distribution for a particular area on
the face of the scintillator. The pulseheight corresponding to
the peak of this distribution can then be taken as the average
pulseheight for that particular area. The correction matrix cen
then be calculated as.before..Inuorder for this method to be
sucessful it is necessary that each bin contains enough events
(=100} for the pulseheight at the centre of the distribution to
be statistically significant. To get the 100 bins necessary to
form the 10x10 correction matrix the wire chambers would have
to be sparked approximately 100,000 times. |

Due to time restrictions however, the wire chambers

were sparked for only a fractionm of this number and it was

possible only to use the data to 'tune! the correction matrix
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already calculated by the first method described above. This
was accomplished by finding the average pulseheights from only
16 different areas (instead of 100Y on the scintillator. The
uncorrected pulseheight at the centre of the scintillator was
then divided in turn by the average pulseheighfs from the 16
different areas, which were corrected using the original 1OX10
correction matrix, and arranged to form a 4%X4 'tuning' matrix.
The 4X4 tuning matrix was then interpolated to form a 10%X10
tuning matrix and multiplied by the original 10xX10 correction
matrix to form a new logib‘tuned correction matrix.

The correction matrices for both - 1argelcounters;
computed by the method described above, are shown in Figures
25a and 25b. From the Figures it can be seen that the largest
variation in the non~uniformity occurs around the edges of the
scintillator. This is particularly true in the case of the left
counter where one of the light pipes coupled to the bottom face
of the scintillator did not fit exactly onto the face bﬁt left
‘@ small triangular area through which the light may escape. The

left counter was the one manufactured by our own workshop, and

at the time of constructing it was thought that this area would

only slightly affect the wniformity.

The correction matrices of Figures 25a and 25b were

stored in the memory of the 360/&5‘computer and were ready to
be tested using the Tantalum data. Thé results for the corrected

and uncorrected pulseheights are shown in Figures 26a and 26

for the left and right counters respesctively. The thick line

represents the uncorrected spectra and the thin line the cor-
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Figure 26a

Correction matrix for the large left counter
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Figure 26D

Correction matrix for the large right counter
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Figure 27a

The uncorrected (heavy line) and corrected
(thin line) spectra for the large left counter
from 2 1 mil Ta target, with incident beam

energies of 41.4 mev.
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Figure 27b
The uncorrected (heavy line) and corrected (thin
line) spectra for the large right counter from a

°1 mil Ta target, with incident beam energies of

41.5 nev,
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rected one. From the Figures it can be seen that the computer, by
correcting the pulseheights,improves the resolution of the
counters by a factor of 3, from 18% to 6% at an energy of 41.5
mev., It is hoped that by taking more of the Tantalum‘data it
will be possible, due to better statistics; to improve the

resolution even further.



5o e s et To mp
it appears that nmore

work is necessary before the onh

961L8R photomultiplier is obtained.
i Cheptex 1V for the Philips TPLO40 phobomul #iplier is
currently being used with the large counters in experiments
using the wire chamber spectrometer.

The resclution of ihg Laf{@ counters differ by a
factor of two from that of the small counters, and this is
qualitatively accounted for by the
seintillator end light pipes, and photomult

Ml AATT T s e 3 onn e [ANN
AR R S Ny N VN VN A A S R VIR VI S U NS S LR T U Vil

for protons scattered from the CHp terget at incident beam

energies of 46.6 mev are 1.84% and 3.5% respectively.

‘\_x!

The uniformity end resolubionm of the large counters
are geriocusly affected by small imperfe ctionS‘(bl% of the tobsl
area J in the optical contact hetween the scintillator and
light pipes, and cousequently, the pulsehe ights from around
the edges of the scintillator account for a large part of +the
non=uwniformity. Teking inte account these effect g, the pulse=
height non-uniformity fox +the large counters was as much as

25%. Measurements of the notv-uniformity from the uncollimated

,.1

Ta target (which tend to avera age out any local effects) give

values for the non-uniicrmity of 12.5% for the small counters.
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By using the information from the wire chambers it
is possible to correct for the pulseheight non-uniformity. The
-results so far have shown that the 6verall resolution of the
large counters can: be improved by a factor of three, and that
o further improvement can be expected by increasiﬁg the -amount
of Ta data, Overall resolutions of between 3.5% and_%% at energies

around 45 mev can be expected in the near future.
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. APPENDIX

DESCRIPTION 0F THE PULSEHEIGHT CORREGTION PROGRAM (PHC)

The purpose of the PHC program is to correct the
pulseheights of protons which pass through the-wire chambers
and strike the scintillators. The program requires the fol-
lowing input information: |

1y The angles, theta,which the protons make with the beam

direction, and phi, the projected angle normal to the

beam direction:. \

2y The co-ordinates (x,y) of the rear wire chambers (with
the origin at the edge of the chamber).

3y The pulseheight Po of the particle to be corrected.

43 The set C(i;j}vof calibration points {i.e, the 10XLO
correction maﬁrix).

5) The distance,d between the scintillator and the rear
wire chamber.

The first thing the program does is to re-~scale the

' co-ordinates of the wire chambers, which have the range 0~324

and are im 1/40 inch units, into one inch units and shift the
origin to the centre of the wire chambers.

Next we have to correct the parallax between the rear

| wire chamber and the scintillator. The parallax is caused by the

finite distance (d) between the rear wire chamber and the face
of the scintillator and is corrected by using the angles T and 6.
i.e. | x' = (x - 162)/40 + SIN(8)COS(T)
y' = (y - 162)/40 + SIN(€)SIN(3)

The range of the co-ordinates,x',y'are —4% to -4% and
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by adding 5§'we can get thevmore suitable range of 1-10 which
corresponds fo the range of the correction matrix.

We are now ready to correct the pulseheight of the
particle by multipling it with a correction constant found
from an interpolation of the 10%10 correctiom matrix. -By
separafing the x and y co—ordinates into integer and decimal
parts, i.e.

x=I+4+R (where I is an integer; and R is decimall
and knowing the calibrabtion points;
c=0(1,3) , = C2=0(i+1,3) ,
C3=0(1,34) , C4=0C(i+1,345 ,
we can'proceedyto form a four way interpolation between them
i;e. |
Cl2 =CL + (G2-CLiXRL
Cl3%= (Ll + (C3=~01J%R2  where Rl and R2 are the
024 = 02 + (C4~C2JXR2  decimal parts for the x
C34 =03+ (C4=C3)XRL and y co-ordinates resp.
Next we interpolate between €24 and Cl3, and C34 and Cl2 i,e.
Cv =012 + (C34=CL2)XRL |
Cq=Cl3 +(C24-CL3JXR2
and finally by averaging the Cv and Cq we get the correction
factor Hy; which when mvultiplied by the pulseheight Po‘of the
particle corrects for the pulseheight nonsuniformity;i.e.

Pc=PoxH where Pc is the corrected pulse-

height.

L]




Listing of PHC

100

200

SUBROUTINE PHC (PHT,PHTC,X,Y,ATHETA,PHT,C,D,)

DIMENSION CG(10,10)
A=X
B=Y

-0 =

THETA = ATHETA - 32,5%3%,14159/180

C4=0(T+1,T+1)

012=C1+(C2=~C1)*R2
$34=C3+(G4=C3) 12
OT=012+{ 034-C1.2) ¥R

C13=C1+ 03~01;*31
024=02+(C4~02} *R1
CQ=CL3+(C24=C13) *R2

He (CV+CQ) /2.

PHCT = PHT*H
X=A

=B

RETURN"

END

THETA
THETA

00

X= X-162.;/40.+SIN§
Y=(Y=162.)/40.+SIN
IF(X.ILT.1.) GO TO 200
IF(X.GE,10) GO TO 2
IP(Y.LT.1.) GO TO 200
IP(Y.GE.10) GO TO 200
T=X

=Y
R1=X-I

R2=Y-J

C1=¢(1,J)

¢co=C(I+1,d

¢3=C(I,J+1

!

*C0S
*SIN

%

PHT
POl

3

*D 5.5

*D 5.5
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