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ABSTRACT 

A Binary Encoded Strip Scintillation Hodoscope 
for Charged Particle Detection 

by 

John H. Hoftiezer 

A position-sensitive scintillation hodoscope with 

reduced photomultiplier use has been built. The device is 

an attempt to develop an economical, fast counter with good 

timing characteristics, good spatial resolution, and high 

efficiency. 

Isolated strips of plastic organic scintillator form 

a single layer (per dimension) detecting surface, while 

adiabatic light guides are encoded into a binary readout 

pattern such that photomultiplier use is reduced. The 

coding scheme, termed "error-free", identifies readout 

events as valid, or invalid, as in the cases of ineffi¬ 

ciencies and multiple tracxs. 

These counters were tested and successfully used to 

measure the incoming pion trajectories in a pion small 

angle scattering experiment. Further applications of the 

counters in high energy or highly ionizing particle 

experiments are expected. 
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CHAPTER I: INTRODUCTION 

The use of plastic scintillators has become very 

common in particle physics experiments because they are 

fast, efficient, and easy to use. Scintillators are often 

used without spatial resolution; however, due to the 

complexity of experiments, hodoscopic arrays are sometimes 

necessary. These have become very elaborate and often 

expensive. A number of schemes to simplify scintillation 

hodoscopes have been proposed. This thesis describes one 

such method, its development, and its subsequent use in 

tracking the incident pion beam of a scattering experiment. 

A. General Features 

Plastic scintillators are an excellent means of 

particle detection. When a charged particle collides with 

the scintillation medium, it excites electrons to higher 

energy states. The subsequent de-excitation is accompanied 

by the emission of photons in the visible and near-ultra- 

violet region of the spectrum. The scintillation material 

can be optically coupled to a photomultiplier tube (e.g., 

RCA 8575), which converts the light pulse into an electronic 

signal. The output of the detector is proportional to the 

energy loss of the particle traveling through the 

scintillator. 

Because scintillation plastic responds to any charged 

particle, it is a direct means of detecting protons, 

electrons, pions, etc. For charged particles, the material 
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is virtually 100% efficient. When used to detect neutral 

particles, the efficiency is poor, since secondary charged 

particles, created within the medium (Ref Fe-1) must be 

detected. Scintillation plastic will also respond to 

gamma radiation. 

A valuable feature of the plastic scintillation 

material is its fast response, giving very good timing 

characteristics. The pulse rise time can be as short as 

-9 a nanosecond (10 seconds), and therefore well-separated 

time measurements can be made as an event particle travels 

through a sequence of detectors. The fast-response 

characteristic can be used as a method of particle identi¬ 

fication, Known as time-of-flight spectroscopy (Ref Dr-1). 

The pulse within the scintillator has a short decay period, 

typically only a few nanoseconds . Consequently, a counter 

using a plastic scintillator will have a low dead time and 
O 

will accept an incident particle flux approaching 10 per 

second. High flux implies the accumulation of a large 

number of events, yielding "good statistics" in a relatively 

short period of time. 

A feature necessary for many experiments, yet 

generally lacxing in a scintillation detector, is spatial 

resolution. This limitation can be overcome by using the 

timing characteristics of the scintillator in conjunction 

with the spatial features of instruments such as the multi¬ 

wire proportional chambers (MWPC) (Ref Bu-1), yet the 

incorporation of good spatial resolution features into a 
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scintillation detector would be advantageous. A number of 

such attempts are discussed in this chapter. 

B. Requirements of a New Counter 

There are a number of requirements to be met by new 

instrumental detection schemes. First, they must meet the 

current physical limits in space and time resolution; 

position must be located within a few millimeters, and time 

determined within a few nanoseconds. Further, such schemes 

must accept count rates as high as millions per second. 

The counter should be efficient. Finally, the counters 

must be relatively inexpensive, easy to construct and to 

operate. If most of these requirements cannot be met, the 

detector would be an inappropriate choice for use in 

experimentation. 

Although these requirements are stringent, they can 

be overcome, maxing new designs with moderate chances of 

success worthy of construction and testing. In some cases, 

a counter compatible with those in common use, or a 

superior counter, may be found. This thesis strives 

toward such a goal. 

C. Current Techniques and Limitations 

A number of methods to incorporate good spatial reso¬ 

lution into a scintillation hodoscope have been proposed. 

These include placing a number of individual counters 

adjacent, coding the scintillators, measuring the pulse 

height pattern of a scintillation sheet, and coding the 
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optical coupling of the scintillation materials to the 

photomultiplier tubes. Each method is discussed briefly 

in this section. The last is the method of this thesis, 

described in detail throughout the remainder of the text. 

A very good scintillation hodoscope can be constructed 

in a straightforward manner (Ref Co-1). Strips of scintil¬ 

lating material are laid side by side, each coupled to a 

photomultiplier tube with a light guide, and optically 

isolated from the neighboring strips (see Figure 1-1). 

This is the most conventional method. The position of a 

traversing particle is then simply the position of the 

strip corresponding to the phototube which detected it. 

Because of the apparent simplicity of such a counter, 

this is an attractive design. However, there are some 

practical weaKnesses which should be overcome. It is dif¬ 

ficult to decrease the size of the scintillation strip 

below that of the phototubes and maintain the one-to-one 

correspondence. Further, the cost of the device goes up 

directly as the number of positions is increased, so such 

a counter is often economically limited. 

To overcome these limitations, other schemes have been 

devised. Alvarez (Ref Al-1) reports a design specifically 

to minimize photomultiplier use. The design reduces the 

number of phototubes by coding their outputs into a binary 

pattern. This is done by layering sheets of scintillation 

material with appropriate active and inactive regions (see 

Figure 1-2). Thus, the number of detectable positions 
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Scintillation Plastic 

Light Guide 

Photomultiplier Tube 

Schematic diagram of a conventional scintil¬ 

lation hodoscope, using one photo¬ 

multiplier tube per position. 

(Ref. Co-1) 

Fig.hl 
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binary code 
A Scintillation 

plastic 

B Light Guide 

C Photomultiplier 
Tube 

1 Active Area 

0 inactive Area 

Schematic diagram of a multilayer binary 

coded scintillation hodoscope . 
(Ref. Al-1) 

Fig. 1-2 
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N using N phototubes is increased from N to 2 - 1 . 

This design requires the number of layers equal to the 

number of photomultiplier tubes used. An objection is that 

the increased thicraaess also increases the multiple scat¬ 

tering and energy loss of the detected particles. This 

consideration is relevant when the hodoscope is to be used 

in front of other radiation detectors. Such a design was 

used successfully in a counter built by Pellett, £t al 

(Ref Pe-1). 

A method employing four photomultiplier tubes has been 

proposed (Ref Ro-1). This method utilizes the non¬ 

uniformity of light collection across a large scintillator 

sheet. The isophote map of a particular detector can be 

used to locate the particle position by measuring the pulse 

height of the output. The resolution of such a scheme is 

at best a few centimeters, and therefore this method has 

limited applications. 

Another scheme referred to as a Multi-Strip Scintil¬ 

lation Counter (MSSC) (Ref Le-1), (U. S. Patent 3,777,161), 

also seeKS to reduce the number of photomultiplier tubes 

needed and avoids the problem of multiple layers. This is 

accomplished by coding the light guides which transmit the 

signal from the scintillation strips to the appropriate 

phototubes (see Figure 1-3). Again the number of positions 

detectable is increased to 2^ - 1 , where N is the number 

of tubes used. 

It was found during use of the MSSCs that significant 
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B 

Scintillation Plastic 

Light Guides 

Photomultiplier Tube 

Schematic diagram of a single layer 

binary hodoscope; MSSC 

(Ref. Le-1) 

Fig. 1-3 
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error levels were introduced into the data by this parti¬ 

cular design (see Appendix A). In order to analyze data 

taxen with these devices, some method of removing the 

erroneous readouts is necessary. Nevertheless, confidence 

in the concept of the MSSC was developed. As a result, 

this attempt to build a position-sensitive strip scintil¬ 

lation counter was undertaicen. 
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CHAPTER II: STRIP COUNTER DESIGN 

This chapter will review the concept of the scintil¬ 

lation hodoscope and the design criteria needed for the 

actual construction. Of primary interest are the relative 

merits of the various possible coding schemes and the reso¬ 

lution of the hodoscope system. The remainder of the 

counter design details were mechanical solutions; the 

easiest methods were considered best and therefore were used. 

A. General Concepts 

The counter described in this thesis is an accumulation 

of characteristics from many previous proposals. Primarily, 

it follows the Multi-Strip Scintillation Counter (MSSC) 

(Ref Le-1). 

The strip counter hodoscope consists of a number of 

strips of scintillation material laid adjacent, yet opti¬ 

cally isolated from one another. These strips are coupled 

by adiabatic light pipes to photomultiplier tubes from 

which an electronic signal, related to the detected position, 

is received. In order to reduce the number of phototubes 

required, each strip is coupled to more than one tube. In 

this manner a code for each strip is developed. Interpre¬ 

tation of the code completes the position measurement by 

the strip counter. 

The limited success of the MSSCs was due to the coding 

scheme used; therefore, the counters built here employ a 
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new encoding, termed the "error-free code". 

B. Coding Schemes 

Possible coding schemes are numerous (see Figure 2-1). 

The most straightforward is that of binary counting. The 

strips of the hodoscope are numbered in binary and then 

coupled to the phototubes assigned to the non-zero digits 

of their number. Thus, the first strip is connected to the 

tube representing the first binary digit; the second to the 

second; the third is connected to the tube representing 

the first and to the tube representing the second binary 

digits, etc. (see also Figure 1-3). This encoding is in¬ 

adequate because false codes can be created when an event 

is inefficient or when two events occur within the resolving 

time of the system. 

An inefficient event is one in which the proper code 

for some reason is missing one or more bits; that is, a 

phototube connected to some strip does not respond to a 

particle in the strip. If such an event occurs, the 

decoding will generate a false or invalid position 

measurement. 

Multiple events are also possible. For example, if 

two particles travel through the system during its re¬ 

solving time, an arithmetic union of the two codes results. 

In a binary coding schemè this can be the same as a valid 

position code, although it will be incorrect. Similarly, 

if a particle travels at some small angle to the counter 
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Binary Gray Error Free 
Code Code Code 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 

l 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 1 1 

2 0 0 0 0 1 0 0 0 0 0 1 1 0 0 1 1 0 1 

3 0 0 0 0 1 1 0 0 0 0 1 0 0 0 1 1 1 0 

4 0 0 0 1 0 0 0 0 0 1 1 0 0 1 0 0 1 1 

5 0 0 0 1 0 1 0 0 0 1 1 1 0 1 0 1 .0 1 

6 0 0 0 1 1 0 0 0 0 1 0 1 0 1 0 1 1 0 

7 0 0 0 1 1 1 0 0 0 1 0 0 0 1 1 0 0 1 

u 
V 8 0 0 1 0 0 0 0 0 1 1 0 0 0 1 1 0 1 0 

*§ 9 0 0 1 0 0 1 0 0 1 1 0 1 0 1 1 1 0 0 
3 , 
53 

CU 10 0 0 1 0 1 0 0 0 1 1 1 1 1 0 0 0 1 1 #r| 
u 
-p 11 0 0 1 0 1 1 0 0 1 1 1 0 1 0 0 1 0 1 
CO 

12 0 0 1 1 0 0 0 0 1 0 1 0 1 0 0 1 1 0 

13 0 0 1 1 0 1 0 0 1 0 1 1 1 0 1 0 0 1 

14 0 0 1 1 1 0 0 0 1 0 0 1 1 0 1 0 1 0 

15 0 0 1 1 1 1 0 0 1 0 0 0 1 0 1 1 0 0 

16 0 1 0 0 0 0 0 1 1 0 0 0 1 1 0 0 0 1 

17 0 1 0 0 0 1 0 1 1 0 0 1 1 1 0 0 1 0 

18 0 1 0 0 1 0 0 1 1 0 1 1 1 1 0 1 0 0 

19 0 1 0 0 1 1 0 1 1 0 1 0 1 1 1 0 0 0 

6 5 4 3 2 1 6 5 4 3 2 1 6 5 4 3 2 1 

Bit Number 

Code Schemes 

Three possible encoding schemes which 
reduce the number of required photo¬ 
multiplier tubes. 

Fig. 2-1 
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and triggers two strips which are adjacent, a false position 

measurement may result. 

The probability of a multiple readout resulting from 

two particles can be calculated for the beam flux anti¬ 

cipated. This estimate involves the probability of a 

second particle arriving in the system before it can be 

resolved into another event. For this system, the time 

resolution is dependent on the pulse rise-and-fall times 

within the scintillator; the difference in propagation 

times for the light pulses which travel to the various 

phototubes required in coincidence; and the electronics 

used to implement the system. A reasonable resolving time 

can be set electronically at twenty-five nanoseconds. 

The single particle probability is simply the average 

number of particles in some unit time, provided the sample 
/: 

is large. For an instantaneous count rate of 3 x 10° 

particles per second and a resolving time of 25 nano¬ 

seconds, the single particle probability is 

(3 x 106) x (25 x 10-9) = 7.5 x 10"
2 

P = .075 particles per resolving time. 

If P is the probability of single events, the probability 

2 3 
of double events is P , triple events, P , etc. The 

actual number counted is the sum of these events. The 

probability of measuring a two particle event is 

 P^  

P + P2 + P3 + ... 
= P 
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assuming is small and is very small. Therefore, 

the probability of a multiple readout is also 7.5% . 

The second type of multiple readout, that due to 

adjacent strips, could be eliminated by using a Gray code 

in the counter (see Figure 2-1). A binary Gray code is a 

way of symbolizing the counting numbers such that any 

adjacent pair will differ in their digits at one position 

only (Ref Ga-1). The advantage of the Gray code for our 

purpose is that a multiple readout of two adjacent strips 

will be decoded as one of the offending strips. Although 

this error is at most only one position, again ineffi¬ 

ciencies or separated multiple events will be interpreted 

incorrectly. 

A coding scheme which would reveal the occurrence of 

errors would be useful. One solution is to require a 

unique number of readouts for a given number of possible 

bits. This "error-free code" can be generated by demanding 

the presence of exactly N out of M signals (Ref Wi-1). 

Such a code can be analyzed accurately because inefficient 

or multiple events are apparent from the number of bits 

seen. In either case, the number is not equal to N . 

Such a scheme does not allow as great a reduction in the 

number of phototubes which are used as do some other codes. 

Nevertheless, there is a substantial reduction as compared 

to the more conventional design using one phototube per 

position. 

The extent of such a scheme can be seen in Pascal's 



triangle of the binomial coefficients (see Figure 2-2). 

This gives the number of possible arrangements using N of 

M objects: 

For this application, six (M=6) phototubes were pro¬ 

vided for each device dimension, of which three (N=3) were 

coupled to any given strip. This gives 20 possible code 

elements (see Figure 2-1). From a mechanical point of view, 

the phototubes are optimally located at the ends of the 

scintillation strips. Given the obvious choice of three 

tubes on each end, two code elements, 111 000 and 000 111 

were rejected as special cases. For these codes the signals 

go unidirectionally. In the remaining cases the signals 

divide two to one end of the counter, one to the other. 

Because all permutations are used, the bit order can¬ 

not be changed. The counting order, however, is arbitrary. 

Subsequently, the usual increasing value was used to order 

the code elements. The final code scheme is shown in 

various representations in the following figures: 2-3, 2-4, 

2-5. 

C. Counter Resolution 

Further design of the strip counter was restricted by 

a relatively small number of parameters. Multiple scat¬ 

tering of the particles, caused by their passage through 

the scintillation material, is the primary restriction and 
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(U)- 
M! 

N!(N-M) ! 

Pascals Triangle 

of the binomial coefficients. 

Fig. 2-2 



Strip Code Decimal 

# vaine 

1 0 0 1 0 1 1 11 

2 0 0 1 1 0 1 13 

3 0 0 1 1 1 0 14 

4 0 1 0 0 1 1 19 

5 0 1 0 1 0 1 21 

6 0 1 0 1 1 0 22 

7 0 1 1 0 0 1 25 

8 0 1 1 0 1 0 26 

9 0 1 1 1 0 0 28 

10 1 0 0 0 1 1 35 

11 1 0 0 1 0 1 37 

12 1 0 0 1 1 0 38 

13 1 0 1 0 0 1 41 
14 1 0 1 0 1 0 42 

15 1 0 1 1 0 0 44 

16 1 1 0 0 0 1 49 

17 1 1 0 0 1 0 50 

18 1 1 0 1 0 0 52 

6 5 4 3 2 1 
bit # 

ïhe Error Free Code 

as used in the strip counters. 

Fig. 2-3 
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Decimal Binary Strip Decimal Binary Strip 

0 0 0 0 0 0 0 32 1 0 0 0 0 0 
1 0 0 0 0 0 1 33 1 0 0 0 0 1 
2 0 0 0 0 1 0 34 1 0 0 0 1 0 
3 0 0 0 0 1 1 35 1 0 0 0 1 1 10 
4 0 0 0 1 0 0 36 1 0 0 1 0 0 
5 0 0 0 1 0 1 37 1 0 0 1 0 1 11 
6 0 0 0 1 1 0 38 1 0 0 1 1 0 12 
7 0 0 0 1 1 1 39 1 0 0 1 1 1 
8 0 0 1 0 0 0 40 1 0 1 0 0 0 
9 0 .0 1 0 0 1 41 1 0 1 0 0 1 13 

10 0 0 1 0 1 0 42 1 0 1 0 1 0 14 
11 0 0 1 0 1 1 1 43 1 0 1 0 1 1 
12 0 0 1 1 0 0 44 1 0 1 1 0 0 15 
13 0 0 1 1 0 1 2 45 1 0 1 1 0 1 
14 0 0 1 1 1 0 3 46 1 0 1 1 .1 0 
15 0 0 1 1 1 1 47 1 0 1 1 1 1 
16 0 1 0 0 0 0 48 1 1 0 0 0 0 
17 0 1 0 0 0 1 49 1 1 0 0 0 1 16 
18 0 1 0 0 1 0 50 1 1 0 0 1 0 17 
19 0 1 0 0 1 1 4 51 1 1 0 0 1 1 
20 0 1 0 1 0 0 52 1 1 0 1 0 0 18 
21 0 1 0 1 0 1 5 53 1 1 .0 1 0 1 
22 0 1 0 1 1 0 6 54 1 Î 0 1 1 0 
23 0 1 0 1 1 1 55 1 1 0 1 1 1 
24 0 1 1 0 0 0 56 1 1 1 0 0 0 
25 0 1 1 0 0 1 7 57 1 1 1 0 0 1 
26 0 1 1 0 1 0 8 58 1 1 1 0 1 0 
27 0 1 1 0 1 1 59 1 1 1 0 1 1 
28 0 1 1 1 0 0 9 60 1 1 1 1 0 0 
29 0 1 1 1 0 1 61 1 1 1 1 0 1 
30 0 1 1 1 1 0 62 1 1 1 1 1 0 
31 0 1 1 1 1 1 63 1 1 1 1 1 1 

Possible readouts from the Strip 

counter with the valid codes shown. 

Fig. 2-5 
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determines the ultimate resolution of the system. The 

counter resolution is also determined by the finite dimen¬ 

sions of the strips. Because the design is conceived such 

that the error in measurements due to multiple scattering 

is not more than one strip, a balance between the two 

sources of uncertainty is possible. 

The total resolution is found from the two parameters 

by the relationship 

01 "'(Vs.)2 + (eP)z 

where Q and fl are the multiple scattering angle in # s * p 

and physical angles discussed below. 

1. Theoretical Resolution 

The theoretical resolution, due to multiple scattering, 

is a function of the thickness of the plastic scintillator. 

Two sizes were selected, a thickness of 3/16M and of 

1/8" . The thicKer one was picked from an experimental 

standpoint to guarantee a large light pulse, and thus yield 

an efficient detector. The thin size was an attempt to 

build a worxing counter with as little multiple scattering 

as possible. 

Multiple scattering can be calculated for each case 

(Ref Sc-1, Hu-1). The usual formula is that of Molieré, 

which expresses the root mean square scattering angle as 

rms ' VCB 
1/2 rad. 
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in spherical coordinates, where 

v2 . ♦157z2Z2Pt 
c ApW~ 

B = 1.153 + 1.122 In n 

V = 
a 

« A O v2 
a 

•ft 

P
2
(.468 X 10"

8
) 

2Z 2/3 (1.13 + 3.76(T|fF)
2) 

In a more convenient form, this can be written 

<02> = M1*3 x 104Z3/4A_132t} . 
x Ap czr 

The formula has been modified for a more accurate fit 

to high energy proton multiple scattering (Ref Hu-1). In 

2 
the new form V becomes 

c 

V2 — "IC7—2^2 P t Vc - .1572 Z s -2—2  . , —T^  
e (p c p ) vtc.m. Mc.m.7 

where 

e as 
(EL + mt)(l + p) 

(m2 + m2 + ZE^p)172 

|i " 

m m 
(—E-) (ET 1- m ) vm. ' v L m p ' 
—1 2 _ 

(^L + ®t) 

In these equations, 

z = projectile charge 

Z = target charge 
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o 
p = target density in g/cm 

t = target thicxness 

A = target mass number 

Pc = c.m. projectile momenta in MeV 

0 = projectile velocity in units of C in the c.m. 

= relativistic energy in the lab system 

nip = projectile mass 

mt = target mass. 

This form for the multiple scattering was used in a 

computer program with appropriate constants for scintil¬ 

lation plastic. The root mean square scattering angle was 

calculated for various energies (see Appendix B). 

2. Physical Resolution 

The multiple scattering results were used to find an 

appropriate width for the scintillation strips, such that 

the physical resolution matched the theoretical, by 

supposing a separation , i , of successive counters to be 

40" . Knowing the multiple scattering angle, 0 , for the 

thicxness chosen, the width for identical devices can be 

found (see Figure 2-6a), using the simple formula 

i, sin 0 =* d and the small angle approximation sin 0 = 0 . 

The widths selected were .25" for 3/16" material and 

.15" for 1/8" material. Because of the range of 

energies anticipated, these values could have been signi¬ 

ficantly different. In most cases expected the choices 

give a scattering error greater than the physical resolution 
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Q. 
/ sin 0 = d 

*0 

tan 0 — = .005 
2 J> 

Strip Counter resolution. 

Fig. 2~6 
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(see Figure 2-6b). Under the above assumptions, the 

physical resolution is ~5 milliradians. 
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CHAPTER III: CONSTRUCTION DETAILS 

Two hodoscope counters have been completed with 

identical configurations; however, the active area and 

thicKness is not the same in both. Each consists of iden¬ 

tical X and Y dimensions oriented perpendicular to one 

another (see Figures 3-1, 3-2). Prototype models showed 

that care is necessary during all stages of construction to 

insure a woricing device. The most critical area is that of 

optical interfaces. This chapter details the techniques 

used in building the strip counters, some of the problems 

encountered, and their solutions. 

A. Scintillation Strips 

The active region of the hodoscope is the most impor¬ 

tant, consisting of eighteen strips of scintillation plastic. 

NE102 and Pilot F were chosen because of their familiarity 

and availability; in most respects they are identical. 

NE102 was used in the smaller counter; strip size = 

.150 x .125 x 4.5 inches. Pilot F was used in the larger 

counter; strip size = .250 x .187 x 5.5 inches. The thicK- 

ness of the sheets from which these strips were tatcen varied 

as much as .01" ; therefore, loose tolerances within the 

counters were unavoidable. 

First, the scintillation material was machined to size. 

It was sanded with 600 grit sandpaper to remove milling 

maries. Next the strips were polished with silver polish 
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Strip Counter 

Fig. 3-1 
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A Scintillator 
B Light Guide 
C Phototube 

A 

Schematic diagram of the 
error-free hodoscope 

Fig. 3-2 
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(Ref Si-1). The process of polishing was by far the most 

tedious aspect of construction and required a majority of 

the time involved. The necessity of a highly polished 

surface is apparent, but defining accurately what consti¬ 

tuted a good polish was quite difficult. So, the surface 

was inspected by eye and the polishing was terminated when 

the machined surfaces were of the same quality as the 

original surface. Finally, the strips were wrapped in 

aluminized mylar. Wrapping serves to protect the strips, 

to improve the light transmission, and optically to isolate 

the strips from each other. 

B. Light Guides 

Light guides, the most numerous elements in the counter, 

optically couple the appropriate photomultiplier tubes to 

the scintillation strips as dictated by the error-free code. 

Machined to size and polished by the same procedure as the 

scintillation material, ultraviolet transmitting Plexiglas 

(UVT) was used for the light guides. The ends were not 

polished because the glue used, NE 580, made a good optical 

joint when applied to lightly sanded surfaces. 

Due to the coding scheme, three light guides were 

attached to each strip. Consequently two were fixed to one 

end of the scintillation strip and only one to the other. 

Thus, the guides can be termed full light pipes, those which 

attach solo and half pipes, those which attach in pairs (see 

Figure 3-3). The light guides were built larger than the 
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Strip counter light guides. 

Fig. 3-3 
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#3 #1 

#4 #6 

1 9 10 18 
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Low bit end 

9 10 18 

High bit end 

Light guide configuration of the counter 
at the face plates and scintillator joints. 

Fig. 3-4 
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strips in the depth dimension, primarily because the larger 

light guides gave improved transmission. They were also 

easier to machine and to handle during polishing. Although 

the actual size is not critical, the area of these light 

guides was twice the area of the scintillator strips. A 

shelf-style was chosen at the scintillator joint because of 

its mechanical strength and relative simplicity. 

When preparation was complete, the light guides were 

arranged according to the "error-free code" and mounted in 

a jig for bending. This arrangement arbitrarily assigns 

one end of the counter to the high binary digits, the other 

to the low digits. 

Bending was done along the most convenient path to the 

appropriate position (see Figure 3-4), using a heat gun to 

soften the Plexiglas . As the most convenient path was 

largely determined by the strips already in position, the 

complex problem of interweaving the light guides was solved 

by brute force. Heating was regulated such that bubbles did 

not form within the Plexiglas and adjacent strips did not 

sticx together. The bends were done as smoothly as possible 

for the best transmission. After the bending process was 

completed, the entire arrangement was heated for a short 

period to aneal the light guides, thus removing possible 

stresses which could lead to crazing. It was necessary to 

repolish the surfaces lightly after bending in order to 

remove heat maries. 

Finally the light guides were wrapped in aluminized 
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mylar. The half pipes were glued to their partner (see 

Figure 3-3) with a plastic solvent, dichloroethane. All the 

guides were reassembled in preparation for gluing to the 

scintillation strips. 

C. Photomultiplier Tubes and Bases 

The optical signal from the strip counter is converted 

to an electronic signal by coupling to standard photomul¬ 

tiplier tubes. These tubes, RCA 8575's, were coupled to the 

light guides with optical grease and were powered and 

mounted in bases designed primarily for this device (Ref 

Ma-1) (see Figure 3-5). The bases provide a positive pres¬ 

sure on the light pipes to assure a good optical joint. The 

design was found to be very convenient, allowing rapid 

exchanges of phototubes and bases without concern for light 

leaxs or the optical interface. 

The bases are incorporated easily into other scintil¬ 

lator paddle systems. Only two requirements must be met. 

A face plate with four mounting holes equally spaced on a 

2-9/16" bolt hole circle must be firmly fixed to the scin¬ 

tillator paddle light guide. The light guide should pro¬ 

trude approximately 7/8" through this plate. 

The electronic circuit of the base is a simple resistor 

networx (Ref Or-1) (see Figure 3-6), containing one adjust¬ 

ment to control the focus of the electron tube. Careful 

adjustment was not necessary in this model. 



Strip counter photomultiplier base. 

Fig. 3-5 
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D. Mounting 

Each hodoscope dimension was contained in an aluminum 

frame (see Figure 3-7), deliberately open such that bacio 

ground scattering is reduced as much as practical. The 

external dimensions of the frame are quite arbitrary, 

although the photomultiplier base casings were close-pacKed, 

and the separation of the face plates were governed by the 

bend length of the light guides. It is important that the 

frame be rigid and clamp the light guides tightly. 

E. Assembly and Gluing 

Assembly consisted of mounting the light guides in the 

frame and gluing the scintillation strips into position. 

Adjacent elements were separated with mylar such that all 

would not become glued together. Optical epoxy, NE 580, was 

used to glue the scintillation strips to the light guides. 

A large number of joints required a second application of 

the epoxy in order to fill the joint area completely. The 

entire arrangement was clamped firmly and allowed to dry. 

Final construction included milling the phototube end 

of the light pipe 7/8" from the face plate, mounting the 

coordinates orthogonally and attaching the phototube base 

casings. In order to eliminate bacKground light from the 

system, a shield was constructed from a thin aluminum sheet 

to fit over the coordinates, forming an octagonal box. 

Entrance and exit windows covered with blacx tape were cut 

above the active area of the counter. The seams of the 



Strip counter mounting frame 

Fig. 3-7 
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shield were also sealed against light using blactc tape. 

Such a shield proved far superior to the earlier "blacic tape 

mummy" format because light leaics were easily located and 

fixed. A vertical and horizontal center line was inscribed 

on each side of the counter, allowing its position to be 

surveyed accurately. Insertion of the photomultiplier tubes 

completed the counter. 

F. RemarKS 

A number of general features of the counters were ob¬ 

served during construction. Although any individual strip 

could be removed, it was easiest to build each dimension as 

a unit to increase the rigidity of the entire system. The 

counter is not particularly fragile. It will withstand 

moderate bumps, but rough treatment should be avoided. The 

counter is surprisingly large (~ 40" x 40") and heavy 

(~ 75 lbs.), requiring a good mounting stand. A hodoscope 

can be completed in about four weetcs. 

G. Possible Improvements 

In the course of construction of the counters, a number 

of suggestions for improvement arose. Many of these were 

incorporated as the building continued. Others were dis¬ 

covered only after application and testing. 

An improved version of the strip counter possibly could 

be built with better construction techniques, most probably 

in the surface polish of the scintillation strips and light 

guides. The polishing technique certainly was not uniform 
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from strip to strip due to the lacK of a good method for 

quality control. This, combined with the distortions in the 

optical surface when heated for bending, may have been the 

limiting factor in attempts to reduce the counter thicxness. 

A better method for gluing the strips of the scintil¬ 

lator to the light guides is also needed. The method used 

required that each joint be inspected. A large number 

needed a second application of the glue to obtain a good 

quality joint. No doubt, substantial light was still lost 

at this interface due to reflection. 

Another suggestion arose from the Knowledge that larger 

light guides gave better transmission characteristics. Com¬ 

bining the light guides of adjacent strips which go to the 

same phototube into a single light guide could improve the 

counter. 

Using fiber optics to replace the Plexiglas light 

guides is another possible improvement. Such a system would 

greatly simplify construction and enable a larger number of 

positions to be detected due to the increased freedom in 

tube positions and the anticipated increase in light guide 

length. Fibers were tested for use in the current design, 

yet the lacK of a good interface between the fibers and the 

scintillator caused a reversion to the methods employed. 

Other attempts to use fiber optics have met similar limited 

success (Ref Sw-1). 
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CHAPTER IV: OPERATION AND TESTS 

The strip counter hodoscope has been developed suffi¬ 

ciently for straightforward operation. These counters were 

observed to be reliable over long periods with very little 

attention. Setup techniques are taisen directly from 

standard scintillator technology. Automated operation uses 

common data interfaces, e.g., CAMAC, and requires only 

moderate programming when used in computerized systems. 

This chapter describes the operation and instrumenta¬ 

tion of the counters as they were used in Experiment #80 

(Ref Dr-2), where two strip counters, four dimensions, were 

used as a beam hodoscope, which defined the incident path of 

projectile particles upon the target. Of course, many vari¬ 

ations in instrumentation are possible. 

A. Operating Procedure 

1. Physical Setup 

The first step in using the hodoscope was to mount it 

in the experimental setup. The counter position must be 

surveyed accurately in order that the strip position can be 

related to an actual position in space. These counters were 

oriented in a left-handed coordinate system, in order to 

position the horizontal coordinate (X) down stream of the 

vertical (Y) , making the X position the most accurate 

when considering multiple scattering. A right-handed system 

was created by inverting the X positions in the computer. 
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The more conventional right-handed system could be built 

into the device provided the strips are numbered inversely 

during construction. Cabling for the counters presented no 

special problems; however, the exchange of two cable posi¬ 

tions causes peculiar readout patterns and hence, erroneous 

results. 

2. Electronic Setup (see Figure 4-1) 

The electronic implementation of the hodoscope began 

with the phototubes. Voltages were set such that the noise 

level of each tube was approximately 50 mV . Typical 

values for the larger counter were on the order of 2,200 V ; 

for the smaller counter, approximately 2,400 V . The out¬ 

put signals were sent directly to a fixed gain times ten 

(10 x) amplifier. The amplifiers improve the signal to 

noise ratio of the photomultiplier tubes by allowing lower 

operating voltages. Amplifiers also act as a line driver 

to the electronics trailer, 166 cable-feet away from the 

experiment. 

Further electronics will depend on the experiment in 

question. In general the signals must be placed into time 

coincidence and converted to logic levels by employing NIM 

discriminators. To save the readout, it was sent to a coin¬ 

cidence data latch which was strobed by other logic require¬ 

ments. During Experiment #80 this excluded those events in 

which any of the strip counters were inefficient. Events 

with multiple readouts were entered in the data. Typically 

these require special analysis. 
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3. Output 

Output information from the strip counter arrived at 

the computer in the form of a six bit binary number. In 

actual data-taicing, the readout was stored even-by-event 

with the readouts of the remainder of the system. For test 

analysis an accumulated ensemble of events was used. This 

information can be interpreted in a number of ways which are 

meaningful to the operation of the computer. 

There are sixty-four possible readouts (e.g., Figure 

2-5). A histogram of these numbers contains all output 

information from the hodoscope, which can be sorted into a 

number of more specialized forms. To monitor the operation, 

three histograms were used. 

The histogram of valid readout positions is the most 

interesting (see Figure 4-2). This profile is the shape of 

the beam incident on the hodoscope. Beams are commonly of 

an approximately gaussian-shaped distribution. A counter 

which does not reproduce the beam shape within statistical 

fluctuations is either operating improperly or poorly con¬ 

structed. A two dimensional histogram of the beam shape 

can be constructed from the two coordinates of each counter 

(see Figure 4-3). 

A histogram of the number of non-zero digits per event 

was useful in determining the efficiency of the hodoscope 

(see Figure 4-4). This histogram ranged from zero to six. 

Ideally all counts should appear in the three bit column, 

corresponding to valid position codes. In practice, the 
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Strip position 

Beam Profile Histogram 

This is a typical spectrum; taken 

from the smaller counter. 

Fig. 4-2 
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Two dimensional Beam 

Profile Histogram. 

Fig. 4-3 
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Histogram of the non-zero digits 

per event, less than three surpressed. 

Fig. 4-4 



46 

occurrence of valid codes should be much greater than other 

types of readout. A detailed discussion of the non-three 

bit events is given in the next section. 

Another useful histogram was the activity of each photo¬ 

tube (see Figure 4-5), which can be used to locate a noisy or 

inactive phototube. The counter was designed to use the 

tubes equally, assuming the beam flux was symmetric and 

centered on the device. Large variations from the mean 

value occur in the high numbered bits as the beam becomes 

less centered, maxing this histogram somewhat difficult to 

interpret. As an example, consider a gaussian beam centered 

at various positions across the counter (see Figure 4-6). 

When the beam is shifted toward lower position numbers, bit 

five becomes more active, while the activity of bit six 

decreases. The converse is true of a beam shifted toward 

higher positions. 

B. Efficiency and Tests 

Efficiency is the primary means of assessing the strip 

counter performance. There are at least two ways of defining 

the efficiency. It can be taxen as the ratio of the number 

of events containing three or more bits to the total number 

of incident particles. This approach suggests that events 

with greater than three bits are in fact over-efficient. 

Efficiency can also be taxen as the ratio of events with 

exactly three bits to the total number of events, with the 

idea that only these events can be uniquely analyzed. 
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Photomultiplier Tube Activity Histogram. 

Fig. 4-5 
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Fig. 4“6 
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Further use of the term "efficiency" will follow the second 

definition. High efficiency is required for each counter 

dimension, as the data-tatcing efficiency of a sequence of 

strip counter dimensions is a multiplicative function which 

rapidly decreases. 

Testing was done at various stages in the development 

of the counters. Each hodoscope dimension was tested as a 

unit. It is conceivable that individual strip efficiencies 

could be measured; however, this did not appear to be neces¬ 

sary from the beam profiles or analysis of the raw data. 

With the error-free code, true inefficiency measurements 

are possible along with measurements of multiple readouts. 

Testing of what later came to be Known as prototype 

models was conducted with cosmic ray muons, due to the lacK 

of a more intense high energy particle beam. The setup was 

simple (see Figure 4-7). Results of the muon tests were 

quite clear. Even with the limited statistics of short runs, 

the poor construction of these counters was apparent. The 

best efficiencies, on the order of 50%, were obtained by 

operating the photomultiplier tubes at very high voltages. 

Consequently, there was a high singles rate due to accidental 

tube noise coincidence. The occurrence of two bit events 

was also high and was interpreted as the loss of light in 

one of the half-pipes. Often these could be related to 

certain inefficient strips. Multiple readouts were neg¬ 

lected, being small compared to the inefficient events. 

Improvement in the counter efficiency was sought by taKing 
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Counter 

Computer 

A typical test set up, 

for high energy particles. 

Fig. 4-7 
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advantage of building experience and by taking greater care 

during all stages of construction. 

Testing of the next counter attempt was done as a 

parasite to Experiment #81 (Ref Fe-2), using the high energy 

protons and pions identified by the experiment. Efficiency 

was measured by comparing the strip counter with preceding 

wire planes (MWPC's). Acceptable results were obtained 

(~ 80%); however, a thicxer counter would have been more 

advantageous. Therefore, the thicxer of the two sizes 

already discussed was decided upon. 

The tests of the final devices were carried out after 

the counters had actually been put to use in Experiment #80. 

Efficiencies of nearly 90% were obtained. The setup was 

very similar to that used in the cosmic ray tests. Two 

scintillator paddles in coincidence provided a strobe. This 

test was checxed by putting the strobe 50 nanoseconds out of 

time. The accidental rate was very small. 

A summary of all test results is given in the following 

figures: 4-8 and 4-9. Perhaps the most notable feature of 

the data is the marginal efficiency. Although the effi¬ 

ciencies obtained are usable, an efficiency close to 95% 

would be much more desirable. 

C. Discussion 

In order to improve the efficiency of the counters, it 

is necessary to investigate the events which fail to give 

valid readout position codes. Such events have been divided 
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Strip position # Bits 

Strip Counter Efficiency MAY 

Beam; 140 MeV 7T “ 

Fig. 4_ 8 b 
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Strip Counter Efficiency MBX 

Beam; 400 MeV protons 

Fig. 4-8c 
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# Bits 

Strip counter efficiencies for 

single dimensions. 

Fig. 4-9 
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into two groups; those which are inefficient and those 

which can be classed with multiple readouts. The improve¬ 

ments will be small quantities since small percentages of 

the total number of events are being considered. 

The inefficiencies appear to be close to their minimum. 

Zero readout events are possibly real misses that can be 

accounted for by the finite separation of the strips within 

the counter. A separation of .01" amounts to a zero rate 

of approximately 4%, as compared to the 3% measured. This 

separation is of the same order as the error in strip 

dimensions measured along the strip length. Furthermore, 

some separation is expected due to the material wrapped 

about each strip. Conceivably the zero readouts could be 

somewhat reduced by tightly squeezing the device. 

The percentage of events with a one or two bit readout 

is also small (2-3%), indicating that light collection is 

not the restricting limitation of these counters. Thus, 

attaching two light guides to the end of a single strip is 

an acceptable technique. The occurrence of one or two bit 

events is attributed to near misses; that is, particles 

which striKe the edges of the scintillation strips and 

create insufficient light to be detected in the appropriate 

phototubes. Reducing this inefficiency is impractical and 

would not amount to a significant improvement in the counter 

efficiency. 

This leaves for consideration those events in which 

more than the three required tubes give a readout bit. In 
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order to better understand these multiple readouts, their 

probable sources need to be considered. All possible values 

of multiple readouts and the strips which contribute are 

shown in Figure 4-10. This assumes that multiple readouts 

are correct readouts in two strips only, and not the result 

of a noise pulse added to a correct code. Three strips 

could also cause a multiple readout; however, this is very 

unlixely. An interesting phenomenon was noted while running 

the strip counters during Experiment #80: the occurrence of 

multiple events changed with spectrometer settings. This 

remains unexplained. 

The probability of two particles traversing a counter 

was estimated in Chapter II. The approximately 7% multiple 

readout measured is in close agreement with the calculated 

rate for two particles actually traversing the system. 

Therefore, it seems reasonable to conclude that the counters 

have reached a practical limit for efficiency. But the two 

particle probability is 7% for single dimensions, and also 

7% for all dimensions. Thus, the efficiency for a sequence 

is not found by taKing the product of either efficiency 

definitions given in the last section. This can be chectced 

with the four dimensions used. Real multiple events ought 

to appear as such in a majority of the dimensions, which is 

not the case (see Figure 4-11). A large number are due to 

only one of the four detecting a multiple readout. It was 

also discovered that the smaller counter contributes about 

two thirds of the events with a multiple readout in one 
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Multiple readouts 

The number of multiple readouts 

in the sequence of four dimensions. 

Fig. 4-H 
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dimension only. 

There is the possibility that a large number of the 

multiple readouts, especially those in which three of the 

dimensions contain a valid position code, are in fact due 

to a single particle. This suggests that adjacent strips 

are causing the invalid readout in the offending dimension. 

Fortunately mo£t of the strips in the counter have a code 

union with their néighbor that is distinct from other 

neighbor pairs (see Figure 4-10). Thus, multiple readouts 

could be assigned a unique position in the counter under the 

assumption that the readouts are indeed the result of real 

signals from adjacent strips. These events reproduce the 

approximate beam shape, and the number that occur which can 

be accounted for by adjacent codes is greater than those 

events in non-adjacent code unions. 

Using the number of ways of creating non-adjacent code 

unions and the number of occurrences as a bacxground sub¬ 

traction, the data indicates correlation between multiple 

readout and adjacent strips. Some explanation of the 

correlation is necessary. It might be attributed to "dirt” 

in the system; that is, the adjacent strips may be caused 

by communication between neighbors, the result of light 

feeding across the space between strips. A more plausible 

explanation is the creation of delta rays. 

A delta ray is an electron which, on collision with 

the beam particle, obtains sufficient energy to produce 

ionization of its own. Such electrons may travel at large 
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angles to the incident beam. These delta rays may propagate 

far enough to create a signal in an adjacent strip. 

A further checK of the adjacent strip assumption can 

be done with those events which have three valid readouts, 

but one multiple readout. Assuming the beam hits the center 

of the target, a straight line can be drawn through the 

Known position to the offending counter, and an apparent 

position defined. The error in such a calculation is one- 

half inch at the target, which corresponds to an error of 

± two strips in the smaller counter and ± four strips in 

the larger. By finding the difference in this calculated 

position and the position under the adjacent strip assump¬ 

tion for each event, the validity of the assumption can be 

tested (see Figure 4-12). As shown, the approximation is 

quite good; however, a reasonable agreement is also obtained 

if the position assumed is the most probable beam position. 

Therefore, exclusive use of the adjacent strip approximation 

cannot be recommended but ought to be maintained as an 

option. 

To maxe this option clearer, it would be advantageous 

to build a counter in which all neighbor pair code unions 

were distinct. Such a pseudo-Gray code is indeed possible 

(see Figure 4-13). The proposed code may not be the only 

one which fits the criteria. A better code would use as 

few of the code unions with a high number of possible 

formations as possible. With such a code, inefficient 

events could be reduced by intentionally overlapping the 
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The psuedo Gray code configuration. 

Fig.4-13 
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strips of the counter to eliminate dead space. Further 

study in this direction is recommended for future counters 

built. 

The purpose of attempting to include the events with 

multiple readouts is to increase the fraction of the data 

retrievable from that which is taxen. For example, the 

data-taxing efficiency of Experiment #80 was increased 25% 

by including events with three of four valid strip counter 

positions and determining the fourth position mathematically. 

The reduced statistical error due to the additional data is 

assumed greater than any error which may be introduced. 

Exactly what the introduced error will be is not clear, as 

the events may fail further cuts in the experimental system. 

Certainly a more careful study of this is needed. 
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CHAPTER V: APPLICATIONS 

The strip counter hodoscope is a very versatile instru¬ 

ment with applications in many experiments which require 

Knowledge of the trajectories and timing for high energy 

particles. The best applications would involve highly- 

ionizing, energetic particles, such that large light pulses 

are produced in the counter and multiple scattering is held 

to a minimum, although this is not necessary for acceptable 

performance. In general the strip counters can be used in 

place of other X-Y position devices. 

A. Experiment #80 

A typical application of the strip counter was illus¬ 

trated in Experiment #80 (Ref Dr-2, Wa-1). This experiment 

proposed a measurement of the elastic scattering of pions, 

both positive and negative, at various energies in the 

region from 100 MeV to 300 MeV . The scattering was 

measured for various target nuclei and through an angular 

range from 5° to 20° . A tabulation of the data taxen 

during the last run period is shown (see Figure 5-1). 

The aim of the present phase of Experiment #80 was to 

obtain smaller statistical and bacKground errors, smaller 

angles, better pi-mu separation, and to study more spherical 

nuclei than in earlier experiments. The use of strip 

counters allowed a data rate approximately an order of magni 

tude greater than originally anticipated. 
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Small Angle Elastic Data 

Fig,5-1 
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The purpose of the experiment was to measure the 

scattering cross section well enough to be able to calculate 

the real part of the forward pi-nuclear scattering amplitude. 

In small angle scattering both nuclear and coulomb effects 

contribute to the elastic scattering amplitude. The angular 

distribution of the scattered particles will reveal inter¬ 

ference effects between the two scattering processes. The 

results should reveal the range and degree of validity of 

several scattering models. 

The experiment was mounted in the Los Alamos Meson 

Physics Facility (LAMPF) p^ channel (see Figure 5-2). The 

incoming pion beam was defined by coincidence counts in two 

scintillation paddles and the four strip counter dimensions, 

with an anti-coincidence in a veto scintillation paddle and 

a CêrenKov counter. The strip counters locate the traversing 

particle at two points, through which a ray can be traced to 

the target. Using the counters a beam intensity of 

~ 2 x 105 particles per second was possible. Thus, 

reasonable statistics were obtained in a relatively short 

time. 

Particles which strixe the target and are scattered, 

are defined by a beam particle and a coincidence in the 

multiwire proportional counters (MWPC) and scintillator of 

the spectrometer arm. The scattering angle was found using 

the first two MWPC’s coordinate measurements. Elastically- 

scattered pions were identified by using the remaining 

counters and magnets for momentum analysis and by time-of- 
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flight. 

Initial phases of this experiment show reasonable 

accomplishment of the goals outlined. These early runs 

also emphasized the need for a strip counter which woriced 

well. This was realized during the last run. Final analysis 

of the experimental run using these counters is in progress. 

B. Other Applications 

Another experiment for which the use of a strip counter 

has been considered is Experiment #197 (Ref Lo-1) which pro¬ 

poses a study of the reactions 

p+d-*3He-hT° 

p+d-3H+iT+ 

These reactions are interesting in the study of pion produc¬ 

tion because they have a two particle final state. 

The first reaction is difficult to study. It is 

necessary to detect the doubly-charged helium, due to the 

rapid decay of the pion into gamma-rays. Because the helium 

is heavy and carries a double charge, it multiple-scatters 

badly and has a short range. Therefore, detection must be 

done close to the target and primary beam where count rates 

are high. Strip counters are good for such counting; however, 

they also add significantly to multiple scattering. In the 

second reaction, either product can be detected. Typically 

the pion is chosen. 

One possible experimental set requires a magnet placed 
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directly behind the target which separates the reaction 

products from the primary beam. A second magnet and the 

position detectors of the spectrometer arm determine the 

scattering angle and momentum of the reaction products. 

The angular range of interest is from 0° to 25° . Other 

experimental arrangements are possible which do not require 

the use of the strip counters. 

The strip counters are perhaps best applied to high 

energy proton experiments. The counters could have been 

used in Experiment #395 (Ref Bi-1), which was performed at 

the Argonne Laboratory ZGS. This experiment studied the 

effect of spin in proton-proton scattering. Specifically, 

the difference in total cross section was measured for 

proton spins transverse to the beam aligned and anti¬ 

aligned. The strip counters could have been used to monitor 

the beam position on the target. The counters were not used 

due to a lacx of available photomultiplier tubes. 
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CHAPTER VI: CONCLUSIONS 

This thesis study developed a new scintillation 

hodoscope. The devices successfully approach the current 

limitations in both spatial and time resolution. They are 

safeguarded by the nature of the encoding scheme against 

the systematic introduction of errors into the data. 

Further, these counters exhibit numerous desirable features 

such as their reliability and ease of operation. When held 

to the requirements of a new scheme as discussed at the 

outset of the thesis, these hodoscopes are an appropriate 

choice for experimental use. 

The current limitation of the strip counters is imposed 

by the moderate efficiency of their dimensions. This is not 

a limitation of the concept, but rather, a consequence of 

the physical sizes used. Further reduction in the thicixness 

of the detectors and a corresponding increase in spatial 

resolution is not anticipated. 

The counters are nearly fully developed; that is, with¬ 

out the incorporation of significant innovations in materials 

or technique, the counter would see only moderate changes. 

The use of the Rice-developed hodoscopes in a small 

angle pion scattering experiment has demonstrated success¬ 

fully the facility of construction and application. They 

should become one of the useful instruments in other experi¬ 

ments in particle physics. 
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APPENDIX A 

A need for an improved counter code was realized with 

the data taxen from the MSSC's (Ref Le-1). These devices 

were built and used during the Spring of 1974 phase of 

Experiment #80 (Ref Wa-1). 

The data shown was selected to best illustrate the 

particular errors which can be introduced by the binary code 

scheme; spectra of better and poorer quality were seen in 

the total data compilation. Together they illustrate the 

effects of inefficiencies and multiple readouts in distorting 

the data collected as discussed in Chapter II. 

Inefficiencies in a counter using a binary counting 

scheme tend to create invalid readouts corresponding to 

lower-numbered positions (see Figure A-l). The most notable 

feature of the spectrum is the lacK. of a peax in the beam 

profile. The MSSC used to generate this spectrum contains 

scintillation strips 1/8" wide and 1/16" thicx; it was 

very inefficient. The beam incident on the MSSC covered the 

counter; consequently, there are counts seen in the highest 

numbered channels corresponding to occasional valid events. 

Multiple readouts have the opposite effect, causing 

pile-up in the higher numbered strip position codes (see 

Figure A-2). This type of readout can be created by two 

particles within the counter, or by cross talx in the MSSC 

system. A 1/4" wide by 1/8" thicK. MSSC was used for 

this spectrum. The artificial peatc in positions 13 to 15 is 
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an artifact of invalid positions created by the counter when 

a multiple event occurs. 

It should be noted when comparing these histograms with 

others of this thesis that the counters differ not only in 

code schemes, but also in the width and thicKness of the 

strips. 

It has been reported that the MSSC devices could be 

made to operate nearly correctly by carefully adjusting (and 

by constant attention to) the photomultiplier tube gains. 
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APPENDIX B 

This appendix contains the fortran program and sample 

output used to find the multiple scattering of particles by 

the strip counters, as discussed in Chapter II (see Figure 

B-l) (Ref Mu-1). 

Input parameters assume the target is carbon and that 

the thicxness for output shown is .125" and .150" . 
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— CAL CUI. AIES RM S SC Al TEK ING ANGLE FOR RFLA1IVIS1IC CHAKGEU PAR T | C Lt S JM 
IH | N PDILSi NEF. EXPERIMENTAL WIlClfcA* PnVSICS (P. SEGRE t:U . > 
VOL 1 P 2H5.1V53 PUHMIJLA USED IS VALID MW NIIN-KEL Al IVIS1IC CASE. 

THEORY Muoineu ACCORDING iu met - u um RESULTS 
--•INPUT FORMA | ( Sr10.3)      

F 1RS 1 CAR» ZT* CHARGE DP TARGET NUCLEUS 
.A» A10M1C WEIGNl UP ÎAPGel NUClfcUS IM GKAMS 
i* THICKNESS IM r,/CM*«2 

 ZP« CHARGE DP PARI ICI6     
AMU* KÉSI HA SS OP PARIICLE IN HEV 

SECOND CARD EU = LOWEST INCIDENT EVEPGY IM MtV 
EM= MAXIMUM INCIDENT ENEKGY UF PARTICLE IN MEV 

 UELE = EMtRGY STePS IM HEv      
PCUT » -1.0 ENERGY IN Kév 

S 1.0 Mlii-lENlUM IM MEV/C 
REPEAT AS MANY TIMES AS DESIRED. Zl=in00.0 STOPS PROGRAM 

—OUTPUT E = • IMC IDENI E-îERGY OP PARIICLE IN MEV    
ThEl A= RMS SCATTERING A^'GLE IN RAOIANS 
ITHEIA)=**2 = IRHS AMGLC)W*2 
BETA= v/C OF INCIDENT PARTICLE 

 . FC * MOMENT UH i N Mgv    
CHIC = MÜL1ERE PARAMETER 

 WRITEI6.5) :  
10 REAu(1•1)Z T.A.1.2P » AMO 

1FC900.0-ZT)12,12.11 
11 WRITÈI6,o) 
 WRIT El 6,2)Z T.A,T,ZP,AMU  

15 READ(1 » 1)tu,CM «OcLc«PCOT 
1 FORMAI(5F10.â) 
2 FORMAT(12H0 Z TARGET = F5.2.13H ATOMIC RT = F6.2.13H GRAMS T = 
 1F9.A,1EM G/C->2 - Z -PARI -= Fs.2,«H MUC2 = F6.1,4M HEV >   

3 FORMAI (T 5HO c M£v THéT ThET*-2 (KHS) CH IC 
1 beTA PC KEV ) 

A FORMAT(SX,Flo.2,3(2X,E12.5>,F10.5.F10.3) 
 5 FORMAI < lHl)  

6 FORMAT (lnü) 
WRITE(6,fc) 

__ WR J TE (6,3)      

13 IF(PCOT)20,2O,21 
21 PC = E 

PCSO=PC *a2 
  ET = SORT ( PCS0+AM0»»2)-AHO   

GO TO 30 
20 CONTINUE 

ET =E 
 P C S<->=c T ** 2+ 2 . 0 * E T * A MO  - 

PC=SOkï (PCS.T) 
30 CONTINUE 

CALL CDFM(PC.A,AK),PCP,HETA,EPS) 

PCSÜ = PCMVPC.M“ 
ALSO= (ZPvZ T / ( 12*/ .('«HET A) ) - = 2 
CH 1C=0.15 7«Z P-’-2“T / ( A » PC SO=*BSO ) 

 CH 10 =0. S 7 7-Z T *-('. 3333 / ( 13 V .0**oCM )   —   
CH ID=CH II1 V-CH !u«>((». 7 7+ 3.3H«A I_S i) 
OENUK *CH! C/C-IU 
THSu = CHir.~( 1. 1E3*1 . 121--AI., M DtNÜM) )»EPS 

- T HE T A = S>-m ( î f-au ) 
CHIC = S('R1 (CHIC) 

. WRITE (6, «.)e T, THETA, T HSO ,CH IC ,R6T A , PC 
E=E+OPLE • 

--- IF4EM-6) 10,13,13  -    - - - — • 
12 CALL EXIT 

FNI) 

Fig.B-la 
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SUBROUTINE CnFHIPCtAt AMOtMCMfHCH»ESPSÜ) 
AMll=9 31 .* VM 

« El ( AMOM»2*MO*2) ... 
EMT*SOKl ( AMO**2* ( A vAMJ) 2.0*61 1*A* AMU) 
ECMS0.5*6MT*0.3*< AM)**2-( AvAMU)**2)/tMl 
C*AMMA= ( Ft 1*AMI*M2/ ( A*AMU) > / I 6ll*A*AMU) 

   PCHSO*fcCMM«2-AMt«*2 .  “ 
BCMSt« = PO$u/FCH**2 
PCMS^OKI(PCKSO) 
Bf.MaSOKl ( BCMSUI 

 ESPSOsienl/I (EL 1+A*AMU)*•(1.0+GAMMA) ))  
RETURN 
END 

E HEV 
100.00 

 110.00 
120.00 
130.00 
1*0.00 

 1*0.00 - 
160.00 
1#0.00 
180*00 

 190 ^oa— 
200.00 
210.00 
220.00 

 230.00— 
2*0.00 
230.00 
260.00 

 2^0.00- 
280.00 
290.00 
300.00 

THE T 
0.81 *#69 6—0 2 

-0.733023-02 
0.696806-02 
0•6 326 3 c-02 
0.612796-02 

- O.^7602 6—02 
0.3*7 396—02 
0.62017 c-02 
0.*93603-02 

-O.*738*3-02 
0.*339*6-02 
0.*35606-02 
0.*19206-02 

—0.*039*5-02 
0*389866-02 
0.37661 E-02 
0.36*6*t-02 

—O.353*06-02 
0.3*283c-02 
0.3 3 2 9o£-02 
0.32366 E-02 

1H6Î**2 (RM$) 
0.666628-0* 

- 0.3670*8-0* - 
0.*86335-0* 
0.*2 3*3 6—0* 
0.373316-0* 

* -0.33*116-0* 
0.2996* £-0* 
0.270576-0* 
0.2*3826-0* 

—0-. 22 *32 6-0* - 
0.206066-0* 
0.139925-0* 
0.173736-0* 

—0.16317 £-0* - 
0.131*96-0* 
0.1*1996-0* 
0.133006-0* 

—0.12**96-0* 
0.1173*6-0* 
0.1lOdôE-C* 
0.10*776-0* 

CHIC 
0.232336-02 
0.232976-02 
0.2166 8 e-0 2 
0.202 766-02 
0.190726-02 
0 . I oO 1*6- 02 
0.17 Ü90 6-0 2 
0.162626-02 
G.133206-02 
-0.1 *£‘206— 02 
0.1*2*26-02 
0.13 6 3 7 6- 0 2 
0.131796-02 
0.127116-02 
0.122796-02 
0.116766-02 
0.115056-02 
0.1115c5-02 
0•lor 33 c-G2 
Û.lü32d£-Q2 
0.102*26-02 

BETA 
0.80668 
0.8232* 
0.05730 
0.8^002 
0.86109 
0.67092 
0.67970 
0.6 6 7 3 9 
0.69*69 

- 0.90112 
0.90o96 
0.91226 
0.9171* 
0.92199 
0.92368 
0.929*5 
0.93293 

-0.93613 
0.9391* 
0•9*191 
0.9**30 

PC MEV 

19*.720 
206.699 
21d.8 96 
2 30.6 3 1 
2*2.2** 
293.720 
269.076 
276.326 
2 8 7 • * 8 7 
2 96 • 36 3 
309•967 
320.303 
33l.3d 3 
3*2.20d 
332.98* 
363.7lo 
37*.*0d 

- 369.06 2 
39 9 *662 
*06.271 
*16.830 

E KEV THE! TH6T**2 (RMS) CHIC BETA PC nEV 
 100.00 — —0 • 6 9903 6-02-  0.00*266-0* - 0.27*996-02 - 0.80088 - 19*.720 

110.00 0.827965-02 0.68532 c-0* 0.25388 3-0 2 0.6232* 206.899 
120.00 0.7o8376-02 0.59 0 *0 6—0* 0.236126-02 0 • 85 7 90 2 18.638 
no.00 0.717626-02 0.51**86-0* 0.2209 6 6-0 2 0.65002 230.63 l 

 140.00 ... - 0 .#>7 3c3 6.-02 — 0.*5*056-0* 0.207 6*6-02 0.86109 2*2.2** 
. 150.00 0.636616-02 0. *0*016-0* 0.19 636 8-0 2 0.67092 233•7 20 

1611.00 0.6019*6-02 0.362 33 6-0* 0•1662 3 c-o2 0.8/970 263.076 
170.00 0.372016-02 0.327206-0* 0.17721c-0 2 0.68739 276.325 

 160.00 - 0.3*0226-02 - 0.29 7276-C* 0.16912 c— 02 0.69*69 2b# * * 8/ 
190.00 0.321086-02 0.271336-0* 0 • 1618 2 6 -0 2 0.90112 298•363 
200.00 0.*99206-02 0.2**206-0* 0.153206-02 0.90696 309.36 7 
210.00 0.*79256-02 0.22 c3 96-0* 0.l*vlbc-U2 0.91226 320.30 5 

 220.00 0•* 6101 h-0? 0.212 33c-o* 0 • 1 *3M t- 02 0.9171* 331.583 
230.00 0 .***2*6 —0 2 0.1973*6-0* 0.13851c-u2 0.92139 3*2.208 
240.00 0.*2^ 7 3 r-i>2 ('. 1 * 3 H 3 £—»>* 0. 1 33 O'JE- 02 0.92366 352.98* 
250.00 0.*i**lr-02 0.171736-0* 0.12*** c-i‘2 0.929*5 368.716 
260.00 0.*UlOo c —0? 0. 180 n7 6 — 0* 0•12 53d6-0? U.95293 3 #*.*06 
270.00 0 • 3 6 c 6 7 6 - 0 2 0.131086-0* 0.l2l39h-u2 0.93613 863.062 
260.00 0.377066-02 0.1*2176-0* o.l l."v:3c- 02 0 • 95 9 1 * 393.662 
290.00 0.366196-02 0.13*0*6-0* O.ll*73c-o2 0.9*191 *06.2/l 

 300.00 0.35398 6-02 0.126726-0* 0.111611-02 0.9**30 *16.850 

Fig.B- lb 
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