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A _ B S T li A_C_T 

This t hes i s describes s tudies of nuclear a c t i v e p a r t i c l e s (NAPs) i n 

the cosmic r a d i a t i o n over the momentum range 1-30 GeV/c. Both unaccompanied 

p a r t i c l e s and NAPs i n extensive a i r showers (EAS) are s tudied near sea l e v e l 

a t Durham using an a i r - g a p magnet spectrograph i n con junc t ion w i t h a neutron 

mon i to r . 

D e t a i l s are g iven of the des ign .of the spectrograph, neutron monitor 

and associa ted equipment as used f o r measurements on unaccompanied NAPs 

(Chapter 2 . ) s and the techniques used f o r d e r i v a t i o n , of the momentum spectra 

f rom the basic data are described i n Chapter 3 e 

The r e s u l t s s i n the forradf momentum spectra of unaccompanied protons 

and negat ive p i o n s j and the l i m i t e d ana lys i s of NAPs i n EAS are presented 

i n Chapter 4 where they are compared w i t h the r e s u l t s o f other workerse 

Measurements of the momentum of NAPs i n EAS were found to be d i f f i c u l t and 

the data ape mainly concerned w i t h the response of the neutron monitor to 

EASo 

A model o f the propagat ion o f cosmic rays through the atmosphere, 

which, was mainly intended f o r p r e d i c t i o n s of the p roper t i e s of large EAS9 

i s descr ibed and used to p r e d i c t the momentum spectra of unaccompanied 

p a r t i c l e s a t sea levelo The r e s u l t s of t h i s p r e d i c t i o n are compared w i t h 

the experimental data (Chapter 5) and the r e s u l t s of other model p r e d i c t i o n s 

(Chapter 6)« I t i s shown t h a t no s ing le modelj when combined w i t h a 

reasonable spectrum of primary cosmic rays? can adequately e x p l a i n a l l the 

data on unaccompanied p a r t i c l e s a t sea levelo I t i s a lso shown t h a t the 

spectra of high energy protons and pions are l i k e l y t o be the sea l e v e l 

measurements which are most s e n s i t i v e to the form of the primary cosmic 

ray spectrum.. 
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C H A P T E R O N E 

INTRODUCTION 

1 • 1 General I n t r o d u c t i o oduct io 

The primary cosmic r a d i a t i o n i n c i d e n t dm the E a r t h ' s atmosphere i s 

how known t o cons i s t of atomic n u c l e i (predominantly hydrogen 3 but 

i n c l u d i n g n u c l e i of l a r g e r atomic mass numbers), e lec t rons and ;pos i t rons 5 

n e u t r i n o s 9 and e lec t romagnet ic r a d i a t i o n covering the whole frequency 

spectrum f rom radid)-waves to h igh energy y -quanta. Studies of these 

components to date have y i e l d e d i n f o r m a t i o n on the s t ruc tu re of the Solar 

System? the Galaxy and the Universe as a whole. The energies of the 

charged p a r t i c l e component of the primary r a d i a t i o n range f rom less than 

1 GeV up to a maximum^ a t presents of « » l O ^ - l O ^ GeV. These charged 

p a r t i c l e s i n t e r a c t w i t h the g a l a c t i c magnetic f i e l d so t h a t a l l i n f o r m a t i o n 

concerning the o r i g i n a l d i r e c t i o n of the lower energy p a r t i c l e s s and hence 

t h e i r source 9 i s l o s t § the e f f e c t i s less important a t h igher primary 

energ ies . An obvious source f o r these p a r t i c l e s i s the Sun, and indeed 

there i s a good c o r r e l a t i o n between the i n t e n s i t y of the low energy n u c l e i 

and so la r f l a r e s 9 i n d i c a t i n g t h a t the Sun i s i n f a c t a source of such 

atomic n u c l e i . However, no known s t e l l a r process can accelerate p a r t i c l e s 

t o the h ighes t energies observed, and so there must be some other o r i g i n 

f o r the n u c l e i o f energy i n excess of ~>10 GeV. 

Various t h e o r i e s , which p r e d i c t the energy spectrum and mass composit ion 

of the primary n u c l e i 9 have been proposed to exp la in the o r i g i n of the nuclear 

components a recent example being the pulsar model o f Gunn and O s t r i k e r , 1971. 

Hence i t i s of considerable importance to know these parameters as a c c u r a t e l y , 

13 

and over as wide a range of energy, as poss ib le . Up to energies of « ID eV 

i t i s f e a s i b l e to make d i r e c t cmeasurements on the primary nuc le i using 

b a l l o o n •• or s a t e l l i t e - borne equipment, but a t h igher energies the f l u x 

o f p a r t i c l e s i s so low tha t the atmosphere must be used to magnify the 

e f f e c t of i n d i v i d u a l p a r t i c l e s by means of the showers of secondary p a r t i c l e s 
produced. 

11 7 F E B 19̂ 3 
9E0TI0H 
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1o2 Cosmic Rays i n the Atmosphere. 

When a primary nucleus i s i n c i d e n t on the. Ea r th ' s atmosphere i t 

i n t e r a c t s w i t h the nucleus of an " a i r molecule"^breaking up i n t o i t s 

cons t i t uen t nucleons? and loses energy which i s used i n the p roduc t ion of a 

number of secondary pa r t i c l e s . . Although there i s evidence f o r the product ion 

of a small p r o p o r t i o n of kaons and baryon-anti-baryonr ' pai rs? the m a j o r i t y 

o f the p a r t i c l e s are charged and n e u t r a l p ions . These secondary p a r t i c l e s ? 

together w i t h the fragments of the pr imary nucleus? then e i t h e r decay or . 

i n t e r a c t s Reading to a cascade of p a r t i c l e s through the atmosphere? g i v i n g 

r i s e to the var ious components of the cosmic r a d i a t i o n observed a t sea 

l e v e l . N-eutral pions decay i n t o two photons which i n i t i a t e electromagnetic 

cascades forming the " s o f t " component (which i s s t r ong ly at tenuated by 

~» 10cm of l e a d ) 9 wh i l e muons? f rom the decay of charged mesons? and 

s u r v i v i n g nuc l ea r - ac t i ve p a r t i c l e s make up the "hard"> or penetra t ing? 

component. Muons are the most commonly s tud ied sea l e v e l p a r t i c l e s ? mainly 

because they are the most intense and e a s i l y i d e n t i f i e d components but more 

i n f o r m a t i o n on the pr imary r a d i a t i o n should be obtained by s tudying a l l types 

of p a r t i c l e s ? i . e . muons and nuc lea r - ac t ive p a r t i c l e s ? toge ther . 

During t h e i r passage through the atmosphere? and a t t h e i r p o i n t of 

product ion? the secondary p a r t i c l e s are sca t tered about the d i r e c t i o n o f 

the t r a j e c t o r y o f ..the primary p a r t i c l e . Tihus the e f f e c t of the primary 

p a r t i c l e may be detected a t large dis tances from i t s p ro jec ted impact po in t 

on the E a r t h ' s surface al though much i n f o r m a t i o n concerning the nature o f 

the pr imary p a r t i c l e i s l o s t . 

There are so few s u r v i v i n g p a r t i c l e s a t sea l e v e l f rom the primary 
4 

p a r t i c l e s of energy less than ~10 GeV t h a t only one w i l l be observed i n 

a de tec to r of a g iven area* These c o n s t i t u t e the "unaccompanied" cosmic rays . 
. 4 

I f the primary p a r t i c l e i s of an energy -£,10 GeV, s u f f i c i e n t l y large 

numbers o f p a r t i c l e s surv ive so t h a t co inc iden t s igna ls can be ob ta ined f rom 

separated charged p a r t i c l e de t ec to r s . Such events are known as extensive 

a i r showers (EAS), and the c o l l e c t i n g area f rom a small number of reasonably 
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s ized de tec to rs enables the a r r i v a l of h igher energy pr imary p a r t i c l e s to 

be detected a t acceptable rates.. 

1»3 S imula t ions of Cosmic Rays i n the Atmosphere 

I n order t o o b t a i n u s e f u l i n f o r m a t i o n about the pr imary p a r t i c l e s 

i t i s necessary t o r e l a t e the r e s u l t s of observations low i n the atmosphere 

t o the energy and type of the pr imary p a r t i c l e . To do t h i s a model o f the 

propagat ion o f cosmic rays through the atmosphere must be formed and used, 

toge ther w i t h assumptions about the primary p a r t i c l e s 9 t o p r e d i c t the 

p r o p e r t i e s which are measured. Then, on the basis o f the comparison 

between the p r e d i c t i o n s and the obse rva t ions , the v a l i d i t y o f the 

assumptions about the pr imary p a r t i c l e s may be checked. The model can be 

used i n t h i s way on ly i f there i s confidence i n the accuracy o f the 

r e p r e s e n t a t i o n of high energy nuclear i n t e r a c t i o n s . Hence the model must 

be cons t ruc ted using the best data c u r r e n t l y ava i l ab le on nuclear i n t e r a c t i o n s 

and then t e s t e d as e x t e n s i v e l y as p o s s i b l e . Some of the data which can be 

used f o r t e s t i n g the model are the sea l e v e l momentum spectra of unaccompanied 

p a r t i c l e s and observat ions on small EAS. 

I n order to t e s t the model s a t i s f a c t o r i l y the experimental data on , 

f o r example , the unaccompanied cosmic rays a t sea l e v e l , must be w e l l known. 

This i s so i n the case of the momentum spectrum of unaccompanied muons which 

has been e x t e n s i v e l y studied. , e .g . Hayman and Wolfendale , 1962, A l l k o f e r 

e t a l . j 1971. However, there have been on ly two measurements of the 

spectrum of p ro tons , over a range of momentum a t momenta greater than 

1 GeV/c ( M y l r o i and W i l s o n , 1951 9 Brooke and Wolfendale , 1964) , and only 

one measurement of charged pions a t sea l e v e l (Brooke efca l . , 1964b). t h i s 

p a u c i t y o f measurements of these components means tha t the conclusions f rom 

comparisons of the p r e d i c t i o n s o f models w i t h the observed data must be 

r e s t r i c t e d . 

Several d i f f e r e n t models f o r cosmic ray :; propagation through the 

atmosphere have been developed r e c e n t l y , e .g . . Bradt and Rappaport, 1967, 

Jabs, 1968 s and O ' B r i e n , 1971. Jabs and O 'Br ien developed t h e i r models 
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ma in ly i n attempts to e x p l a i n the observed p roper t i e s o f unaccompanied cosmic 

rays i n the atmosphere ? and used numerical techniques to solve, the d i f f e r e n t i a l 

equat ions set up to descr ibe the d i f f u s i o n of the var ious components through 

the atmospheres O 'Br ien obta ined s a t i s f a c t o r y agreement between h i s p r ed i c t i ons 

and the experimental measurements 5 but Jabs was unable to e x p l a i n s imu l t an -

eously the spectra of muons s protons and pions. Thus there i s n o t 3 a t 

p r e s e n t s agreement between p r e d i c t i o n s of the p rope r t i e s of unaccompanied 

p a r t i c l e s f rom va r ious models 9 which apparent ly con ta in no gross over

s i m p l i f i c a t i o n ! f u r t h e r 9 i n the case o f unaccompanied protons and pions5 

the re i s a pauc i ty of exper imenta l data a t sea l e v e l momenta grea ter than 

1 GeV/c. 

Bradt and Rappaport used a Monte Car lo technique to p r e d i c t the p rope r t i e s 
5 

o f EAS a r i s i n g f rom pr imary p a r t i c l e s o f energy > 10 GeV, and d id not 

compare the p r e d i c t i o n s of t h e i r model w i t h the unaccompanied cosmic ray 

spectra a r i s i n g f rom pr imary p a r t i c l e s of lower energy. . They obtained 

reasonable agreement between t h e i r p r e d i c t i o n s and the e x i s t i n g measurements 

i n EAS and also p r e d i c t e d t h a t the r a t i o of the numbers o f pions to protons 

i n the nuc l ea r - ac t i ve component o f an EAS could be r e l a t e d to the atomic 

mass number of the pr imary p a r t i c l e 5 a parameter o f considerable importance 

which i s d i f f i c u l t to determine. 

1«4 The Present Work. 
F o l l o w i n g the work of Bradt? La Pointe and Rappaport9 1965 ? equipment 

was cons t ruc ted to a t tempt to measure the p roper t i e s of the nuc lea r -ac t ive 

component of small EASc, i n order t o est imate the primary mass composi t ion. 

This proved to be an extremely d i f f i c u l t measurement to make and a b r i e f 

r e p o r t o f the i n i t i a l at tempt was g iven by Hook et a l . } 1970. Since t h i s 

r e p o r t the equipment has been e x t e n s i v e l y modi f i ed and usee!;, i n a d d i t i o n s 

f o r measurements of the momentum spectra o f unaccompanied nuc lea r -ac t ive 

p a r t i c l e s near sea l e v e l s of which there have been few previous measurements. 

A t the same time a model o f the progapat ion o f cosmic rays through 

the atmosphere was developed intended mainly f o r p r e d i c t i o n s of the 

re 



p r o p e r t i e s o f large EAS, However, as a check on the v a l i d i t y o f t h i s 

model 9 i t was also used t o p r e d i c t the momentum spectra of unaccompanied 

cosmic rays a t sea l eve l ? f o r comparison w i t h the spectra measured i n 

the present experiments and the previous p r e d i c t i o n s ' f r o m . t h e models . ' 

o f Jabs and 0"Br i en o 
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C H A P T E R T W O 
EXPERIMENTAL EQUIPMENT 

2 . 1 I n t r o d u c t i o n 

Measurements of the momentum spectra of nuc lea r -ac t ive p a r t i c l e s 

(NAPs) i n extensive a i r showers (EAS), and o f unaccompanied protons 

and pions i n the cosmic r a d i a t i o n near sea l e v e l have s i m i l a r 

exper imenta l requirements . A de t ec to r of large area and s o l i d angle o f 

acceptance i s needed t o o b t a i n a u s e f u l rate of even ts , s inee the i n t e n s i t y 

5 
of EAS o f s ize > 3 x 10 charged p a r t i c l e s a t sea l e v e l (of i n t e r e s t i n 

-2 —1 - 1 
t h i s work) i s approximately 2 x 10 m sec s t e r , and the dens i ty o f 

NAPs o f energy > 1 GeV a t a l a t e r a l distance from the shower ax i s o f 5 

™2 
say, 10 m i s on ly 0.45 m (Greisen, 1960). S i m i l a r l y } because of the 

low i n t e n s i t y of unassociated p ro tons , f o r which previous measurements 

/ ~2 - 1 - 1 
i n d i c a t e f l u x e s a t momenta >1 GeV/c of only ~ 1 m sec s t e r , 

—2 e,o2 ™1 

(Brooke and Wol fenda le , 1964) and o f s ingle pions of ~8 x 10 m sec 

(Brooke e t al» ,1964a) , a l l a r g e de tec to r i s needed f o r s t a t i s t i c a l l y 

accurate s tudies of such unassociated NAPs. 

A de tec to r has been const ructed f o r which ra tes of u s e f u l NAPs 
- 1 - 1 

i n EAS o f ~ 1 day and of unaccompanied NAPs of. ~1S hr were expected, 

neg lec t ing losses due to i n e f f i c i e n c i e s i n the de tec to r . I n t h i s 

ins t rument the p a r t i c l e momentum was measured by determining the d e f l e c t i o n 

of the p a r t i c l e s i n the f i e l d of a magnet. Since the p a r t i c l e s of i n t e r e s t 

i n t e r a c t s t r o n g l y , i t was e s s e n t i a l f o r the spectrograph to con ta in as 

l i t t l e m a t e r i a l as poss ible , .and so an a i r -gap magnet was used i n preference 

to a t h i c k s o l i d i r o n magnet. To o b t a i n a large s o l i d angle x area of 

acceptance the magnetic f i e l d must present a large area t o the i n c i d e n t 

p a r t i c l e s } and v i s u a l de tec tors capable of cover ing a considerable area 

are r e q u i r e d . Neon f l a s h tubes were used as v i s u a l de tec tors since they 

had p r e v i o u s l y been used s u c c e s s f u l l y i n large arrays (Hayman and Wolfenda le , 

1962, Earnshaw et a l . , 1967) 
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N u c l e a r - i n t e r a c t i n g p a r t i c l e s were i d e n t i f i e d by the response of a 
neutron monitor t o t h e i r i n t e r a c t i o n s i n the lead neutron-producing layer 
as used p rev ious ly by Hughes e t a l . , 1964. The neutron monitor (NM) was 
s i t u a t e d underneath the spectrograph and, to reduce the number of chance 
coincidences between charged p a r t i c l e s and background neutrons , the 
s e n s i t i v e t ime of the moni tor was l i m i t e d to w i t h i n a few hundred (j^ecs 
a f t e r the passage of the charged p a r t i c l e . The m u l t i p l i c i t y of neutrons 
de tec ted i n p a i r s o f non-adjacent counters was recorded to a s s i s t i n 
the i d e n t i f i c a t i o n of an NAP i n shower events when more than one t r ack 
was recorded i n the spectrograph since the neutrons should be detected . 
close t o t h e i r p o i n t o f p roduc t i on . 

The equipment was operated i n i t i a l l y f o r a pe r iod o f 4 months i n 

summer 1969 w i t h the spectrograph t r i g g e r e d by small EAS which were 
v 

detec ted by an a r ray of 4 water Gerenkov de tec tors . From the r e s u l t s of 

t h i s per iod o f ope ra t ion i t was concluded tha t the ra te of measurable 

NAPs i n EAS was lower than ' expected due mainly t o obscura t ion of the lower 

p a r t of the spectrograph by the electromagnet ic component of the EAS, 

and ambigui ty i n i d e n t i f i c a t i o n of the NAP, Hence i t was decided to 

modi fy the equipment i n an attempt to improve the ra te of analysable 

NAP events , and , a t the same t i m e , t o extend the measurements to the 

momentum spectra of unaccompanied NAPs. 

I n the at tempt t o improve the ra te of measurable NAP6 i n EAS 

events the f o l l o w i n g m o d i f i c a t i o n s were i n s t a l l e d ? -

a) a w a l l of barytes-concrete b r i c k s , of th ickness> 4 r a d i a t i o n 

l e n g t h s , was placed around 3 sides o f the lower par t of the spectrograph, 

t o reduce contaminat ion by the electromagnet ic component o f the EAS, 

b) the m u l t i p l i c i t y of neutrons detected i n each neutron counter 

was recorded sepa ra t e ly , t o reduce the ambiguity i n NAP i d e n t i f i c a t i o n . 

A diagram of the m o d i f i e d NAP spectrograph i s g iven i n f i g u r e 2 . 1 . 

To enable s ing le p a r t i c l e s i n the instrument to be se l ec ted , t r a y s 

. o f Ge ige r -Mul le r (GM) counters were i n s t a l l e d a t var ious pos i t i ons 



\ \ \ v' .V V 

• • • .WW N > \ W W \ \ i , 

t 

3 3 
3 

N o X 
s 1 ' I 

U 
/ON)' 

ft 
CD 

1 / 

rv 

a. 

.v 

to 
a H I 

D 
8\s> i o 

P I 
I L 

8 CD ft 
10 

O s 

\ v \ 
s \ 7 S S 

h 

i 

< • £1 

en n 
IN 

CO 

J 

• I N M I 
i , it • 

!2 

0 
> 

J 
< x « 
Ul % <t —1 - J ? • <D 

11 



8 

throughout the spectrograph,, However, i f a l l the coincidences between 
GM counters had been recorded 9 the percentage of u s e f u l NAP events would 
have been small since the r a t i o of unaccompanied NAPs to unaccompanied 
muons a t sea l e v e l i s approximately 1%B 

I t was necessary 9 t h e r e f o r e , to se lec t s and then r e c o r d , only those 

events which produced a response f rom the neutron monitors Since the 

neutrons i n the neutron moni tor may be detected up to severa l hundred 

ysecs a f t e r the passage of the charged p a r t i c l e , i t was e s s e n t i a l t ha t 

the p a r t i c l e t r acks could be recorded a f t e r a s i m i l a r de lay . This was 

done by using the method developed by Brooke and Wolfenda le , 1964 s which 

u t i l i s e d the " a f t e r - f l a s h i n g " ' p roper ty of neon f l a s h tubes.- I t had been 

observed by Goxe l l and Wol fenda le , 1960, t h a t , when a neon f l a s h tube 

had f l a s h e d , there was a h igh p r o b a b i l i t y of the tube f l a s h i n g again i f 

a f u r t h e r h igh vo l tage pulse was a p p l i e d w i t h i n a shor t time i n t e r v a l 

( ~ t e n s of m i l l i s e c s ) . I n t h i s way a memory may be impressed on neon 

f l a s h tubes by app ly ing a h igh vol tage pulse immediately a charged 

p a r t i c l e i s d e t e c t e d , enabl ing the p a r t i c l e t racks to be recorded several 

msecs l a t e r . During the m o d i f i c a t i o n s , electromechanical shu t te rs were 

placed i n f r o n t of the cameras and, on ly when a p a r t i c l e w i t h a response 

f rom the neutron moni tor had been detected was the event recorded 9 by 

a u t o m a t i c a l l y opening the shut te rs and repeatedly pu l s ing the f l a s h tubes. 

Equipment has been const ructed to enable the water Serenkov de tec tor 

responses to be s t o r e d , and recorded d i g i t a l l y , i f r e q u i r e d , but has not 

been used dur ing the work to be described i n t h i s t h e s i s , which i s 

con f ined to measurements of the momentum spectra of unaccompanied NAPs 

and attempts to o b t a i n measurable f l u x e s of NAPs i n showers. 

The sequence of events was as f o l l o w s f o r the spectrograph when 

operated to record s i n g l e NAPs. 

l ) A s ing l e charged p a r t i c l e was se lec ted , the neon f l a s h tubes 

were pulsed and p a r a l y s i s was app l i ed to the system. 
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2 ) One o r more n e u t r o n s were d e t e c t e d w i t h i n 40 t o 34QUsecs of t h e 

passage o f t h e cha rged p a r t i c l e and t h e m u l t i p l i c i t i e s o f n e u t r o n s 

d e t e c t e d by each c o u n t e r were s t o r e d o 

3 ) The camera s h u t t e r s were opened and the f l a s h t u b e s r e p e a t e d l y 

pu l sedo 

4 ) The n e u t r o n m u l t i p l i c i t i e s were r e c o r d e d 5 f i d u c i a l l i g h t s on t h e 

f l a s h t u b e t r a y s were f l a s h e d and an i d e n t i f y i n g f r ame number was r e c o r d e d 

on .each f i l m . . 

5 ) The f i l m s were advanced and t h e f rame number was i n c r e m e n t e d by one. 

6 ) The p a r a l y s i s was removed. 

I f no n e u t r o n was d e t e c t e d o p e r a t i o n s 3-5 i n c l u s i v e were n o t c a r r i e d 

o u t . 

2 . 2 The Magnet S p e c t r o g r a p h 

2 . 2 . 1 The . -Ai r -Gap Magnet 

- a ) D e s i g n and C o n s t r u c t i o n 

The f o r m o f c o n s t r u c t i o n o f t h e a i r - g a p magnet i s shown i n f i g u r e 

2 . .2 . T h i s d e s i g n was d e v e l o p e d t o i n c o r p o r a t e m a t e r i a l s a v a i l a b l e f r o m 

e a r l i e r s o l i d i r o n " p i c t u r e - f r a m e " t y p e o f magnets as used by O'Connor 

and W o l f e n d a l e , 1 9 6 0 , and Earnsha/w e t a l . , 1967. P a i r s o f i r o n p l a t e s 

f r o m a " p i c t u r e - f r a m e " magnet were p l a c e d s ide by s i d e and c u t t o t h e 

shape i n d i c a t e d i n f i g u r e 2 . 2 a . Twenty f o u r o f these p a i r s o f p l a t e s 

were t h e n p l a c e d on t o p o f each o t h e r , and f i r m l y b o l t e d t o g e t h e r , t o 

f o r m t h e ma in body o f t h e magnet w i t h a t h i c k n e s s o f 30 cms. C 0 i i s 0 f 

coppe r w i r e (C ,D) were wound a r o u n d t h e po le s a n d , t o i n c r e a s e t h e 

m a g n e t i c f l u x d e n s i t y i n t h e a i r - g a p , f u r t h e r c o i l s o f copper w i r e 

( A , B ) were wound a r o u n d t h e s h o r t arms o f the main body o f t h e magnet . 

The magnet had a u s e f u l volume o f 0.1m w i t h a maximum magne t i c 

f l u x d e n s i t y o f 0 . 4 5 t e s l a when a c u r r e n t o f 30A was passed t h r o u g h t h e 

c o i l s d i s s i p a t i n g up t o 12 kw o f p o w e r , wh ich was removed by f o r c e d - a i r 

c o o l i n g . To p r e v e n t o v e r h e a t i n g , and damage t o t h e magne t , p r o t e c t i v e 

d e v i c e s were i n s t a l l e d w h i c h c o m p r i s e d ! -

i o n an ons 
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( i ) a p r e s s u r e - o p e r a t e d s w i t c h p l a c e d i n the o u t l e t o f t h e c o o l i n g 

d u c t s so t h a t s i f t h e c o o l i n g f a n s h o u l d f a i l , t h e c u r r e n t i n t h e magnet 

w o u l d be r educed t o z e r o , 

( i i ) t h e r m a l c u t - o u t s w i t c h e s i n s t a l l e d a round the magnet c o i l s , 

t o s w i t c h o f f t h e magnet power s u p p l y s h o u l d t h e c o i l s o v e r h e a t } 

( i i i ) t e m p e r a t u r e - s e n s i t i v e d e v i c e s were p l a c e d i n t h e i n p u t and 

o u t p u t a i r - s t r e a m s and the t e m p e r a t u r e s c o n t i n u o u s l y m o n i t o r e d . 

b ) O p e r a t i o n o f t h e A i r - g a p Magnet 

T h r o u g h o u t t h e work d e s c r i b e d i n t h i s t h e s i s t h e magnet was 

o p e r a t e d a t a n o m i n a l c u r r e n t o f 20Ao ^he a c t u a l c u r r e n t was r e c o r d e d 

c o n t i n u o u s l y so t h a t , i f needed , t h e v a l u e o f the p r e c i s e c u r r e n t a t 

any t i m e was a v a i l a b l e . I t was f o u n d t h a t t h e c u r r e n t v a r i e d w i t h t h e 

a m b i e n t t e m p e r a t u r e , b u t t h e maximum v a r i a t i o n t h r o u g h o u t t h e e n t i r e 

r u n was o n l y + 3%. and has been i g n o r e d . 

The p o l a r i t y o f t h e m a g n e t i c f l u x was changed d a i l y t o reduce any 

b r a s s e s wh ich may a r i s e i f t h e accep tance o f t t e i s p e c t r o g r a p h was n o t a 

symmet r i c f u n c t i o n o f t h e p a r t i c l e d e f l e c t i o n . 

c ) S p a t i a l V a r i a t i o n o f t h e M a g n e t i c FieJ-d 

The m a g n e t i c f l u x d e n s i t y a t each o f a m a t r i x o f p o i n t s i n and ' 

a round t h e a i r - g a p o f t h e magnet was measured w i t h a c a l i b r a t e d H a l l 

e f f e c t p r o b e . The r e s u l t s a r e shown i n f i g u r e 2 . 3 f r o m w h i c h i t can 

be seen t h a t t h e f l u x d e n s i t y was u n i f o r m o v e r a l a r g e p r o p o r t i o n o f 

t h e a i r - g a p and t h a t t h e v a r i a t i o n s o v e r t he r e g i o n s o f t h e a i r - g a p w h i c h 

were . used were n e g l i g b l e . A l s o marked on f i g u r e 2 . 3 are t h e p o s i t i o n s 

o f t h e l o w e r and upper edges o f t h e neon f l a s h tube t r a y s A 3 , . B3 

(see § 2 . 2 . 2 a ) . The m a g n e t i c f i e l d w i t h i n these f l a s h tube t r a y s can 

be seen t o be m e a s u r a b l e , b u t i t has been shown t h a t t h e d e f l e c t i o n 

o f p a r t i c l e s w i t h i n t h e t r a y s was n e g l i g b l e . From the measurements 

i t was f o u n d t h a t t he v a l u e o f J Bdft was 250 kS cm f o r a c u r r e n t 

o f 30A. 
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2 . 2 . 2 The V i s u a l D e t e c t o r s 

Neon f l a s h t u b e s , f i r s t d e v e l o p e d by C o n v e r s i e t a l . , 1 9 5 5 , and t h e n by 

Gardner e t a l . , 1957s, had been used s u c c e s s f u l l y i n l a r g e s p e c t r o g r a p h s 

(Hayman and W o l f e n d a l e , 1 9 6 2 , Earnshaw e t a l . , 196?) and have f o r m e d t h e 

l a r g e a rea v i s u a l d e t e c t o r s i n t h i s e x p e r i m e n t . U n l i k e spark chambers t h e y 

f u n c t i o n i n r e g i o n s o f h i g h p a r t i c l e d e n s i t y w i t h o u t l o s s o f e f f i c i e n c y 

due t o p r e f e r e n t i a l d i s c h a r g e o f s i n g l e t r a c k s ? and can r e a d i l y be used i n 

e x t e n s i v e a r r a y s . The f l a s h t u b e s used he re were o f mean i n t e r n a l d i ame te r 

1.6 cms s mean e x t e r n a l d i a m e t e r 1..8 cms? f i l l e d w i t h neon gas t o a p r e s su re 

o f 60 cms Hg and p l a c e d w i t h t h e i r axes h o r i z o n t a l and p a r a l l e l t o t h e l i n e s 

o f m a g n e t i c f l u x . 

a ) The Momentum Measurement_J?2akh Tube T ravs 

F o u r t r a y s o f a c c u r a t e l y l o c a t e d neon f l a s h t u b e s were used f o r t h e 

measurement o f t h e d e f l e c t i o n o f the p a r t i c l e i n t h e magne t i c f i e l d } two 

t r a y s above and two t r a y s be low t h e magnet ( A l , A3 and B 3 , B l r e s p e c t i v e l y 

i n f i g u r e 2 . 1 ) . R e c o n s t r u c t i o n o f t h e t r a c k i n A l and A3 l e d t o the ang le 

o f i n c i d e n c e o f the p a r t i c l e on t h e m a g n e t i c f i e l d , w h i l e t he t r a c k i n B3 

and B l gave the emergent angle<> Each t r a y c o n t a i n e d t e n h o r i z o n t a l ' 

•layers-, o f neon f l a s h t u b e s and e l e v e n h o r i z o n t a l e l e c t r o d e s o f a l u m i n i u m 

shee t 0 . 5 mm t h i c k p o s i t i o n e d as shown i n f i g u r e 2 - 4 a . The v e r t i c a l p i t c h 

o f t h e f l a s h t u b e l a y e r s w i t h i n each t r a y was 3 . 2 cms and t h e c e n t r e s o f 

t u b e s i n a l a y e r were s e p a r a t e d by 1.907 cms. The t ubes i n each l a y e r 

were s u p p o r t e d a t t h e i r ends i n s l o t s a c c u r a t e l y machined i n r e c t a n g u l a r 

d u r a l u m i n t u b i n g t o ensure p r e c i s e l y kr iovn l o c a t i o n . Trays A l and B l each 

c o n t a i n e d 990 t u b e s o f l e n g t h 1 .2m, w h i l e t r a y s A3 and B3 each c o n t a i n e d 

760 t u b e s o f l e n g t h 0 . 6 m . The l a y e r s were p o s i t i o n e d h o r i z o n t a l l y so t h a t 

t h e p a t t e r n o f t h e f l a s h t u b e s i n each t r a y was a p p r o x i m a t e l y as shown i n 
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f i g u r e 2 - 4 a « T h i s c o n f i g u r a t i o n l e d t o a maximum l a y e r e f f i c i e n c y o f 84%', 
t h e l a y e r e f f i c i e n c y b e i n g d e f i n e d as t h e average number o f f l a s h e d tubes 
pe r t r a c k e x p r e s s e d as a pe rcen tage o f t h e maximum number. The maximum 
l a y e r e f f i c i e n c y i s t h e r a t i o o f t h e i n t e r n a l d iamete r o f t h e f l a s h t u b e s 
t o t h e h o r i z o n t a l p i t c h , i . e . 1 . 6 / l . 9 0 7 , expressed as a p e r c e n t a g e , and 
s h o u l d be o b s e r v e d e x p e r i m e n t a l l y f o r f l a s h tubes w i t h an i n t e r n a l e f f i c i e n c y 
o f 100%. 

The measured c a p a c i t a n c e o f each o f t h e f l a s h tube t r a y s wass -

A l 8000 pF 

A3 2900 pF 

B3 3550 pF 

B 1 11 ,000 pF 

b ) The " N e u t r o n - M o n i t o r - S c r e e n " F l a s h Tube T r a y 

A t r a y c o n t a i n i n g 4 l a y e r s o f c l o s e - p a c k e d neon f l a s h t ubes o f l e n g t h 

2 . 5 m, ( t r a y X I , f i g u r e 2.-1) w i t h a l u m i n i u m e l e c t r o d e s a f t e r e v e r y second 

l a y e r (see f i g u r e 2 - 4 b ) was p l a c e d i m m e d i a t e l y above the n e u t r o n m o n i t o r . 

T h i s f l a s h t ube t r a y i n d i c a t e d t h e p resence o f charged p a r t i c l e s w h i c h were 

i n c i d e n t on t h e n e u t r o n m o n i t o r , b u t w h i c h , not h a v i n g passed t h r o u g h t h e 

s p e c t r o g r a p h , c o u l d have l e d t o i n c o r r e c t i d e n t i f i c a t i o n o f p a r t i c l e s . S i n c e 

no a n g u l a r measurements were t o be made w i t h t h i s f l a s h t u b e t r a y , a c c u r a c y 

o f l o c a t i o n was n o t i m p o r t a n t and t h e s i m p l e c l o s e - p a c k e d c o n f i g u r a t i o n 

o f t u b e s was a c c e p t a b l e . 

c ) J j ] e _ S u b - M o n i t o r F l a s h Tube T r a v 

I n o r d e r t o obse rve t h e cha rged p a r t i c l e s emerging f r o m the n e u t r o n 

m o n i t o r , two t r a y s o f neon f l a s h - t u b e s were s i t u a t e d unde rnea th t h e n e u t r o n 

m o n i t o r ( X 2 , f i g u r e 2 . - 1 ) . Each t r a y c o n s i s t e d o f 642 neon f l a s h tubes 

( l e n g t h 2 .0m) i n 12 c l o s e - p a c k e d l a y e r s w i t h a l u m i n i u m e l e c t r o d e s a f t e r 

e v e r y second l a y e r (see f i g u r e 2 - 4 b ) . These t r a y s were used t o measure 

t h e l a t e r a l p o s i t i o n o f a p a r t i c l e emerg ing f r o m the n e u t r o n m o n i t o r , 

w h i c h , when compared w i t h t h e e x p e c t e d p o s i t i o n , a l l o w i n g f o r s c a t t e r i n g 

i n t h e m a t e r i a l o f t h e n e u t r o n m o n i t o r assuming t h e p a r t i c l e t o be a muon, 
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e n a b l e d t h e i n c i d e n t p a r t i c l e s t o be i d e n t i f i e d ( § 3 0 4 » 3 )«, S i n c e t h e r . m . s . 

v a l u e o f s c a t t e r e x p e c t e d a t t h e l e v e l o f t h e c e n t r e o f t r a y X2 f o r a muon 

o f momentum 3 GeV*/c was ~ 1 0 mm? a l o c a t i o n a c c u r a c y f o r t h e f l a s h t u b e s 

o f 1 mm, w h i c h c o u l d be a c h i e v e d w i t h t h e c l o s e - p a c k e d c o n f i g u r a t i o n 9 

was s a t i s f a c t o r y . The t r a y s were p o s i t i o n e d s ide by s i d e , as c l o s e t o g e t h e r 

as p o s s i b l e , a l t h o u g h a gap about 10 cms wide remained between t h e t ubes 

o f the two t r a y s . The e f f e c t o f t h i s gap on p a r t i c l e i d e n t i f i c a t i o n was 

a l l o w e d f o r i n t h e a n a l y s i s o f t h e momentum s p e c t r a ( § 3 . 6 . 5 ) 

d ) The H i g h V o l t a g e P u l s i n g System 

The h i g h v o l t a g e p u l s e a p p l i e d t o t h e f l a s h t u b e t r a y s was g e n e r a t e d 

by d i s c h a r g i n g a c a p a c i t o r 5 G j t h r o u g h a t h y r a t r o n and t h e p r i m a r y w i n d i n g 

o f a h i g h v o l t a g e p u l s e t r a n s f o r m e r * a t e c h n i q u e used i n t he e a r l y a p p l i c a t i o r 

o f f l a s h t u b e s . A d i a g r a m o f t h e c i r c u i t used f o r p u l s i n g the momentum-

measurement t r a y s ( A l , A 3 , B 3 , B l , f i g u r e 2 - 1 ) i s g i v e n i n f i g u r e 2 - 5 . The 

op t imum v a l u e s f o r t h e v a r i o u s r e s i s t o r s and c a p a c i t o r s i n t h e c i r c u i t <, 

and t h e advantages o f i n c l u d i n g the m i r r o r c i r c u i t s were d e t e r m i n e d e m p i r i c a l ! 

A s i m i l a r c i r c u i t ( b u t w i t h o u t t h e m i r r o r c i r c u i t ) was used f o r t h e o t h e r 

f l a s h t u b e t r a y s . 

The c a p a c i t o r was f u l l y d i s c h a r g e d each t i m e the t h y r a t r o n was 

t r i g g e r e d , and s o , when m u l t i p l e p u l s i n g was r e q u i r e d , a h i g h v o l t a g e 

s u p p l y capab le o f r e c h a r g i n g w i t h a t i m e c o n s t a n t o f ~ 1 0 msecs was 

needed. The use o f an E . H . T . power s u p p l y capable o f s u p p l y i n g t h e necessary 

average c u r r e n t o f 0 . 3 2 amps was a v o i d e d by u s i n g a l a r g e s t o r a g e c a p a c i t o r s 

C^-j.. The s t o r a g e c a p a c i t o r was c o n t i n u o u s l y c h a r g e d , t o a p o t e n t i a l o f 

8 k V , by the power s u p p l y , t h r o u g h a lMfi. r e s i s t o r l e a d i n g t o a maximum 

t h 

c h a r g i n g c u r r e n t o f 8 mA„ Wtien t h e t h y r a t r o n was t r i g g e r e d was 

d i s c h a r g e d w i t h a t i m e c o n s t a n t o f ~ 4 \l sees w h i l e was d i s c h a r g e d w i 

a t i m e c o n s t a n t o f 0 . 1 sees , ^ o , when was c o m p l e t e l y d i s c h a r g e d and 

t h e t h y r a t r o n had t u r n e d o f f , C C T had l o s t a n e g l i g b l e amount o f c h a r g e . 

Then t r a n s f e r r e d charge t o C , w i t h a t i m e c o n s t a n t g i v e n by Ri C r,_ C / 
ST a p M 1 x ST p 

(G„„ + C ) j (16 msecs f o r t h e v a l u e s u sed ) u n t i l t he vo l t ages o f G and 
ST p a • p 

C c _ were e q u a l . The f i n a l v o l t a g e r e a c h e d , V , 9 was V C r, T./(C r,_,+C ) , ( 0 . 8 V )«, 
ST M 3 f o ST ST p o 
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where V q i s t h e i n i t i a l v o l t a g e o f C g ^ . Hence , V^, i s a lways l e s s t h a n V Q , 

a l t h o u g h , i f C g ^ , » C p , t h e r e d u c t i o n i n v o l t a g e i s s m a l l . T h i s process 

was r e p e a t e d a f t e r each p u l s e , l e a d i n g t o a d e c r e a s i n g E . H . T . f o r each 

s u c c e s s i v e p u l s e . The u s u a l p r o c e d u r e was t o pu l se t h e equipment seven 

t i m e s , and on t h e c o m p l e t i o n o f t h e seven pu l ses 0^. was l e f t w i t h « * 2 6 % 

o f i t s i n i t i a l charge and was r e c h a r g e d by the power s u p p l y w i t h a t i m e 

c o n s t a n t o f 2 sees . 

The l o w v o l t a g e ( ~ 4 V ) p u l s e f r o m t h e c o n t r o l c i r c u i t r y ( § 2 . 5 ) 

was a m p l i f i e d , s u f f i c i e n t l y t o t r i g g e r t h e t h y r a t r o n , w i t h t he c i r c u i t shown 

i n f i g u r e 2 - 6 0 A s i l i c o n c o n t r o l l e d r e c t i f i e r was t r i g g e r e d by the l o w 

v o l t a g e p u l s e , and t h e v o l t a g e p u l s e f r o m t h e anode was i n v e r t e d and matched 

t o t he g r i d o f t h e t h y r a t r o n by the p u l s e t r a n s f o r m e r . 

e ) O p e r a t i o n a l C h a r a c t e r i s t i c s o f t h e . F l a s h Tubes 

The l a y e r e f f i c i e n c y o f t he momentum-measurement t r a y s was f o u n d t o be 

69% f o r p r o t o n s w h i c h t y p i c a l l y a r e minimum i o n i z i n g , when o p e r a t e d i n t h e 

m u l t i p l e p u l s e moae, w i t h t h e s h u t t e r s o p e n i n g a f t e r t h e f i r s t p u l s e . When 

a l l o w a n c e was made f o r t h e geometry o f t h e t r a y s (see § 2 . 2 . 2 a ) , an i n t e r n a l 

e f f i c i e n c y o f 82% was o b t a i n e d . T h i s f i g u r e i s r a t h e r l o w , b u t t h e r e were 

a d d i t i o n a l l o s s e s o f e f f i c i e n c y due t o the f i n i t e t i m e d e l a y b e f o r e a p p l i c a t i o n 

o f t he i n i t i a l p u l s e t o t h e f l a s h t u b e s (~* 6\l s e e s ) , t he n o n - u n i t y p r o b a b i l i t y 

o f a f t e r - f l a s h i n g , and t h e r e d u c t i o n i n the e f f e c t i v e a p e r t u r e o f t h e cameras 

by t h e s h u t t e r s . An e s t i m a t e o f t h e l a t t e r two f a c t o r s was made by t r i g g e r i n g 

t h e s y s t e m w i t h cosmic r a y beam muons and o p e r a t i n g w i t h t h e s h u t t e r s , f i r s t l y , 

jammed o p e n , and t h e n removed . The f i r s t o f these e x p e r i m e n t s removed t h e 

l o s s o f e f f i c i e n c y due t o t h e p r o b a b i l i t y o f a f t e r - f l a s h i n g w h i l e t h e second 

a l l o w e d an e s t i m a t e t o be made o f t h e e f f e c t o f the s h u t t e r s . From the se 

e x p e r i m e n t s the p r o b a b i l i t y o f a f t e r - f l a s h i n g was f o u n d t o b e ~ 0 . 9 5 pe r p u l s e 

w h i l e a r e d u c t i o n i n l a y e r e f f i c i e n c y o f 5% was f o u n d t o be caused by t h e 

s h u t t e r s * Hence the t r u e i n t e r n a l e f f i c i e n c y o f the f l a s h t u b e s was a t 

l e a s t 91% 
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2 . 3 . The N e u t r o n M o n i t o r 

2 . 3 . 1 I n t r o d u c t i o n 

The d e s i g n o f t h e s t a n d a r d n e u t r o n m o n i t o r adop ted f o r s t u d i e s o f t he 

l o w e n e r g y n u c l e o n component o f cosmic r a y s d u r i n g t h e I n t e r n a t i o n a l Geo

p h y s i c a l Year ( i . G . y . ) was d e v e l o p e d by S impson , 1957?f rom t h e e a r l i e r 

a r r angemen t s o f T o n g i o r g i , 1949? S i m p s o n , 1949 , Coccon i e t a l . , 195G 

Adams and B r a d d i o k , 1 9 5 1 , and S impson , Fonger and T r e i m a n , 1953. For a 

d e t a i l e d d i s c u s s i o n o f n e u t r o n m o n i t o r s , p a r t i c u l a r l y t h e i r response t o 

l o w ene rgy n u c l e o n s ( < 1 GeV) see H a t t o n , 1 9 7 1 . 

I n t h e s t a n d a r d m o n i t o r , e v a p o r a t i o n n e u t r o n s , e m i t t e d f r o m an e x c i t e d 

n u c l e u s p roduced i n an i n t e r a c t i o n i n a l e a d t a r g e t , were d e t e c t e d t h r o u g h 

t h e r e a c t i o n 

1 0 n + -+ 7 . 4 

T n L i 3 + He^ 

u s i n g b o r o n t r i f l u o r i d e (BF^) ? e n r i c h e d w i t h the " ^ B ^ i s o t o p e , p r o p o r t i o n a l 

c o u n t e r s o f l e n g t h 8 6 . 4 cms, d i a m e t e r 3 . 8 cms and f i l l e d w i t h BF^ gas t o a 

p r e s s u r e o f 45 cms Hg„ The c r o s s - s e c t i o n f o r t h i s r e a c t i o n f o l l o w s a l / v 

dependence (where v i s the v e l o c i t y o f t h e n e u t r o n ) and i s ~ 3 8 2 . 0 barns f o r 

t h e r m a l n e u t r o n s . S ince the mean ene rgy o f t h e e v a p o r a t i o n n e u t r o n s i s 

~ 2 . 5 MeV, t h e c o u n t e r s were s u r r o u n d e d by a m o d e r a t i n g l a y e r o f p a r a f f i n 

wax t o t h e r m a l ! s e the n e u t r o n s and u t i l i s e t h e l a r g e c r o s s - s e c t i o n . Neu t rons 

p roduced i n i n t e r a c t i o n s i n the a t m o s p h e r e , and the s u r r o u n d i n g s of t h e NM, 

were e x c l u d e d f r o m t h e equ ipmen t by an o u t e r l a y e r o f p a r a f f i n wax , w h i c h 

abso rbed o r r e f l e c t e d t he se n e u t r o n s . T h i s l a y e r a l s o i n c r e a s e d t h e c o u n t i n g 

r a t e o f t h e NM by m o d e r a t i n g , and r e f l e c t i n g back t o t h e c o u n t e r s , some 'o f 

t h e n e u t r o n s p roduced i n t h e l e a d t a r g e t . A l e a d t a r g e t o f t h i c k n e s s 1 3 , c m s 

"2 

(153 g cm o r 0 . 7 6 i n t e r a c t i o n l e n g t h s ) , an o u t e r r e f l e c t o r o f mean 

t h i c k n e s s 28 cms and an i n n e r m o d e r a t o r o f average t h i c k n e s s 3 .7" cms were 

used i n the s t a n d a r d l . G . Y . m o n i t o r . T h i s n e u t r o n m o n i t o r responded t o 

v a r i o u s components o f t h e sea l e v e l cosmic r a y s , b u t p r e d o m i n a n t i y y (~80%) 

t o i n t e r a c t i o n s o f l ow energy n e u t r o n s (~150 MeV). E v a p o r a t i o n n e u t r o n s are.? 

howeve r , a l s o p roduced by p r o t o n s , p i o n s , e x t e n s i v e a i r s h o w e r s , n e g a t i v e l y 
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c h a r g e d muons c a p t u r e d by P b - n u c l e i and i n t e r a c t i o n s o f pho tons a s s o c i a t e d 
w i t h muons o f b o t h c h a r g e s . 

I n t h e p r e s e n t e x p e r i m e n t an i m p r o v e d response t o h i g h ene rgy charged 

p a r t i c l e s was r e q u i r e d i n o r d e r t o improve the d e t e c t i o n e f f i c i e n c y o f 

NAPs, e s p e c i a l l y - t h o s e o f t y p i c a l ene rgy HLO GeV i n EAS, and so a m o d i f i e d 

n e u t r o n m o n i t o r was u s e d . I t was a l s o e x p e c t e d t h a t the s e n s i t i v i t y o f t h e 

m u l t i p l i c i t y d i s t r i b u t i o n o f d e t e c t e d n e u t r o n s t o t h e e n e r g y s p e c t r a o f NAPs 

w o u l d be i n c r e a s e d by the m o d i f i c a t i o n s and t h a t measurements o f the m u l t i p l i c i t y 

d i s t r i b u t i o n may be u s e f u l e s t i m a t e s o f t h e energy s p e c t r a o f NAPs i n t h e 

range 1 - 150 GeVo 

2 . 3 . 2 . Tj3&J2asiga^£J^ M o n i t o r 

Shown i n f i g u r e 2 -7 i s t h e average number o f e v a p o r a t i o n n e u t r o n s , V , 

p r o d u c e d per i n e l a s t i c c o l l i s i o n o f an i n c i d e n t n e u t r o n o f k i n e t i c energy 

E , p r e d i c t e d f r o m Monte C a r l o s i m u l a t i o n s by Sheh, 1968 , as a f u n c t i o n o f 

the t h i c k n e s s , t , o f t h e l e a d t a r g e t . I t can be seen t h a t V i n c r e a s e s 

w i t h t and t h a t t h e I n c r e a s e i s g r e a t e r f o r h i g h energy t h a n f o r l o w e n e r g y 

p a r t i c l e s . S i m i l a r c u r v e s can be drawn f o r i n c i d e n t p r o t o n s . Hence , t o 

i m p r o v e t h e response o f t h e m o n i t o r t o h i g h energy p a r t i c l e s , t he average 

t h i c k n e s s o f t he l e a d t a r g e t f o r v e r t i c a l p a r t i c l e s was i n c r e a s e d f r o m 1 3 . 5 cms 

t o 2 3 » 3 cms (264 g cm ^ o r 1.32 i n t e r a c t i o n l e n g t h s ) . F i g u r e 2 -8 shows t h e 

r a t i o o f V f o r t h i s new t h i c k n e s s t o t h a t f o r t he s t a n d a r d I - G . Y . m o n i t o r 

f o r i n c i d e n t n e u t r o n s and p r o t o n s as a f u n c t i o n o f the k i n e t i c energy o f 

t h e i n c i d e n t p a r t i c i e 0 The i n c r e a s e i n V f o r low energy p a r t i c l e s i s 

s m a l l e r t h a n t h a t f o r h i g h ene rgy p a r t i c l e s , and so t h e response t o h i g h 

ene rgy p a r t i c l e s s h o u l d be enhanced. 

I t w o u l d be e x p e c t e d t h a t t he mean m u l t i p l i c i t y o f d e t e c t e d n e u t r o n s , 

d e f i n e d as t h e mean number o f n e u t r o n s , i n c l u d i n g t he f i r s t n e u t r o n , d e t e c t e d 

w i t h i n a g i v e n t i m e o f t he d e t e c t i o n o f t he f i r s t n e u t r o n , wou ld be i n c r e a s e d 

r e l a t i v e t o a s t a n d a r d I . G . Y . n e u t r o n m o n i t o r , i n t he m o d i f i e d NM because o f 

t h e i n c r e a s e d v . However , t h e t h i c k e r l e a d i n c r e a s e s t h e number o f n e g a t i v e 

muons w h i c h w i l l be c a p t u r e d by Pb - n u c l e i and the number o f n e u t r o n -
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producing i n t e r a c t i o n s o f muons by a f a c t o r of •*»2 compared w i t h ~ 1 . 4 f o r the 
increased number of i n t e r a c t i o n s f rom the other components. The mean 
m u l t i p l i c i t y of evapora t ion neutrons produced i n both these processes i s 
very small ( "*2 f o r negative'muon capture an.d~9 f o r muon i n t e r a c t i o n s ) 
and w i l l not be increased by the t h i c k e r lead* Hence, the increased 
c o n t r i b u t i o n s f rom these very low m u l t i p l i c i t y processes w i l l tend to reduce 
the mean m u l t i p l i c i t y of detected neutrons. An approximate cons idera t ion 
of the expected performance of the present neutron monitor leads to a 
p r e d i c t e d mean m u l t i p l i c i t y of 1.2. The mean m u l t i p l i c i t y o f the NM most 
s i m i l a r i n counter de s ign , the Leeds, I . G . Y . neutron monitor was found to be 
1.24 ( H a t t o n , 1971) f o r a d e t e c t i o n e f f i c i e n c y of 3%s which i s reduced to 
1.2 f o r a d e t e c t i o n e f f i c i e n c y o f 2%, t h i s being more appropr ia te f o r 
comparison w i t h the present NM since the sens i t ive t imes used were d i f f e r e n t . 
Thus i t i s expected t h a t , a l though the r a t e of neutrons detected should be 
inc reased , the mean m u l t i p l i c i t y of neutrons :l.n the neutron monitor would not 
change much w i t h respect to the Leeds I . G . Y . neutron moni tor . The enhancement 
of the h igh energy response of the^modif ied NM w i l l only become apparent 
when the m u l t i p l i c i t y d i s t r i b u t i o n s f r o m i n t e r a c t i o n s of h igh energy p a r t i c l e s 
are considered. 

I n an attempt to increase the o v e r a l l e f f i c i e n c y of the de t ec t i on of 

thermal neutrons and the count ing r a t e , the number, size and gas pressure 

of the thermal neutron de tec tors were increased. Ten c y l i n d r i c a l p r o p o r t i o n a l 

counters (20th Century E l e c t r o n i c s type 107 EB 7O/50G) of diameter 5 cms 

10 

and s e n s i t i v e length 1.07m9 f i l l e d w i t h B -enriched BF^ gas, a t a pressure 

o f 70 cms Hg, were used. However, i t should be noted tha t the a n t i c i p a t e d 

increase i n e f f i c i e n c y due t o the increased diameter and gas pressure of the 

counters w i l l be o f f s e t by the l a r g e r volume accessible t o the evaporat ion 

neutrons due to the t h i c k e r producing l a y e r . This reduces the dens i ty 

of the evapora t ion neutrons and hence the e f f i c i e n c y w i t h which they are 

de tec ted . 

The th ickness of the outer r e f l e c t o r o f p a r a f f i n wax was reduced 

to 10 cms i n the v e r t i c a l d i r e c t i o n , a l though a much greater thickness 



3.8 

was used a t - the sides and back. This reduced thickness was chosen so t h a t the 

NM could be placed as close as possible underneath the f l a s h tube t r a y s of 

the spect rograph, i n order t o reduce the chance of background events caused 

by undetected charged p a r t i c l e s . Adequate re f l ec t ion of evapora t ion neutrons 

produced i n the lead should be obtained w i t h t h i s t h i c k n e s s , but the 

a t t e n u a t i o n of low energy neutrons produced i n the atmosphere and the 

surroundings w i l l not be complete. Neutrons w i t h an energy o f a few MeV 

should have an a t t e n u a t i o n of ~5 and so w i l l con t r ibu te more t o the counting 

ra te o f t h i s NM than to a standard I . G . Y . neutron monitor i n which t h e 

a t t e n u a t i o n i s ~150. The m u l t i p l i c i t y of evaporat ion neutrons produced by 

these low energy i n c i d e n t neutrons w i l l be s m a l l , and t h e i r increased 

c o n t r i b u t i o n to the count ing ra te w i l l be another f a c t o r tending to decrease 

the mean m u l t i p l i c i t y of detected neutrons discussed above. 

I n the normal mode of ope ra t ion of a neutron monitors the anodes of 

the p r o p o r t i o n a l counters are e l e c t r i c a l l y connected, and i n f o r m a t i o n 

concerning the l o c a t i o n of detected neu t rons , i s lost . 0 Since i t was expected 

t h a t the neutrons would be de tec ted close to the po in t of product ions a 

knowledge of the:: s p a t i a l l o c a t i o n of a neu t ron , when de tec ted , should a i d 

the unambiguous i d e n t i f i c a t i o n of p a r t i c l e s . The pulses f rom each counter 

were, t h e r e f o r e , recorded separately t o provide such i n f o r m a t i o n . 

2 . 3 . 3 . The Proport ional , Counters 

A block diagram of the e l e c t r o n i c c i r c u i t used w i t h each p ropo r t i ona l 

counter i s given i n f i g u r e 2-9 . A pulse t r ans fo rmer , w i t h a centre-tapped 

secondary w i n d i n g , was used to give two pu l ses , of opposite p o l a r i t y , f rom 

the negative pulse of the counter . The t u r n s - r a t i o of the t ransformer 

windings was chosen r;o t h a t the e f f e c t i v e res is tance i n the p r imary , when 

the p r e - a m p i i f i e r was connected, c r i t i c a l l y damped the c i r c u i t g i v i n g the 

optimum shape of pulse , ^he p o s i t i v e and negative pulses f rom the secondary 

of the t rans former were f e d i n t o the i n v e r t i n g and n o n - i n v e r t i n g i n p u t s , 

r e s p e c t i v e l y , of a v a r i a b l e ga in d i f f e r e n t i a l a m p l i f i e r (S.GoS„ type 

Ilk 702A). The a m p l i f i e d p u l s e , of negative p o l a r i t y , was then d i s c r i m i n a t e d 
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and shaped} i n one o p e r a t i o n s by an i n t e g r a t e d c i r c u i t l e v e l de tec to r 

(S.G.S. type fXh 710A), connected as a pulse-former <, which produced, a p o s i t i v e 

square pulse of ampli tude ~ 4V and duration*** 3 /Xsecs. This pulse was passed 

through an e m i t t e r - f o l l o w e r to a coax ia l cable leading to the d i g i t a l 

s c a l i n g c i r c u i t s ( § 2 . 3 . 4 ) . A l l the c i r c u i t r y was enclosed i n an earthed copper 

box to reduce the e l e c t r o n i c p ick-up f rom the high vol tage pulse app l i ed to 

the f l a s h tubes . 

A l l the p r o p o r t i o n a l counters were operated f rom a common high vol tage 

supply o f - 4 . 1 kV a p p l i e d to the•cathodes 5 and so the opera t ing po in t of each 

counter was se lected by v a r y i n g the ga in of the p r e - a m p l i f i e r . A pulse-

he igh t d i s t r i b u t i o n f rom one coun te r s w i t h the e l e c t r o n i c s disconnected 5 

was measured ( f i g u r e 2.-10) and the ra te o f "genuine" neutrons deduced f rom 

these data . For each counter , the ga in of the p r e - a m p l i f i e r was then 

ad jus t ed u n t i l the r a t e of pulses f rom the d i s c r im ina to r / pu l s e - fo rmer u n i t 

equa l led the ra te of "genuine" neutrons. A s i m i l a r technique was used to 

set up the edge counters where the count ing rate was reduced r e l a t i v e to 

a counter i n the centre of the moni to r . 

2 . 3 . 4 The Recording and C o n t r o l E l e c t r o n i c s . 

When a neutron was detec ted by a p r o p o r t i o n a l counter , a shaped 

pulse was t r a n s m i t t e d along 68 ft c o a x i a l cable f rom the NM to the remote 

d i g i t a l e l e c t r o n i c s . The d i g i t a l e l e c t r o n i c s were requ i red to provide 

a master pulse when one or more neutrons had been detected i n coincidence 

w i t h a charged p a r t i c l e and to record and d i sp l ay the number of neutrons 

de tec ted i n each counter . The pulses f rom each p r o p o r t i o n a l counter 

were f e d i n t o i n d i v i d u a l i d e n t i c a l c i r c u i t s so that the neutrons detected 

by each counter were recorded separa te ly . 

Figure 2-11 i s a diagram of the c i r c u i t used to provide the neutron 

coincidence s i g n a l . Each channel was gated by a long (~ 6 msec) pulse 

f r o m an S.C.R. u n i t ( f i g u r e 2 - 1 2 ) , w i t h the output normally grounded? to 

improve the r e j e c t i o n of pulses induced by the high vol tage pulse app l i ed 

to the f l a s h tubes. This gate i n v e r t e d t h e , i n i t i a l l y p o s i t i v e , neutron 



Fig. 2.IO The Pulse Height Distribution from a Proportional Counter. 
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5g. 2.11. The Neutron Counter Event Selector. 
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pulses and so " p o s i t i v e l o g i c AND" gates were used to combine the pulses f rom 
a l l channels. This "added" s igna l was then gated by the "neutron monitor gate" 
(the NM gate) which was a p o s i t i v e pulse of accura te ly determined du ra t ion 
(300 //sees) and delay (-4.5//sees) r e l a t i v e to the GM coincidence (see § 2 . 4 . 4 ) . 
I f a neutron was detected w i t h i n the d u r a t i o n of the NM ga te , a pulse of 
l eng th 1 meec was generated and sent t o the c o n t r o l c i r c u i t ( § 2 . 5 . 1 ) to i nd i ca t e 
a neutron coincidence. Also a v a i l a b l e f rom t h i s c i r c u i t were p o s i t i v e and 
negative vers ions of the "added" s i g n a l ungated by the NM gate. The p o s i t i v e 
pulses were d isp layed on a cathode ray osc i l loscope and photographed 
(see § 2 . 7 ) • as c o n f i r m a t i o n o f the s a t i s f a c t o r y performance of the NM. 

f i g u r e 2-13 i s a diagram of the s ca l i ng u n i t of one channel. The 

pu l se s , a f t e r the S.G.R. g a t e , were i n v e r t e d and then gated w i t h the NM 

gate . Any pulses detected w i t h i n the d u r a t i o n o f the NM gate were counted 

by the 4 - b i t b inary counter unambiguously up to a maximum of 15. M u l t i p l i c i t i e s 

M P g rea ter than 15 were counted as M-15. The m u l t i p l i c i t i e s i n each of the 

channels were d i sp layed i n b ina ry form using b u l b s , s i t u a t e d on the spectrograph.) 

which were photographed on the same frame as the f l a s h tube informat ion. , Binary 

d i g i t ' 0 ' was represented by an i l l u m i n a t e d b u l b , and so , since most binaxy 

d i g i t s were ' 0 ' most of the read-out system was t e s t ed every time an event 

was recorded. 

The shaped pulses f rom each BF^ counter were f e d to ratemeters so t h a t 

the count ing ra te o f each of the counters in the NM c/ould be cont inuously 

monitored and any s i g n i f i c a n t change i n the performance of any counter could 

e a s i l y be detec ted . The i n d i v i d u a l counter ra tes were checked a t l e a s t twice 

d a i l y , a t the beginning and end o f each f i l m . 

2 .3 .5 The M u l t i p l i c i t y Recorder 

i n order t o check the performance o f the neutron m o n i t o r , an instrument 

was designed and cons t ruc ted to record the m u l t i p l i c i t y d i s t r i b u t i o n s of 

detected neutrons under var ious c o n d i t i o n s , ^he equipment could be t r i g g e r e d 

e i t h e r by a detected neutron or by any des i red pulse ( e . g . a coincidence 

f rom the s ing le p a r t i c l e s e l e c t i o n system or an EAS s i g n a l ) . A block 

diagram of the system i s g iven i n f i g u r e 2-14. The t r i g g e r pulse i n i t i a t e d 
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a se r ies of monostable m u l t i v i b r a t o r s which p rov ided , i n a s u i t a b l e sequence* 

a) a pa ra lys i s to the system, 

b) a gate pulse which enabled neutrons to be counted, 

c) a read-out pulse which caused the m u l t i p l i c i t y of neutrons , detected 

i n coincidence w i t h the t r i g g e r pulse t o be recorded, 

d) a rese t puis© which re tu rned the neutron counters to ze ro , 

and e) a pulse which advanced an event counter. 

Neutrons detected w i t h i n the d u r a t i o n of the gate were counted by two 

4 - b i t b ina ry counte rs , the outputs o:f which were decoded to give m u l t i p l i c i t y 

of 0 t o 15 and grea ter than 15. The decoded outputs were read-out on 

e lec t romechanica l counters . The counter gate was delayed by 45/4 sees and 

of d u r a t i o n 300jUsecs so as to simulate the normal opera t ion of the 

spectrograph sca l ing u n i t s . This l e d to an underestimate of the t rue 

m u l t i p l i c i t y since any neutrons which were detected w i t h i n 49 j^secs of the 

t r i g g e r pulse would not have been counted. 

2 .3 .6 Performance Cheeky 

Various t e s t s were c a r r i e d out to measure the c h a r a c t e r i s t i c s of the 

neutron moni tor i n order to c o n f i r m t h a t i t was opera t ing s a t i s f a c t o r i l y 

and to o b t a i n an understanding o f i t s response. 

a) Dependence o f -fr-otal count ing ra te on atmospheric pressure 

The t o t a l number of neutrons detected dur ing periods of approximately 

one hour ( t y p i c a l l y *•* 3 x 10^) was recorded f o r var ious values of the 

atmospheric pressure. Figure 2.-15 shows the counting ra te of the neutron 

moni tor as a f u n c t i o n o f the atmospheric pressure. The a t t e n u a t i o n , or 

ba rome t r i c , c o e f f i c i e n t of the count ing r a t e , a ? d e f ined by 

dN - - a N dp 

where N i s the count ing r a t e and P i s the.atmospheric pressure, was found 

to be 1„08% (mm Hg) , L a t 76G mm Hg, i n reasonable agreement w i t h t he ' p r ec i s e 

value of (0.991 ± 0„007) % (mm Hg)" 1- found by G r i f f i t h s e t a l . , 1966, f o r t h 

Leeds I . G . Y , moni to r . 
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b) A r r i v a l Time D i s t r i b u t i o n s 

A r r i v a l t ime d i s t r i b u t i o n s were measured by d i s p l a y i n g the shaped pulses , 

a f t e r m i x i n g , on an osc i l l o scope and photographing the t r a c e . 

Two time d i s t r i b u t i o n s , which d i f f e r e d only i n the d e f i n i t i o n of time 

ze ro , were measured. I n o n e t i m e zero was def ined as the t i m e . o f the 

i n t e r a c t i o n which produced the evapora t ion neutrons, which i n t u r n was 

d e f i n e d as the time of d e t e c t i o n of the charged p a r t i c l e which i n t e r a c t e d , 

and hence can be measured on ly f o r charged p a r t i c l e i n t e r a c t i o n s . This i s 

the " r e a l " t ime d i s t r i b u t i o n . The o ther d i s t r i b u t i o n i s the "apparent" 

t ime d i s t r i b u t i o n i n which the a r r i v a l t imes were measured r e l a t i v e to the 

time o f d e t e c t i o n of a neut ron . 

F igures 2-16 and 2-17 show the measured r ea l and apparent time 

d i s t r i b u t i o n s f o r t h i s neutron moni tor compared w i t h the equiva lent 

d i s t r i b u t i o n s f o r the Leeds I . G . Y . meutron monitor (Kat ton and Tomlinson, 1968). 

The r e a l t ime d i s t r i b u t i o n s are i n good agteement over the range of times 

measured (40 to 340/ i secs) and f o l l o w an exponential law. The main fea tu res 

of the apparent time d i s t r i b u t i o n s are also i n good agreement, cons i s t i ng of 

two sec t ions . However, i n the r e g i o n of the sec t ion character ised by the 

longer t ime cons tan t , the d i s t r i b u t i o n f o r the present monitor f a l l s 

s i g n i f i c a n t l y below tha t f o r the Leeds m o n i t o r , al though the time constants 

are, the same. Hatton and Tomlinson have suggested t ha t the two sections 

of t h i s d i s t r i b u t i o n can be a t t r i b u t e d to t h e r m a l i s a t i o n of neutrons i n the 

inner moderator (the shor t time constant sec t ion) and the outer r e f l e c t o r 

(the long t ime constant s e c t i o n ) ; the r educ t ion i n the c o n t r i b u t i o n f rom 

r e f l e c t e d neutrons i n the present moni tor i s probably due to the reduced 

th ickness of the outer r e f l e c t o r , 

c) M u l t i p l i c i t y D i s t r i b u t i o n s 

M u l t i p l i c i t y d i s t r i b u t i o n s f o r each BF^ counter were measured using the 

neutron m u l t i p l i c i t y recorder t r i g g e r e d by a detected neutron. This gave 

the m u l t i p l i c i t y d i s t r i b u t i o n and count ing r a t e of each counter and so the 

u n i f o r m i t y of the monitor could be checked. The counting ra te of each of 

the counters across the moni tor i s shown i n f i g u r e 2-18. This shows t h a t 



Fig. 2,16 The Distribution of Real Detection Time of Recorded Neutrons 

<»IOO 

10 

Hatton z Tomlinson 1968 

-j~ Present Expt. 

O IOO 200 

Tims ( j u . s e c s ) 
3 0 0 4 0 0 



Fig. 2.17 The Distribution of Apparent Detection Tine of Recorded Neutrons. 
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2.13 The Counting Rats of the BFg Counters 
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c o u n t e r s 4 , 6 were c o u n t i n g a t a s i g n i f i c a n t l y l o w e r r a t e t h a n t h e o t h e r 
c o u n t e r s 9 a l t h o u g h t h e r e was no d e t e c t a b l e d i f f e r e n c e between the m u l t i p l i c i t y 
d i s t r i b u t i o n s o f t h e c o u n t e r s ; t he mean m u l t i p l i c i t y f r o m a s i n g l e c o u n t e r 
was 1 .08 . 

As a f u r t h e r chepk on t h e u n i f o r m i t y o f t h e m o n i t o r t h e e v e n t s used 

i n t he . measurement o f t h e momentum s p e c t r a of unaccompanied NAPs were 

a n a l y s e d t o g i v e d i s t r i b u t i o n s o f s -

( i ) t h e p o i n t o f i m p a c t o f t he p a r t i c l e t r a c k on t h e n e u t r o n 

m o n i t o r 9 and 

( i i ) t he p r o p o r t i o n a l c o u n t e r w h i c h d e t e c t e d t h e n e u t r o n s . 

These d i s t r i b u t i o n s are shown i n f i g u r e 2-19* I n n e i t h e r o f these 

d i s t r i b u t i o n s does t h e a p p a r e n t i n e f f i c i e n c y o f c o u n t e r s 4 , 6 appea r 0 The 

d i p a t c o u n t e r number 5 i n t he d i s t r i b u t i o n o f impac t p o i n t s i s caused by 

t h e r e j e c t i o n o f genu ine NAPs because t h e p a r t i c l e t r a c k c o u l d have passed 

t h r o u g h t h e gap be tween t h e two t r a y s o f f l a s h t ubes w h i c h c o n s t i t u t e t h e 

X2 t r a y and has been a l l o w e d f o r as d e s c r i b e d i n 1 3 . 6 . 5 . » S ince these 

d i s t r i b u t i o n s were d e r i v e d f r o m t h e d a t a used i n the measurements o f t h e 

momentum s p e c t r a , i t i s c o n c l u d e d t h a t t he m o n i t o r must have been o p e r a t i n g 

u n i f o r m l y d u r i n g t h e c o l l e c t i o n o f t he e x p e r i m e n t a l d a t a . 

A m u l t i p l i c i t y d i s t r i b u t i o n f o r t h e comple te m o n i t o r was measured 9 

t r i g g e r i n g the m u l t i p l i c i t y r e c o r d e r by t h e f i r s t d e t e c t e d n e u t r o n . 

T h i s d i s t r i b u t i o n i s shown i n f i g u r e 2 - 2 0 , where i t i s compared w i t h t h e 

d i s t r i b u t i o n f o u n d f o r t h e Leeds I . G . Y . m o n i t o r ( K a t t o n , 1 9 7 1 ) „ The 

d i s t r i b u t i o n s a r e seen t o be s i m i l a r a n d , as e x p e c t e d 9 t h e r e i s no 

s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e between t h e mean m u l t i p l i c i t i e s f o u n d 

f o r t he two m o n i t o r s . 

On t h e b a s i s o f t h e s e r e s u l t s i t was conc luded t h a t t h e n e u t r o n m o n i t o r 

was o p e r a t i n g s a t i s f a c t o r i l y d u r i n g t h e c o l l e c t i o n o f t he e x p e r i m e n t a l da t a 

w h i c h f o r m e d the b a s i s f o r the measurement of t h e momentum s p e c t r a . 
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Fig. 2 .20 The Multiplicity Distribution of Neutrons recorded in-the Neutron 
Monitor in the Cosmic Ray Beam compared with that for a 
Leeds I.G.Y. Monitor. 
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2.4 

2 . 4 The S i n g l e P a r t i c l e S e l e c t i o n System 

Charged p a r t i c l e s p a s s i n g t h r o u g h t h e s p e c t r o g r a p h were d e t e c t e d by-

f o u r t r a y s o f G e i g e r - M u l l e r (GM) c o u n t e r s ( f i g u r e 2 - 1 ) . 

2 . 4 . 1 The Upper D e t e c t o r s 

On t o p o f t he s p e c t r o g r a p h were t h r e e t r a y s . (A 5B<,G) each c o n t a i n i n g 

t e n GM c o u n t e r s ( 2 o t h G e n t u r y E l e c t r o n i c s i,td» t y p e G60) o f l e n g t h 0 .6m 

and d i a m e t e r 3 cms $ a r r a n g e d i n a h o r i z o n t a l p lane w i t h t h e i r axes p a r a l l e l 

t o t h e neon f l a s h t u b e s ( 1 2 . - 2 . 2 ) . I n each t r a y the c o u n t e r s were s e l e c t e d 

t o have s i m i l a r p l a t e a u v o l t a g e s s so t h a t o n l y a s i n g l e v a l u e o f h i g h v o l t a g e 

need be s u p p l i e d , and t h e c o u n t e r s were connected in . p a r a l l e l e n a b l i n g a 

s i n g l e o u t p u t c a b l e t o be u s e d . The p u l s e s fseom t h e t r a y s were f e d t o a 

m i x i n g u n i t y t h e o u t p u t o f w h i c h was shaped t o produce a p u l s e o f f i x e d 

a m p l i t u d e and d u r a t i o n whenever any one o f the GM c o u n t e r s was discharged*. 

2 . 4 . 2 The Magnet A i r - g a p D e t e c t o r s 

I n t h e a i r - g a p o f t h e magnet were two t r a y s (D^E f i g u r e 2.-1)? each 

c o n t a i n i n g 11 G60 GM c o u n t e r s a r r a n g e d i n two c l o s e - p a c k e d l a y e r s . The 

axes o f t h e c o u n t e r s were h o r i z o n t a l b u t p e r p e n d i c u l a r t o t h e axes o f t h e 

neon f l a s h . t ubes . Because o f t h e i r i n a c c e s s i b i l i t y and t h e h i g h magne t i c 

f i e l d i n w h i c h these c o u n t e r s o p e r a t e d 5 a l l the e l e c t r o n i c c i r c u i t r y was 

r emote and t h e v o l t a g e a p p l i e d t o e a c h , c o u n t e r c o u l d be i n d i v i d u a l l y 

v a r i e d . The p u l s e s f r o m each c o u n t e r were f e d i n t o an e l e c t r o n i c s e l e c t i o n 

sys tem such t h a t an o u t p u t p u l s e s o f f i x e d a m p l i t u d e and d u r a t i o n 5 was 

p r o d u c e d when t h e r e was a c o i n c i d e n c e between any c o u n t e r . i n t r a y D and 

any c o u n t e r i n t r a y E.. 

2* 4 . 3 T j i e ^ u b j ^ ^ t e ^ W 

A t r a y ( F s f i g u r e 2 - 1 ) o f 10 Q60 GM c o u n t e r s was i n s t a l l e d unde rne a t h 

t h e neon f l a s h t ube t r a y . B3 w i t h t h e c o u n t e r s p l a c e d p a r a l l e l t o t h e 

a i r - g a p d e t e c t o r s , D , E . . The c o u n t e r s i n t r a y F were o p e r a t e d i n the same 

manner as t he d e t e c t o r s A S B ,C; (see § 2 . 4 . 1 ) . 
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2 . 4 . 4 The S e l e c t i o n Sys tem. 

The shaped p u l s e s f r o m t h e t h r e e s e t s of d e t e c t o r s were f e d i n t o a 

c o i n c i d e n c e u n i t , a n d , by s u i t a b l e s e l e c t i o n o f p l u g s and s w i t c h e s , any 

c o m b i n a t i o n o f s -

a ) any one o f t h e 3 t r a y s A , B and C , (A+B+C) 

b ) t h e 2 - f o l d c o i n c i d e n c e o f t he a i r - g a p d e t e c t o r s , ( D . E ) , 

and c ) t h e sub-B3 d e t e c t o r ( F ) 

c o u l d be s e l e c t e d . However , t h r o u g h o u t t he unaccompanied NAP s t u d i e s 

d e s c r i b e d i n t h i s t h e s i s t h e f o l l o w i n g c o m b i n a t i o n was used 

(A + B + C ) . ( D . E ) „ F 

b u t no p r o v i s i o n was made f o r t h e e l e c t r o n i c r e j e c t i o n o f even t s w i t h more 

t h a n one p a r t i c l e i n c i d e n t upon t h e s p e c t r o g r a p h . 

2 . 4 . 5 The M o n i t o r i n g System 

As a check on t h e o p e r a t i o n o f t h e GM t r a y s t h e r a t e s o f p u l s e s f r o m 

each o f t h e u n i t s c o u l d be m o n i t o r e d on a r a t e m e t e r . The r a t e s were observed 

a t ' t h e b e g i n n i n g and end o f each f i l m and compared w i t h t he normal r a t e s 9 

due a l l o w a n c e b e i n g made f o r a t m o s p h e r i c p ressure v a r i a t i o n s . 

2 « 5 . The C o n t r o l System 

2 . 5 . 1 The E l e c t r o n i c C i r c u i t s 

E v e n t s accompanied by a n e u t r o n . m o n i t o r response were s e l e c t e d by 

t h e e l e c t r o n i c c i r c u i t . s h o w n , i n b l o c k d iag ram f o r m , i n f i g u r e 2 - 2 1 . A l l 

t h e d e l a y and p u l s e - f o r m i n g u n i t s and l o g i c ga tes were made u s i n g SN7400 

t r a n s i s t o r - t r a n s i s t o r l o g i c i n t e g r a t e d c i r c u i t s , ^"he c i r c u i t c o u l d be 

t r i g g e r e d by t h e -pulse f r o m t h e " s i n g l e - p a r t i c l e " s e l e c t i o n system 

( § 2 . 4 . 4 ) e i t h e r a l o n e o r i n c o i n c i d e n c e w i t h a n o t h e r p u l s e ( e . g . f r o m 

t h e EAS a r r a y , see § 2 . 6 ) . A p a r a l y s i s o f 2 . 1 sees was a p p l i e d , 

i m m e d i a t e l y a f t e r t r i g g e r i n g , t o t h e whole c i r c u i t so t h a t t h e equipment 

c o u l d n o t be r e t r i g g e r e d u n t i l t he r e c o r d i n g c y c l e had been c o m p l e t e d . 

P u l s e s were t r a n s m i t t e d , a f t e r s u i t a b l e d e l a y s , t o t r i g g e r t h e f l a s h t ube 

p u l s i n g system (no d e l a y ) , t o open the ga te w h i c h a l l o w e d n e u t r o n s t o be 

r e c o r d e d ( 4 5 / i s e c s d e l a y j , t o r e s e t t o zero t h e n e u t r o n m u l t i p l i c i t y 
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s c a l e r s ( d e l a y 240 msecs) and t o t h e EAS r e c o r d i n g sys tem. The " s i n g l e -

p a r t i c l e " s e l e c t i o n sys tem p u l s e a l s o t r i g g e r e d the t ime-base o f t h e 

o s c i l l o s c o p e used t o r e c o r d t h e d e t e c t i o n t i m e s o f the neu t ronso 

I f a n e u t r o n was d e t e c t e d w i t h i n t h e s e n s i t i v e t i m e o f t h e n e u t r o n 

g a t e , a p u l s e 5 a f t e r a f i x e d t i m e (340 jj, sees) r e l a t i v e t o the i n i t i a l 

t r i g g e r i n g o f t h e s y s t e m , was sen t t o t he c i r c u i t c o n t r o l l i n g the 

i n f o r m a t i o n - r e c o r d i n g . T h i s c i r c u i t p roduced pu l se s o f v a r i o u s l e n g t h s ? 

a f t e r a p p r o p r i a t e d e l a y s , w h i c h o p e r a t e d t h e equipment r e q u i r e d t o r e c o r d 

a l l t h e i n f o r m a t i o n . A d i a g r a m of t h e t ime-sequence of o p e r a t i o n s i s 

g i v e n i n f i g u r e 2 . 2 2 . 

2 . 5 . 2 T e s t s o f t h e C o n t r o l System 

When t h e c o n t r o l sys tem was f i r s t i n s t a l l e d i t was f o u n d t h a t s p u r i o u s 

t r i g g e r s were i n d u c e d when t h e f l a s h tube h i g h v o l t a g e p u l s e was a p p l i e d . 

T h i s was t r a c e d t o d i r e c t r a d i a t e d p i c k - u p on t h e i n t e g r a t e d c i r c u i t i n p u t s s 

and was e l i m i n a t e d by f i l t e r i n g t h e h i g h f r e q u e n c y components . S ince the 

p i c k - u p c o n t a i n e d components o f a h i g h e r f r e q u e n c y t h a n t h e s i g n a l s ? t h e 

f i l t e r i n g d i d n o t a f f e c t the normal o p e r a t i o n o f the sys tem. 

However , i t was f o u n d t h a t t h e r e was s t i l l a l o w , b u t s i g n i f i c a n t , 

r a t e o f s p u r i o u s e v e n t s . These were caused by the f l a s h tube h i g h v o l t a g e 

p u l s e p r o d u c i n g s p u r i o u s n e u t r o n coun t s? w i t h i n t h e s e n s i t i v e t i m e o f t h e 

n e u t r o n ga t e $ t h r o u g h p i c k - u p on t h e anodes of t h e BF^ p r o p o r t i o n a l 

c o u n t e r s . The r a t e o f t h e s e e v e n t s was r educed t o zero by d e l a y i n g t h e 

o p e n i n g o f t h e n e u t r o n ga t e and m o d i f y i n g t h e t a k e - o f f c i r c u i t s o f t h e 

p r o p o r t i o n a l c o u n t e r s , t o t h a t shown i n f i g u r e 2 - 9 , t o reduce t h e amount 

o f p i c k - u p . 

The o p e r a t i o n o f t h e c o n t r o l , sys tem was t e s t e d by o p e r a t i n g t h e 

equ ipment w i t h o u t a p p l y i n g any h i g h v o l t a g e t o t h e p r o p o r t i o n a l c o u n t e r s 

i n t h e n e u t r o n m o n i t o r . Under t hese c o n d i t i o n s t h e r e shou ld be no n e u t r o n 

p u l s e s f r o m the n e u t r o n m o n i t o r 5 and any even t s r e c o r d e d w i l l be s p u r i o u s . 

The r a t e o f s p u r i o u s e v e n t s was r e g a r d e d as a c c e p t a b l e when t h e equ ipment 

had been o p e r a t e d i n t h i s way f o r 48 h o u r s w i t h o u t any even t s b e i n g r e c o r d e d . 
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2 . 6 . The E x t e n s i v e A i r Shower A r r a y 

A p l a n o f t h e e x t e n s i v e a i r shower (EAS) a r r a y , i n c l u d i n g the l o c a t i o n 

o f t h e s p e c t r o g r a p h , i s shown i n f i g u r e 2-2,3„ Water c'erenkov d e t e c t o r s 5 

s i m i l a r i n t y p e t o t h o s e used i n t h e B r i t i s h U n i v e r s i t i e s J o i n t A i r Shower 

A r r a y a t Haverah Park were used as p a r t i c l e d e t e c t o r s ( W i l s o n e t a l . », 1 9 6 3 ) . 

2 
Fou r d e t e c t o r s , each o f a rea 1.5 m and dep th 0 . 6 m , were used f o r t he 

i n i t i a l d e t e c t i o n and a n a l y s i s o f t h e EAS. E i g h t s m a l l e r d e t e c t o r s ? each 

2 

0 . 2 m i n area and 0 .6m d e e p , were a v a i l a b l e f o r r e f i n e m e n t o f t h e accu racy 

o f t h e l o c a t i o n o f t h e core o f t h e EAS. 

Because no e l e c t r o n i c r e j e c t i o n o f dense even t s was a p p l i e d , any NAPs 

i n EAS w i l l be d e t e c t e d by t h e " s i n g l e - p a r t i c l e " t r i g g e r used f o r t h e work 

on unaccompanied NAPs, and s o , i n o r d e r t o reduce the work l o a d j t h e 

EAS a r r a y was n o t o p e r a t e d d u r i n g most o f the work d e s c r i b e d i n t h i s t h e s i s « 

2 . 7 R e c o r d i n g o f I n f o r m a t i o n 

The p a r t i c l e t r a c k s i n t h e s p e c t r o g r a p h were r e c o r d e d on 35 mm I l f o r d 

HP4 f i l m u s i n g 2 Shackman a u t o m a t i c r e c o r d i n g cameras . T r a y s A l a r i d ! A 3 v : 

were.a.- r e c o r d e d on one camera and B 3 , B l , X I and X2 on t h e o t h e r . S ince 

t h e l i g h t f r o m ' a f l a s h t ube i s e m i t t e d o n l y i n t o a s m a l l s o l i d a n g l e s 

t h e f l a s h tube t r a y s must be v i e w e d by t h e cameras f r o m a l o n g d i s t a n c e . 

T h i s was a c h i e v e d by u s i n g a m i r r o r sys tem as shown i n f i g u r e 2 . 2 4 . The 

p a t h l e n g t h f o r l i g h t f r o m each o f the t r a y s i s g i v e n i n t a b l e 2 . 1 . 

TABLE 2 . 1 OPTICAL PATH. LENGTHS (FROM FLASH TUBE TRAYS 

TRAY PATH LENGTH ( F T l 

A l 24 
A3 25 
B3 23 
B l 22 
X I 24 
X2 26 

The p a t h - l e n g t h s a re a l l r a t h e r s i m i l a r and hence t h e images o f a l l 

t h e t r a y s were i n f o c u s vjhen a l e n s w i t h an a p e r t u r e o f f l . 9 was u s e d . 



Fig. 2 .23 The E.A.S. Array. 

M3 

SPECTROGRAPH 
• 

M2 y 

M4 
DJ 

MS 

D2 

O 
M8 N 

03 

M7 

6 

D I - D 4 1.5m2 

I -MS 0.2m 2 

5m 
_ j 

10m 



Fig. 2.24 The Optical System used in Photographic Recording. 
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The s h u t t e r s used were o f the Venetian b l i n d t y p e , mounted i n f r o n t 

o f t h e l e n s , o p e r a t e d by a s o l e n o i d and were f u l l y open 13 msecs a f t e r the 

d e t e c t i o n o f a n e u t r o n c o i n c i d e n c e . 

I n a d d i t i o n t o t h e f l a s h tube i n f o r m a t i o n , the m u l t i p l i c i t y o f n e u t r o n s 

d e t e c t e d i n each c o u n t e r was r e c o r d e d by each camera and B r i t i s h S t anda rd 

Time was r e c o r d e d by camera A ( f i g u r e 2 - 2 4 ) . -

The d e t e c t i o n t i m e s o f t h e n e u t r o n s were a l s o r e c o r d e d p h o t o g r a p h i c a l l y 

by a t h i r d camera (camera C) 

A l s o r e c o r d e d on each f r ame was an event number used t o a s s i s t i n 

c o r r e l a t i o n o f f r a m e s d u r i n g a n a l y s i s . 

2 . 8 F ^ & _ S M M & ± l S £ 

F o r t h e measurements o f the momentum, spec t r a o f unaccompanied p r o t o n s 

and p i o n s and t h e s t u d y o f t h e p r o d u c t i o n o f n e u t r o n s by muons s even t s 

were r e c o r d e d when t h e f o l l o w i n g c o n d i t i o n s had been s a t i s f i e d s -

a ) a GM c o u n t e r c o i n c i d e n c e o f t h e f o r m 

' (A + B + G) . ( D . E ) . F 

b ) a n e u t r o n d e t e c t e d i n t h e n e u t r o n m o n i t o r w i t h i n 45" t o jusecs 

o f t h e GM c o i n c i d e n c e . 

T h i s method o f o p e r a t i o n i s c a l l e d the " s i n g l e p a r t i c l e " mode. 

The average r a t e o f " s i n g l e p a r t i c l e " events was ~ 1 0 h r ^ and the 

f i l m was changed d a i l y , the equ ipment b e i n g s e r v i c e d a t the same t i m e . A t 

the b e g i n n i n g and end o f each f i l m t h e f r ame number, B r i t i s h S t a n d a r d Time 

and t h e c u r r e n t i n t h e magnet c o i l s were n o t e d . I n a d d i t i o n s a t the end 

o f each f i l m p e r i o d , t h e number o f GM c o u n t e r c o i n c i d e n c e s w h i c h had o c c u r r e d 

d u r i n g t h a t p e r i o d was n o t e d . A t t h e same t ime t h e c o u n t i n g r a t e s o f each 

o f t h e p r o p o r t i o n a l c o u n t e r s i n t h e n e u t r o n mon i to r , , and t h e GM c o u n t e r 

c o i n c i d e n c e s (A + B + C ) , ( D . E ) and F were checked , and c o r r e c t e d i f f o u n d 

t o be a b n o r m a l . T 0 c o r r e c t f o r any asymmet r ies i n t h e acceptance o f t h e 

s p e c t r o g r a p h as a f u n c t i o n o f t h e d e f l e c t i o n o f t h e p a r t i c l e , t h e m a g n e t i c 

f i e l d was r e v e r s e d a f t e r each f i l m * so t h a t the o n - t i m e w i t h each p o l a r i t y 

was a p p r o x i m a t e l y e q u a l . 
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The s p e c t r o g r a p h was o p e r a t e d i n t h i s way d u r i n g January and F e b r u a r y 

1971 f o r a t o t a l p e r i o d o f 986 .8 h o u r s . However, a l l o w a n c e must be made 

f o r t h e dead t i m e o f t h e e q u i p m e n t , e q u a l t o 2 » 1 sees per GM c o u n t e r 

c o i n c i d e n c e , and l o s s e s o f s e n s i t i v e t i m e due t o i n s t r u m e n t a l f a i l u r e . 

The e f f e c t i v e o n - t i m e o f t h e equipment was 1.56 x 10^ sees. D u r i n g t h i s 

p e r i o d 8 6 7 5 6 1 7 GM c o u n t e r c o i n c i d e n c e s were d e t e c t e d w h i c h gave 10 3 273 

" s i n g l e p a r t i c l e " t r i g g e r s . 
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C H A P T E R T H R E E 

ANALYSIS OF DATA 

3 . 1 . I n t r o d u c t i o n 

Us ing the a p p a r a t u s and t e c h n i q u e s d e s c r i b e d i n Ghap te r 2? the f o l l o w i n g 

da ta were a v a i l a b l e f o r each e v e n t r e c o r d e d by t h e s p e c t r o g r a p h s -

a ) B r i t i s h S t a n d a r d T i m e , : 

b ) t h e t r a c k s of p a r t i c l e s i n t h e s p e c t r o g r a p h , 

c ) t h e magn i tude and p o l a r i t y o f t h e magne t ic f i e l d , 

d ) t h e m u l t i p l i c i t y o f n e u t r o n s d e t e c t e d i n each, p r o p o r t i o n a l c o u n t e r 

i n t h e n e u t r o n m o n i t o r and t h e i r d e t e c t i o n t i m e s r e l a t i v e t o t h e 

GM c o u n t e r c o i n c i d e n c e s i g n a l 9 

and , e ) t h e t r a c k s o f any p a r t i c l e s w h i c h emerge f r o m t h e n e u t r o n m o n i t o r . 

T h i s i n f o r m a t i o n must be e x t r a c t e d f r o m t h e f i l m s and c o n v e r t e d t o a 

f o r m w h i c h can be a n a l y s e d c o n v e n i e n t l y t o p r o v i d e a n g u l a r d e f l e c t i o n s p e c t r a 

o f NAPs, f r o m w h i c h momentum s p e c t r a can be d e r i v e d . 

The d e f l e c t i o n o f a p a r t i c l e i s measured by r e c o n s t r u c t i n g i t s t r a c k 

t h r o u g h t h e s p e c t r o g r a p h t o g i v e i t s a r r i v a l d i r e c t i o n p r o j e c t e d on the 

measurement p lane of the ' s p e c t r o g r a p h and i t s ang le o f emergence f r o m t h e 

m a g n e t i c f i e l d . H a v i n g t h u s d e t e r m i n e d t h e a n g u l a r d e f l e c t i o n , a knowledge 

of t h e l a t e r a l p o s i t i o n o f the p a r t i c l e t r a c k i n the n e u t r o n m o n i t o r s t h e 

p o i n t o f d e t e c t i o n o f t h e n e u t r o n s and t h e s c a t t e r i n g o f s e c o n d a r i e s , i f a n y , 

emerg ing f r o m t h e n e u t r o n m o n i t o r l e a d s t o i d e n t i f i c a t i o n o f t h e t y p e o f 

p a r t i c l e . D e f l e c t i o n s p e c t r a o f NAPs can thus be o b t a i n e d . T h e n s assuming 

t h e r e a r e no a n t i p r o t o n s i n cosmic r a y s near sea l e v e l , and t h a t t h e momentum 

s p e c t r a o f p o s i t i v e and n e g a t i v e p i o n s a r e i d e n t i c a l , the momentum s p e c t r a 

o f p r o t o n s and p i o n s can be d e r i v e d * a l l o w i n g f o r Coulomb s c a t t e r i n g i n t h e 

m a t e r i a l o f t h e s p e c t r o g r a p h and e r r o r s of t r a c k l o c a t i o n . These s p e c t r a 

must t h e n ' b e c o r r e c t e d f o r l o s s e s due t o i n t e r a c t i o n s i n t h e m a t e r i a l o f the 

s p e c t r o g r a p h and i n e f f i c i e n c i e s i n t h e n e u t r o n m o n i t o r . Such p rocedu re s 

i n d i c a t e t h e shapes o f t h e momentum s p e c t r a and the r e l a t i v e i n t e n s i t i e s 

o f p r o t o n s and p i o n s , b u t do n o t g i v e t h e i r a b s o l u t e i n t e n s i t i e s . 

• 
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3 . 2 . E x t r a c t i o n o f Data 

3 . 2 . 1 I n i t i a l Scanning o f F i l m s 

The t h r e e f i l m s used t o r e c o r d t h e data were i n s p e c t e d , and t h e a v a i l a b l e 

i n f o r m a t i o n f r o m each e v e n t was n o t e d so t h a t i t was e a s i l y a c c e s s i b l e f o r 

f u r t h e r a n a l y s i s , ^he d a t a n o t e d w e r e : -

a ) t h e f r ame number and f i l m number , 

b ) B r i t i s h S t a n d a r d T i m e , 

, c ) t h e m u l t i p l i c i t y o f n e u t r o n s d e t e c t e d i n each c o u n t e r , 

d ) t h e number o f t r a c k s o b s e r v e d i n each f l a s h t u b e t r a y 3 

e ) whe the r t h e r e had been an i n t e r a c t i o n i n a momentum measurement 

f l a s h t u b e t r a y , 

and j . f ) t h e a r r i v a l t i m e s o f r e c o r d e d n e u t r o n s . 

I f t h e r e had been an i n t e r a c t i o n i n a f l a s h t u b e t r a y ? t h e even t was 

r e j e c t e d s i n c e t h e t r a c k o f t h e p a r t i c l e c o u l d n o t be a c c u r a t e l y r e c o n s t r u c t e d . 

I h e r e m a i n i n g e v e n t s were a s s i g n e d t o one of f o u r c a t e g o r i e s , based upon t h e 

number o f t r a c k s i n t h e momentum measurement t r a y s ? w h i c h weret-

( i ) Dense e v e n t s - e v e n t s w i t h many t r a c k s i n t h e s p e c t r o g r a p h such 

t h a t no t r a c k c o u l d be r e l i a b l y r e c o n s t r u c t e d and which were 

r e j e c t e d f o r t h e p r e s e n t a n a l y s i s , 

( i i ) "B V l e v e n t s - e v e n t s w i t h one comple te t r a c k . , i n t he s p e c t r o g r a p h , 

( i i i ) " F " e v e n t s - e v e n t s w i t h one comple te t r a c k , s u i t a b l e f o r a n a l y s i s , 

t o g e t h e r w i t h p a r t i a l t r a c k s i n ' o n e o r two a d j a c e n t momentum 

measurement I r a y s , 

( i v ) " E A S " e v e n t s ~ e v e n t s w i t h more t h a n one comple te t r a c k s some o r a l l 

o f wh ich c o u l d be r e c o n s t r u c t e d . These were d e s i g n a t e d "EAS" 

e v e n t s to d i s t i n g u i s h them f r o m the s i n g l e p a r t i c l e e v e n t s i n 

c a t e g o r i e s B and F . 

3 . 2 . 2 . E n u m e r a t i o n o f T r a c k s 

A f t e r i n i t i a l c l a s s i f i c a t i o n as i n § 3 . 2 . 1 t h e p a r t i c l e t r a c k s were 

r e c o n s t r u c t e d . I n o r d e r t o do s o , i t was necessary t o de te rmine 1 wh ich o f 

t h e neon f l a s h t u b e s had f l a s h e d t o d e l i n e a t e the p a r t i c l e t r a c k . Each 
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f l a s h t u b e . i n each l a y e r was i d e n t i f i e d by numbering and so any f l a s h e d t u b e 
c o u l d be i d e n t i f i e d o 

Those even t s w h i c h had o n l y one t r a c k i n each f l a s h tube t r a y c o u l d be 

enumera ted i m m e d i a t e l y , . Thus «> B and F even t s w h i c h had no more t h a n one t r a c k 

i n f l a s h t u b e t r a y X2 were enumera ted d i r e c t l y f r o m the f i l m . However s 'EAS' 

e v e n t s and B and F e v e n t s w i t h more t h a n one t r a c k i n X2 were more complex^ 

and had t o be c o n s i d e r e d f u r t h e r b e f o r e e n u m e r a t i o n and so p h o t o g r a p h i c 

p r i n t s were made o f t he e v e n t s f o r d e t a i l e d e x a m i n a t i o n . 

D i r e c t E n u m e r a t i o n 

The s t r a i g h t f o r w a r d e v e n t s were p r o j e c t e d by. a p h o t o g r a p h i c e n l a r g e r 

o n t o an u n d e r l a y on w h i c h t h e p o s i t i o n s o f the f l a s h tubes i n the s p e c t r o g r a p h 

t o g e t h e r w i t h t h e i r numbers were markfedi\- The t r a c k was enumerated by a l i g n i n g 

t h e u n d e r l a y w i t h f i d u c i a l marks so t h a t t he f l a s h e d tube numbers c o u l d be 

encoded on punched ca rds r e a d y f o r a n a l y s i s by a d i g i t a l computero 

E n u m e r a t i o n f r o m P r i n t s 

The p r i n t s o f t h e complex even t s were examined and t h e t r a c k s wh ich 

c o u l d be enumera ted were s e l e c t e d . These were t h e n enumerated f r o m the p r i n t s 

u s i n g a t r a n s p a r e n t o v e r l a y on w h i c h were marked the f i d u c i a l s and t h e 

p o s i t i o n s o f t h e t u b e s o f t h e s p e c t r o g r a p h . 

3 ,3 T r a c k F i t t i n g 

3 . 3 , 1 I n t r o d u c t i o n 

P r e v i o u s l y used methods o f t r a c k r e c o n s t r u c t i o n have i n v o l v e d t h e 

a d j u s t m e n t o f a c u r s o r o v e r a s ca l e model o f t h e f l a s h t u b e a r r a y (Hayman and 

W o l f e n d a l e ? 1 9 6 2 ) , o r t he use o f a computer t e c h n i q u e , e . g . B u l l e t a l , , 1962o 

The f o r m e r method s u f f e r s f r o m the d i s a d v a n t a g e s o f b e i n g s u b j e c t i v e and 

l i m i t e d i n a c c u r a c y by the p r e c i s i o n w i t h w h i c h t h e sca le model i s c o n s t r u c t e d . 

An even g r e a t e r drawback i n t h e p r e s e n t e x p e r i m e n t s i n v o l v i n g t h e a n a l y s i s 

o f 10 ,000 t r a c k s i s t h a t i t i s s l o w and l a b o r i o u s . Hence a computer method 

was d e v i s e d and used f o r t h e r e c o n s t r u c t i o n n o f t he p a r t i c l e t r a c k s . 

Most methods o f computer a n a l y s i s o f t r a c k s have u t i l i s e d a p r o b a b i l i t y 

f u n c t i o n P ( z ) w h i c h i s t h e p r o b a b i l i t y t h a t a t ube w i l l f l a s h ' when a p a r t i c l e 

t r a v e r s e s i t a d i s t a n c e z f r o m t h e c e n t r e . A l i n e was s e t up and the t o t a l 
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p robab i l i t y of .the observed pattern of flashed tubes occurring was calculated,, 

Various possible l ines wqre then t r i e d and that l ine which gave the highest 

p robabi l i ty wag regarded as the 'best estimate-' of the actual t ra jec tory of 

the p a r t i c l e . However, i t was found that the 'best estimate' track was 

sensitive to the form of the probabi l i ty funct ion used in.the analysis 

{Orford 1968), and th i s p robab i l i ty function,was not well known. In view of 

these disadvantages a computer t r a c k - f i t t i n g method was devised which, i t was 

consideredj would give the best simulation of the hand analysis method. 

For e,ach l ine t r i e d a'3-stage c r i t e r i o n was appliedJ -

a).Does the l ine miss fewer flashed tubes than the previous 'best estimate", 

'-. b) I f the number of missed flashed tubes is the same as f o r the previous 

. 'best es t imate ' , then, i s the path-length i n non-flashed tubes 

. .' less than f o r the previous 'best estimate', 

c) I f the path-length i n non-flashed tubes equals that fo r the previous 

'best es t imate ' , i s the path length in flashed tubes greater than 

i n the previous 'best estimate' . 

3,3.2 Sompu^er Track F i t t i n g Programme 

A s imp l i f i ed f low chart f o r the computer programme used f o r the analysis 

of the pa r t i c l e tracks is given i n f igure 3 -1 . 

An i n i t i a l estimate of the partic&e t ra jec tory must be made to use as 

a s ta r t ing point f o r the l ines which are to be t r i e d i n the analysis part 

of the programme. A legst-squares f i t i s performed on the co-ordinates of 

the centres of the.f lashed tubes. The l ine which th is gives i s then used 

to f i n d the gap between tubes i n those layers with no flashed tubes which 

i s nearest,to the proposed t r a j ec to ry . A l ine is then f i t t e d to the centres 

of the flashed tubes and the gaps using the method of Gauss. This analysis 

gives the i n c l i n a t i o n of the l ine to the ve r t i ca l and the l a t e ra l 

point (RQP) at which i t intersects a horizontal plane midway between the 

two.trays of f lash tubes.- The number of ignored flashed tubes ( l I G ) s the 

path^length i n non-flashed tubes (BMIN) and- the path-length i n flashed 

tubes (BMAX) are then evaluated f o r a set of l ines with a matrix of angles, 
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Fig. 3 3 A Histogram of the Angular Difference 
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E, and l a t e r a l pos i t ions , R, symmetrically arranged'around ^ p and R^p. Lines 

up to '^£p + 0 .5° and R p̂ + 0.4 cms. were t r i e d using angular steps of 0.05° 

and l a t e r a l steps of 0.04 cms. Using the c r i t e r i a outlined i n §3 .3 .1 , , the 

"best track" i s selected and i t s angle, ^gp ? a n c * l a t e r a l positions Rgpj 

are stored.. This process is carried out on the track i n both arms of the 

spectrograph. 

This f low chart assumes only one f lash tube has flashed i n each layer» 

but the programme can handle a l imi ted number of layers with more than one 

flashed tube. Tracks using a l l possible combinations of tubes are t r i e d 

i n turn and the 'best t rack ' fo r each combination is selected. The 'best 

t racks ' are then compared and the 'best -track' is chosen. A maximum of 9 

combinations can be so evaluated. 

Having estimated the 'best t rack ' f o r each hal f of the spectrograph 

independently, various parameters, some of which indicate the acceptabi l i ty 

of the 'best t rack ' (see §3 .3 .4 ) and others which are needed f o r the la ter 

der ivat ion of the momentum spectra (§3.6) can be calculated. The l a t t e r are 

a) the angular d e f l e c t i o n , tup , 

b) the approximate impact point of the 'best track' on the neutron 

monitor. For the purposes of t h i s measurement the neutron 

monitor i s s p l i t up, at the level of the top of the inner 

moderators, into 80 cel ls and the ce l l i n which the 'best 

t rack ' impacts is calculated. 

c) the momentum, p , corresponding to a deflect ion,A^ , i n the 

magnetic f i e l d (no allowance being made fo r Coulomb scattering 

or errors of track loca t ion ) , 

d) the apparent charge of the p a r t i c l e . 

On completion of the analysis of the track i n the spectrograph, 

any t rack , i n t ray X2 (see §2 .2 .2c ) i s analysed. Since the accuracy 

required from th i s f l a sh tube t ray i s not as great as fo r the spectrograph, 

the.analysis carried out i s confined to a least-squares f i t to the 

flashed tubes, leading to estimates of the co-ordinates of the centre-of-

gravi ty of the flashed tubes and the angle of inc l ina t ion of the track 
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to the v e r t i c a l . 

3.3.3 Tests of V a l i d i t y of Procedure 

The r e l i a b i l i t y of the computer t r a c k - f i t t i n g programme was checked 

i n the fo l lowing wayss-

a) computer f i t t e d events were compared with the results of hand 

analysis of the same events - 200 comparisons i n a l l being made, 

b) a r t i f i c i a l tracks with known angles and la te ra l positions were 

generated and the results of f i t t i n g by the computer programme 

compared with the known parameters, 

c) a momentum spectrum of comsic ray muons was measured and compared 

with the previous measurements. 

a ) Comparison, with Hand Analysis 

Scale drawings (2/3 actual size) of each half of the spectrograph 

were constructed and used to give estimates of the t ra jec tory of a 

pa r t i c l e (the "hand analysis" method), F i gu re 3-2 shows a plot of ip 
c 

( from the computer analysis) against tjl ^ (^Bp from the hand analysis) 

and f igure 3-3 is a histogram of \ip | « ^ c a n ^ seen that there 

is good agreement between the t r a j ec to r i e s selected by the computer 

programme and the hand analysis. Hence, i f hand analysis gives a good 

estimate of the t r a j e c t o r y , then so w i l l the computer analysis. 

b) A r t i f i c i a l Events 

Events were generated by posi t ioning a l ine randomly on the two trays 

of f l a sh tubes i n an arm of the spectrograph and then determining through 

which f l a sh tubes the l ine passed. For each tube the probabi l i ty of f lashing 

was then determined using a probabi l i ty func t ion , and a random number between 

0 and 1 was generated. I f the random number was less, than the probabi l i ty 

of f lashing then the tube was considered to have flashed. The events generated 

i n t h i s way were chen analysed by the computer programme and the resul t ing 

"best tracks" compared with the known t r a j ec to r i e s . I t has been shown that 

the precise form of the probabi l i ty funct ion i s not important when generating 

tracks i n th i s way and 3 d i f f e r e n t forms of the function were considered. In 
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each case the r .m.s. angular difference between the actual a r t i f i c i a l track 

and the besttrack selected by the computer was < 0 .1° . . 

c) The Measured .Muon Momentum Spectrum 

About 1000 events were recorded by the spectrograph when triggered solely 

by a GM counter coincidence (A+B+C), (D0E)„ F (see Chapter 2.)o These events 

were predominantly unassociated muons which were analysed i n the same way as 

the "single pa r t i c.les"» A value of apparent momentum was determined f o r each 

event and the resul t ing in tegra l momentum spectrum is shown i n f igure 3.»45 

where i t i s compared with the muon spectrum of A l l k o f e r . e t a l . 9 1971. The two 

spectra are a r b i t r a r i l y normalised at a momentum of .1 GeV/c s and no corrections 

f o r scattering and instrumental errors have been applied to the present 

spectrum. I t can be seen that the agreement is good up to ""30 GeV/c? 

indicat ing that the present instrument and analysis techniques may be r e l i ab ly 

used up to t h i s value without any corrections and to higher momenta i f the 

appropriate, allowance i s made f o r scattering effects.. 

3«,3„4 Checks of .the V a l i d i t y of Computed Particle Tracks 

When an event had been analysed by the .computers various tests were 

applied to the track to check whether a sat isfactory "best estimate" of the 

t r a j ec to ry had been obtained. Poor resul ts can be produced through errors 

i n the enumeration of the track j or through problems in the subsequent 

analysis... The human errors were usually incorrect enumeration of flashed 

tubes or the f a i l u r e to note a flashed tube from the f i l m record. 

•̂ he fo l lowing parameters of the track were computed and used i n 

checks of i t s acceptabi l i tys-

a) the number of ignored flashed tubes ( I I G ) ? 

b) the "e f f i c i ency" of the t rack» defined as the path-length i n 

flashed tubes as a percentage of the t o t a l , path-length i n 

the neon gas of f l a sh tubes 9 BMx/(BMAX + | BMIN j ) , 

c) the l a t e r a l positions 9 yQ and y^ s, of the intersection point of the 

upper and lower t racks ? respectively 9 with the horizontal 

plane through the centre of the magnet air-gap and the i r 
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differences A (= y^ - y ) . 

d) the intersect ion points of the appropriate tracks with the various 

GM counter t rays . 

I f tubes were incor rec t ly enumerated., i t was impossible to f i t a 

s t ra igh t l ine through a l l the flashed tubes and hence tes t a ) , together 

wi th tes t (b) would indicate such mistakes. Missed, and ignored, flashed 

tubes would be indicated by test (b) since the path-length i n non-flashed 

tubes would be increased and the; path-length in flashed tubes decreased 

wi th respect to the i r values f o r the correctly enumerated event and so 

the e f f i c i e n c y would be noticeably reduced. Figure 3-5 is a histogram of 

the e f f i c i e n c y obtained with good t racks , and on the basis of th i s 

information tracks having e f f i c i e n c y less than 70% were fur ther scrutinised. 

•'•he remaining t e s t s , (c) and (d),detect other poor track reconstructions.. 

The simple theory of the propagation of a charged par t ic le through the 

magnetic f i e l d i n the spectrograph indicates that the value ofA obtained 

f o r - a l l events should be zero. However, scattering i n the material of the 

spectrograph and instrumental errors w i l l mean that f i n i t e , but small , values 

of A w i l l be obtained fo r most events andthe actual d i s t r i bu t i on obtained 

is given i n f igure 3-6. Erroneous analysis w i l l give rise to larger than 

normal values of A f o r tracks which can be detected and re-examined. 

To have tr iggered the spectrograph the par t ic le must have passed 

through a l l the GM counter t r ays , and so any track which, apparently, 

does not do so must be f a u l t y andNwill be detected by tes t (d) . 

Any event which f a i l e d any of these tests was automatically re -

enumerated. I f the enumeration was found to be d i f f e r e n t the event was 

re-analysed by the computer and fu r the r checks made. For those events 

s t i l l f a u l t y on one or more c r i t e r i a , f o r which the enumeration was found 

to be correct , the tracks were examined closely to see i f any reason f o r 

the poor f i t could be found. Correctly enumerated tracks which were found 

to ignore one flashed tube were accepted since they may be expected to 

arise from knock-on electrons which cause tubes to f lash which are near, 



Fig 3 . 5 Distribution in Efficiency of Reconstructed Tracks 

SOT 

4 5 t 

40f 

35-

25A 

20-

15-

JO

S' 

J 

ru 

n J O . 
6 0 40 5 0 7 0 8 0 

Efficiency ( % ) 
9 0 



Distribution of the Lateral Separation in 
the Mid Plane of the Magnet of Sncident 
and Emergent Particle Trajectories 

2 3 4 5 
Lateral Separation ; A (cms) 

6 



38 

but not ons the par t i c le t r a j ec to ry . The only events which remained unexplained 

were a few with comparatively large values of A and these were taken to be the 

extreme t a i l of the d i s t r i b u t i o n of A , and accepted i n the analysis. 

3.4. I d e n t i f i c a t i o n of Part ic les 

3 . 4 . 1 . Introduct ion 

Assuming there are no anti-protons i n the cosmic radia t ion at sea l e v e l 5 

there are four categories of par t i c le which are expected to be recorded by the 

present equipments-

a) nuclear-active par t ic les consisting of protons and posit ive and 

negative pions, 

b) low energy negative muons which stop i n the neutron monitor and 

are captured by Pb-nuclei to produce a response, 

c) muons which have produced a response i n the neutron monitor through 

a photo-nuclear i n t e r ac t i on , 

d) cosmic ray par t ic les (predominantly muons) i n accidental coincidence 

with a neutron recorded by the neutron monitor, 

^sing the data obtained from the f i l m records and that deduced from the 

pa r t i c l e track analysis , each event may be i den t i f i ed as belonging to one 

of these four categories. 

The data available f o r use i n i d e n t i f i c a t i o n ares-

( i ) the impact point on the neutron monitor of the pa r t i c l e ; 

( i i ) the magnetic de f lec t ion of the par t ic le which leads to estimates 

of the momentum and charge; 

( i i i ) the locat ion of the neutrons detected i n the neutron monitor; 

and ( i v ) the number and locat ion of any par t ic les emerging from the 

neutron monitor. 

The momentum of muons which would traverse the neutron monitor?average 

thickness 264 g., cm™2, i s 0..45 GeV/c .(Joseph 9 1969). Thus9 i f a l l events 

with a.measured momentum < lGeV/c are re jec ted , the low energy negative 

muons w i l l be much reduced. The l i m i t of 1 GeV/c allows f o r errors i n 

momentum measurement due to scattering i n the spectrograph.. S i m i l a r l y 3 
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any pa r t i c l e which has a measured momentum > 1 GeV/c and is absorbed i n 
the neutron monitor can be i d e n t i f i e d as an NAP. 

As stated e a r l i e r , i t was expected' that the evaporation neutrons 

produced by an in terac t ion would be detected close to the point of production, 

and that t h i s property could be useful i n iden t i fy ing pa r t i c l e . The point -Of 

impact of the track on the neutron monitor at the level of the top of the 

inner moderator was calculated. The number of 2 cm. ce l l s between th is point 

and the centre of the nearest counter which had detected a neutron was then 

estimated. I f the distance were>15 cel ls (see § 3 . 4 . 2 ) , and i f there were 

a t rack emerging from the neutron monitor, the par t ic le was said to be an 

accidental muon. I f there were no track underneath the monitor the event 

was rejected and a correction fo r the events lest i n th i s way was applied, 

l a t e r . In t h i s way the events with no track i n f lash tube tray X2 were 

i d e n t i f i e d and someiof the accidental muons were eliminated. 

There w i l l , however, be muons which have impact distances <15 c e l l s , 

and also NAPs which have tracks i n X2. These were separated using the 

scat ter ing of the par t ic les i n the neutron monitor. From the f lash tube 

data i n trays B3 and B l , the expected posi t ion of the par t ic le i n the X2 

t r a y , i n the absence of the material of the neutron monitor, can be predicted. 

Also the approximate thickness of lead traversed by the par t ic le can be 

estimated and, using the estimated momentum of the p a r t i c l e , the r .m.s. 

Coulomb scat ter ing, o" , can be predicted, assuming the par t ic le to be a. muon. 

The pos i t ion of the pa r t i c le i n X2 is known and so the actual amount of 

scat ter , S, can be compared wither^.. I f s > 8(r^(see §3 .4 .3 fo r the 

j u s t i f i c a t i o n of th is l i m i t ) then the par t i c le was i d e n t i f i e d as an NAP, 

wh i l e , i f s < 8(T the pa r t i c l e was said to be a muon. Hence the NAPs 

were selected from the t o t a l events and d is t r ibu t ions of the measured 

def lec t ion f o r positive and negative par t ic les were compiled. 

Those events In which the predicted, posit ion of the par t ic le i n the 

X2 f lash tube tray was close to the gap between the two trays which 

consti tute X2, -l and" there was no v i s i b l e track i n th is t r a y , were 



40 

rejected and the necessary correction was applied to the data. 

3.4.2. Impact C r i t e r i o n 

The evaporation neutrons emitted by an excited nucleus are characterised 

by an isot ropic angular d i s t r i b u t i o n and ah energy spectrum which i s peaked 

around a few MeV (Hatton? 1971). Neglecting scattering i n the lead since the 

cross-section fo r e las t ic scattering of 2 MeV neutrons is ~ l barn and the 

angular scattering d i s t r i b u t i o n is peaked i n the forward direction 5 > 

and assuming that neutrons are detected by the counter i n the moderator 

on which they are inc iden t s i t can be seen that the majori ty of evaporation 

neutrons w i l l be detected i n the nearest counters since th is counter subtends 

the largest so l id angle at the excited nucleus. Hence i t i s expected that 

the major i ty of the evaporation neutrons w i l l be detected close to the point 

of production. 

The neutron -monitor was divided into 80 c e l l s 5 of approximate width 2- cmss 

and the c e l l upon which the 'besttrack' impacts was calculated. Then the 

number of cel ls from th i s point to the centre of the nearest counter uni t 

which, had detected a neutron was estimated and called the impact distance., 

Figure 3-7 shows the d i s t r i b u t i o n of impact distances obtained f o r a l l the 

analysed events. Superimposed on t h i s d i s t r i b u t i o n is the d i s t r i bu t ion which 

would be expected i f a l l the events were muons i n accidental coincidence 

with a background counting rate uniform across the neutron monitor. As 

suggested these d i s t r ibu t ions indicate that the evaporation neutrons are 

indeed detected close to t h e i r production point . 

Figure 3-8 shows the d i s t r i b u t i o n of impact distances fo r events which 

can be d i r e c t l y i d e n t i f i e d as NAPs. These are the events with measured 

momentum > 1 GeV/c and no secondaries emerging from the neutron monitor. 

On the same f igure the expected' d i s t r i b u t i o n of impact distances 9 calculated 

ander the above assumptions? is drawn. The s i m i l a r i t y of the d i s t r ibu t ions 

indicates that the assumptions are not unreasonable» 

From these results an impact distance of <15 cells was considered 

necessary f o r the par t ic le to be i d e n t i f i e d as an NAP, and fo r the necessary 
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c o r r e c t i o n t o be o f l i m i t e d e f f e c t . 

3 . 4 . 3 S c a t t e r i n g o f P a r t i c l e s i n t he N e u t r o n M o n i t o r 

To i d e n t i f y t hose e v e n t s w h i c h have one o r more p a r t i c l e s emerging 

f r o m the n e u t r o n m o n i t o r , and w h i c h have i m p a c t d i s t a n c e s < 15 c e l l s , the 

d i f f e r e n t s c a t t e r i n g i n the n e u t r o n m o n i t o r expec ted f o r NAPs and muons 

i s u s e d . The e v e n t s w h i c h c o n s t i t u t e t h i s groujjs.' may be a c c i d e n t a l muonss 

i n t e r a c t i n g muons o r NAPs. 

I n an i n e l a s t i c p r o t o n - P b n u c l e u s i n t e r a c t i o n t h e s u r v i v i n g nuc l eon 

r e t a i n s ~ 0 . 5 o f t h e i n c i d e n t ene rgy and so w i l l be t h e most e n e r g e t i c 

emergent p a r t i c l e . Assuming t h e d i s t r i b u t i o n o f t r a v e r s e momentum o f a l l 

t y p e s o f p a r t i c l e t o be t h e same ,the s u r v i v i n g nuc l eon w i l l be s c a t t e r e d 

t h e l e a s t . S o , i n t h o s e e v e n t s w h i c h had more than one t r a c k benea th t h e 

n e u t r o n m o n i t o r , t h e t r a c k w h i c h was c l o s e s t t o the p r e d i c t e d p o s i t i o n was 

measured and used i n i d e n t i f i c a t i o n p r o c e d u r e s . 

Ihe method o f c a l c u l a t i o n o f the s c a t t e r i n g i s i n d i c a t e d i n f i g u r e 

3 - 9 . The " a c t u a l p o s i t i o n " o f t he p a r t i c l e i s t aken t o be the c e n t r e - o f -

g r a v i t y o f t he f l a s h e d t u b e s i n t h e X2 f l a s h tube t r a y , and t h e p e r p e n d i c u l a r 

d i s t a n c e f r o m t h i s p o i n t t o t h e " b e s t t r a c k " f o u n d f o r the l o w e r h a l f o f t h e 

s p e c t r o g r a p h i s c o n s i d e r e d t o be t h e s c a t t e r , S, Knowing t h e ang le and 

l a t e r a l p o s i t i o n o f t h e s p e c t r o g r a p h t r a c k t h e amount o f l e a d t r a v e r s e d 

by t h e p a r t i c l e can be a p p r o x i m a t e l y c a l c u l a t e d and hence , u s i n g the measured 

v a l u e o f momentum, p , i n G e V / c , t he r . m . s . p r o j e c t e d ang le o f Coulomb s c a t t e r 

can be c a l c u l a t e d f r o m 

0~c = 15.x 10" ' 3 x 

where e i s t he ene rgy l o s s p e r r a d i a t i o n l e n g t h f o r muons ( t a k e n as 0 » 0 0 8 

G e v / r a d n t l e n g t h ) , i s t h e v e l o c i t y o f t h e p a r t i c l e i n t e rms o f t he 

v e l o c i t y o f l i g h t , assuming the p a r t i c l e t o be a muon 9 and x i s t h e 

t h i c k n e s s o f l e a d t r a v e r s e d i n r a d i a t i o n l e n g t h s . . The measured v a l u e o f 

momentum i s t h a t f o u n d by a p p l y i n g t h e s i m p l e t h e o r y o f t h e m o t i o n o f a 

cha rged p a r t i c l e i n a m a g n e t i c f i e l d , n e g l e c t i n g s c a t t e r i n g and i n s t r u m e n t a l 

n o i s e , and i s g i v e n by 
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P = 4 ~ G e V / c 

where K = 2.95 f o r t h i s s p e c t r o g r a p h . 

H a v i n g f o u n d e r - , t he d i s t a n c e r a l o n g t h e p r e d i c t e d p a r t i c l e t r a g k t o 
c 

the p r e d i c t e d p o s i t i o n i n X2 i s f o u n d and t h e n the r . m . s v a l u e o f s c a t t e r * 

0 j i s f o u n d f r o m 
y 

cr y = r c r c cms. 

The a c c i d e n t a l muons w i l l have undergone o n l y Coulomb s c a t t e r i n g i n t h e 

m a t e r i a l o f t h e n e u t r o n m o n i t o r and so 94% o f them shou ld have t h e emergent 

t r a c k w i t h i n 2cr o f the e x p e c t e d p o s i t i o n . Since the c r o s s - s e c t i o n f o r 

n u c l e a r i n t e r a c t i o n s o f muons f a l l s r a p i d l y w i t h i n c r e a s i n g four-momentum 

t r a n s f e r s q u a r e d , t h e a n g u l a r s c a t t e r i n g o f i n t e r a c t i n g muons w i l l be s m a l l 

a l s o . obse rved d i s t r i b u t i o n of t h e s c a t t e r i n g s expressed i n t e rms o f 

0"y i s shown i n f i g u r e 3 - 1 0 . I t appears t h a t the data i n t h i s f i g u r e a re 

d rawn f r o m two p o u l a t i o n s a n d , i n v i e w o f t h e expec ted s m a l l s c a t t e r o f 

muons j t hose e v e n t s w i t h l a r g e s c a t t e r were c o n s i d e r e d t o be NAPs. The 

l i m i t i n g v a l u e - o f s c a t t e r was a r b i t r a r i l y chosen., f r o m the d i s t r i b u t i o n s 

t o be 8 cr . Thus p a r t i c l e s w i t h v a l u e s o f s c a t t e r > 8 cr were i d e n t i f i e d 
y y 

as NAPs. 

S ince the measurement o f t h e - s c a t t e r i s madeina p l a n e , t h e r e w i l l be 

e r r o r s i n t r o d u c e d due t o t h e p r o j e c t e d s c a t t e r i n g o f an NAP b e i n g l e s s 

t h a n t h e 80"̂  l i m i t . However , f r o m f i g u r e 3 - 1 0 , t he number o f NAPs w h i c h 

w i l l be i n c o r r e c t l y i d e n t i f i e d w i l l be s m a l l and can be e s t i m a t e d , and 

t h u s a c o r r e c t i o n may be a p p l i e d . 

I t s h o u l d be n o t e d t h a t i n i n e l a s t i c p i a n - Pb nuc leus i n t e r a c t i o n s 

t h e i n c i d e n t p a r t i c l e i s n o t known t o s u r v i v e and so t h e a n a l y s i s o f t h e 

l e a s t s c a t t e r e d t r a c k i s n o t j u s t i f i e d o However , the t e c h n i q u e w i l l l e a d 

t o t he r e j e c t i o n o f some genuine p i o n e v e n t s r a t h e r t h a n t h e acceptance 

o f muon e v e n t s so t h a t t h e p i o n momentum spec t rum w i l l be u n d e r e s t i m a t e d 

i n t h e U g h momentum r e g i o n . S ince t h e number o f such e v e n t s may be 

e x p e c t e d t o be s m a l l , t h e e r r o r i n t h e spec t rum due t o t h i s cause w i l l 

be s m a l l a l s o and has been n e g l e c t e d i n t h e p r e s e n t w o r k . 
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3.^4.4 Summary 

A f l o w d i a g r a m o f t h e p r o c e d u r e used t o i d e n t i f y t h e e v e n t s i s g i v e n 

i n f i g u r e 3 - l l 0 

T a b l e 3 - 1 g i v e s a summary o f t he p r o p o r t i o n s o f each t y p e o f even t 

w h i c h 'was c o l l e c t e d by t h e ' s i n g l e p a r t i c l e ' mode o f s p e c t r o g r a p h 

t r i g g e r i n g . 

TYPE % 

Dense 15 

•HAS' < 1 

Momentum < 1 GeV/c 22 

NAP 22 

R e j e c t 6 

Muon 15 

I n t e r a c t i o n i n F l a s h 
Tube T r a y 

19 

3 . 5 . E s t i m a t i o n o f Measurement Noise ' 

3 . 5 . 1 . I n t r o d u c t i o n 

When a v e r t i c a l p a r t i c l e 9 o f momentum p s passe's t h r o u g h t h e s p e c t r o g r a p h 

i t i s d e f l e c t e d t h r o u g h an ang le A</f by t h e magnet ic f i e l d s where 

m p 

H o w e v e r j on t r a v e r s i n g the m a t e r i a l o f t h e s p e c t r o g r a p h 9 t h e p a r t i c l e , 

i s s c a t t e r e d by c o l l i s i o n s i w i t h n u c l e i a n d 9 when t h e t r a c k i s r e c o n s t r u c t e d } 

a random e r r o r i s made i n e s t i m a t i n g t h e a n g l e of t h e ' b e s t f i t ' » assumed 

t o be n o r m a l l y d i s t r i b u t e d about t h e a c t u a l t r a j e c t o r y . Thus? i n g e n e r a l s 

t he a c t u a l measured d e f l e c t i o n s £ ^ 9 w i l l n o t equa l hp m b u t a beam o f 
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v e r t i c a l p a r t i c l e s s o f momentum p , w i l l g i v e a d i s t r i b u t i o n o f measured 

d e f l e c t i o n s such t h a t 

_ ( ^ A ( K a ) 2 

P ( ^ ) dA^ - —1— e • d M> 

where P(A</0dA^ i s t h e p r o b a b i l i t y o f o b s e r v i n g a d e f l e c t i o n A^ t o A^ + 

d Aif • The s t a n d a r d d e v i a t i o n , o* j o f t h i s d i s t r i b u t i o n i s g i v e n by 

tr 2 = o-2 + <r T

2 . 
c T 

<r i s t h e r»m0<5o v a l u e o f s c a t t e r i n g due to c o l l i s i o n s w i t h n u c l e i 9 

g i v e n by <r - 0 . 1 4 8 iyfx/ p/3 where x i s the t h i c k n e s s o f m a t e r i a l t r a v e r s e d 

i n r a d i a t i o n l e n g t h s and /3 i s the v e l o c i t y o f the p a r t i c l e i n t e rms o f t h e 

v e l o c i t y o f l i g h t s and 0" i s the r .m.So v a l u e o f t h e e r r o r due t o t r a c k 

r e c o n s t r u c t i o n and i s a cons tan t , , I t can be seen t h a t ? as p i n c r e a s e s , Ai/f 

and o~ decrease so t h a t , t h e d i s t r i b u t i o n o f d e f l e c t i o n s becomes e f f e c t i v e l y c 1 

i n d e p e n d e n t o f p and t h e a c c u r a c y o f t he momentum measurement dec reases . The 

e f f e c t o f t he d i s t r i b u t i o n o f d e f l e c t i o n s can be a l l o w e d f o r i n t h e a n a l y s i s 

p r o c e d u r e (see § 3 . 6 ) b u t , i n o r d e r t o do so c o r r e c t l y , and t o e x t e n d t h e 

measurements t o as l a r g e a v a l u e o f momentum as p o s s i b l e , t h e v a l u e o f (Tj 

must be s m a l l and a c c u r a t e l y known-

I n o r d e r t o reduce o~j t o a l o w v a l u e the neon f l a s h t u b e s were a c c u r a t e 

l o c a t e d andO"^. was measured i n t h r e e independen t wayss-

( a ) The d i s t r i b u t i o n o f t h e l a t e r a l s e p a r a t i o n o f t he i n t e r s e c t i o n 

o f t h e two h a l v e s o f a t r a c k w i t h the h o r i z o n t a l p l a n e t h r o u g h 

the c e n t r e o f t h e magnet was measured , 

( b ) The d i s t r i b u t i o n o f d e f l e c t i o n s o f p a r t i c l e s p a s s i n g t h r o u g h 

t h e s p e c t r o g r a p h w i t h zero m a g n e t i c f i e l d was measured^ 

( c ) The momentum s p e c t r u m o f unaccompanied cosmic r a y muons was 

measured. 



The f l a s h t u b e s i n each l a y e r o f t h e f o u r momentum measurement t r a y s 

were s u p p o r t e d a t t h e i r ends i n a c c u r a t e l y machined d u r a l u m i n supports .* 

A sample o f t h e s u p p o r t s was measured a c c u r a t e l y u s i n g a t r a v e l l i n g mic roscope 

and t h e h o r i z o n t a l p i t c h o f the f l a s h t u b e s was f o u n d t o 1.907 + ' 0 o 0 0 8 cms. 

W i t h t h e f l a s h t u b e t r a y s i n p o s i t i o n t h e d i s t a n c e f r o m a key p o i n t 

on each s u p p o r t t o an a r b i t r a r i l y d e f i n e d p lane p a r a l l e l t o t he l i n e s o f 

m a g n e t i c f l u x was measured u s i n g a t e l e s c o p e mounted on a t r a v e l l i n g microscope 

s t a n d . From e s t i m a t e s o f t h e a c c u r a c y o f t he se measurements t h e v a l u e o f 

CTj was e x p e c t e d t o be " K ) . l ° . 

3 . 5 . 3 . J j j e j y i ^ t x ^ ;j,n the M i d - p l a n e 

o f t h e S p e c t r o g r a p h 

2 
I t i s shown i n t h e a p p e n d i x t h a t a g raph of g- 9 t he mean square v a l u e 

o f the l a t e r a l s e p a r a t i o n o f t h e upper and l o w e r t r a c k s i n t h e m i d - p l a n e o f 

2 
^he s p e c t r o g r a p h , a g a i n s t | A ^ / | where Ai// i s t he magne t i c d e f l e c t i o n o f t he 

: 2 
p a r t i c l e s s h o u l d be a s t r a i g h t l i n e w i t h an i n t e r c e p t on t h e o ^ - a x i s 

2 2. 2 p r o p o r t i o n a l t o v~ w h e : r e < r T ' i s t h e i n s t r u m e n t a l n o i s e . Butcr was i i ^ 

e v a l u a t e d f o r a s m a l l range o f v a l u e s o f A ^ and so \&p\ ^ was p l o t t e d 

and t h e g r a p h i s g iven, i n f i g u r e 3 - 1 2 . F i g u r e 3-13 i s t h e d i s t r i b u t i o n i n A 

f o r |A<^[ < 0 . 5 ' ' when the i n s t r u m e n t a l n o i s e shou ld be d o m i n a n t } and i t can 

be seen t h a t t he d i s t r i b u t i o n i s c l o s e l y g a u s s i a n . From f i g u r e 3 - 1 2 0 " n 

was f o u n d t o be 0 . 1 7 ° + 0 . 0 2 ° w h i c h g i v e s an e r r o r on A ^ due t o i n s t r u m e n t a l 

n o i s e c r T > o f 0 . 2 4 ° + 0 . 0 3 ° . 

3 . 5 . 4 . The Z e r o - f i e l d Run. 

I f t he s p e c t r o g r a p h i s o p e r a t e d w i t h o u t a magnet ic f i e l d and i s used 

t o d e t e c t u n a s s o c i a t e d muons i n t h e cosmic r a y beam? a l l the t r a c k s s h o u l d 

have z e r o d e f l e c t i o n . However , due t o s c a t t e r i n g i n t h e m a t e r i a l o f t h e 

s p e c t r o g r a p h and e r r o r s due t o i n s t r u m e n t a l n o i s e ? an even t w i l l n o t , i n 

g e n e r a l s have ze ro d e f l e c t i o n , and t h e d i s t r i b u t i o n of d e f l e c t i o p , A ^ 9 w i l l 

be g i v e n by 
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f S ( p ) P(p9^) d&p dp 
f ( A ^ ) d&tp =-- D 

S ( p ) dp 

where S ( p ) dp i s t h e momentum spec t rum o f u n a s s o c i a t e d cosmic r a y muons and 

P(p>A(//)dA^ i s t h e p r o b a b i l i t y o f a muon, o f momentum p P b e i n g obse rved 

t o have a d e f l e c t i o n A ^ , and 

1 2 ° " 2 ( p ) 
P ( p 9 A ^ ) d A ^ = • — — e dA(^ 

( T ( p ) / 2 i r 

0~(p) i s g i v e n by 

cr2 (P) = \ + <r2 

where K / p 2 i s due t o s c a t t e r i n g i n t h e m a t e r i a l o f t h e s p e c t r o g r a p h and (Tj 

i s the s t a n d a r d d e v i a t i o n o f t h e d i s t r i b u t i o n due t o measurement n o i s e 9 

assumed t o be normals 

Thus f (&ip) d&ijj s h o u l d be a normal d i s t r i b u t i o n w i t h a s t a n d a r d 

d e v i a t i o n , <r , » q i v e n by 
Ayy 

2 t r a 

| ' ° ° [ s ( p ) a" ( p ) ^ 2 dpo 

% = [ f ° S ( P ) d p } 
P o 

and f o r t h i s i n s t r u m e n t u s i n g t h e momentum spec t rum o f muons g i v e n by 

Hayman and W o l f e n d a l e (1962) 

0 _ 2 = 4 .46 1 0 " 5 + O d 7 8 
T 

w i t h o~. , 3 0~t measured i n r a d i a n s . 
Aip T 

The d i s t r i b u t i o n o b t a i n e d f r o m 238 muons i s g i v e n i n f i g u r e 3 -14 and 

can be seen t o be c l o s e l y n o r m a l . The v a l u e f o r cr found isg- - 0 o 3 ° + 0 „ 3 C 

T T 
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3 . 5 . 5 . The S i n g l e Muon Momentum S p e c t r u m ° 

The momentum s p e c t r u m o f u n a s s o c i a t e d cosmic r a y muons measured w i t h t h e 

p r e s e n t s p e c t r o g r a p h i s g i v e n i n f i g u r e 3 -4 where i t i s compared w i t h t h e 

s p e c t r u m o f A l l k o f e r e t a l . , 1 9 7 1 . I t can be seen tha t , t h e s p e c t r a agree 

i n shape up t o a momentum o f ~ 30 GeV/c w i t h no c o r r e c t i o n s a p p l i e d t o t h e 

p r e s e n t d a t a . T h i s i n d i c a t e s t h a t t h i s s p e c t r o g r a p h can be used3 w i t h o u t 

a p p l y i n g c o r r e c t i o n s , t o a c c u r a t e l y measure t h e momentum o f i n d i v i d u a l p a r t i c l e s 

up t o t h i s v a l u e , c o r r e s p o n d i n g t o a d e f l e c t i o n o f 0 . 1 ° , and so the measurement 

n o i s e must be l e s s t h a n 0 , . 0 7 ° . 

C o n s i d e r i n g the a c c u r a c y o f each o f t he se e s t i m a t e s o f t h e measurement 

n o i s e i t was d e c i d e d t h a t t h e v a l u e o b t a i n e d f r o m the d i s t r i b u t i o n s o f t h e 

l a t e r a l s e p e r a t i o n o f t h e t r a c k s i n the m i d - p l a n e o f t h e magnet gave the 

b e s t v a l u e and so t h e n o i s e was t a k e n t o be 0 . 2 4 ° + 0 . 0 3 ° . 

3 . 6 . D e r i v a t i o n o f t h e Momentum S p e c t r a 

3 . 6 . 1 . I n t r o d u c t i o n 

A l l t h e i n f o r m a t i o n c o n c e r n i n g momentum o f NAPs o b t a i n e d i n t h i s 

e x p e r i m e n t i s r e d u c e d t o two d e f l e c t i o n d i s t r i b u t i o n s s one f o r p o s i t i v e 

NAPs and one f o r n e g a t i v e NAPs. S o , i t i s p o s s i b l e t o d e r i v e t h e momentum 

s p e c t r a and i n t e n s i t i e s o f two t y p e s o f p a r t i c l e . The NAPs w h i c h m i g h t 

e x i s t i n cosmic r a y s near sea l e v e l a re n u c l e o n s , a n t i - n u c l e o n s , p i o n s and 

k a o n s . The r e l a t i v e y i e l d o f kaons t o p i o n s i n p r o t o n c o l l i s i o n s a t 70' GeV 

i s ~ 0 . 1 ( A n t i p o v e t a l . ,1971) and t h e kaon l i f e t i m e i s a p p r o x i m a t e l y h a l f 

t h a t o f t h e p i o n , and so the number o f kaons i n cosmic r a y s a t sea l e v e l 

w i l l be n e g l i g b l e compared w i t h t h e number o f p i o n s . A l s o , t h e y i e l d o f 

a n t i - p r o t o n s a t 70 GeV i s ~2% o f t h a t o f p i o n s , ( a l t h o u g h r e c e n t ev idence 

i n d i c a t e s t h a t t h i s y i S l d i n c r e a s e s w i t h e n e r g y to«*»15% a t 1500 GeV)< so 

t h a t t h e number o f a n t i - p r o t o n s s h o u l d be s m a l l , and t h e r e i s v e r y l i t t l e 

e v i d e n c e t o d a t e f o r t he e x i s t e n c e o f a n t i - p r o t o n s i n cosmic r a y s near sea 

l e v e l . Hence i t i s assumed t h a t t h e p a r t i c l e s d e t e c t e d i n the p r e s e n t 

e x p e r i m e n t a r e p r o t o n s and p o s i t i v e o r n e g a t i v e p i o n s . I t i s a l s o assumed 

t h a t , s i n c e a l l p i o n s a r e p roduced i n the a tmosphe re , the s p e c t r a o f p o s i t i v e 

and n e g a t i v e pions, a re i d e n t i c a l . W i t h t he se assumpt ions i t i s p o s s i b l e 
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t o d e r i v e the momentum s p e c t r a o f p r o t o n s and n e g a t i v e p ions i n cosmic r a y s 
a t g round, l e v e l s 

3 , 6 . 2 . S e p a r a t i o n o f S p e c t r a o f Proto;ns and Pions 

L e t K S ( p ) d p , K + S _ + ( p ) d p 9 . K « ,S ( p ) dp be the momentum s p e c t r a 
£ ^ I I I f I I I f 

o f p r o t o n s } p o s t i v e p i o n s and n e g a t i v e p i o n s r e s p e c t i v e l y . Then t h e obse rved 

d e f l e c t i o n s p e c t r a f o r p o s i t i v e p a r t i c l e s ? N + ( / ^ ) d^p , and n e g a t i v e p a r t i c l e s 

N_ (&p) d&J/ w i l l be 

N + ) d = ^ K p S p ( p ) W p (p )dp c&p 

+ / i + v ( p ) v ( p ^ ) d p 

f l ^ - ^ . ^ P ^ - ^ P ^ d p d ^ 

and N_Gty) dA(f/ - / K S (p)W ( p , A ^ ) d p dA^ 
j> P P P 

+ j f<K r i .? 7 r + (p)W 7 r + (p 3 A^)dp dA f̂r 

+ / , K S (p)W (psAiZr) dp 6M) J o ir~ ir~ IT•" R R 

where W ^ C p ^ ) and W k (p 5 A</0 a r e t h e p r o b a b i l i t i e s o f a p a r t i c l e o f t y p e k ? 

o f momentum p , g i v i n g a measured d e f l e c t i o n A ^ w i t h the c o r r e c t and i n c o r r e c t 

c h a r g e , r e s p e c t i v e l y . B u t we assume ~ = K^. 

and s ^ + ( p ) d P ^ S (p)dp = S (p) dp 

f o r a l l p . 

Then 
/DO 

N + (A(/ /) d&<p = i K

p S p ( p ) W p ( p ? A ^ ) dp d A ^ 

.00 

N j A ^ ) d&tp - I K S ( p ) I ( p 4 ) dp d A ^ 
Jo P P P 

00 

K 7 S w . ( p ) [ w ( p , A ^ + W (p,^)"] dp d A ^ / 

S u b t r a c t i n g 

and 
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-00 
£ N + ( A I / / ) - N _ ( A t f / ) ] o V t y = J o K p S p ( p ) [ w p ( p £ A ( / / ) - W P ( P S A ^ , ) ] dp 6&<p 

w h i c h , when c o n v e r t e d t o a h i s t o g r a m , i s 

[ N + ( A ^ A ^ ) - N j A ^ ~ > A f . ) ] = j J K p S p ( p ) [ w p ( p ^ ) - W p ( p ^ ) ] dp d A ^ 

o K p S p ( p ) d P y WpCps^O <&<p - J W p ( p < A ^ dAt^J 

T h i s can be s o l v e d f o r S ( p ) dp* 

T h e n , s u b s t i t u t i o n f o r S ( p ) d p i n e i t h e r N + o r N_ g i v e s S ( p ) d p w i t h 

t h e i n t e n s i t i e s n o r m a l i s e d t o one a n o t h e r , b u t no t a b s o l u t e l y . 

3 . 6 . 3 . The W e i g h t i n g F a c t o r s 

The f u n c t i o n s 

W k (p <»Ai//) dA^ and J WR (p dA^ 

A ^ i 

must be e v a l u a t e d f o r p r o t o n s and p i o n s i n o r d e r t o d e r i v e t h e momentum 

s p e c t r a . 

They a r e g i v e n by 

W k ( p ^ ) dA^, = j [ I kfyo&i>) B k ( ^ ) C k ^ o ) D(jZf o ) P k ( P 3 ^ ^ o ^ ) 

A f / g °̂ ̂ ° Â j d0o d0 o (3.6.1) 

y/here J W k ( p jA(//)dA^ and J W ^ P a A ^ d A ^ are g i v e n by i n t e g r a t i n g 

f r o m A < / ^ ± |A(^ • | t o A ^ N ± | A < ^ |and £ty . = + |A0 J t o A ^ -

+ [• A r e s p e c t i v e l y . 

A ( ^ q J A ^ ) i s t h e p r o b a b i l i t y teta p a r t i c l e i n c i d e n t ± a p r o j e c t e d 

a n g l e ijj w i l l be d e f l e c t e d t h r o u g h and accep ted assuming t h e n e u t r o n 

m o n i t o r t o be u n i f o r m and n e g l e c t i n g t h e gap i n t h e X2 f l a s h t ube t r a y Q 

B k ( ^ / Q ) i s the d i s t r i b u t i o n i n ^ f o r the p a r t i c l e t y p e k 

jtf i s t h e a n g l e o f i n c i d e n c e i n a p l a n e p e r p e n d i c u l a r t o t h e m e a s u r i n g 

p l a n e o f t he s p e c t r o g r a p h and ) i s "the d i s t r i b u t i o n o f f o r p a r t i c l e 

t y p e k . 
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D ( ^ o ) i s t h e p r o b a b i l i t y o f a p a r t i c l e i n c i d e n t a t $ being- acceptedo 

P^Cp) ipo> t>Q ) i s t he p r o b a b i l i t y t h a t a p a r t i c l e o f t y p e k and 

momentum p i n c i d e n t a t a n g l e s tpo, $ q w i l l be d e f l e c t e d t h r o u g h an angle 

E q u a t i o n 3 . 6 . 1 was e v a l u a t e d n u m e r i c a l l y and t h e n i n t e g r a t e d over t h e 

a p p r o p r i a t e v a l u e s o f Ai^ t o g i v e t h e r e q u i r e d h i s tograms. . 

3 . 6 . 4 . D e r i v a t i o n o f S p e c t r a l Shapes f o r P r o t o n s and P ions 

The momentum s p e c t r a a r e d e r i v e d u s i n g t h e method d e s c r i b e d by O r f o r d 

(1968) i n w h i c h an a r b i t r a r y momentum s p e c t r u m , S ( p ) dp? i s t a k e n as s t a r t i n g 

p o i n t . T h i s s p e c t r u m i s c o n v e r t e d t o a d e f l e c t i o n spec t rum u s i n g t h e 

a p p r o p r i a t e c o m b i n a t i o n o f w e i g h t i n g f a c t o r s and i s t h e n m o d i f i e d u s i n g t h e 

c o m p a r i s o n between t h e p r e d i c t e d and o b s e r v e d d e f l e c t i o n s p e c t r a such t h a t 

S . + i ( p ) d p = S j [ S > > W ( p A ^ . ) M ^ . ) / N . ^ . f l d p , 

where W ( p A ^ ) i s t he a p p r o p r i a t e combined w e i g h t i n g f a c t o r , 

M(A</^) i s t h e obse rved d e f l e c t i o n spec t rum 

N.(A(/y.) i s t h e d e f l e c t i o n spec t rum p r e d i c t e d f r o m 3 i , 

S . ( p ) d p , g i v e n by / S . ( p ) W ( p ^ j . ) d p and i s n o r m a l i s e d t o M ( ^ „ ) 0 

2 

T h i s p roces s i s c a r r i e d o u t u n t i l t h e va lue o f x f o u n d by 

c o m p a r i n g t h e p r e d i c t e d and obse rved d i s t r i b u t i o n s changed by l e s s t h a n 

1% be tween two s u c c e s s i v e i t e r a t i o n s . The b e s t f i t d e f l e c t i o n d i s t r i b u t i o n s 

o b t a i n e d a r e shown i n f i g u r e s 4 - 1 and 4-3 where t h e y can be compared w i t h 

t h e o b s e r v e d d i s t r i b u t i o n s . 

The d i f f e r e n t i a l momentum spec t rum was t h e n i n t e g r a t e d and s t a t i s t i c a l 

e r r o r s added t o each p o i n t o f t he i n t e g r a l spec t rum. Then e s t i m a t e s of t h e 

s t e e p e s t and f l a t t e s t a c c e p t a b l e i n t e g r a l spec t r a were drawn t h r o u g h the 

p o i n t s . The i n t e n s i t i e s o f t hese l i m i t i n g s p e c t r a were t h e n e s t i m a t e d 

and each s p e c t r u m was d i f f e r e n t i a t e d n u m e r i c a l l y t o g i v e the upper and l o w e r 

l i m i t s o f t h e d i f f e r e n t i a l i n t e n s i t i e s f o u n d above, 

3 . 6 . 5 . C o r r e c t i o n s t o B a s i c Data 

C o r r e c t i o n s were a p p l i e d t o t h e b a s i c d a t a t o a l l o w f o r t he f o l l o w i n g 
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e r r o r s : -

( a ) Losses due t o i n c o r r e c t i d e n t i f i c a t i o n o f NAPs as muons caused by 

t h e l i m i t a p p l i e d t o t h e s c a t t e r i n g c r i t e r i o n s 

( b ) Loss o f genuine NAPs i n w h i c h t h e t r a c k i n the l o w e r h a l f o f t h e 

s p e c t r o g r a p h w o u l d have passed between t h e 2 t r a y s o f f l a s h 

t u b e s benea th the n e u t r o n m o n i t o r and wh ich had no o b s e r v a b l e 

t r a c k i n t hese t r a y s 0 

( c ) Loss o f genu ine NAPs w h i c h had an impact d i s t a n c e g r e a t e r t h a n 

the a r b i t r a r y l i m i t a p p l i e d . 

( d ) The i d e n t i f i c a t i o n o f s l o w n e g a t i v e muonsj w h i c h g i v e r i s e t o 

a n e u t r o n c o i n c i d e n c e ? as h a v i n g a momentum > 1 GeV/c r e s u l t i n g 

f r o m s c a t t e r i n g i n t h e m a t e r i a l o f the s p e c t r o g r a p h . 

( e ) The l o s s o f e v e n t s t h r o u g h t h e r e j e c t i o n o f t r a c k s w i t h 3 o r 

i 

f e w e r t u b e s i n a momentum measurement f l a s h tube t r a y s i n c e 

t hese wou ld n o t p r o v i d e a r e l i a b l e t r a c k r e c o n s t r u c t i o n . 

( f ) The l o s s o f genuine unaccompanied NAPs w h i c h had been c l a s s e d 

as ' F ' e v e n t s . (See § 3 . 2 o l - ) « 

The c o r r e c t i o n s f o r each o f t h e above c a t e g o r i e s were made as f o l l o w s ? -

( a ) From a compar i son o f the s c a t t e r i n g d i s t r i b u t i o n o f a l l t h e " B " 

even t s w i t h t h a t o f muons an e s t i m a t e o f the number o f NAPs 

w h i c h were r e j e c t e d was made. 

( b ) The impac t d i s t a n c e d i s t r i b u t i o n f o r the r e j e c t e d even t s was 

compared w i t h the d i s t r i b u t i o n expec ted i f a l l these even t s 

had been a c c i d e n t a l . There was f o u n d t o be an excess o f obse rved 

e v e n t s a t s m a l l i m p a c t d i s t a n c e s . These even t s were r e g a r d e d 

as NAPs and t h e i r number was added t o t h e A ^ d i s t r i b u t i o n s . 

( c ) From t h e t h e o r e t i c a l i m p a c t d i s t a n c e d i s t r i b u t i o n t h e number o f 

genu ine NAPs w i t h i m p a c t d i s t a n c e > 15 was e s t i m a t e d and added 

t o t he o b s e r v e d A ^ ' d i s t r i b u t i o n s . 

( d ) The number o f s t o p p i n g n e g a t i v e muons which p roduced a d e t e c t e d 

n e u t r o n was c a l c u l a t e d and t h e n t h e f r a c t i o n o f these w h i c h 
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w o u l d be s c a t t e r e d so t h a t t h e measured momentum was >I |GeV/c was 
e s t i m a t e d . These were s u b t r a c t e d f r o m t h e A ^ d i s t r i b u t i o n o f 
n e g a t i v e p a r t i c l e s w i t h no secondary emerg ing f r o m t h e n e u t r o n 
m o n i t o r . 

( e ) The number o f e v e n t s w h i c h had been r e j e c t e d t h r o u g h h a v i n g o n l y 

. 3 j o r f e w e r , t u b e s i n a f l a s h t ube t r a y was f o u n d . Assuming t h a t 

t h e p r o p o r t i o n s o f t h e v a r i o u s t y p e s o f p a r t i c l e were t h e same 

w i t h i n t h i s g r o u p as w i t h i n a l l t he d a t a 9 t he number o f NAPs 

w h i c h had been l o s t was e s t i m a t e d and added t o t h e A ^ d i s t r i b u t i o n s . 

( f ) I t was t h o u g h t t h a t t h e F even t s were caused by u n a s s o c i a t e d cosmic 

r a y p a r t i c l e s p a s s i n g t h r o u g h p a r t of t h e s p e c t r o g r a p h d u r i n g t h e 

s e n s i t i v e t i m e o f t h e neon f l a s h tubes w h i c h was q u i t e l o n g owing 

t o t h e m u l t i p l e p u l s i n g t e c h n i q u e . Hence t h e s p e c t r o g r a p h was 

t r i g g e r e d r a n d o m l y and the number o f t r a c k s w h i c h were seen was 

c o u n t e d . T h i s l e d t o an. e s t i m a t e o f the pe rcen tage o f t r i g g e r s 

w h i c h shou ld have had an u n a s s o c i a t e d t r a c k v i s i b l e i n t h e 

s p e c t r o g r a p h . S i n c e t h i s f i g u r e and the f r a c t i o n o f a l l t h e 

da ta w h i c h were c l a s s e d as " F " - e v e n t s were s i m i l a r w i t h i n 

e x p e r i m e n t a l e r r o r 9 i t was c o n s i d e r e d t h a t a l l t h e " F " - e v e n t s 

were caused by t h i s mechanism and so were t r e a t e d i n the same 

manner as t he r e s t o f t he d a t a . These events were a n a l y s e d 

and added t o t h e NAP d i s t r i b u t i o n s b e f o r e t h e above c o r r e c t i o n s <> 

a - e 5 were a p p l i e d . 

F i g u r e 3-15 g i v e s t h e f i n a l A ^ d i s t r i b u t i o n s f o r p o s i t i v e and n e g a t i v e 

p a r t i c l e s , a f t e r a p p l i c a t i o n o f t h e above c o r r e c t i o n s . 

3 . 6 . 6 , C o r r e c t i o n s t o S p e c t r a l Shape 

The method o f d e r i v i n g t h e s p e c t r a l shape 9 d e s c r i b e d i n §3«6 .4 j__ l eads 

t o a s e t o f v a l u e s o f the i n t e n s i t y a t a p a r t i c u l a r momentum. However , t h e r e 

a r e momentum dependent c o r r e c t i o n s w h i c h must be a p p l i e d t o the s p e c t r u m j 

and so these a re e s t i m a t e d f o r t h e a p p r o p r i a t e momentum va lueso 



Fkj 3.15 The Distribution in Angular Deflection for Positive GHQ 
Negative EvjAPs af ter Correction of the Basic Data. 
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Errcos a r e made i n mea su rdng t h e s p e c t r a due t o 

( a ) l o s s o f e v e n t s due t o i n t e r a c t i o n s i n the s p e c t r o g r a p h s 

( b ) l o s s o f e v e n t s due t o the l o w e f f i c i e n c y o f t h e n e u t r o n m o n i t o r s 

( c ) l o s s o f e v e n t s due t o t h e t r a n s p a r e n c y o f t h e n e u t r o n m o n i t o r . 

( a ) I n t e r a c t i o n s i n t h e S p e c t r o g r a p h 

E v e n t s w h i c h c o u l d be i d e n t i f i e d as i n t e r a c t i o n s i n t h e m a t e r i a l o f t h e 

s p e c t r o g r a p h were r e j e c t e d s a n d , s i n c e the p r o b a b i l i t y o f i n t e r a c t i o n i s 

momentum-dependents t h e c o r r e c t i o n f o r t h e s e losses i s a p p l i e d t o t h e d e r i v e d 

momentum s p e c t r u m . The p r o b a b i l i t y o f p a r t i c l e s t r a v e r s i n g the s p e c t r o g r a p h 

w i t h o u t i n t e r a c t i n g was c a l c u l a t e d as a f u n c t i o n o f momentum and p a r t i c l e 

t y p e and i s shown i n f i g u r e 3 - 1 6 . Bo th e l e c t r o m a g n e t i c and n u c l e a r i n t e r a c t i o n s 

were i n c l u d e d i n t h i s c a l c u l a t i o n . 

( b ) N e u t r o n M o n i t o r E f f i c i e n c y 

I t has been shown t h a t j i f t h e m u l t i p l i c i t y spec t rum o f e v a p o r a t i o n 

n e u t r o n s p r o d u c e d i n an i n t e r a c t i o n o f a g i v e n energy f o l l o w s a s i n g l e 

e x p o n e n t i a l law? t h e n the p r o b a b i l i t y o f d e t e c t i n g no n e u t r o n s i s g i v e n 

by l / m 5 where m i s t he average number o f d e t e c t e d n e u t r o n s . Thus t h e 

c o r r e c t i o n t o be a p p l i e d t o t h e s p e c t r a l shape i s m / ( m ~ l ) where m i s a 

f u n c t i o n o f momentum. From the o b s e r v a t i o n s f o r NAPs the v a r i a t i o n o f ' 

m w i t h momentum was f o u n d and so t h e c o r r e c t i o n f a c t o r c o u l d be d e r i v e d 

f o r t h e r e q u i r e d v a l u e s o f momentum. T h i s c o r r e c t i o n i s i ndependen t o f 

t h e v a l u e o f e f f i c i e n c y o f t h e n e u t r o n m o n i t o r and so no a t t e m p t was made 

t o measure the e f f i c i e n c y . 

( c ) T r a n s p a r e n c y o f N e u t r o n M o n i t o r 

I n o rde r t o be d e t e c t e d by t h e n e u t r o n m o n i t o r a p a r t i c l e must undergo 

a n u c l e a r i n t e r a c t i o n i n the l e a d t a r g e t o f t h e m o n i t o r . The p r o b a b i l i t y 

o f such i n t e r a c t i o n i s a f u n c t i o n o f momentum and was e s t i m a t e d f o r a t a r g e t 

-2 

o f t h i c k n e s s 268 g cm ' and t h e v a r i a t i o n o f t he t o t a l i n t e r a c t i o n c r o s s -

s e c t i o n g i v e n by G . i a c o m e l i i 9 1970. 

These t h r e e c o r r e c t i o n f a c t o r s a r e combined t o g i v e the t o t a l c o r r e c t i o n 

f a c t o r as a f u n c t i o n o f momentum g i v e n i n f i g u r e 3~17„ 
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3 , 6 . 7 . N o r m a l i s a t i o n 

The a n a l y s i s p r o c e d u r e d e s c r i b e d above y i e l d s t h e shapes o f t h e momentum 

s p e c t r a o f p r o t o n s and n e g a t i v e p i o n s a t g round l e v e l t o g e t h e r w i t h t h e i r 

r e l a t i v e i n t e n s i t i e s , b u t does n o t g i v e the a b s o l u t e i n t e n s i t i e s * I n o r d e r 

t o o b t a i n t h e a b s o l u t e i n t e n s i t i e s the accep tance o f t he s p e c t r o g r a p h must be 

e v a l u a t e d a c c u r a t e l y , . T h i s i s a d i f f i c u l t t a s k s i n c e GM c o u n t e r s were used 

and t h e e f f e c t i v e s i z e o f each GM c o u n t e r must be measured. I t was t h u s 

d e c i d e d t o n o r m a l i s e t h e s p e c t r a t o t h e a b s o l u t e i n t e n s i t y o f t h e muon spec t rum 

a v a i l a b l e f r o m o t h e r measurements . 

When t h e muon momentum spec t rum was measured u s i n g the p r e s e n t equipment 

t h e number o f e v e n t s w i t h a measured momentum g r e a t e r t h a n lGeV/c was r e c o r d e d 9 

t o g e t h e r w i t h t he o n - t i m e o f t he e q u i p m e n t . The acceptance o f t h e ins t rument ; 

c a n be e s t i m a t e d f r o m t he se f i g u r e s and t h e assumed i n t e n s i t y o f muons o f 

momentum g r e a t e r t h a n 1 GeV/c t a k e n t o be t h a t g i v e n by A l l k o f e r e t a l . 5 

2 

1 9 7 1 . The accep tance o f t h e s p e c t r o g r a p h was f o u n d t o be 52 c m ' s t e r . 

Then u s i n g t h i s f i g u r e t o g e t h e r w i t h t h e known s e n s i t i v e t i m e o f t he 

equ ipment ( l . 5 6 x 10^ sees) the a b s o l u t e i n t e n s i t i e s c o u l d be e s t i m a t e d -
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C H A P T E R F O U R 

NUCLEAR-ACTIVE PARTICLES NEAR SEA LEVEL 

4 . 1 . U n a c c o m p a n i e d , N u c l e a r - a c t i v e P a r t i c l e s 

4 . 1 . 1 . I n t r o d u c t i o n 

Many o f the p r e v i o u s measurements o f t h e i n t e n s i t i e s o f p r o t o n s i n t h e 

'cosmic r a d i a t i o n a t o r near sea l e v e l have been c o n f i n e d t o momenta below 

1 GeV/c ( e . g . O g i l v i e > 1 9 5 5 , F i l t h u t h , 1955 , McDiarmidp 1959) u s i n g a t e c h n i q u e 

i n w h i c h NAPs were r e c o g n i s e d by t h e i r a b s o r p t i o n i n l o c a l a b s o r b e r s . T h i s 

t e c h n i q u e was a l s o used by M y l r o i and W i l s o h S 1 9 5 1 9 Who ex tended t h e i r . ' • 

measurements t o a momentum o f about 10 GeV/c . However P as p o i n t e d o u t by 

Brooke and W o l f e n d a l e , 1 9 6 4 5 t h e p r o b a b i l i t y o f secondary p a r t i c l e s 

p e n e t r a t i n g t h e ab so rbe r becomes l a r g e a t h i g h e n e r g i e s , making t h i s t e c h n i q u e 

i n c r e a s i n g l y u n r e l i a b l e . T h i s d i f f i c u l t y can be a v o i d e d i f t h e i n t e r a c t i o n s 

o f t h e NAPs a r e o b s e r v e d as done by Pak and G r e i s e n , 1962 9 who used a 

m u l t i - p l a t e c l o u d chamber t o g i v e a measurement a t ~ 2 0 GeV/c? w h i l e Brooke 

and W o l f e n d a l e , 1 9 6 4 , i d e n t i f i e d NAPs t h r o u g h the p r o d u c t i o n o f e v a p o r a t i o n 

n e u t r o n s , t o complement t h e i r measurements u s i n g the a b s o r p t i o n t e c h n i q u e 

a t l o w e n e r g i e s . Thus the o n l y measurements comparable t o t h e p r e s e n t 

da ta a r e t h o s e o f M y l r o i and W i l s o n s 1 9 5 1 , Pak and G r e i s e n , 1962 , and 

Brooke and W o i f e n d a l e 1964« 

The s o l e measurement, o f p i o n s i n t h e cosmic r a d i a t i o n near sea l e v e l 

i s t h a t o f Brooke e t a l » , 1 9 6 4 b s u s i n g the same t echn ique as Brooke and 

W o l f e n d a l e , 1 9 6 4 , f o r the p r o t o n measurement; an e s t i m a t e o f t h e p i o n 

t o p r o t o n r a t i o a t m o u n t a i n a l t i t u d e has been made by Subramanian? 1962. 

4 . 1 . 2 The Momentum Spec t rum o f Unaccompanied Pro tons near Sea L e v e l 

F i g u r e 4 - 1 shows the d i s t r i b u t i o n o f d e f l e c t i o n o f p r o t o n s f o u n d i n 

t h e p r e s e n t e x p e r i m e n t and d e r i v e d by s u b t r a c t i n g t h e d i s t r i b u t i o n f o r 

n e g a t i v e NAPs f r o m t h a t f o r p o s i t i v e NAPs as d e s c r i b e d i n §3„6.2<> A l s o 

on t h i s d i a g r a m i s t h e p r e d i c t e d d e f l e c t i o n d i s t r i b u t i o n o b t a i n e d f r o m 

t h e b e s t f i t momentum spc ::i 'n;m f o u n d us i r ,g ' t e t e c h n i q u e d e s c r i b e d i n § 3 , 6 . 4 . 
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T h i s momentum s p e c t r u m i s shown i n f i g u r e 4 -2 where i t i s compared w i t h 'the 
d a t a o f Brooke and W o l f e n d a i e 9 . 1 9 6 4 . I t shou ld be n o t e d t h a t t h e p r e v i o u s 
measurements as p r e s e n t e d he re were n o r m a l i s e d t o t h e 1 GeV/c muon i n t e n s i t y 
o f R o s s i j 1 9 4 8 , whereas the p r e s e n t da t a were n o r m a l i s e d t o the i n t e n s i t y 
g i v e n by A l l k o f e r e t a l . , 1 9 7 1 „ w h i c h i s abou t 20% g r e a t e r . Hence 9 f o r more 
r e a l i s t i c c o m p a r i s o n , t h e p o i n t s o f Brooke and W o l f e n d a i e s h o u l d be i n c r e a s e d 
by ~20?o. However j t h e r e i s r e a s o n a b l e agreement between the two measurements 
a l t h o u g h a somewhat d i f f e r e n t s p e c t r a l shape f r o m the power l aw w h i c h can be 
f i t t e d t o t h e da ta o f Brooke and W o l f e n d a l e 3 i s t o be p r e f e r r e d f o r t h e 
p r e s e n t d a t a . The c u r v e t h r o u g h the p r e s e n t p o i n t s was drawn by eye and 
does n o t r e p r e s e n t a m a t h e m a t i c a l f i t t o t he d a t a . 
4 . 1 . 3 The Momentum Spec t rum o f Unaccompanied Picas, near Sea L e y e l 

The d e f l e c t i o n d i s t r i b u t i o n f o r n e g a t i v e p ions o b t a i n e d i n t h e p r e s e n t 

e x p e r i m e n t , a f t e r a l l o w a n c e has been made f o r p r o t o n s wh ich have been s c a t t e r e d 

t o appear n e g a t i v e l y c h a r g e d , i s shown i n f i g u r e 4-3 and compared w i t h t h e 

d i s t r i b u t i o n p r e d i c t e d f r o m the b e s t - f i t momentum s p e c t r u m . T h i s momentum 

s p e c t r u m i s p r e s e n t e d i n f i g u r e 4 - 4 and i t i s compared w i t h t he da ta o f 

Brooke e't a 1 . ,1964b* where t h e n e g a t i v e p i o n i n t e n s i t i e s were o b t a i n e d by 

h a l v i n g t h e p u b l i s h e d cha rged p i o n i n t e n s i t i e s . A g a i n the a b s o l u t e 

i n t e n s i t i e s o f Brooke e t a l . . S ; 1964 b , and t h e p r e s e n t work were o b t a i n e d by 

n o r m a l i z a t i o n w i t h t he a b s o l u t e muon i n t e n s i t i e s quo ted by R o s s i , 1948 , 

and A l l k o f e r e t a l . s 1 9 7 1 s r e s p e c t i v e l y . 

The shapes o f t h e two s p e c t r a a re v e r y s i m i l a r bu t the i n t e n s i t i e s 

o b t a i n e d f r o m t h e p r e s e n t work are s y s t e m a t i c a l l y a f a c t o r o f up t o 2 

h i g h e r t h a n t h o s e o f Brooke e t a l , , P a r t o f t h i s d i s c r e p a n c y can be a t t r i b u t e d 

t o t i e d i f f e r e n t n o r m a l i z a t i o n b u t t h e r e w i l l s t i l l r ema in a d i s c r e p a n c y o f 

more t h a n a f a c t o r o f 1..5. 

I n the p r e s e n t e x p e r i m e n t s g r e a t care has been t a k e n i n t h e s e l e c t i o n 

o f t h e e v e n t s and i n c o r r e c t i n g f o r v a r i o u s p o s s i b l e sources o f e r r o r 9 e . g . 

t h e s c a t t e r i n g o f low e n e r g y n e g a t i v e muons d e t e c t e d by the n e u t r o n m o n i t o r 
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Fig 4.4 The Differential Momentum Spectrum of EMegative Pions 
in th<s Cosmic Ray Beam near Sea Level. 
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t o appear t o have momentum > 1 Gev/c and t h e s c a t t e r i n g o f p o s i t i v e 
n u c l e a r - a c t i v e p a r t i c l e s so t h a t t h e y appear to be n e g a t i v e l y charged* 
However , even when these c o r r e c t i o n s have been a p p l i e d t h e a p p a r e n t l y 
s i g n i f i c a n t d i s c r e p a n c y be tween t h e two s e t s of data remains u n e x p l a i n e d * 
4 . 2 . N u c l e a r A c t i v e P a r t i c l e s i n E x t e n s i v e A i r Showers 
4 . 2 . 1 . I n t r o d u c t i o n 

The s t u d y o f n u c l e a r - a c t i v e p a r t i c l e s (NAPs) i n e x t e n s i v e a i r showers 

(EAS) de s c r i b e d h e r e c o m p r i s e d two p a r t s s -

1 ) T h a t u n d e r t a k e n w i t h t h e o r i g i n a l s p e c t r o g r a p h and n e u t r o n m o n i t o r 

and u s i n g t h e a r r a y o f w a t e r Cerenkov d e t e c t o r s as EAS s e l e c t o r s * 

T h i s was r e p o r t e d by Hook e t a l . 1970„ 

2 ) T h a t u n d e r t a k e n c o n c u r r e n t l y w i t h t h e work on unaccompanied NAPs, 

as d e s c r i b e d a b o v e , by e x a m i n i n g those events w h i c h c o n t a i n e d mere 

t h a n one comple t e t r a c k i n t h e v i s u a l d e t e c t o r s o f t h e s p e c t r o g r a p h . 

4 . 2 . 2 The E a r l y Work 

4 . 2 . 2 ( i ) The Exper imenta jL Techn ique , 

The equ ipment used i n t h i s s e c t i o n o f t he work was d i f f e r e n t f r o m t h a t 

d e s c r i b e d i n C h a p t e r 2 i n t h r e e m a j o r r e s p e c t s s -

a ) t h e w a l l o f b a r y t e s c o n c r e t e b r i c k s was no t i n s t a l l e d a round t h r e e 

s i d e s o f t h e l o w e r p a r t o f t h e s p e c t r o g r a p h , 

b ) t h e r e were no v i s u a l d e t e c t o r s benea th t h e n e u t r o n m o n i t o r s 

c ) t h e n e u t r o n m o n i t o r c o n s i s t e d o f s i x BF^ p r o p o r t i o n a l c o u n t e r s j 

as d e s c r i b e d i n § 2 . 3 . 2 . ? w i t h f o u r s h o r t e r c o u n t e r s ( l e n g t h 45cms) 

a r r a n g e d i n p a i r s on e i t h e r s i d e . A l s o the m u l t i p l i c i t i e s o f ' 

d e t e c t e d n e u t r o n s i n n o n - a d j a c e n t p a i r s o f l o n g c o u n t e r s were 

d i s p l a y e d , t o g e t h e r w i t h t h e t o t a l m u l t i p l i c i t y f r o m a l l f o u r 

s h o r t counterSo 

E x t e n s i v e 9 i r showers were s e l e c t e d by r e q u i r i n g c o i n c i d e n t p u l s e s , 

o f a s i z e e q u i v a l e n t t o t e n o r more muons s f r o m the c e n t r a l w a t e r 

Cerenkov d e t e c t o r (see | 2 . 6 ) and any two o f t he o t h e r t h r e e d e t e c t o r s s 

t o g e t h e r w i t h a s i g n a l f r o m t h e G e i g e r - M u l l e r tubes i n . the magne t i c f i e l d 

o f t h e s p e c t r o g r a p h - ( § 2 . 4 . 2 ) . A l l such c o i n c i d e n c e s were r e c o r d e d . Those 
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e v e n t s w h i c h had responses f r o m the n e u t r o n m o n i t o r s t h e s e n s i t i v e t ime o f 

w h i c h was f r o m 50 t o 720 ^usecs a f t e r t h e EAS c o i n c i d e n c e s were t h e n s e l e c t e d 

f r o m t h e f i l m r e c o r d s and examined f o r a n a l y s a b l e NAP t r a c k s . 

4 . 2 . 2 ( i i ) R e s u l t s o f t h e E a r l y Work 

The equ ipment was o p e r a t e d i n t h i s mode f o r a p e r i o d o f 4 months a t a 

- 1 - 1 

r a t e o f d e t e c t i o n o f EAS o f «*T0 h r g i v i n g ~ 4 h r EAS w i t h a response 

f r o m t h e n e u t r o n m o n i t o r . H o w e v e r ? i t was f o u n d t o be i m p o s s i b l e t o i d e n t i f y 

i n d i v i d u a l t r a c k s u n a m b i g u o u s l y as NAPs because o f c o n t a m i n a t i o n o f t h e l o w e r 

p a r t o f t h e s p e c t r o g r a p h by t h e o t h e r components o f t h e EAS so t h a t t h e r e 

were a l t e r n a t i v e t r a c k s i m p a c t i n g on a hodoscoped p a i r o f BF^ p r o p o r t i o n a l 

c o u n t e r s . No i n f o r m a t i o n abou t t he momentum and charge o f t h e NAPs was 

o b t a i n e d , a l t h o u g h t h e response o f t h e n e u t r o n m o n i t o r t o t h e EAS c o u l d be 

i n v e s t i g a t e d . 

F i g u r e 4 .5 shows t h e d i s t r i b u t i o n o f d e t e c t e d n e u t r o n m u l t i p l i c i t y f r o m 

EAS i n i t i a t e d even t s compared w i t h the d i s t r i b u t i o n f r o m p a r t i c l e s o f t he 

cosmic r a y beam s p r e d o m i n a n t l y l o w e n e r g y n e u t r o n s . I t i s n o t e d t h a t t h e much 

h i g h e r mean m u l t i p l i c i t y f o u n d f o r t h e EAS events r e f l e c t s t h e much h i g h e r 

mean e n e r g y o f t h e NAPs i n EAS. 

U $ i n g t h e top ' t r a y o f neon f l a s h t u b e s as a charged p a r t i c l e d e t e c t o r 

t he l o c a l shower d e n s i t y c o u l d be e s t i m a t e d by c o u n t i n g the number o f 

d i s c h a r g e d t u b e s per l a y e r and c o r r e c t i n g f o r the e f f e c t o f t h e d i s c r e t e 

s i z e o f t h e d e t e c t o r s . T h i s q u a n t i t y was t h e n r e l a t e d t o t h e m u l t i p l i c i t y 

o f d e t e c t e d n e u t r o n s and t h e r e s u l t s a r e shown i n f i g u r e 4 . 6 . These r e s u l t s 

a re compared w i t h t h o s e o f F i e l d h o u s e e t a l » <, 1962, who used a Leeds IGY 

n e u t r o n m o n i t o r and GM c o u n t e r EAS a r r a y and are seen t o be i n good agreement 

where compar i son i s p o s s i b l e . 

4 . 2 . 3 The Recent Work 

4 . .2 .3 ( i ) E x p e r i m e n t a l Technique 

I n v i e w o f t h e d i f f i c u l t i e s f o u n d w i t h the o r i g i n a l d e s i g n o f t he 

s p e c t r o g r a p h when a t t e m p t i n g t o i d e n t i f y i n d i v i d u a l NAPs i n EAS, t h e 

equ ipmen t was m o d i f i e d t o t h e f o r m d e s c r i b e d i n C h a p t e r 2 and used f o r t h e 



Fig 4,5 Comparison of Observed Distributions of the MultipSicity of Detected 
Neutrons from E.A.S. and Cosmic Ray Beam initialed Events. 
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work which comprises the major part of t h i s thesis. During the acquis i t ion 

of the data fo r the unaccompanied NAP spectra a number of events were 

recorded i n which more than one complete track was present i n the spectrograph. 

These have been regarded as EAS although there was no information on the 
v 

responses of the water Gerenkov detectors and hence no indicat ion of the core 

locat ion or primary energy of the EAS. From this data 28 par t ic les5 usually 

accompanied by only one or two other t racks , have been i d e n t i f i e d as 

accompanied NAPs and t h e i r characterist ics determined. These part icles are 

thought not to be due to chance coincidences between, unaccompanied NAPs and 

other cosmic ray tracks during the l ive- t ime of the visual detectors because 

the i r frequency is s i g n i f i c a n t l y higher than that expected from th is source, 

4.2.3 ( i i ) The, Response of the Neutron, Monitor. 

From the l imi t ed numbers of par t ic les i den t i f i ed as accompanied NAPs 

the mean m u l t i p l i c i t i e s of detected neutrons for posit ive and negative 

par t ic les have been calculated. These are given i n table 4.1 together 

with the mean' m u l t i p l i c i t y from posi t ive and negative unaccompanied NAPs. 

TABLE 4-1 Mean Mu.lt;.pliq:lty of Detected Neutrons from Accompanied, 

and Unaccompanied NAPs. 

CHARGE ACCOMPANIED NAPs UNACCOMPANIED NAPs 

POSITIVE 2.6 + 0.4 1,97 + 0.04 

NEGATIVE 2.3 + 0.3 2.3 + 0.1 

TOTAL 2.5 + 0.3 1.99 + 0.04 

.The f igures fo r these accompanied events are i n good agreement with 

the value of 2.69 found from the ea r l i e r work, although the sensitive times 

of the two neutron monitors were d i f f e r e n t . The value of mean m u l t i p l i c i t y 

f o r the posi t ive EAS p a r t i c l e s s i s s i g n i f i c a n t l y higher than that f o r the 

unaccompanied NAPs indicat ing a harder momentum spectrum9 while the values 

fo r negative par t ic les are i n agreement r e f l ec t i ng the hard( momentum 

spectrum of unaccompanied negative pions. 
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4.2.3 ( i i i ) The Momentum and Charge of NAPs i n EAS 

The 28 events i d e n t i f i e d as accompanied NAPs were analysed f o r t he i r 

charge and momentum and the results are summarised i n table 4 . 2 ? where they 

are compared with the corresponding values obtained f o r the unaccompanied 

NAPfeo 

TABLE 4-2 The Mean Momentum and Charge Rafrio of Accompanied and 

Unaccompanied NAPs 

ACCOMPANIED NAPs UNACCOMPANIED NAPs 

CHARGE 

NUMBER 

MEAN MOMENTUM (GeV/c) 

CHARGE RATIO 

POSITIVE NEGATIVE 

19 9 

4.5 4,3 

POSITIVE NEGATIVE 

1298 177 

4o64 10.7 

CHARGE 

NUMBER 

MEAN MOMENTUM (GeV/c) 

CHARGE RATIO 2.1 ± 0„9 7.3 + 0.6 

The values f o r the momentum and charge of the unaccompanied NAPs 

quoted here were found from the basic data before any corrections f o r 

scattering or other momentum dependent e f fec t s had been applied since these 

corrections have not been applied to the accompanied events reported here. 

The mean values of momentum f o r the positive par t ic les can be seen to 

be s imi lar but the value f o r the negative accompanied NAPs is smaller than 

that f o r the unaccompanied NAPs; although no errors have been evaluated 

i t i s un l ike ly that the discrepancy i s s i gn i f i can t . The charge rat ios f o r 

the two types of event are? howevers s i g n i f i c a n t l y d i f f e r e n t and, on the 

assumption that a l l the negative NAPs detected were negative pions and 

that there are equal numbers of negative and positive pions 9 i t is possible 

to i n f e r a proton to pion ra t io of 0„ 55 + 0.33 f o r the accompanied events 

compared wi th 3.17 f o r the unaccompanied events. This s ign i f i can t 

difference between the two types of events provides strong evidence that 

they are from d i f f e r e n t 'sourcess although the momentum spectra 9 of l imi t ed 

s t a t i s t i c a l accuracy i n the case of the accompanied events? are s imilar . 
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4.2.4 Conclusions 

From the m u l t i p l i c i t y d i s t r ibu t ions obtained i n the ear l ie r work i t 

can be seen that the momentum spectrum of NAPs i n genuine EAS is harder than 

that of unaccompanied NAPs j as i s known to be the case from previous experiments,. 

The mean m u l t i p l i c i t i e s found fo r the positive accompanied events i n the 

more recent work were also found to be higher than f o r the unaccompanied 

p a r t i c l e s j again indicat ing a harder momentum spectrumj although th is i s not 

borne out by the mean values of momentum. However 5 the s t a t i s t i c s of the 

sample of accompanied events are extremely poor and the apparent contradiction 

could r e f l e c t a s t a t i s t i c a l f l uc tua t i on . 

Although the modifications to the equipment did resul t i n an improvement 

i n the rate of co l l ec t ion of i den t i f i ab l e accompanied NAPs the rate s t i l l makes 

a succesful experiment d i f f i c u l t to achieve.. Unfortunately 5 for the sample 

of accompanied events recorded the de ta i l s of the EAS accompanying these 

par t ic les are unknown. 

A fu r ther experiment has been made and more events have been recorded 

i n which a. coincidence with the EAS water Gereknov detectors was also 

required. The results from th is run are not yet available but a preliminary-

analysis is not encouraging. 
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C H A P T E R F I V E 

MODEL PREDICTIONS OF THE MOMENTUM SPECTRA OF NUCLEAR-

ACTIVE PARTICLES AT SEA LEVEL 

5 . 1 . Introduction 

There i s considerable current in teres t i n simulating the propagation of 

very high energy cosmic rays through the atmosphere pa r t i cu la r ly f o r 

comparison wi th measurements of the large extensive a i r showers (EAS) which are 

produced. The resul ts of these simulations are used to estimate the energy 

of the primary par t i c le at the top of the atmosphere so that the primary par t ic le 

energy spectrum at these very high energies can be measured. A fur ther property 

of considerable importance i s the spectrum of the atomic mass: number of the 

primary pa r t i c l e s , and simulations of EAS can be used to predict those parameters 

which may be most sensitive to the mass of the primary p a r t i c l e 0 However, the 

simulations involve representations of interactions between both nucleons 

and pions and a i r nuclei at energies which are far beyond the range of d i r ec t ' 

experimental data and so depend heavily on extrapolation from low energies of 

the characterist ics of nuclear interact ions. I t i s expected that the unac

companied NAPs at sea l e v e l , of momenta i n the range measured i n the present, 

experiment, w i l l arise from primary cosmic rays of energy intermediate between 

that of in teres t i n the EAS simulations and that at which data on high energy 

interact ions are available from accelerators. Thus a comparison of the measured 

spectra with predictions should y i e l d useful checks of the detai ls of high 

energy nuclear physics used i n EAS models and of the simulation procedures 

themselves. 

However the sea level NAP spectra depend not only on the propagation 

of par t ic les through the atmosphere, but also on the energy spectrum of the 

primary pa r t i c l e s . Recently several d i rec t measurements? using s a t e l l i t e 

and balloon-borne,'equipment, have been made of the primary spectrum e.g. 

Schmidt et a l . , 1969, and Grigorov, 1971. These measurements are i n good 



agreement neither with each other 9 nor with the previous estimates of the spectrum 

e.g. Kaplon and Ritson 9 .L952<j> and a comparison of the measured sea level spectra 

with the present model predictions may also aid in a solution of th i s problem,, 

5,2 Previous Simulations 

Several predictions of the spectra of the various components of the sea 

level cosmic radia t ion have been made by, f o r example9 Pal and Peters, 1964, 

Jabs, 1968, 1972, with considerably varying models and varying success i n 

obtaining agreement with observations. 

Most representations of nuclear interactions wich have been used i n these 

models can be c l a s s i f i ed as one of two types: (a) ' f i r e b a l l ' models, or (b) 

' i sobar ' models. 

a) ' F i r e b a l l ' Models of Nuclear Interactions 

I t i s assumed i n these representations tha t , i n a high energy in te rac t ion , 

one or more ' f i r e b a l l s ' are produced which are at rest or moving slowly i n the 

centre-of-mass of the system. A f i r e b a l l ' i s regarded as a highly excited 

cloud which returns to a ground state by emitting mesons. An analysis of a 

system of t h i s kind leads to a law re la t ing the mean m u l t i p l i c i t y of mesons 

produced to the energy of the incident p a r t i c l e . The exact form of the law 

depends on the assumptions made regarding the properties and numbers of 

' f i r e b a l l s ' . Also., these models lead to smoothly varying energy spectra fo r 

the secondary par t ic les produced i n interact ions. 

b) ' Isobar ' Models of Nuclear Interactions 

In an isobar model i t i s assumed t h a t 9 i n addition to the production 

of f i r e b a l l s , theincident pa r t i c le has a s ign i f i can t probabi l i ty of emerging 

from the in te rac t ion i n an excited s ta te 9 an isobar. The isobar then returns 

to i t s ground state by the emission of a few high energy mesons. There i s 

very l i t t l e evidence f o r the production of isobars i n pion-nucleon interactions 

and so t h i s assumption i s usually r e s t r i c t ed to the nucleon-nucleon interact ions. 

Since the incident nucleon i n an interact ion is observed to re ta in a 

considerable f r a c t i o n of i t s i n i t i a l energy, the pions produced by the decay 

of an isobar w i l l be of higher mean energy i n the laboratory frame than the 
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mesons produced from the f i r e b a l l . Then? according to Pal and Peters, 1964, 
because of the rapidly f a l l i n g spectrum of primary cosmic rays, the products 
of isobar-produced pions w i l l , dominate the, spectra of secondary cosmic rays 
i n the atmosphere. 

An example of an isobar model i s that developed by Pal and Peters, 1964, 

i n which a "value f o r the mean m u l t i p l i c i t y of pions produced by the isobar 

was obtained from a comparison of the predicted and observed spectra of muons. 

Jabs, 1968, Adair , 1968, and O'Brien, 1971 a l l used ' f i r e b a l l ' models, 

but each assumed a d i f f e r e n t m u l t i p l i c i t y law and O'Brien and Adair both 

neglected the secondary par t ic les produced i n the interactions of pions with 

a i r nucle i . This leads to an underestimate of the in tens i t ies of the various 

components at great depths i n the atmosphere, as noted by Pal and Peters, 1964, 

and as may be seen from f igure 5.1 which shows the sea level muon spectra, 

derived with the model to be described i n th i s thesis , when pion-air nucleus 

interact ions are included, curve A, and neglected, curve B. As can be seen, 

neglecting the pion interact ions i n the present model leads to an underestimate 

of the in tens i t ies by ~ 20%* 

O'Brien obtained good agreement between his predictions and observations 

of unaccompanied par t ic les at sea l e v e l , but Jabs and Adair both concluded 

that there was a discrepancy between the i r predictions and the observations. 

Jabs suggested that agreement could be obtained i f ei ther the in tens i ty of 

the primary particles at a l l energies were reduced by a fac tor of 2.5 compared 

wi th the d i r ec t measurements,or by including the production of s ign i f i can t 

quant i t ies of baryon-anti-baryon pair's i n nuclear interactions. 

The predictions of these authors are compared i n de ta i l with the results 

of the present simulations la te r (Chaper 6 ) . 

5.3 Description of Mpdel 

The important parameters required fo r a simulation of the propagation 

of cosmic rays through the atmosphere using a phenomenological model ares-

a) the mean m u l t i p l i c i t y of par t ic les produced i n interactions-of, :. 

pions and nucleons with a i r nuclei ; 
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b) the f r a c t i o n of the incident energy which i s used to producei secondary 

p a r t i c l e s j i . e . the i n e l a s t i c i t y ? i n pion and nucleon interactions 

wi th an a i r nucleus^ 

c) the d i s t r i b u t i o n i n energy of the part icles produced; 

d) the in te rac t ion mean free-path of nucleons and pions i n a i r . 

The values of these parameters chosen f o r the present model are discussed 

below. 

a) The M u l t i p l i c i t y of Produced, Part icles 

Following a recent survey of experimental data on nuclear interactions 

at energies from 19 GeV up to 10 TeV (J.Hough,private communication), the 

parameters used i n th is model were those considered to be the best estimates 

current ly available. The mean m u l t i p l i c i t y of part icles produced i n an 

in te rac t ion of a pa r t i c le with an ' a i r ' nucleus was taken to be 

n = 3.85 (KE ) 4 5.3.1 s p 

where n g i s the number of secondaries, charged and neut ra l , 

K i s the i n e l a s t i c i t y of the in te rac t ion (see 5 .3 .b) , and 

i s the k ine t ic energy of the incident part icle i n the laboratory 

• frame of reference. 

The value of the constant (3.85) arises from the value f o r p-p co l l i s ions 

( l . 9 ) al lowing fo r the mass, A, of the target nucleus using a re la t ion i n which 
rv A 0 . 1 9 

n OC A 
s 

I t was assumed that a l l the produced particles were pions and that posit ive 

negative and neutral pions were produced i n equal numbers. The production 

of isobars i n nucleon interactions was not allowed since the cross- section 

f o r t he i r production appears to be a decreasing funct ion of energy at 

accelerator energies up to 70 GeV and, with certain exceptions (e.g. Koshiba 

et a l . , 1970) , i t i s considered that the data on the d i s t r i bu t i on of secondary 

par t i c le , energies at higher energies can be explained by f luctuat ions i n 

the in teract ions . 
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b) The Coef f i c i en t of I n e l a s t i c i t y 

The d i s t r i b u t i o n of i n e l a s t i c i t y of nucleon-nucleus interactions was taken 

to vary with a rectangular d i s t r i b u t i o n between l i m i t s of 0.25 and 0.75, leading 

to a mean i n e l a s t i c i t y of 0.5, I f a d i s t r i bu t ion of i n e l a s t i c i t y of the form 

considered by Brooke et a l . , I964,were used, with a similar mean value, the 

e f f ec t s on the predicted sea level spectra were shown to be negligble. , 

Pion interactions were taken to be t o t a l l y inelas t ic as there i s l i t t l e 

evidence to the contrary and, as mentioned above, the product of pion 

interact ions are not the dominant constituents of the sea level cosmic radia t ion . 

c) The Energy Di s t r ibu t ion of the Secondary Particles 

The d i s t r i b u t i o n of the secondary energies in the laboratory frame-of-

reference was taken to fo l l ow the well-known formula given by Cocconi, Koester 

and Perkins, 1962, of the form 

S(E) dE = 0 . 5 ^ ~ exp (-E/G) + ~ exp ( -E /T) ] dE 

where G, T are the mean energies, i n the laboratory frame, of part icles moving 

backward and forwards, respect ively, i n the centre-of-mass frame-of-reference. 

d) The Interact ion Mean Free Path 

At energies greater than about 20 GeV the cross-section fo r nucleon-

nucleon interactions tends to a constant value of ~38 mb (Giacomelli, 1971) 

Using an op t ica l model f o r nucleon-nucleus interact ions , th i s value corresponds 

to a cross-section consistent wi th a nuclear interaction mean free path of 
-2 

80 g cm i n a i r . 
From a consideration of s imilar accelerator data f o r pion interact ions , 

-2 

the mean free path f o r pions i n a i r was taken to be 120 g cm f o r both 

posi t ive and negative pions at a l l energies. 

Using these parameters a one-dimensional Monte-Carlo simulation of the 

propagation through the atmosphere of a primary cosmic ray nucleon was carried 

out to predict the k ine t ic energy spectra at sea level of nucleons, muons and 

charged pions. The t o t a i number of electrons at sea level was also predicted 

using a so lu t ion , under approximation B, of the electromagnetic cascade 

equations. 
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Considerable development of the model has recently taken place but the 

improvement of many of the simple assumptions noted above has not resulted 

i n any s ign i f i can t changes of relevance to the present work. 

5.4 Checks of Model Predictions 

As a check on the v a l i d i t y of the model the results of several runs at 
14 

various primary energies up to 10 eV were compared with the available 

experimental data. 

A l l the exis t ing EAS data express a measured parameter (e.g* the number 

of muons of energy > E per shower) as a funct ion of shower size,and not 

primary energy. This leads to d i f f i c u l t y when comparing predictions with 

data since predictions are usually performed fo r a f ixed primary energy 9 

f o r which there are large fltRjituations i n the shower size. Also the 

d e f i n i t i o n of measured shower size depends on the energy thresholds and type 9 

of the .device used fo r the measurement. Hence i t is considered that a 

comparison of spectral shapes,rather than absolute numbers,is the most 

stringent test which can be applied to the predictions. 

Figure 5-2 shows the in tegra l energy spectrum of nuclear-active par t ic les 
14 

i n a shower of primary energy 10 eV compared with the data given by Greisen 
1960, Chatfterjee et a l . s 1964, and Matano et a l . 5 1964.- The data of Matano et al„ 

5 

and Chatfcerjee et a l . were given f o r a shower size of 3.10 par t ic les and have 

been norma lisedr" to the predicted spectra at an energy of 100 GeV, while the 

spectrum given by Greisen has been evaluated f o r a shower size of 10^ p a r t i c l e s 3 

which i s i n the region of the value expected f o r a primary of energy lO^eV. I t 

can be seen that there i s good agreement between the prediction and both 

measurements f o r NAP energies 10 GeV and that the point of Chaterjee et a l . 

i s i n good agreement with the predict ion at 1 GeV«, although the spectrum given 

by Greisen indicates considerably more low energy NAPs» 

Figure 5-3 shows the in tegra l energy spectrum of muons compared with 

the expression given by Bennett and Greisen, 1961 s which was derived from 

measurements on showers of size ~10^ pa r t i c l e s . I t can be seen that there 

i s good agreement between the predicted and measured spectral shapes f o r muon.' 

energies greater than 10 GeV even though the mean "'shower size ' of the predicted 
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events was only 8.10 pa r t i c l e s . However, below 10 GeV the measured spectrum 

rises considerably above the predic t ion. 

Figure 5-4 i s a comparision. of the l a t e r a l d i s t r i bu t ion of muons of energy 

>2 GeV given by Staubert, 1969, with the d i s t r i bu t i on f o r muons of energy 

>1 GeV predicted by a 3-dimensional extension of the present Monte-Carlo model 

(Turver, private communication). The two d is t r ibut ions were normalised at a 

r ad i a l distance of 100m. The f i t i s extremely good over the entire range of 

measurement, ind ica t ing a sa t is fac tory model. 

I t was also found that the relat ionship between the number of muons per 

primary nucleon and the ' s i ze ' of the electron shower at sea level was of the 

form 

N G>1.33 GeV) a N ^ 5.4.1 

wi th 0 = 0.79, where N is the number of muons of energy > 1.33 GeV and 
I-1 

N g i s the number of electrons. This i s i n good agreement with the value f o r 

0 of 0.75 quoted by Gr-eisen, 1960,, although, because of the large f luctuat ions 

i n N g f o r a par t icu lar primary energy, there is a large error associated with 

the predicted value of « 

From these comparisons with EAS data mainly from primary par t ic les of 
14 

energy ~10 eV, and since the model i s based on data from accelerators at 

lower energies, i t may be expected that the model is adequate f o r deriving 

the sea level spectra of unaccompanied par t ic les f o r comparison with measurement 

I f sa t i s fac tory agreement is obtained between these predictions and measurements 

the model may be used with increased confidence to predict the properties of 

EAS from primary par t ic les of higher energy (10 -1.0 eV). 

5.5. The Procedure f o r the Derivation of the Sea Level Spectra 

From a series of simulations using the Monte-Carlo model, the average 

sea level energy spectra f o r the various types of par t ic le were b u i l t up 
5 

at several primary energies over the range 10 GeV to 10 GeV. In a l l , about 

20,000 simulations were performed to derive the nucleon and pion spectra and 

about 3,000 f o r the muon spectrum. The major i ty of the simulations were 

performed f o r low energy primaries since these contribute the greatest 
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weight to the sea level spectra. To derive the in tens i ty at a given sea level 

energy the y i e l d from a par t icu la r primary energy was weighted with the primary 

in t ens i ty and the resu l t ing series of values was integrated numerically over 

the appropriate range of primary energy. 

The upper l i m i t on t h i s in tegra t ion w i l l be determined by the probabi l i ty 

of detecting an accompanying pa r t i c l e i n the instrument used f o r the measurement. 

Using the simulations to give the mean shower size f o r a par t icular primary 

energy, and the l a t e r a l d i s t r i b u t i o n funct ion for the electron component of the 

extensive a i r shower given by Greisen (1960), i t was considered that there was 

a s i g n i f i c a n t probabi l i ty of detecting accompanying par t ic les i n the Nuclear-

Active Par t ic le Spectrograph f o r a primary energy o f> 6 10^ GeV. However 

the contr ibut ion to the sea level f l uxes , at the energies considered here 9 

from such primaries i s small (see f igures 5-7 9 5-10, 5*-l3) and so the upper 

l i m i t of in tegra t ion was taken f o r convenience3 to be 10 GeV. 

The lower l i m i t of in tegra t ion i s , i dea l ly , the sea level energy under 

consideration but was taken to be 10 GeV since below th i s energy the primary 

spectrum i s affected by geomagnetic and solar phenomena, and the contribution 

from primaries of energy less than th i s value was expected to be negligible 

(see f igures 5-7 9 5-10, 5-13). 

5.6 The Primary Cosmic Ray Spectrum 

A survey of recent measurements of the primary cosmic ray energy spectrum 

was carried out and the results are shown i n f igure 5-5 which shows the in tegra l 

spectrum of the t o t a l rad ia t ion . The spectra of Brooke et a l . (1964), Webber 

(1967) and Grigorov ( l 9 7 l ) were a l l quoted as spectra of the t o t a l radiat ion 

while that a t t r ibu ted to Schmidt et a l . was obtained by combining the spectrum 

of primary protons given by Schmidt et a l (1969) with the spectrum of primary 

alpha par t ic les given by Webber (.1969). The contribution from heavier nuclei 

i s negligble since the abundance of nuclei heavier than alpha part icles is 

• only 10% of the alpha par t i c le abundance (Webber 1967)3 

Although the published spectra are given as in tegral spectra, the current 

work required a d i f f e r e n t i a l spectrum and so the fol lowing expressions were 

I 



Fig, 5-5 The Integral Spectrum of the Primary Cosmic Ray Nucleor. 
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derived from expressions f o r the in t eg ra l spectra either given by the various 
authors or evaluated from f igure 5-5. 

J(E) dE = 1.465 10 4 E " 2 * 6 dE m" 2 sec" 1 s t e r ' 1 GeV"1 (A) 

from Webber (1967) 

J(£) dE = 1.375 10 4 E " 2 * 5 8 dE m~2 sec" 1 s ter" 1 GeV™1 • (B) 

from Brooke et a l . (1964) 

J(E) dE = 1.96 10 4 E ~ 2 , 7 dE n f 2 sec" 1 s ter" 1 GeV"1 (C) 

from Schmidt et a l (1969) and Webber (1969) 

J(E) dE = 2.54 1C4 E " 2 * 6 dE m" 2 sec" 1 s ter" 1 GeV"1 (D) 

from Grigorov (1971). 

In addi t ion to these spectra which were assumed to have a constant 

exponent from 10 GeV to 10' GeVs a spectrum used by Jabs (1968) i n which the 

exponent i s a func t ion of energy of the form shown below was investigated.) 

T(C-\ ^ - m 4

 c"2-35 (1+0.02 log„ n E) -2 -1 , -1 _ , .-1 ,„ >, J ib ) dE = 10 E ^10 dE m sec ster GeV (E) 

In practice these expressions were only used f o r primary energies greate 

than 100 GeV,with the exception of spectrum Dj since below that energy there 

is very l i t t l e difference between the various spectra. When evaluating the 

contr ibut ion from primaries of energy less than 100 GeV the expression f o r 

the spectrum" due to Webber (equation A) was used? while the sea level 

in tens i t i e s from spectrum D were obtained by mult iplying those obtained from 

A at a l l energies by 1.7, the ra t io between the intensi t ies of the two 

primary spectra. 

5.7. The Sea Level Proton Spectrum from Model Simulations 

The present model5 which i s an early version of a series of models 

developed f o r EAS studies} ignores ion iza t ion energy loss of the nucleon 

in the atmosphere and charge exchange of the nucleon i n interact ions . Since 

the p robab i l i t y of charge exchange i n a single interact ion is high ( ~0.33) 

i t i s assumed that the f l u x of nucleons at sea l e v e l , i n the energy range 

considered? i s composed of equal numbers of protons and neutrons and so the 

predicted nucleon spectra have been halved to 'obtain the sea level spectra 

of protons. Also , i n view of t h i s large probabili ty; , i t i s assumed that? 
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during i t s passage through the atmosphere, each nucleon spends half i t s time 

as a proton and half as a neutron so that ~ 1 GeV of k ine t ic energy w i l l be 

l o s t j through ion i sa t ion , by a nucleon between entering the atmosphere and 

reaching sea l eve l . Thus a constant energy loss of 1 GeV has been assumed 

i n each of the predicted spectra given i n f igure 5-6. Figure 5-6 shows the 

predicted momentum spectrum of protons at sea level f o r each of . the f i v e 

primary spectra considered here, compared with the measured points of Brooke 

et a l . , 1964, and those reported i n th i s thesis . 

I t can be seen that the spectrum, at low momentum, is insensitive to the 

form of the primary spectrum and only above ~20 GeV/c i s there much difference 

between any of the predicted spectra* The explanation can be seen i n f igures 

5-7 and 5-8 which are curves showing the contribution of par t ic les of various 

primary energy to the sea level f l u x of protons of momenta 5.5 Gev/c and 

100 GeV/c, respect ively, and indicate the response to the primary spectrum of 

an experiment to investigate protons of these momenta. For example, the 

major i ty of the 5.5 GeV/c protons, are produced by primary nucleons of energy 

less than 100 GeV which i s the region where the various primary spectra are 

very s imi la r . 

At momenta of "-100 GeV/c the difference between the predictions based 

on primary spectra A and C i s only ~30% and so measurements of good 

s t a t i s t i c a l accuracy would be required at high momenta to dist inguish between 

these primary spectra. 

Fa i t agreement is obtained between the sea level proton spectra predicted 

on the basis of a i l the primary spectra except .that of Grigorov, 1971, and 

the in tens i t i e s measured i n the present experiment. 

5*8 The Predicted Sea Level Spectrum of Negative Pions 

The predicted momentum spectra of negative pions corresponding to d i f f e r e n t 

primary energy spectra are given i n f igure 5-9 assuming that the charge r a t i o 

of pions at sea level i s unity.- I t can be seen that the in tensi ty of t h i s 

component at momenta measured i n the present experiment i s f a i r l y sensitive 

to the primary spectrum but , because of the low f l u x of pions compared with 



Fig. 5.6 A Comparison of Measured Pro lbn Fluxes with 
Model Predictions. 

I09 7 

rr 
\ 

A \ 
B 
C 
0 lO 

\ 
\ 

<? Present Experiment i 
J O 

\ 
iO 

+ Brooke & Wolfendate 
\ 1964 

(A 

1 
\ icr 

\ 
\ c 
\ 

\ 4 
IO 

\ 
\ 

\ 

\ 
10 

\ 

\ =-6 
10 

IO 100 i O O O 

Momentum (GeV/c) 



§. 5 . 7 The Contr ibut ions of Primary Par t ic les o f Energy 
to the S e a level Flux o? 5.5 GsV /e Protons 

l o - 3 . , 

-4 
IO 7 

3 

\ 
S IO 

04 

c 
ex. 
i f 

1CT 

V A 

8 V l<5 

10 
2 I 0 3 IO 10 IO 

Primary Energy (G>QV) 
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Fig. 5.9 A Comparison of Measured Negative Pion Fluxes 
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that of muons and protons 3 an accurate measurement i s d i f f i c u l t . The relatively-
large s e n s i t i v i t y to the form of the primary spectrum can be explained by the 
response curves given i n f igures 5-10 and 5-11 for 5.6 GeV/c and 100 GeV/c 
negative pions respectively. These curves show that these pion in tens i t ies 
are determined predominantly by the in tens i ty of primaries of energy greater 
than 100 and 1000 GeV respectively. At these energies the primary spectra 
considered here are s i g n i f i c a n t l y d i f f e r e n t . 

Also shown i n f igure 5~9 are the experimental in tens i t ies determined 

i n the work described i n t h i s thesis and thosetof Brooke et a l , , 19§£b. 

Agreement between both measurements and a prediction can be obtained by 

varying the primary spectrum. However, the spectrum found i n the present 

experiment i s i n agreement only with the predict ion from the, present work 

based on the highest primary energy ••spectra. As noted i n §5 -7 , the predictions 

based on these primary spectra; give poor agreement with the momentum spectrum 

of protons which is s t a t i s t i c a l l y much more accurate than the pion spectrum. 

This must cast some dcubt. on the v a l i d i t y of the present measurement unless 

the model gives au .underestimate of the pion spectrum. Some evidence fo r t h i s 

p o s s i b i l i t y has been found from a more recent version of the model i n which 

the m u l t i p l i c i t y of par t ic les produced i n nuclear interactions was taken to 

vary with energy according to a' r e l a t i on derived' From results 'from- the. I.S.R. 

rather than the r e l a t i o n described i n §5 -3 . 

5.9 The Predicted Spectrum of Muons 

Figure 5-12 shows the in tegra l momentum spectra at sea level of muons? 

predicted using primary spectra A and C? compared with the recent measurement 

of A l l k o f e r et al„ , 1971 s and figures 5-13 and 5-14 are- the response curves 

f o r muons of momentum greater than 7.5 GeV/c and 133 » 4 GeV/o respectively. 

The predictions are seen to be i n good agreement with the' measurement only 

f o r momenta £.50 GeV/c and at lower momenta are s ign i f i can t ly high. This 

discrepancy must suggest an insuf f i c iency of the model since t h i s spectrum 

is the most accurately known of those considered i n the present worko 



Fig, 5.10 The Contribution of Primary Particles of Energy Ep in the 
Sea level Flux of 5.5 GcV/c Negative Pions. 
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5.13 The Contr ibut ion of Primary Part icles of Lncrgy 
the Sea level Flux of Muons of Energy > 7.5 GeV. 
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The response curve f o r P >7.o GeV/c (f igure 5-13) shows that the intensi ty 
A4 

of the low energy muons i s determined largely by primaries of energy <100 GeV. 

Although the model was based on experimental data at energies predominantly 

i n t h i s region, various approximations made may give r ise to inaccuracies i n the 

treatment of interact ions i n th i s region of energy* However, investigations 

wi th a more accurate version of the model do not indicate any discrepancy as 

large as is observed. 

Since the muons are secondary largely to low energy primary nucleons they 

must be produced at great heights i n the atmosphere, and thus undergo considerable 

scattering and ionisa t ion energy loss before reaching sea l eve l , Thus the error 

introduced by ignoring scat ter ing, and the resultant increased energy loss w i l l 

be greatest f o r these low energy muons, and so this omission could contribute 

to the discrepancy. Also , the energy loss f o r the muons i s taken to be constant 

at 2 MeV/g cm 2 which is not v a l i d over the entire range of momentum and should 

be increased f o r muons of momentum greater than 1 GeV/c. On the basis of these 

l i m i t a t i o n s , the energy of the muons at sea level w i l l be over-estimated, 

and corrections f o r both these sources of error w i l l reduce the in tensi ty 

at a pa r t i cu la r momentum and so tend to remove the observed discrepancy, i t 

i s a t present not known whether such l imi t a t ions are of s u f f i c i e n t magnitude 

to cause the f u l l discrepancy. 

The e f f e c t of using the m u l t i p l i c i t y of produced par t ic les as given by the 

I .S.R. has also been investigated.- This modification led to no s ign i f i can t 

change i n the sea level spectrum because, i n the region of primary energy 

of importance to the muon spectrum (< 100 GeV), the m u l t i p l i c i t i e s given by 

the two re la t ions are s imi la r . 

5.10 Conclusions 

Fair agrement i s obtained between the observed and predicted spectra 

of protons, with the exception of that derived from the primary spectrum 

measured by Grigorov. Thus the treatment of i n e l a s t i c i t y used i n th i s 

model appears to be adequate to describe nucleon interact ions , at least 

i n the region of energies up to 100 GeV since the proton in tens i t ies are 
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la rge ly dependent on primary par t ic les up to th is energy. 

Although there i s a large discrepancy between 'the measurements of the 

spectrum of negative pions i t i s s t i l l possible 5 by varying the primary 

dpectrumj to obtain agreement between a prediction and each of the observations'. 

However, each measurement agrees with an extreme primary spectrum andj i n 

p a r t i c u l a r , that due to Grigorov must be regarded as dubious .because of the 

poor agreement between the predict ion of the sea level proton spectrum derived 

from i t and the measured spectrum. This must cast some doubt on the accuracy 

of the present measurement and hence i t is important that fur ther measurements 

should be made of the f l u x of pions at sea level as th is should help to resolve 

the discrepancy between the two measurements and also be quite sensitive to the 

form of the primary spectrum. 

Reasonable agreement can be obtained between the measurements of sea level 

cosmic ray spectra and the predictions from a one-dimensional Monte Carlo model 

wi th the exception of the low energy muon spectrum which i s dependent on 

interact ions of comparatively low energy par t ic les . Also good agreement was 

obtained between the predictions of the model and observations of small 

/ 14 \ extensive a i r showers (primary energy ~ 10 eV). Hence the simple model of 

nuclear interact ions used here should form the basis f o r sat isfactory 

simulations of EAS at much higher primary energy. Furthermore, the general 

agreement between the model predictions and measurements supports the recent 

estimates of the primary spectrum, wi th the exception of that suggested by 

Grigorov. 
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C H A P T E R S I X 

6. 1 I n t r o d u c t i o n 

Over the past few years the r e s u l t s of several s imula t ions of the 

propagat ion of cosmic rays through the atmosphere have been publ ished 

( e . g . Brooke e t a l . , 1964a, Pinkau, 1964, Pal and Peters , 1964, B u l l 

e t a l . , 1965) and have used var ious models o f the c h a r a c t e r i s t i c s o f 

nuclear i n t e r a c t i o n s . I n t h i s chapter a comparison i s made of t y p i c a l 

p r e d i c t i o n s from each of several models, i n an attempt to determine whether 

agreement can be obta ined between the p r ed i c t i ons and measurements of the 

momentum spectra of the var ious components o f the unaccompanied cosmic 

r a d i a t i o n a t sea levelo Four d i f f e r e n t models are considered here? those 

of A d a i r , 1968, Jabs, 1968, 1971, O ' B r i e n , 1971 and t h a t described i n 

chapter f i v e of t h H . t h e s i s . 

These f o u r models vary considerably i n t h e i r assumptions and a b r i e f 

summary o f the more impor tant f ea tu res i s given i n § 6 . 2 . I n a d d i t i o n to 

us ing d i f f e r e n t models of nuclear i n t e r a c t i o n s , d i f f e r e n t forms o f the 

spectrum of pr imary cosmic rays were used by the d i f f e r e n t authors making a 

s a t i s f a c t o r y comparison of the r e s u l t s d i f f i c u l t . However, p r ed i c t i ons have 

been made w i t h the model descr ibed i n t h i s thes is using several d i f f e r e n t 

forms of the pr imary spectrum. Thus the p r ed i c t i ons o f the :o the r models 

can be compared w i t h the appropr ia te p r e d i c t i o n s of the present model t o 

determine the s e n s i t i v i t y of a p a r t i c u l a r p r e d i c t i o n to the form of the 

model of nuclear i n t e r a c t i o n s assumed. 

6.2 B r i e f D e s c r i p t i o n o f Other Models 

The models, the p r e d i c t i o n s o f which are compared i n t h i s Chapter, vary 

cons iderably i n the d e t a i l s o f t h e i r represen ta t ion o f nuclear i n t e r a c t i o n s , 

and i n the method of s o l u t i o n o f the equations desc r ib ing the propagation 

of the cosmic rays through the atmosphere. Some of the more important 

parameters used by the var ious authors to describe nuclear i n t e r a c t i o n s are 

g iven i n Table 6 - 1 . 
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T A B L E J c i PARAMETERS OF NIC LEAR INTERACTION MODELS 

PARAMETER PRESENT MODEL 

Nucleon 
I n t e r a c t i o n 
Length, ^ ( g . c m 

Pion 

I n t e r a c t i o n _^ 
Length , "X (g . cm ) 

Mean Nucleon _ 
I n e l a s t i c i t y 9 K 

Mean. Pion 
I n e l a s t i c i t y ^ K 

M u l t . Law 
n(E) 

D i s t . of 
I n e l a s t i c i t y 
g(K)dK 

Energy Spectrum 
of Secondaries 
f ( E 5 E p )dE 

O'BRIEN 1 ADAIR, 1968 

Not s p e c i f i e d 

Faxed 

Power 
Law 

C.K.P 

E = 400 MeV 
o 

Rectangular 
between 0.25 
and 0«75 

C.K.P 

A f t e r Cocconi e t a l . 1961 
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6 . 2 . 1 The Model used by Jabs, .1968 

The var ious i n t e r a c t i o n parameters were chosen to f i t the experimental 

data obtained f rom experiments using accelera tors and cosmic rays as sources 

of h igh energy p a r t i c l e s . I n a d d i t i o n to the parameters l i s t e d i n Table 6-1 

a f r a c t i o n (0 .2 ) of the secondary p a r t i c l e s produced were considered to 

be kao.nso 

D i f f e r e n t i a l equations desc r ib ing the propagation through the atmosphere 

of cosmic rays were set up and s o l u t i o n s were obtained using the method of 

successive generations and a primary spectrum denoted by "E" i n §5 .6* 

6 . 2 . 2 The Model used by O ' B r i e n , 1971 

The m u l t i p l i c i t i e s o f secondary p a r t i c l e s produced i n nuclear i n t e r a c t i o n s 

used i n t h i s model were p r e d i c t e d by a power law model (see O ' B r i e n ? 1969 9 

1971) which inc ludes an a r b i t r a r y parameter, ^ (see t ab le 6 o l ) 0 The best 

value o f J ^ w a s se lec ted to be 0.216 on a leas t squares c r i t e r i o n f rom a 

cons ide r a t i on of exper imental values of the m u l t p l i c i t y as a f u n c t i o n o f 

i n c i d e n t energy. Good agreement was obtained between p r ed i c t i ons o f 

m u l t i p l i c i t i e s and the exper imenta l ly observed v a l u e s s but the represen ta t ion 

of the energy spectrum of secondaries i s s imple 0 Kaon product ion was not 

considered and a l l p iun i n t e r a c t i o n s were regarded as absorp t ions , leading 

t o an underestimate of the sea l e v e l muon spectrum estimated f rom the present 

work to be ~20% (see § 5 - 2 ) 

Atmospheric cosmic ray f l u x e s were obtained as a n a l y t i c so lu t ions to an 

approximate form of the Boltzmann equat ion descr ib ing the nucleonic cascade 

i n the atmosphere. The form of the pr imary spectrum used was not s p e c i f i e d 

by O ' B r i e n , 1971, but i t i s considered to be tha t given by Peters , 1958 9 f o r 

energies grea ter than 10 GeV/c nucleon, and i s of the form 

log N - 6.73 - 0.0495 (1.1.7 + l o g ( l . 7 + E ) ) 2 cm~ 2 sec~ 1 ster~ 1 

f o r p ro ton pr imar ies where N i s the i n t e n s i t y o f protons of k i n e t i c energy 

>Ep. This spectrum is i n good agreement w i t h the spectra used' 5 'for the 

present model at energies ~1.0 GeV/nucleon 9 but becomes s i g n i f i c a n t l y h igher 

a t l a r g e r energies . Spectra w i t h the same shape but w i t h d i f f e r e n t constant 
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terms were used f o r pr imary n u c l e i heavier than protons. None of the 

pr imary p a r t i c l e spectra used w i t h the o ther models considered here are 

d i r e c t l y comparable w i t h t h i s spectrum| spectrum 'E ' , ( see § 5 - 6 ) i s the 

nearest and i s used f o r the comparison. 

6 . 2 . 3 . The Model used bv A d a i r , 1968 

Ada i r cons t ructed a model of very high energy nucleon-nucleon 

i n t e r a c t i o n s assuming t h a t the dominant processes could be described i n 

terms of the p roduc t ion of two centres o f e x c i t a t i o n ( f i r e b a l l s ) . . On the 

basis of t h i s model , meson p roduc t ion m u l t i p l i c i t i e s and nucleon i n e l a s t i c i t y 

f a c t o r s were de r ived and found to be i n accord w i t h experimental observations 

of nucleon-nucleon i n t e r a c t i o n s . 

A one-dimensional Monte Carlo s imu la t ion of the propagation of cosmic 

rays was made, neg lec t ing kaon produc t ion and t r e a t i n g a l l meson i n t e r a c t i o n s 

as absorp t ions . 

The spectrum of pr imary nucleons used was 

S(E ) dE - 2.65 1 0 4 E " 2 o 6 7 dEp n f 2 s e c " 1 s t " 1 G e V " 1 

P P P P 

The most s i m i l a r spectrum used i n the present work was t h a t of Schmidt 

e t a l . denoted by spectrum G (see § 5 - 6 ) which i s used f o r comparison w i t h 

A d a i r ' s model. 

6.3 The Pred ic ted Proton Spectrum a t Sea Level 

The energy spectrum of primary cosmic rays i s genera l ly taken to be 

represented by a power law i n energy w i t h an exponent which i s e i t h e r a 

constant over the whole range of energy considered or only a s lowly va ry ing 

f u n c t i o n of energy. I t has been suggested by Pal and Peters? 1964, tha t ' 

the nucleon spectrum w i l l not be changed by d i f f u s i o n through the atmosphere. 

However s t h i s w i l l on ly be t r u e i f i on i sa t ion-energy loss of protons and 

f l u c t u a t i o n s i n the i n e l a s t i c i t y of nucleon-nucleus c o l l i s i o n s are ignored 

and i f the mean i n e l a s t i c i t y i s independent of c o l l i s i o n energy. Allowance 

f o r these f a c t o r s , i n p a r t i c u l a r the ion i sa t ion-energy l o s s , w i l l change the 

form of the nucleon spectra i n the atmosphere and w i l l lead to a r educ t ion 
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i n i n t e n s i t y a t momenta of a few GeV/c, where the t y p i c a l i o n i s a t i o n energy 
loss o f 1 GeV i s s i g n i f i c a n t . Thus 9 a t low momenta} i t i s not expected t h a t 
the observed pro ton spectra w i l l f o l l o w the shape of the pr imary spectrum, 
a n d i f o r momenta less than 10 Gev/c, i t i s considered t h a t on t h i s basis the 
spectrum measured i n the present experiment w i l l be a b e t t e r represen ta t ion 
of the a c t u a l spectrum a t such low momenta than t h a t of Brooke and Wolfendale , 
1964. 

F igure 6 . 1 gives the p red ic t ed momentum spectra of protons a t sea l e v e l 

de r ived f r o m the models of Jabs and O 'Br i en and f rom the present model w i t h 

the primary spectrum ' E ' . I t can be seen tha t the p r e d i c t i o n s of Jabs and 

tBse present model are i n good agreement a t momenta less than 10 GeV/c 

a l though the f l a t t e n i n g of the spectrum at low momenta i s not so pronounced 

i n Jabs p r e d i c t i o n because i o n i s a t i o n energy loss was neglected. However, 

the p r e d i c t i o n of O 'Br i en appears to be s i g n i f i c a n t l y lower than the 

present model a t momenta less than ~ 5 0 GeV/c. This discrepancy i s d i f f i c u l t 

t o e x p l a i n since the spectrum of nucleons depends only on the values of 

i n t e r a c t i o n l eng th and i n e l a s t i c i t y assumed f o r the nucleon-nucle us 

i n t e r a c t i o n s used i n the model. From t ab l e 6.1 i t can be seen t h a t the 

values used i n the model of O 'Br ien and the present model are i d e n t i c a l . 

However, O 'Br i en uses a f i x e d value of i n e l a s t i c i t y whi le Jabs and the 

present model a l l o w the value of i n e l a s t i c i t y i n an i n t e r a c t i o n to f l u c t u a t e . 

The e f f e c t of the form of t h e d i s t r i b u t i o n o f i n e l a s t i c i t y on the sea l e v e l 

p ro ton spectrum has not been i n v e s t i g a t e d and so i t i s not known at present 

whether t h i s discrepancy can a r i se f rom such a cause. 

The t ransparent over lay of f i g u r e 6-1 shows the pro ton spectrum as 

measured i n the present experiment., As noted i n Chapter 5 , there i s 

feasehable agreement between t h i s measurement and the p r e d i c t i o n of the 

present model and hence also reasonable agreement wi th the p r e d i c t i o n of 

Jabs over the range o f momenta i n which there i s r e l i a b l e experimental data . 

How,ever, the spectrum of 0 Br i en can be seen to be i n poor agreement w i t h 

the measurement and to have a s i g n i f i c a n t l y d i f f e r e n t spec t ra l shape. 
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6 .4 . The Predic ted Pion Spectrum 

Figure 6-2 shows the momentum spectra of negative pions p red i c t ed by the 

various models discussed above. I t can be seen t h a t the three models do not 

produce cons is ten t p r e d i c t i o n s over the whole range o f momentum al though the 

present model i s i n good agreement w i t h t h a t pf Jabs a t low momenta. However 

as the momentum increases the p r e d i c t i o n of Jabs f a l l s below t h a t of the 

present model t o an i nc r ea s ing ex ten t . I t should be noted t h a t the spec t r a l 

shapes pred ic ted by O 'Br i en and the present model are very s i m i l a r but the 

spectrum of O 'Br i en i s a f a c t o r of *»2«5 lower i n absolute i n t e n s i t y . 

The most impor iant d i f f e r e n c e between the model o f Jabs and tha t 

described i n t h i s thes i s i s i n the law r e l a t i n g the mean m u l t i p l i c i t y of 

p a r t i c l e s produced i n a nuclear i n t e r a c t i o n to the k i n e t i c energy of the 

i n c i d e n t p a r t i c l e . Jabs used a law of the form 

n (E) = 1.69 I n (0.3E + 1.4) 

compared w i t h a power law w i t h exponent 0.25 as used i n the present model. 

The mean m u l t i p l i c i t i e s produced by these two expressions are v i r t u a l l y 

i d e n t i c a l f o r i n t e r a c t i o n s a t energies which are of importance f o r the 

pions of low momenta. However, as the i n c i d e n t energy increases the 

discrepancy between the two laws increases GO tha t good agreement should 

not be expected over thevhole range of momentum considered here. 

The m u l t i p l i c i t y laws used by O 'Br ien and the present model are r a the r 

s i m i l a r and so i t i s not unreasonable t h a t the spec t ra l shapes should be the 

same. However} f rom the comparison o f the pred ic ted proton spectra f rom the 

two models ( § 6 . 3 ) 9 there i s seen to be a discrepancy between the p r e d i c t i o n 

f rom the two models. This discrepancy may also account f o r par t? or a l l j of 

the discrepancy between the p red ic t ed p ion spectra\ in. a d d i t i o n O 'Br ien ignores 

pions produced by pion-nucleus i n t e r a c t i o n s . I t i s shown i n f i g u r e 5 .1 t h a t t h i s 

has on ly a small (~>20%) e f f e c t on the p r ed i c t ed muon spectrum. Howeverjbecause o f 

t h e i r shor te r l i f e t i m e and shor te r i n t e r a c t i o n length pions which survive to sea 

l e v e l w i l l be secondaries of i n t e r a c t i o n s which occur much deeper i n the 

atmosphere than will nwxvs of the same momentum. Thus s u r v i v i n g pions are 
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produced i n regions of the atmosphere where the pr imary p a r t i c l e s have already 
been considerably degraded i n energy and i n which p ions ,o f an energy s u f f i c i e n t 
t o produce secondaries of a few GeV/c 5 c o n s t i t u t e a s i g n i f i c a n t f r a c t i o n of the 
cosmic r a d i a t i o n . Thus i t i s expected t ha t the e f f e c t on the sea l e v e l p ion 
spectrum of neg lec t ing p ion i n t e r a c t i o n s w i l l be grea ter than on the sea l e v e l 
muon spectrum. The precise magnitude of t h i s e f f e c t i s n o t , a t p resent , 
known; i t i s l i k e l y tha t the p red i c t ed p ion spectrum of O 'Br ien i s an 
underest imate. 

The over lay to f i g u r e 6-2 gives the experimental data measured i n the 

present experiment and those repor ted by Brooke e t a l » j 1964b. As noted 

e a r l i e r , there i s a large discrepancy between these measurements, a l though 

the data of Brooke et a ] , } should be increased by ~30% to a l l o w f o r the 

d i f f e r e n t normal i sa t ion used i n the two experiments. I t can be seen t h a t 

O 'Br i en obtained good agreement w i t h the measurement of Brooke e t a l» 

a l t h o u g h , as mentioned, above 5 the p r e d i c t i o n i s probably an underestimated 

Thus, since both the e a r l i e r measurement and p r e d i c t i o n of O 'Br ien are 

underestimates i t i s poss ible t h a t b e t t e r agreement may be maintained 

when both are cor rec ted . The p r e d i c t i o n s from the present model and t h a t Gf 

Jabs are seen to be midway between the two sets of experimental data. I t 

has been noted i n § 5 - 8 t h a t there i s some evidence t h a t the present model 

gives an increased i n t e n s i t y of pions i f the e f f e c t s of ' s c a l i n g ' 

d i s t r i b u t i o n s and the appropr ia te m u l t i p l i c i t y law are considered; a p r e 

l i m i n a r y i n v e s t i g a t i o n i nd i ca t e s t ha t t h i s leads t o an increase of ~10% i n the 

i n t e n s i t y a t 5.6 GeV/c. 

6.5 The Predic ted Muon Spectra 

Figure 6.3 shows the sea l e v e l momentum spectra of muons p red ic ted 

by the var ious models descr ibed above. I t can be seen t h a t the p r e d i c t i o n s 

of Jabs and f rom the present model are i n good agreement over most of the 

range of momentum considered he re , a l though the discrepancy between the 

two p r e d i c t i o n s i s l a r g e s t a t h igh momenta. This i s as expected f rom a 

cons ide ra t ion of the energies o f the primary p a r t i c l e s which give r i s e 
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to -these energetic muons. From f i g u r e 5 ,13 , 5.14 i t can be seen t h a t the low 
energy muons are generated predominantly by low energy primary p a r t i c l e s and 
the c h a r a c t e r i s t i c s o f the i n t e r a c t i o n s o f such p a r t i c l e s are i d e n t i c a l i n 
both models. 

The model o f O 'Br i en p r e d i c t s i n t e n s i t i e s which are s i g n i f i c a n t l y 

lower than p red ic ted by the model of Jabs and t h a t described here , as does 

the s i m u l a t i o n of A d a i r . The magnitude of the discrepancy decreases as 

the muon momentum increases . 

The measured spectrum of A l l k o f e r e t a l . , 1971, i s shown on the 

t ransparen t ove r l ay . As noted i n | 5 . 9 9 t h i s . spec t rum i s i n reasonable 

agreement w i t h the p r e d i c t i o n s f rom the prese'nt model a t momenta grea ter 

t h a n ~ 5 0 GeV/c. The agreement between the p r e d i c t i o n of O 'Br ien and the 

measured spectrum i s good at a l l momenta, e spec i a l ly i f the p r e d i c t i o n 

i s increased to account f o r those muons produced i n pion-nucleus i n t e r a c t i o n s . 

The discrepancy between the p r e d i c t i o n s of the present model, and tha t 

o f Jabs, and the observed spectrum a t low momenta i s d i f f i c u l t to e x p l a i n 

o t h e r than as was suggested i n S5.9. The use of ' s c a l i n g ' d i s t r i b u t i o n s i s 

not expected to a f f e c t the low momentum muons because of t h e i r r e l a t i o n t o 

comparat ively low energy pr imary p a r t i c l e s . I f . a three-dimensional t reatment 

o f the present model leads to a s i g n i f i c a n t improvement i n the agreement 

between the p r e d i c t i o n and obse rva t ions , i t should be noted t h a t the p r e d i c t i o 

o f 0 B r i e n , to which a s i m i l a r c o r r e c t i o n must be a p p l i e d 9 w i l l not be i n 

such good accord w i t h the observed data . 

6.6 Conclusions 

From the r e s u l t s discussed i n the previous sections i t can be seen tha t 

the p r e d i c t i o n s of the present model and of the model developed by Jabs are 

i n good agreement w i t h each other where t h i s may be expected, i . e . i n 

regions of secondary p a r t i c l e energy where the products of low energy 

pr imary p a r t i c l e s are dominant. 
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I t has been i n d i c a t e d ( § 6 . 2 . 2 ) t h a t the primary ^'spectrum used by 
O 'Br i en gives h igher primary i n t e n s i t i e s •> a t energies greater than .10 GeV/ 
nuc leon s than the spectrum used f o r the o ther p r e d i c t i o n s ; i t may thus 
be expected t h a t the p r e d i c t i o n s of O 'Br i en would i nd i ca t e grea ter 
i n t e n s i t i e s f o r a l l p a r t i c l e f l u x e s a t sea l e v e l . However? i t i s noted 
t h a t O 'Br ien p r e d i c t s lower i n t e n s i t i e s than the other models f o r a l l 
components. 

The momentum spectrum of p r o t o n s j as predic ted by the present model 

and t h a t o f Jabs? i s i n good agreement w i t h the observed spectrum as 

measured i n the present experiment.sit .low montentas. ,Thei intensities 

pred i c t ed by O 'Br ien are r a the r too low to be regarded as i n acceptable 

agreement w i t h t h i s measurement. 

The p ion spectra p red i c t ed w i t h the present model and the model of 

Jabs are i n good agreement a t low momenta s but both are s i g n i f i c a n t l y 

h igher than t h a t p r ed i c t ed by O 'Br i en , However<, because of the large 

discrepancy between the two experimental observations no d e f i n i t e 

conc lus ion concerning the v a l i d i t y of the various models can be reached 

on the basis o f t h i s spectrum. Fur ther experimental work w i l l be r equ i r ed 

t o resolve t h i s discrepancy. 

The measured sea l e v e l muon spectrum of A l l k o f e r et a l . , 1971 5 i s i n 

reasonable agreement w i t h a l l the p r e d i c t i o n s a t h igh momenta and agrees 

very c l o s e l y wi th the p r e d i c t i o n o f O 'Br ien a t a l l momenta. 

Thusj there i s no s ing le model of the propagation of cosmic rays 

through the atmosphere<, w h i c h 5 when combined w i t h a not implaus ib le 

spectrum of the pr imary r a d i a t i o n s i s s a t presents s u f f i c i e n t to exp la in 

completely the momentum spectra o f a l l components of the unaccompanied 

cosmic rays a t sea l e v e l . The f a i l u r e of the models t o s a t i s f a c t o r i l y 

e x p l a i n s imultaneously both the pro ton and. muon momentum spectra 

( e s p e c i a l l y the muon spectrum) must be regarded as a serious f a i l i n g 

o f the models as these spectra are w e l l known exper imenta l ly . 

i 

i 
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C H A P T E R S E V E N 

SUGGESTIONS FOR FURTHER WORK. 

7»1 The iUnacconipaniMJ^!y£l§g31-AgMve P a r t i c l e Spectra 

Reasonable agreement, has been obta ined between the measurements of the 

momentum spectrum o f unaccompanied protons a t sea l e v e l made i n the present 

experiment and those of .Brooke and Wolfendale , 1964. However*, the i n t e n s i t y 

of the spectrum of pions measured i n the present experiment i s a f a c t o r o f 

&2 grea ter than' t ha t found by Brooke e t a l . , 1964b„ Thus the most obvious 

need i s f o r a f u r t h e r measurement o f the p ion spectrum i n order to resolve 

the la rge discrepancy between the two measurements. 

I n both experiments which measured the momentum spectra of unaccompanied 

n u c l e a r - a c t i v e p a r t i c l e s (NAPs) i t was assumed tha t a l l the negative NAPs 

at sea l e v e l were p ions . I n view o f the recent r e s u l t s o f Tonwar e t al« « 

1971, and f rom the GERN I .S .R . experiments i n d i c a t i n g t h a t the c ross -sec t ion 

f o r p roduc t ion o f nuc leon-ant i -nuc leon p a i r s i n nuc.leon-nuc.leon i n t e r a c t i o n s 

increases w i t h the energy of the i n c i d e n t p a r t i c l e , i t i s important t h a t 

the v a l i d i t y o f t h i s assumption should be checked. The best technique f o r 

the d e t e c t i o n o f a n t i - p r o t o n s i n the cosmic r a d i a t i o n i s probably the use o f . 

a t h r e s h o l d Cerenkov l i g h t de tec tor together w i t h a measurement of the charge 

of the p a r t i c l e . A gas Cerenkov de tec to r w i l l d i s t i n g u i s h a n t i - p r o t o n s f rom 

negative pions nf momenta up to ~30 GeV/c s whi le a water Cerenkov de tec tor 

w i l l be s e n s i t i v e over a more l i m i t e d range around 1 GeV/c. The a d d i t i o n 

of a water Cerenkov de tec to r t o the magnet spectrograph described i n t h i s 

t he s i s should be able to i d e n t i f y unaccompanied an t i -p ro tons o f momentum 

~ i Gev/c,| such a de tec to r has been r e c e n t l y i n s t a l l e d (D-iggory - p r i v a t e 

communication). 

7 .2 Nuc lea r -ac t ive P a r t i c l e s i n Extensive A i r Showers 

The r e s u l t s of the s tudies o f NAPs i n extensive a i r showers (EAS) 

descr ibed here i n d i c a t e t h a t measurements o f the p a r t i c l e momentum and 

http://nuc.leon-nuc.leon
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charge are very d i f f i c u l t when a neutron monitor i s used to i d e n t i f y the 

NAPs. The major drawback to the use o f t h i s technique i s the d i f f u s e nature 

of the response of the neutron moni tor t o the NAPs, This i s i l l u s t r a t e d i n • 

f i g u r e 3-8 ., the impact distance d i s t r i b u t i o n due to unaccompanied NAPs, 

which i n d i c a t e s t h a t i n 10% of cases the i n t e r a c t i o n which produced the 

response ocurred more than 30 cms away f rom the po in t o f de t ec t i on of t h e 

neut ron . I n an ins t rument of the size of the neutron monitor t h i s leads to 

2 

a s e n s i t i v e area of ~0 .3 m and? i n most EAS a t small core distances there 

w i l l be severa l t r acks which would be NAP candidates. Thus a more precise 

technique f o r l o c a t i n g the nuclear i n t e r a c t i o n s , e .g . m u l t i - p l a t e spark 

chamber or hodoscoped i o n i s a t i o n c a l o r i m e t e r , would probably give a s i g n i f i c a n t 

improvement i n the ra te of a c q u i s i t i o n o f r e l i a b l e data . 

7.3 The Energy Spectrum of Primary P a r t i c l e s 

The present, data on unaccompanied NAPs near sea l e v e l are i n s u f f i c i e n t 

to enable any d e f i n i t e conclusions to be drawn concerning the energy spectrum 

of1he pr imary cosmic r a d i a t i o n , a l though the primary spectrum measured by 

Gr igorov e t a l . , 1971, seems, on the basis of the present c a l c u l a t i o n s , t o be 

i n c o n s i s t e n t w i t h the measured proton spectrum near sea l e v e l . However, t he 

r e s u l t s of the t h e o r e t i c a l ana lys i s presented i n chapter 5 i nd i ca t e t h a t the 

sea l e v e l measurements which w i l l be most sens i t ive to the primary energy 

spectrum i n regions of h igh energy are the momentum spectrum of negative 

pions and the spectrum of protons a t momenta >100 GeV/c. Good s t a t i s t i c a l 

accuracy w i l l be r equ i r ed i n both these measurements i n order t o d i s t i n g u i s h 

between the a l t e r n a t i v e primary spec t ra , and t h i s w i l l lead to considerable 

exper imenta l d i f f i c u l t y because of the very low f l u x e s of p a r t i c l e s of 

these types and energies . 

7.4 Models of Atmospheric Propagation 

Good agreement was obtained between the p red ic t ions of the present 

model and the measured spectra of p ro tons , but the p red ic ted muon spectrum 

was s i g n i f i c a n t l y h igher than the measured spectrum a t momenta < 50 GeV/c. 



86 

Various poss ib le l i m i t a t i o n s of the model of the propagation of p a r t i c l e s 
through the atmosphere used here have been noted i n chapter 5 j i . e . 
approximations i n the t rea tment o f i n t e r a c t i o n s , the one-dimensional propagatio 
and constant energy loss o f muons. These l i m i t a t i o n s san be removed and may 
lead t o a b e t t e r p r e d i c t i o n of the sea l e v e l momentum spectrum of muons which 
must be adequately p red i c t ed by any acceptable model since the experimental 
data are the most accurate a v a i l a b l e . 

Recent experimental data f rom the GERN I .S .R. experiments i nd i ca t e 

t h a t the v a r i a t i o n of the mean m u l t i p l i c i t y of p a r t i c l e s produced i n a nuclear 

i n t e r a c t i o n w i t h the energy of the i n c i d e n t p a r t i c l e i s b e t t e r represented 

by an expression which r i s e s somewhat more s lowly than t h a t used i n the 

present work up to an energy of 1500 GeV. Some p r e l i m i n a r y work has been 

done using t h i s m u l t i p l i c i t y law al though conclusions are not possible a t 

present . 

The r e s u l t s of the experiments o f Tonwar et a l . , 1971;, i n EAS and 

those using the CHRN I . S . R . system i n d i c a t e an increased product ion of 

nuc leon-an t i -nuc leon p a i r s and of kaons i n i n t e r a c t i o n s a t high energies. 

Al though pions w i l l s t i l l be the most commonly produced p a r t i c l e s , the 

increased propor t ions of these a l t e r n a t i v e p a r t i c l e s w i l l absorb a 

f r a c t i o n of the a v a i l a b l e energy so tha t the d e t a i l s of the propagation 

o f p a r t i c l e s through the atmosphere w i l l be a l t e r e d . C l e a r l y , to ob t a in 

the most accurate s i m u l a t i o n of cosmic ray propagat ion, the product ion 

of p a r t i c l e s other than pions should be allowed i n the model. I n p r i n c i p l e , 

a l l these m o d i f i c a t i o n s oan be inc luded i n the Monte Carlo model al though 

the computing time f o r each s i m u l a t i o n w i l l be increased. However? 

because of the steep primary spectrum> t h i s should not be a great l i m i t a t i o n 

since s imula t ions of low energy primary p a r t i c l e s w i l l be of considerable 

i n t e r e s t . Thus the t h e o r e t i c a l s tudies described here could be extended 9 

but w i t h grea ter s t a t i s t i c a l accuracy and a more r e a l i s t i c model, t o give 

p r e d i c t i o n s of the f l u x e s of a n i t - p r o t o n s and kaons, as w e l l as p ro tons j 

pions and muons a t sea l e v e l . 
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A P P E N D I X A 

THE DISTRIBUTION OF LATERAL SEPARATION OF 

THE TRACKS IN THE MID-PLANE OF THE SPECTROGRAPH 

From f i g u r e A l i t can be seen t h a t the d i s t r i b u t i o n i n the l a t e r a l 

s epa ra t i on , A , i s g iven by 

f (A) = x - x} t an ^ - F ( x 1 ~ x 1 ) - ^ P (3^-^) 

- x + r t an di + G(x - X ) •+ r Q (tb ~dj ) 
o o r o o o o ro ro 

where ^ > X Q , ^ > x^ are the parameters of the ac tua l t r a j e c t o r y 

and tpo, X Q ? ijj.^, are the parameters of the best f i t estimate of the 

t r a j e c t o r y and F ? G,Pj, Q are the d i s t r i b u t i o n s of the d i f f e r e n c e s between 

the ac tua l and es t imated parameters. But 

X Q - r Q t an 0fo = - ^ t an \ 

' f (A) = G(x n - x J + r Q Q j - i j j ) 
. . 0 0 0 ~0 ~0 

- F ^ - x x ) - r x P Qij-^) 

by 

Thus the d i s t r i b u t i o n of A w i l l have a standard d e v i a t i q n 5 c s given 

2 2 , 2 , 2 2 , 2 2 

< V ' % ^ i r ° ° > 0

 1 

where cr, , rr are the standard dev ia t ions of the d i s t r i b u t i o n s of 

) and ) and <r and cr are the standard dev ia t ions 
0 0 J. X X N 

_ _ o 1 
of (x - x ) and (x.. - x n ) r e s p e c t i v e l y . 

o o 1 1 

ButC^ Q and are made up o f two p a r t s ; e r ro r s due to s c a t t e r i n g 

i n the m a t e r i a l of the spectrographs cr, > and e r ro r s due to ins t rumenta l 

noise , cr • 

. . cr2 => o-2 + cr 2 and < r 2 = cr 2 + cr 2 

^ c n ^ 1 c n 

since there i s the same m a t e r i a l i n each h a l f of the spectrograph 
2 

But c r 2 a ~ ™ a | 
P 
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- C 2 + ( r 2 + r 2 ) 0-2 

n e g l e c t i n g cr and cr compared w i t h ( r + r f ) (T „ 
x 0 o 1 n 

Thus a graph of <r̂  aga ins t jA^j* should be a s t r a i g h t l i n e w i t h an 
p 0 0 0 

i n t e r c e p t on the cr - ax i s o f (or + x f ) <r • 
A o 1' u n 
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