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The sso. l e v e l union charge r a t i o i n the near v e r t i c a l d i r e c t i o n b^r. 
bsen measured using the Durham spectrograph X.A^.S. i n the r e g i o n 
10 GeV/c t o about £00 GeV/c. 

A d e t a i l e d d e s c r i p t i o n of' the apparatus used i n the experiment i s 
given. 

Based on approximately 1.3 x 10^ p a r t i c l e s the mean r a t i o , over the 
whole Cinergy range i s found t o be 1.28^0 + 0,0023. This i s consis t e n t 
w i t h previous measurements made vrith the same instrument and als o w i t h 
r e s u l t s of other worker-?. No evidence f o r pronounced maxima or minima 
i n the r a t i o as a f u n c t i o n of momentum i s sean. Ta;;re i s hcv/evftr, soiie 
i n d i c a t i o n of a broad maximum i n the r a t i o i n the r e g i o n 2 0 - £ 0 GeV/c 
followed by a sotnev/hat '.} ov;er r a t i o to about 200 GeV/c. 

Using data from the i n t e r s e c t i n g storage r i n g s experiment an attempt 
has been made t o estimate the expected am on chat-go r a t i o at sea l e v e l * 
TMft estimated r a t i o i s found t o be higher than bhe observed value* 
The reasons f o r the discrepancy are thought t o be a combj.nat.ion of 
inadequate pion production data and the e f f e c t s of i n t r a - n u c l e a r 
cascading. Other possible causes - a breakdown i n s c a l i n g and changes 
i n the primary spectrum are also discussed. 
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PREFACE 
i i 

The work presented i n t h i s t h e s i s represents t h a t c a r r i e d out i n 
the cosmic ray group o f the Physics Department of the U n i v e r s i t y of 
Durham d u r i n g the p e r i o d 1969-1973 while the author was a research 
student under the s u p e r v i s i o n of Dr M G Thompson arid the p e r i o d 1973-

1971+ while the author was a research a s s i s t a n t i n the Department. 

The M.A.rt.S. spectrograph was i n an advanced stage of c o n s t r u c t i o n 
when the author j o i n e d the group i n I969. Since then the author has 
played a p a r t i n the f u r t h e r c o n s t r u c t i o n and running of the instrument* 
W i t h i n t h i s context he has been responsible f o r the c o n s t r u c t i o n , t e s t i n g 
and o p e r a t i o n o f the instrument xi. U.D.I, and f o r the a n a l y s i s and 
i n t e r p r e t a t i o n o f the gathered data. The work described i n t h i s t h e s i s 
represents p a r t of the f i r s t stage of the N.A.H.3. programme, the 
measurements having been made w i t h the 'low momentum1 system wnich w i l l 
e v e n t u a l l y be used as the momentum s e l e c t o r system f o r the 'high 
momentum' (up t o $000 GeV/c) measurements. 



CONTENTS 

ABSTiiACT 
PREFACii 
CHAPTER 1 

CHAPTER 2 

CHAPTER 3 

IMTxiODUCTION 
1.0 The Development of Cosmic Ray Studies 
1.1 M.A.R.S. 
1.2 The Present Work 

M.A.R.S. 
2„0 I n t r o d u c t i o n 
2.1 The T r a j e c t o r y o f Muons i n a Magnetic 

F i e l d 
2 .2 . M.A.R.S. - A General D e s c r i p t i o n 
2.3 M.A.R.S. - D e t a i l s 

2.3 .1 The Magnet 
2.3 .2 The T r i g g e r i n g System 
2 .3 .3 The Acceptance of the 

Spectrograph 
The Pulsing System 
The P r i n c i p l e of D i g i t i s a t i o n 
The Momentum Selector System 
High Momentum Events 
Low Momentum Events 
Results from M.A.R.S. 

2.3J+ 

2 .3 .5 

2 .3 .6 

2.3.7 

2 .3 .8 

2 .3 .9 

2J.|. Summary 

R.U.D.I. 

3.0 I n t r o d u c t i o n 
3.1 The Momentum Selector Trays 
3c2 The D i g i t i s a t i o n E l e c t r o n i c s 

Page 
i 

i i 

1 

10 

11 

12 

12 

1 3 

13 

13 

Ik 

1^ 

15 

16 

17 

20 

23 

23 

23 

25 

25 

26 



3.2.1 The Memories 26 

3 .2 .2 The Tray Fronts 26 

3 .2 .3 The C e l l A l l o c a t i o n Electi'on.Lca 2.0 

3.3 R.U.D.I 31 

3 .3 .1 I n t r o d u c t i o n 31 

3»3»2 Determination of the huon 

D e f l e c t i o n 31 

3»3»3 Determination of the Muon Sign 3k-

3«3»^ Deterraination of the Muon 
Zeni t h Angle 36 

3-3.5 The F i n a l Output of R.U.D.I. 37 

3 .3 .6 The Functioning of R. U.D.I. 39 

3.3.7 The Construebioi} of rt.U.D.JL. i\l 

3.3 .8 uperating H.U.D.j.. I j l 

CHAPTER L\. Ii\aTriU]>lEMTAL JSEEECTS 

4.0 I n t r o d u c t i o n ij.3 

i j . . l Acceptance E f f e c t s i+3 

l|.o2 The Category Acceptance i|.6 

I4..3 The C e l l i n g System 51 

k*k Other E f f e c t s 5 l 

CHAPTER 5 THE DATA 

5<>0 I n t r o d u c t i o n 53 

5.1 Trie Data 53 

5*2 Experimentally ubserved Biases i n the 

Charge Ratio 55 

5»3 Biases i n the Spectrum Measurements 61 

$*\ Conclusion 62 



CHAPTER 6 RESULTS OP OTHER WORKERS 
6.0 I n t r o d u c t i o n 63 

6.1 The Near V e r t i c a l D i r e c t i o n 63 

6*2 The Near H o r i z o n t a l Direct:! on 66 

6.3 Combination of the Data 69 

CHAPTER 7 HIGH ENERGY" INTERACTIONS 

7.0 I n t r o d u c t i o n 71 

7»1 Accelerators 71 

7.2 T h e o r e t i c a l Aspects 73 

7.3 P a r t i c l e Spectra 85 

7.3.1 Cnargod Pions 85 

7.3.2 Charged Kaons 90 

7 .3 .3 Protons 92 
7.3J4 P a r t i c l e Ratios 96 

7.3*5 M u l t i p l i c i t y 9 9 

7 .3 .6 Cross-Sections 107 

7.3.7 I n e l a s t i c i t y l l l + 

CHAPTER 8 INTERPRETATION OP THE I1U0N CHARGE RATIO 

8.0 I n t r o d u c t i o n 116 

8.1 The Primary Composition 116 

8.2 High Energy C o l l i s i o n s 120 

8.3 Pion Decaj P r o b a b i l i t i e s 120 

8.I4. I n t e r p r e t a t i o n of the Muon Charge Ratio 122 

Q»k&. Estimation of the Pion Charge 
Ratio 123 

8.1j.b Estim a t i o n o f the Kaon Charge 
Ratio 125 

8J4C The I n e l a s t i c i t y • 126 



page 
8.1j.d C a l c u l a t i o n of the Muon Charge 

Ratio 127 

8.1j.e Results o f Calculations and 
Discussion 131 

8 . £ The Results o f Previous Workers 13$ 

8.6 Discussion ll | - 3 

8.7 Conclusion li+7 

APPENDIX 1 ESTIMATION 0j?' GiiAriGE RATIOS, ChARGa 
EXCEoSES AND TiiclR ERRORS li+9 

APPENDIX 2__R. U.D.I. BOARD DESCRIPTIONS_ 1^3 

APPENDIX 3 THE R.U.D.I. TEST INSTRUMENT I63 
APPENDIX l± THE R.U.D.I. CELL MONITOR 16£ 

REFERENCES 167 

ACKNOWLEDGMENTS 176 



1 
CHAPTER 1 

I n t r o d u c t i o n 
1,0 The Development of Cosmic Ray Studies 

The study of cosmic rays has i t s o r i g i n s i n the i n v e s t i g a t i o n s 
of i o n i z a t i o n and e l e c t r i c a l conduction i n gases which were being made 
at the beginning of the century. During these i n v e s t i g a t i o n s i o n i z a t i o n 
was found t o be present i n closed vessels c o n t a i n i n g a i r . Rutherford 
found t h a t the i o n i z a t i o n could be reduced by surrounding the vessel 
w i t h a lead s h i e l d ; the remaining i o n i z a t i o n he a t t r i b u t e d t o traces of 
r a d i o a c t i v e m a t e r i a l i n the vessel w a l l s . Just before World War I 
Hess, i n Vienna and Ko l h o r s t e r i n B e r l i n made b a l l o o n ascents c a r r y i n g 
s e n s i t i v e electrometers w i t h them. I n September 1912 Hess reported that 
a f t e r an i n i t i a l r e d u c t i o n i n i n t e n s i t y he found the i o n i z a t i o n to 
increase w i t h a l t i t u d e . He concluded t h a t there was a p e n e t r a t i n g 
r a d i a t i o n coming through the atmosphere from above (Hess, 1912). I n 
1918 M i l l i k a n began t o study the i o n i z a t i o n and i t s v a r i a t i o n w i t h 
h e i g h t ; he found a much weaker dependence than d i d Hess or K o l h o r s t e r 
and concluded i n 192k. t h a t there was no p e n e t r a t i n g r a d i a t i o n . A year 
l a t e r M i l l i k a n and Cameron began a series of experiments t o measure the 
i o n i z a t i o n i n snow f e d lakes which were thought t o be f r e e from r a d i o ­
a c t i v e contamination. By reducing the background i n t h i s manner they 
obtained c o n s i s t e n t r e s u l t s from two separate s i t e s . They concluded 
t h a t t h e i r r e s u l t s s t r o n g l y i n d i c a t e d a r a d i a t i o n t r a v e l l i n g downwards. 

At t h i s time M i l l i k a n coined the name 'cosmic rays'. 

A t t e n t i o n was now concentrated upon determining the nature o f 

p e n e t r a t i n g form of r a d i a t i o n then known. At about t h i s time (the 
l a t e 1920«s) two important i n s t r u m e n t a l advances were made. I n 1929 
Skobelzyn using a Wilson cloud chamber i n a magnetic f i e l d t o measure 
p p a r t i c l e energies found some extraneous t r a c k s o f p a r t i c l e s o f 
energy greater than 1$ MeV. He also found, i n a few of h i s photographs, 

cosmic rays; they were i n i t i a l l y assumed t o be ^ rays - the most 
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cases of many simultaneous t r a c k s c r o s s i n g h i s chamber, these ho 
c a l l e d showerso Skobelzyn a t t r i b u t e d the tracks t o Compton r e c o i l 
electrons secondary t o the 'Hess u l t r a - o' r a d i a t i o n ' . I n the same 
year Bothe and K o l h o r s t e r used the r e c e n t l y invented Geiger-Muller 
tube t o study cosmic rays. They found t h a t when txvo such counters 
were placed one above the o t h e r , many simultaneous discharges occurred, 
i n d i c a t i n g the passage of a charged p a r t i c l e through the p a i r * This 
was the f i r s t use o f detectors ' i n coincidence'. 

Having found at l e a s t some charged cosmic rays Bothe and K o l h c r s t e r 
suggested t h a t because of the geomagnetic f i e l d some v a r i a t i o n i n 
cosmic ray i n t e n s i t y w i t h (geomagnetic) l a t i t u d e might e x i s t . Such 
observations had already been made by Clay i n 1927 out i t was not 
f u l l y e s t a b l i s h e d u n t i l the i n t e r n a t i o n a l survey organized by Comr-ton 
i n 19.32* A c l e a r c o r r e l a t i o n between i n t e n s i t y and magnetic l a t i t u d e 
was found. The l a t i t u d e 'knee' - the l a t i t u d e beyond which the increase 
of i n t e n s i t y w i t h i n c r e a s i n g l a t i t u d e becomes less r a p i d - was also 
found. At t h i s time i t became c l e a r t h a t a l a r g e p r o p o r t i o n of the 
rays were charged; the discovery i n 1933 of the east-west e f f e c t 
i n d i c a t e d a predominance of p o s i t i v e l y charged p a r t i c l e s . By 1933 "the 
cosmic r a d i a t i o n i n the lower atmosphere was known t o c o n s i s t of 
mainly p o s i t i v e l y charged p a r t i c l e s w i t h energies ^ 10^ eV; i t was 
thought t o be the secondary product o f i n t e r a c t i o n s between a i r n u c l e i ! 
and the primary cosmic r a d i a t i o n which was also composed of mainly 
p o s i t i v e p a r t i c l e s and had energies ^ 3 . 1 0 1 0 eV. Prom t h i s time cosmic 
ray research expanded r a p i d l y . The major'research f i e l d s can be very 
roughly c l a s s i f i e d i n t o f i v e groups, each of which w i l l be b r i e f l y 
described. 

Studies of the Primary Cosmic Radiation - t h i s i s of i n t e r e s t because 
of the a s t r o p h y s i c a l i n f o r m c t i o n which may be gained and also because 
the h i g h energy p a r t i c l e s of which i t 3s found t o be composed con be 
used t o derive i n f o r m a t i o n on nuclear i n t e r a c t i o n s . 
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The pr i m a r i e s were found t o be mainly protons by the b a l l o o n 
studies o f Schein i n the e a r l y I9I4.O5s. I n 19 -̂7 other b a l l o o n 
experiments by Hereford showed the presence of n u c l e i ! of Z^ 2 and 
i n the f o l l o w i n g year F r i e r and her co-workers found n u c l e i ! of Z 
up t o 28. At the present time n u c l e i ! as heavy as uranium, or 
p o s s i b l y heavier have been found. The main d i f f e r e n c e between the 
mass d i s t r i b u t i o n of the primaries and t h a t of the u n i v e r s a l abundance 
i s the considerable excess, i n the former, of L i , Be and B. This i s 
thought t o be the r e s u l t o f the fragmentation of heavier n u c l e i i i n 
passing through the small amount of matter ( ̂  \\ gms cm"2) from t h e i r 
source t o the v i c i n i t y of the Earth. 

Early measurements o f the primary energy spectrum u t i l i s e d the 
l a t i t u d e e f f e c t but balloons have also been u s e d . I n 1937 Eowen, 
M i l l i k a n and Neher f l e w up t o 90,000 f t ( ^ 1 2 gms cm" 2) c a r r y i n g 
i o n i z a t i o n , counters. Balloon-borne d e t e c t o r s remain one of the major 
sources of data on primary cosmic rays. Rocket-borne instruments have 
also made important c o n t r i b u t i o n s (notably the discovery of the Van 
A l l e n r a d i a t i o n b e l t s ) . S a t e l l i t e experiment? hf.ve also been made out 
the r e s u l t s are s t i l l the s u b j e c t o f some disc u s s i o n . D i r e c t measure­
ments of the primary spectrum have been confined t o energies below a 
few thousand GeV f o r protons, t o a much lower l e v e l of a few tons of 
GeV per nucleon f o r n u c l e i i of Z>2 and t o an energy o f about 500 GeV 
per nucleon f o r helium n u c l e i i . Beyond about 3000 GeV i n d i r e c t 
measurements of the spectrum must be made. For example, Brooke i n I961j. 
used the measured muon sea l e v e l spectrum together w i t h a model f o r 
h i g h energy i n t e r a c t i o n s t o work back t o the primary spectrum. Above 
about 10,000 GeV r e s u l t s from a i r shower studies have been used t o 
ob t a i n i n f o r m a t i o n on the p r i m a r i e s . Greiseri (1965) summarised the 
then a v a i l a b l e data w i t h the r e s u l t snown i n Fig 1 .1 . Below 3^101^ eV 
the i n t e g r a l i n t e n s i t y i s l O ^ l O 1 ' 1 / . ? , ) 1 " 6 sec" 1 m~2 Sr" 1 at which 
energy there i s a dramatic chon.e i n slope the I n t e n s i t y t h e r e a f t e r 
bei?ig given by 2 . 1 Q - 1 0 ( K A f y E ) sec""1 m"2 s r ^ : a t aDOut 3.IG 3- 3 rV 
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the filope seems t o r e v e r t t o -1 .6 but t h i s remains a r a t h e r u n c e r t a i n 
f e a t u r e . 

Other primary p a r t i c l e s which have been found are e l e c t r o n s , X rays' 
and V rays . The former were f i r s t found by E a r l i n I96I and f u r t h e r 
studies showed t h a t the r a t i o of the numbers of p o s i t r o n s t o e l e c t r o n s 

i s l e ss tnan u n i t y and the combined f l u x i s about 1% of the p r o t o n f l u x . 
Primary )f rays (energy ^ 100 MeV) were found by Clark i n 1968 while 
lower energy X rays were found by Giacconi i n 1962* 

The question of the o r i g i n of the primary p a r t i c l e s i s s t i l l 
unsolved (apart from the low energy p a r t i c l e s o c c a s i o n a l l y received 
from the sun). The f i r s t serious work on a p o s s i b l e a c c e l e r a t i o n 
mechanism was by Swann i n 1933 who proposed b e t a t r o n a c c e l e r a t i o n 
i n the v a r y i n g magnetic f i e l d which may e x i s t around s t a r s * A major 
advance was made by Fermi i n I9h9 when he considered the c o l l i s i o n of 
charged p a r t i c l e s w i t h a moving magnetic f i e l d (such as contained i n 
randomly moving clouds of gas). Following more d e t a i l e d experimental 
observations Fermi modified h i s mechanism t o i n v o l v e the magnetic f i e l d s 
i n the s p i r a l arms of the galaxy. Ginzberg i n 19^3 suggested t h a t 
c o n d i t i o n s f o r Fermi a c c e l e r a t i o n would be favourable i n d i s t u r b e d 
regions such as supernova remnants (e.g. the Crab nebula). Other 
suggestions as to p o s s i b l e sources have been o r d i n a r y novae, p u l s a r s 
and quasais. I t i s unknown whether the m a j o r i t y of p a r t i c l e s a r i s e from 
w i t h i n the galaxy or are of ex.tragalactic o r i g i n . Measurements of the 
a r r i v a l d i r e c t i o n s of the p r i m a r i e s have given no i n d i c a t i o n o f any 
p r e f e r r e d d i r e c t i o n s . The change i n slope of the primary spectrum 
(F i g . 1.1) at about 3 .10 1 ^ eV i s thought t o be due t o the i n a b i l i t y of 
the g a l a c t i c magnetic f i e l d t o c o n t a i n the p a r t i c l e s . The f l a t t e n i n g 
of the spectrum beyond about 3 „ 1 0 1 ^ eV has been suggested as evidence 
of an e x t r a g a l a c t i c component. However, t h i s f l a t t e n i n g i s not 
confirmed by experiment; a number of p a r t i c l e s of energy b e l i e v e d 
t o be g r e a t e r than 1 0 2 0 etf have been detected (although t h * energies 
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are s u b j e c t to some degree of u n c e r t a i n t y ) . The recent discovery o f 
the 3°K background r a d i a t i o n has l e d t o the p o s s i b i l i t y of a steepening 
of the spectrum at around 10-^ eV caused by the removal of higher 
energy protons i n i n t e r a c t i o n s w i t h the low energy photons. At these 
h i g h primary energies measurements are most o f t e n made w i t h l a r g e a i r 
shower a r r a y s . 

Studies o f A i r Showers A i r showers were f i r s t discovered by Eothe 
i n 1937 when he obtained c o i n c i d e n t pulses from counters up t o ij.0 cm 
apart. Using b e t t e r r e s o l u t i o n counters Auger, Maze and Grivet-Meyer 
found coincidencesjup to $00 m apart. As the known t o t a l f l u x of 
p a r t i c l e s could n ot c o n t a i n so many independent p a r t i c l e p a i r s t o 
generate the observed coincidence r a t e i t was c l e a r t h a t a l a r g e shower 
of p a r t i c l e s was i n v o l v e d . By adding a t h i r d and f o u r t h counter t o h i s 
experiment Auger, i n 1939* showed t h a t there were ~1 0 ^ p a r t i c l e s i n 
the l a r g e r showers. Auger was also the f i r s t t o r e a l i z e the hi g h 
energies of the p r i m a r i e s responsible f o r the showers. This discovery 
extended the energy scale of known r a d i a t i o n s by an even g r e a t e r f a c t o r 
than d i d the o r i g i n a l discovery of cosmic rays. The c a l c u l a t i o n s of 
Auger t r e a t e d the shower as a m u l t i p l i c a t i v e electron-photon cascade 
i n i t i a t e d by an e l e c t r o n or p o s i t r o n a t the top of the atmosphere. 
Further experimental work i n d i c a t e d t h a t some regenerating component 
was p r e v e n t i n g the shower being attenuated as r a p i d l y as p r e d i c t e d by 
theory. R e a l i z a t i o n t h a t the shower i n i t i a t i n g p a r t i c l e s were the -
mainly p r o t o n i c - primary cosmic rays came from the emulsion experiment 
of Kaplon, Peters and Bradt i n 19^9. These authors also gave evidence 
f o r the existence o f a n e u t r a l meson decaying i n t o ^ rays (which could 
then decay i n t o e l e c t r o n p a i r s and provide the r e q u i r e d regenerating 
mechanism)• 

The c o n s t r u c t i o n of l a r g e arrays o f d e t e c t o r s to measure the f l u x 

of l a r g e showers began i n about I953 w i t h the d e t e c t i o n of showers 

caused by p r i m a r i e s of energy *v i 0 1 7 eV. The next generation o f 



d e t e c t o r s cover areas of about 10 Km^ and should detect p r i m a r i e s of 
*v 10 2 0 eV. Between 10 and 15 events of energy 5.10 1 9 eV have so 
f a r been recorded by various arrays. The energies of such p a r t i c l e s 
are commonly estimated by comparing experimental data w i t h the r e s u l t s 
of computer simulations of showers. Various shower models have been 
constructed and the i n t e r p r e t a t i o n o f the highest energy experimental 
data i s an a c t i v e f i e l d of work. 

I n a d d i t i o n t o measurements of the primary spectrum, showers also 
give i n f o r m a t i o n on h i g h energy i n t e r a c t i o n s . 

High Energy I n t e r a c t i o n s Studies of p a r t i c l e ' i n t e r a c t i o n s and the 
discovery of new p a r t i c l e s were amongst the most a c t i v e research f i e l d s 
j u s t before and j u s t a f t e r the Second World War. Following the cloud 
chamber xrork o f Skobelzyn i n 1929 other groups began observations and 
found t h e i r photographs t o show equal numbers of p o s i t i v e and negative 
p a r t i c l e s . The former were assumed t o be protons but were found t o be 
i n s u f f i c i e n t l y i o n i z i n g . I n 1932 Anderson came to the conclusion t h a t 
the p a r t i c l e s were p o s i t i v e e l e c t r o n s . I n 1937 range momentum measure­
ments made by several independent groups p o i n t e d t o the existence o f a 
p a r t i c l e of mass *~ 200 Me. Now c a l l e d the muon, the p a r t i c l e was at 
f i r s t thought t o be t h a t which had been p r e d i c t e d by Yukawa i n 1935; 

however i t was found t o i n t e r a c t o n l y weakly whereas Yukawa's p a r t i c l e 
was o f a s t r o n g l y i n t e r a c t i n g type. The discovery of the l a t t e r had t o 
await the refinement of the emulsion technique. L a t t e s , Muirhead, 
O c c h i a l i n i and Powell i n 19^7, studying emulsion p l a t e s exposed a t 
mountain a l t i t u d e s found t r a c k s they deduced t o be those of the decay 
of one meson i n t o a l i g h t e r one which they i d e n t i f i e d as the muon. 
The parent p a r t i c l e l a t e r i d e n t i f i e d as Yukawa's, they c a l l e d a pion. 
Over the next few years, using cloud chambers and emulsion p l a t e s , 
cosmic ray experiments found several new p a r t i c l e s - the K mesons 
(19ll-7-8), the A hyperon (195U, the 22 hyperon and the £ hyperon 
(1953)' No other p a r t i c l e s have been found since t h i s time but 



searches are s t i l l being made, I n p a r t i c u l a r f o r quarks and W-partieles 

and others such as magnetic monopoles and tachyons. 

As p a r t i c l e a c c e l e r a t o r s of ever- i n c r e a s i n g energy have become 
a v a i l a b l e the r o l e of cosmic rays has s h i f t e d to the study of i n t e r ­
a ctions a t even higher energies. Cosmic rays are the only source of 
p a r t i c l e s of energies g r e a t l y i n excess of those of the CERN I3R 
experiment and i t i s t h i s facb t h a t t o some extent compensates f o r 
the o f t e n poor and r a t h e r q u a l i t a t i v e r e s u l t s obtained from cosmic 
ray measurements. I n t e r e s t i n the u l t r a - h i g h energy f i e l d has been 
s t i m u l a t e d by the t h e o r e t i c a l ideas o f , i n p a r t i c u l a r , Feynman (1969) 
and Bonecke e t a l (19o9)« The technique g e n e r a l l y adopted i n these 
studies i s to form a 3imple model of a nuclear i n t e r a c t i o n ( d e r i v e d 
by e x t r a p o l a t i o n from the lower energy region) and then to perform 
various c a l c u l a t i o n s usin: :, the model ?.nd then t o comoare w i t h experiment* 
The d e v i a t i o n s of the observations from p r e d i c t i o n are then used as a 
basis f o r modifying the model. The experimental data are u s u a l l y a i r 
shower measurements or the sea l e v e l spectra of various p s o t i c l e s such 
as muons, protons or p i o n s 0 

Cosmic Rays at Ground Level The primary nucleons i n c i d e n t on the top 
of the atmosphere have an i n t e r a c t i o n l e n g t h o f approximately 
80 gms crn"^ and the p r o b a b i l i t y of t h e i r a r r i v i n g at ground l e v e l w i t h o u t 
i n t e r a c t i n g i s less than I 0 ~ 5 . Their i n t e r a c t i o n s produce many tvpes 
of secondaries. At the ground the ,^reat m a j o r i t y of p a r t i c l e s are made 
up of muons, e l e c t r o n s , pions, protons and neutrons. The most numerous 
types are the f i r s t two; low energy muons and electrons form the s o f t 
component of the r a d i a t i o n w h i l e the hard component (de f i n e d by 
Greisen i n 19^2 t o be the p a r t i c l e s capable of t r a v e r s i n g 10 cm of Pb) 
i s mainly composed of muons. There are two main reasons f o r i n t e r e s t 
i n ground l e v e l mnons. F i r s t l y the i n t e r a c t i o n s -of the muons can be 
studied i n l o c a l d etectors w i t h the object of examining the chai a s t e r o f 

the muon i t s e l f (attemptir>r- tc d i s t i n g u i s h i t from a m<;r<? hen"? e l e c t r o n ! 



B 
Secondly, comparison can be made w i t h c a l c u l a t i o n s based upon various 
models of high energy c o l l i s i o n s i n the search f o r i n f o r m a t i o n on these 
c o l l i s i o n s at very h i g h energies. P a r t i c u l a r l y f o r the second reason 
the muon charge r a t i o , i n a d d i t i o n to the energy spectrum i s of some 
importance. Comparisons of muon spectra above and below ground r e l a t e 
t o electro-magnetic processes and, by way of n e u t r i n o s , t o weak 
i n t e r a c t i o n s . 

Pions are generated both i n the f i r s t c o l l i s i o n of the primary 
p a r t i c l e w i t h an a i r nucleus and i n the successive i n t e r a c t i o n s o f the 
products of t h a t f i r s t c o l l i s i o n w i t h other a i r n u c l e i ! . Measurements 
of the p i o n spectrum are o f nuclear p h y s i c a l i n t e r e s t . 

I n the i n t e r a c t i o n o f nucleons w i t h a i r n u c l e i ! one of the 
secondary p a r t i c l e s i s found to have a much higher energy ( ̂  $0% of 
the i n c i d e n t energy) than the other secondaries. This 'leading p a r t i c l e ' 
i s a nucleon and i s considered t o be the s u r v i v i n g i n c i d e n t nucleon. 
The p r o b a b i l i t y of the leading p a r t i c l e being a neutron when the primary 
i s a p r o t o n , and vice- v e r s a , has been found to be such t h a t a t ground 
l e v e l the pr o t o n and neutron spectra are s i m i l a r (except at low 
energies where the e f f e c t of i o n i z a t i o n l o ss on the proton spectrum 
becomes i m p o r t a n t ) . Here again, measurement of these spectra i s o f use 
i n determining some average c h a r a c t e r i s t i c s of the nuclear c o l l i s i o n . 

Neutrinos were f i r s t p o s t u l a t e d by P a u l i i n 1930 and the e l e c t r o n -
n e u t r i n o was detected i n 1953 by Reines and Cowan; l a t e r experiments 
demonstrated the existence o f a second type of p a r t i c l e - the muon 
n e u t r i n o . The f l u x of cosmic ray muon n e u t r i n o s has two main 
components, the atmospheric n e u t r i n o s and the e x t r a t e r r e s t r i a l 
n e u t r i n o s . The former a r i s e from the decay o f pions, kaons and muons 
w h i l e the l a t t e r are thought t o come from i n t e r a c t i o n s between the 
primary cosmic rays and the i n t e r s t e l l a r or i n t e r g a l a c t i c gas; some 
may also be produced i n s t e l l a r i n t e r i o r s . The t o t a l cross s e c t i o n f o r 



interactions between energetic neutrinos and nucleons i s a few times 
10~3^ cm2. - on t h i s scale the diameter of the earth i s ̂  3.0"̂  
i n t e r a c t i o n lengths* Detection i s thus d i f f i c u l t and detectors are 
usually deep underground to reduce the cosmic ray background. The 
results of such•experiments have enabled a lower l i m i t of ^ 'd GeV/c2 

to be placed on the mass of the intermediate boson; they also show 
signs of a slowing at about 100 GeV of the rate of increase of i n t e r ­
action cross section with energy. The r a t i o of e x t r a t e r r e s t r i a l to 
atmospheric neutrinos has been found to have an upper l i m i t of 1.0 
and a study of a r r i v a l directions has given no evidence f o r localized 
sources. Considering electron neutrinos these also have two major comp­

onents - the same as muon neutrinos •• and there i s also a rather smp.ljter 
component i n the decay of radioactive material i n the earth'3 crust. 
Wo electron neutrinos from either of the two main sources have been 
detected with certainty. The e x t r a - t e r r e s t r i a l component should be 
mainly from the sun and i t i s solar neutrinos which have become the 
subject of much study. 

Solar Cosmic flays Between 1911 and I 9 I 3 Hess made a number of day and 
night balloon f l i g h t s to determine whether the penetrating r a d i a t i o n 
came from the sun. Thereafter, many fur t h e r attempts were made wi t h 
ground based instruments to detect solar e f f e c t s . The f i r s t report of 
a very small v a r i a t i o n with l o c a l solar time was made by Hoffman and 
Lindholm i n 1928. An important development was made i n I936 by Forbush 
with the establishment of a network of r e l i a b l e continuously recording 
i o n i z a t i o n chambers. The re s u l t s from these instruments showed many 
types of cycle to be present i n cosmic ray i n t e n s i t y v a r i a t i o n s . 
Theoretical descriptions of these e f f e c t s made a major advance with 
the introduction of the- concept of the solar wind (by Chapman and 
Ferr-aro i n 1931) and mo.st o f +;.'ue i n t e n s i t y variations can be ax least 
approximately described i n terms of the wind and i t s associated magnetic 
f i e l d . Very detailed studies of solar effects are bein^ vlgorcusj - j 

pursued. 
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A p a r t i c u l a r l y important aspect of solar cosmic r a d i a t i o n i s 
the study of solar neutrinos. I t i s generally believed that the 
energy of the sun i s generated by nuclear fusion i n the process of 
which electron-neutrinos are produced. As the expected energy spectrum 
of these p a r t i c l e s depends upon solar parameters such as the consti­
t u t i o n , density and temperature of the core, the measurement of t h i s 
f l u x i s h e l p f u l i n establishing the values of the parameters. The 
main experiment to detect solar neutrinos, that of Davis, has so f a r 
f a i l e d to detect any f l u x above the background noise due to cosmic 
ray muons ..and atmospheric..neutrinos. This has created some astrophysical 
conti'oversey. 

1.1. M.A.R.S. 
M.A.R.S. - the magnetic automated research spectrograph at the 

University of Durham i s one of the new generation of spectrographs 
possessing a high maximum detectable momentum (m.d.ra). The main 
purpose of the instrument i s the study of the muon energy spectrum and 
charge r a t i o . 

The muon spectrum has most commonly been investigated by measuring 
the d e f l e c t i o n of the muon i n a magnetic f i e l d and r e l a t i n g t h i s 
d e f l e c t i o n to the p a r t i c l e ' s momentum. I n the e a r l i e r spectrographs 
Geiger counters were used both as the t r i g g e r i n g elements and f o r 
measuring the p a r t i c l e d e f l e c t i o n . Subsequent spectrographs incorp­
orated additional detectors, often f l a s h tubes, to extend the range 
of p a r t i c l e momenta which could be measured. More recently, s c i n t i l l a t i o n 
counters have been used as t r i g g e r i n g elements and spark chambers have 
been used as the track defining elements. Spectrographs have used 
e i t h e r a i r gap magnets or s o l i d i r o n magnets ( i n which the muons 
traverse the magnetized i r o n ) . The l a t t e r generally have the higher 
m.d.m. but suffer from worse scattering problems. M.A.ii.S. incorporates 
four large magnet blocks; the t r a j e c t o r y defining elements are trays of 
neon f l a s h tubes located at the top and bottom of the instrument and 



11 
a l s o i n the gaps between magnet blocks,. Large area s c i n t i l l a t i o n 
counters are the t r i g g e r detectors. The m.cUm. i s about 6000 G-eV/c. 
A mult i - l a y e r instrument has been chosen because of the need to allow 
f o r the increasing p r o b a b i l i t y of burst production by the muon with 
increasing muon enorgy. Said (I966) gives the p r o b a b i l i t y of a muon 
of 1000 GeV leaving a th i c k steel absorber being accompanied by a 
large burst as 16%. The four magnet blocks of M.A.fi.S. are an attempt 
to ensure that most of the muons traversing the instrument w i l l give 
enough accurately locatable points on th e i r t r a j e c t o r i e s to enable a 
successful determination of t h e i r momenta. 

1»2. The Present Work 
During various stages of the construction of M.A.rl,S. since i t s 

commencement i n I968 several experiments using the apparatus as i t 
stood at that time have been performed. Details of moat of these 
experiments and of M.A.R.S. i t s e l f are given i n the next chapter. 

The data reported i n t h i s thesis have been gathered i n one of the 
longer term experiments performed during completion of the spectrograph 

Measurements of the muon charge r a t i o have been made over an 
energy range of approximately 10 GeV to f?00 GeV. 
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ChAPTEfl 2 
M.A.R.S. 

2.0 Introduction 
In t h i s chapter an outline of the M.A.R.S. project i s given i n 

order that the parts of the project described i n greater d e t a i l i n 
l a t e r chapters may be seen i n perspective. 

2*1 The Trajectory of Muons i n a Magnetic Field 
A p a r t i c l e of charge i e and mass m moving with a v e l o c i t y V i n 

a magnetic f i e l d B i s subjected to a force F given by 
P = BVZ£ 

i n a d i r e c t i o n perpendicular t o 1/ , thus causing the p a r t i c l e to move 
i n a c i r c l e of radius f given by 

P = mu/r 
ie r = mV/BZe - P/B2e where P i s the momentum of 

the p a r t i c l e . The momentum of a muon i n a known magnetic f i e l d may 
thus be found i f the radius of curvature of the t r a j e c t o r y can be 
measured. 

The in c l u s i o n of energy loss as the p a r t i c l e progresses changes 
the track from a c i r c u l a r to a s p i r a l form. The energy loss of a 
p a r t i c l e moving a cert a i n distance i s much higher f o r a s o l i d i r o n 
magnet type of spectrograph than f o r the a i r gap type. A f u r t h e r 
a m p l i f i c a t i o n i s the e f f e c t of e l a s t i c scattering of the p a r t i c l e as 
i t passes through the instrument - again t h i s i s most important i n 
s o l i d i r o n spectrographs. Yet another complication present i n the 
l a t t e r i s the e f f e c t of interactions i n the i r o n - p a r t i c u l a r l y near 
the bottom of the magnet - producing large bursts of electrons which 
can saturate the t r a j e c t o r y defining detectors. I n an e f f o r t to 
minimise t h i s problem M.A.R.S. - a s o l i d i r o n magnet type of specto-
graph - has been b u i l t i n layers. This ensures that enough accurately 
located points on the muon tracks can be obtained t o enable t h e i r 
momenta to be determined. 
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2.2 M.A.R.S. - A. General Description 

The basis of the M.A.R.S. project i s the large electro-magnet 
which has been b u i l t i n the Sir James Knott Laboratory, The magnet 
consists of I4. separate i r o n blocks (Fig 2.1); in'the gaps between 
blocks, above the top block and below the bottom block are placed 
trays of flash-tubes. 

Using the tubes to locate the track of a p a r t i c l e traversing the 
whole magnet, the d e f l e c t i o n of the p a r t i c l e - i t s d i r e c t i o n and 
magnitude-can be measured. By combining t h i s d e f l e c t i on w i t h a knowleo^e 
of the value of the magnetic f i e l d w i t h i n the blocks the momentum and 
charge of the p a r t i c l e may be calculated as previously"described. 

The most common method used by previous workers to record the 
discharged flash-tubes has been to photograph the trays; t h i s involves 
tedious, time-consuming scanning of the r e s u l t i n g f i l m . For the M.AcR.3 
spectrograph however, a new technique involving d i g i t i s a t i o n of the neon 
flash-tubes has been developed. The data from some of the flash-tube 
trays of the spectrograph are stored d i r e c t l y i n a computer which i s 
also used to calculate the momentum and charge of the p a r t i c l e . 
Another feature of the M.A.R.S. experiment i s the use of a 'momentum 
selector' to reduce the number of low energy p a r t i c l e s stored i n the 
computer,. 

2.3 M.A.R.S. - Details 
2.3.1. The Magnet The four magnet blocks are each composed of 7^ 
i r o n plates ( f i g 2.2a). The c o i l s on each block are wound as shown i n 
Pig.2.2b. One side of the spectrograph has been designated the r©d 
side, the other side i s the blue side. A detailed f r o n t view of M.A.R.S. 
i s shown i n Pig 2*3* The c o i l s wound around each block are composed cf 
92 turns of ij. Sto'G copper wire. Two power supplies, each providing 50A 
at 120v are used to energii se the magnet c o i l s . One energises the blocks 
A and G and the other energises blocks B and D. Normally the magnetic 
f i e l d s i n the blocks are p a r a l l e l to each other but may be arranged to 
give other configurations. The connections between power GUT.;-"'lies an'"1. 
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c o i l s are r e a d i l y accessible so that the energising c o i l s can, i f 
required, be connected i n series, hence reducing the magnetizing current 
and consequently the magnetic f i e l d i n the blocks. 

With a current of 50A flowing through the c o i l s of each block 
search c o i l s indicate a magnetic f i e l d i n the i r o n of 16.3 i , 0,1 kg. 
The h y s t e r i s i s loop of a block shows the i r o n t o be well saturated f o r 
t h i s current - fig.2.4 (The uniformity i n the f i e l d i s given i n 
Fig.2.5 and i t i s seen that the v a r i a t i o n of the f i e l d over the sensitive 
volume of a block i s + 

2.3.2. The Triggering System To detect the passage of a p a r t i c l e 
through a side of the spectrograph s c i n t i l l a t i o n counters are placed at 
the top middle and bottom of the magnet (Fig.2.3). Each counter contains 
a slab of p l a s t i c s c i n t i l l a t o r (Nel02A) of size 133 cm x 75 cm x 2.5 cm. 
Each block of s c i n t i l l a t o r i s viewed by four 53-AVF photomultipliers -
2 at each end. The outputs from diagonally opposite pairs of photo-
m u l t i p l i e r s are passively summed and the r e s u l t i n g pulses amplified 
(Fig.2.6). These two r e s u l t i n g pulses are fed, separately, i n t o 
discriminators. The outputs of the discriminators are taken to the 
input of a 2-fold coincidence c i r c u i t . An output pulse from t h i s 
c i r c u i t i s taken to mean that a p a r t i c l e has passed through the s c i n t ­
i l l a t i o n counter (although a very small f r a c t i o n of the pulses i s due to 
coincidences between the random noise pulses of each p h o t o m u l t i p l i e r ) . 
The 2-fold coincidence pulses from each of the three s c i n t i l l a t i o n 
counters on one side of the spectrograph pass to a 3-fold coincidence 
c i r c u i t , which detects the traversal of p a r t i c l e s through one side of 
the spectrograph. 

2.3.3. The Acceptance of the Spectrograph To determine the muon 
spectrum incident upon the spectrograph the acceptance - the 'c o l l e c t i n g 
power' - of the instrument must be known. The minimum requirement f o r 
a muon to be detected i s that i t must traverse each of the three 
s c i n t i l l a t i o n counters. The acceptance of the instrument under t h i s 
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condition, as a function of momentum, i s shown i n f i g u r e 2.7• Further 
d e t a i l s of the acceptance are given i n chapter AL. 

g. 'j.I l - . The Pulsing System A high voltage pulse i s applied to the 
flash-tube trays i n the spectrograph w i t h i n 2 ys of a p a r t i c l e having 
been detected (by the s c i n t i l l a t i o n counters) using a spark gap and 1 
lumped constant delay l i n e (Fig 2.8), The spark gap i s triggered by 
discharging w i t h a t h y r i s t o r , a small capacitor (0.05 } i f charged to 
iiOOv) through a pulse transformer* The output of the transformer i s 
applied to the t r i g g e r electrode of the spark gap. To minimise the 
required t r i g g e r voltage a barium t i t a n a t e (BaTiC^) c o l l a r insulates 
the t r i g g e r electrode from the (earthed) spark gap electrode. The 
small t r i g g e r spark produced between t r i g g e r electrode and earthed 
electrode of the main spark gap i n i t i a t e s the spark discharge of the 
main gap and resul t s i n the production of a high voltage pulse across 
the matching r e s i s t o r s * 

Delay lines have been constructed using 2500 pf, 20 K.V. D.C. 
capacitors and, f o r the inductors, 22 turns of 18 SWG copper wire 
wound on a wooden former of diameter 3.0 cm. A negative square pulse 
of width 2 Td (where Td i s the propagation time of the delay l i n e ) and 
height Vs/2 (where Vs i s the spark gap supply voltage, i s generated. 
The pulse height i s Vs/2 f o r R matched to the l i n e ie R=Zc where Zc 
i s the cha r a c t e r i s t i c impedance of the l i n e ; otherwise the pulse height 
d i f f e r s s l i g h t l y from t h i s value. Each f l a s h tube tray i s connected 
across a separate r e s i s t o r R and i s a capacitive load Cr . One spark 
gap i s used to pulse several trays, hence there are several delay l i n e s 
and t h e i r associated re s i s t o r s connected to that spark gap. The spark 
gap, delay lines and terminating r e s i s t o r s aro housed i n an earthed 
aluminium bo-x. Co-a^ial cables are used to transmit the high voltage 
pulses to the f l a s h tube trays, t h i s minimises e l e c t r i c a l pick up 
probler.js« 

In one a l i t a of trie spectrograph two types of flaah tubes aro used 
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large diameter (1.53 cm i n t e r n a l diameter f i l l e d w i t h commercial Ne 
at 0.8 atmospheres) and small diameter (0.55 cm i n t e r n a l dia. and 2.1L 

atmospheres). For reasons given l a t e r i n the chapter the trays of 
large diameter tubes (each containing 20it tubes i n l\. layers) are known 
as momentum selector trays while the trays of small diameter tubes 
(each containing 712 tubes i n 8 layers) are known as measuring trays. 
One spark gap i s used to pulse the three momentum selector trays and 
a second gap to pulse the f i n e measuring trays. The 2 types of tray 
are pulsed v i a delay l i n e s of d i f f e r i n g c h a r a c t e r i s t i c s i -

Zc(.n-) Pulse width (us) (No trays) 

Measuring 
Tray 

Mom-sel 
Tray 

22 

k-7 

1.5 

3.0 

.028 

.005 

Optimum f l a s h tube e f f i c i e n c y has been obtained by measuring 
the layer e f f i c i e n c y of the trays as a function of applied pulse 
height. The important parameters of the pulsing system f o r M.A.R.S 
are: 

R (-a.) Pulse Ht 
(kv) 

Peak Fid across 
Tray (kv cm"1) 

S.Q.Supply 
(kv) 

Meas. Tray 22 6 7 . 5 13 

Mom.Sel.Tray kl 2.6 10 

2 .3 .5. The Principle of D i g i t i s a t i o n I t was realized i n the design 
stages of M.A.R.S. t h a t , because of the high acceptance, photographic 
recording of the f l a s h tube data was not p r a c t i c a l - the scanning of 
the r e s u l t i n g large qu a n t i t i e s of f i l m would be impossible. Several 
attempts have already been made to f i n d non-photographic methods 
(e.g. Bacon and Nash (1965), Reines (I967)) , 

During an i n v e s t i g a t i o n of t h i s type i t was found that a voltage 
pulse across a r e s i s t o r held some distance from the tube was generated 
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when the tube discharged. Using the arrangement of F i g 2 „ 9 a 

p u l s e s on the metal probe x>rere viewed on an oscilloscope« 

The dependence of the d i g i t i s a t i o n pulse shape on 1 , d, t , l g 

and R was studied and i n d i c a t e d a weak dependence of p u l s e height on 1 

and d and a stronger dependence on t and ±2» V a r i a t i o n of R had a. 

lar g e e f f e c t on both the height and l e n g t h of the pulse« Having 

i n v e s t i g a t e d the p r o p e r t i e s of a s i n g l e tube the next step was to study 

an a r r a y of tubes. I t was found t h a t to reduce the e l e c t r i c a l p i c k \vp 

from both the high voltage p u l s e and from any adjacent d i s c h a r g i n g 

tubes the probes had to be enclosed i n a s c r e e n - Figure 2«9b» 

The r e s u l t s of both s e t s of i n v e s t i g a t i o n s showed that the probe 

should be as near the f l a s h tube as p o s s i b l e i n order to maximise 

the s i g n a l to noise r a t i o ; the value of R can be adjustod to gi v e the 

re q u i r e d p u l s e l e n g t h while the pulse height can be s e l e c t e d by tapping 

o f f tho r e q u i r e d height from R. S i m i l a r r e s u l t s were obbained using 

s m a l l diameter f l a s h tubes. These s t u d i e s showed t h a t an a r r a y of 

probes could be used to detect discharged f l a s h tubes and t h a t the 

r e s u l t i n g ' d i g i t i s a t i o n 1 p u l s e s from the probes could be t a i l o r e d to 

match any f o l l o w i n g c i r c u i t r y . T h i s i s the b a s i s of the d i g i t i s a t i o n 

system used by M.A.R. S . 

2 . 3 " 6 . The Momentum S e l e c t o r System The purpose of the momentum 

s e l e c t o r system i s to s e l e c t p a r t i c l e s of 'high 1 momentum ( ̂ , 2%d GeV/c) 

The system c o n s i s t s of the momentum s e l e c t o r f l a s h - t u b e t r a y s ( 3 i n each 

s i d e of the spectrograph), probes to provide d i g i t i s a t i o n p u l s e s and 

e l e c t r o n i c c i r c u i t r y to f i x the p o i n t a c r o s s the width of the t r a y , 

where the p a r t i c l e t r a v e r s e d the t r a y . F u r t h e r e l e c t r o n i c equipment 

using the information on the p a r t i c l e p o s i t i o n s from each of the 3 

l e v e l s i n the spectrograph to determine whether or not the p a r t i c l e 

was of high momentum, completes tho system. I f a high momentum event 

i s i n d i c a t e d the system i n i t i a t e s 1."\o s t o r i n g of data frcn-. the t r a y s 

of tuber, designated "Measuring t r a y * ' Ln the computer. 
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The i n i t i a l l o c a t i o n of the p a r t i c l e i n a momentum bray to w i t h i n 

2»f? mm of the true p o s i t i o n i s performed by co n s i d e r i n g which tubes of 

the momentum s e l e c t o r t r a y s have discharged. The output of each probe 

of a t r a y i s fed to a memory c i r c u i t (based on i n t e g r a t e d c i r c u i t l o g i c 

f u n c t i o n b l o c k s ) known as a l a t c h . An i n t e r r o g a t i o n pulse applied a t 

the same i n s t a n t t o a l l the l a t c h e s causes p u l s e s to be given out by 

those a s s o c i a t e d w i t h a discharged tube. By ta k i n g s u i t a b l e coincidence 

and a n t i - c o i n c i d e n c e arrangements of these p u l s e s the width of a t r a y 

f r o n t i s e f f e c t i v e l y d i v i d e d up i n t o 1$2 c e l l s each of width $mm and 

the p a r t i c l e t r a c k i s assigned to one of these c e l l s . Having performed 

t h i s a s s i g n a t i o n a t each of the 3 momentum s e l e c t o r t r a y s the remaining 

p a r t of the momentum s e l e c t o r system decides whether the p a r t i c l e was of 

hig h momentum. 

The information on which c e l l s have been t r a v e r s e d i s t r a n s f e r r e d 

to the. momentum s e l e c t o r s h i f t r e g i s t e r u n i t , a u n i t c ontaining three 

1 ^ 2 - b i t s h i f t r e g i s t e r s - one r e g i s t e r per t r a y and one b i t per c e l l . 

Loading of the r e g i s t e r s i s complete w i t h i n 3 us of applying the 

i n t e r r o g a t i o n p u l s e . F i g u r e 2 . 1 0 a shows the r e g i s t e r s i n schematic 

form where i t can be seen that r e g i s t e r s A and C are each extended by 

the a d d i t i o n of another 76 b i t s . A high momentum event can be defined 

i n i t i a l l y as one whose t r a c k i s a s t r a i g h t l i n e . The momentum s e l e c t o r 

s h i f t r e g i s t e r u n i t scans the da t a from the 3 t r a y s (which i s now held 

i n the 3 s h i f t r e g i s t e r s ) f o r such s t r a i g h t l i n e s . The scanning process 

i s d e s c r i b e d below. 

B i t 7 6 of s h i f t r e g i s t e r ( w r i t t e n SR, i n f u t u r e ) B i s connected to 

1 5 1 3 - 1/P coincidence g a t e s . Adjacent c e l l s of l e v e l A are Ofi-ed together 

i n groups of 3 s t a r t i n g w i t h group Z . 0 , 1 , 2 J (where 0 i s i n f a c t a dummy 

input s i n c e c e l l 0 does not e x i s t ) and then group £~^-»^*3>J e t c . , 

f i n i s h i n g w i t h group Z ~ l 5 0 , l 5 l , l 5 2 _ 7 » The l£l outputs from t h i s Ofl-ing 

process are taken to the inputs of the 3 - f o l d coincidence gates. 
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L e v e l C i s t r e a t e d i d e n t i c a l l y except the r e s u l t s of the OR 
f u n c t i o n s are a l l o c a t e d to the 3 - f o l d gates i n the r e v e r s e order to 
t h a t of l e v e l A. Thus the complete i n p u t s of the f i r s t 2 and l a s t 2 
3 - f o l d gates a r e : 

G-IW6 1 G-fVTB i •$.t. kuq 
1 SR. B7G felt 

1 
+ 

I 
[CCO V CO.) 

The symbol + i n d i c a t e s the 'OR' f u n c t i o n 

The output c f the t h r e e f o l d coincidence gate changes only when a l l 

3 i n p u t s are i n the same s t a t e . Some 3 ;is a f t e r l e ading of the s h i f t 

r e g i s t e r s a t r a i n of c l o c k p u l s e s (frequency 9 2 5 KHz) i s applied to the -

3 s h i f t r e g i s t e r s causing the contents of each b i t to s h i f t to the r i g h t . 

Now consider F i g 2 . 1 0 b which shows the c o ] l s s e t o f f by a s t r a i g h t 

t r a c k . A f t e r 1 1 c l o c k p u l s e s the output of SRbjG w i l l chango from i t s 

r e s e t s t a t e , l o g i c a l ' 0 ' , to l o g i c a l ' l 1 . The outputs of the 2 OR 

gates w i t h inputs A ( 9 5 ) , A ( 9 6 ) , A ( 9 7 ) and C ( 5 5 h C ( 5 6 ) , C ( 5 7 ) w i l l 

change - a l s o to ' 1 ' s t a t e s . Thus the t h r e e f o l d coincidence gate having 

as i t s i n p u t s : 

1 S f l B76 

2 ZA ( 9 5)+A ( 9 6)+A ( 9 7)_7 

3 Z c ( 5 5 ) + C ( 3 ' 6 ) + C ( 5 7 ) J r 

w i l l i n d i c a t e a coincidence - the output changes s t a t e * Thus the change 

i n s t a t e of the output i n d i c a t e s a s t r a i g h t l i n e t r a c k - a hi g h 

momentum event* 

I t w i l l be seen t h a t i f the p a r t i c l e had passed through c e l l s 

9 5 or 97 i n l e v e l A or through c e l l s 5 5 or 57 i n l e v e l C the r e s u l t 

would be the same - a high momentum event would be i n d i c a t e d . T h i s 

property has been d e l i b e r a t e l y b u i l t i n t o the system (hy uco of the OR 

f u n c t i o n on the 3 adjacent cfc.:.ls) 3rj an attftirjpt do .'rdiruuiss? v.he e f f e c t 
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of i n c o r r e c t c e l l a l l o c a t i o n . The p a r t i c l e may be m i s a l l o c a t e d to a 
c e l l on e i t h e r s i d e of i t s true c e l l and s t i l l be detected as a hi g h 
momentum event. By doing t h i s , any b i a s due to m i s - a l l o c a t i o n 
introduced i n t o the measured high energy muon spectrum w i l l be s m a l l , 
and can be f u r t h e r reduced by subsequent c o r r e c t i o n f a c t o r s . As can be 
seen from f i g 2 . 1 0 c , i n the extreme case a low energy p a r t i c l e s u f f e r i r g 
a ' 2 c e l l ' d e f l e c t i o n may be c l a s s e d a

s & s t r a i g h t t r a c k event. 

For the t r a c k s shown i n f i g 2 . 1 Q d the method des c r i b e d above 

would f a i l because the p a r t i c l e passed to the r i g h t of SR B 7 6 . T h i s i s 

overcome by b u i l d i n g an i d e n t i c a l system to that d e s c r i b e d above but 

using b i t 1^2 of SR B i n plac e of b i t 7 6 , i n the s e t of t h r e e f o l d 

coincidence gates. The reason f o r the ex t e n s i o n of s h i f t r e g i s t e r s 

A and C can now be seen - to accommodate s h i f t r e g i s t e r b i t s i n i t a l l y 

loaded i n t o SRA or SRC between b i t s 7 6-lf? 2 on subsequent s h i f t i n g of the 

b i t s to the r i g h t . 

2 . 3 . 7 High Momentum Events V/hen a high momentum event has been 

detected storage of the measuring t r a y d a t a commences. The da t a from 

the t r a y s , c o n s i s t i n g of the column numbers of the discharged tubes and 

the p a t t e r n s of discharged tubes i n those columns i s fed, along with 

other s u b s i d i a r y d a ta such as event number, time, date, magnetic f i e l d 

d i r e c t i o n and atmospheric p r e s s u r e , i n t o a 102 l j . byte ( 1 byte = 8 b i t s ) 

core s t o r e . The s t o r e can hold a l l the data from one event. A f t e r 

assembly of the data i n the core s t o r e i s completed the computer i s 

i n t e r r u p t e d and the data t r a n s f e r r e d to i t . I n a d d i t i o n to handling 

M.A.H.S. data the computer i s a l s o used f o r o n - l i n e c o n t r o l of bubble 

chamber f i l m a n a l y s i s and t h i s can mean t h a t t r a n s f e r e n c e may not be 

immediate; the maximum delay however i s only 2 s e e s . The data i s 

i n i t i a l l y h e l d i n the s t o r e of the computer but when ij. or £ events have 

accumulated i t i s w r i t t e n onto a magnetic d i s c . When f i l m a n a l y s i s i s 

i n progress the data i s only stored but when f i l m a n a l y s i s has ceased f o r 
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the night an a l t e r n a t i v e programme operates to analyse the evonts 
stored i n the previous period of f i l m a n a l y s i s and a t the same time 
to continue storage of more- M.A.R.3. data. 

As mentioned p r e v i o u s l y the most common method of recording f l a s h 

tube data i s by photography and subsequent scanning of the f i l m . The 

programmes to analyse the M.A.R.S. data have had to express the a c t i o n s 

of the f i l m scanner i n a l o g i c a l form. 

The aim of the f i r s t p a r t of the programme i s to obtain an i n i t i a l 

estimate c f the t r a j e c t o r y of the p a r t i c l e . The data from i n d i v i d u a l 

t r a y s i s f i r s t d i v i d e d i n t o groups of discharged tubos. An i n i t i a l 

s can of the data i s made to e l i m i n a t e s p u r i o u s l y f l a s h i n g tubes, spurious 

t r i g g e r s of the spectrograph and m u l t i p l e ( > 2 muons) t r a c k s . B u r s t s 

i n a t r a y are defined as a group of 10 or more discharged tubes and are 

not used i n f u r t h e r c a l c u l a t i o n s but a check i s l a t e r rriado to ensure 

t h a t the f i n a l c a l c u l a t e d p a r t i c l e t r a j e c t o r y passes w i t h i n the burst 

r e g i o n . Having thus decided which groups may be used f o r t r a c k d e f i n i n g 

purposes each group i s s p l i t i n t o sub-groups and attempts made to f i t 

a l i n e through the discharged tubes of the sub-groups. 

Although i t i s not p o s s i b l e to d e f i n e the point at which a p a r t i c l e 

passed through a given discharged tube the path of the p a r t i c l e may 

s t i l l be a c c u r a t e l y l o c a t e d by c o n s i d e r i n g the discharged tubes i n 

v a r i o u s l a y e r s of the t r a y . For each subgroup a l i n e i s f i t t e d to the 

f l a s h e d tubes. T h i s l i n e i s then modified by c o n s i d e r i n g the p a r t i c l e 

to have passed through gaps between tubes i n those l a y e r s with no 

discharged tubes i n them. By moving t h i s second l i n e about i t s 

c a l c u l a t e d p o s i t i o n u n t i l i t v i o l a t e s the given data, approximate l i m i t s 

to the channel through which the p a r t i c l e passed are found. I f however 

i t i s not p o s s i b l e to f i t a l i n e without c o n t r a d i c t i n g the given d a t a 

then i t i 3 assumed that some i n c o r r e c t information i s p r e s e n t . T h i s may 

be due to e i t h e r a tube i n e f f i c i e n c y - i e . a tube should have f l a s h e d 

but d i d not - or to knock-on e l e c t r o n s causing a tube some d i s t a n c e 
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from the main t r a c k to d i s c h a r g e . The f i t b i n g routine i n c l u d e s 
v a r i o u s options by which i t can t u r n tubes o f f or put tubes on u n t i l a 
f i t i s obtained. E l e v e n options are a v a i l a b l e and are t r i e d i n a f i x e d 
order. The f i r s t option to give a f i t i s accepted as t h a t g i v i n g the 
true t r a c k i n the t r a y . This procedure i s repeated f o r each sub group 
i n a t r a y and t h a t g i v i n g the hi g h e s t p r o b a b i l i t y t r a c k - defined by 
which op t i o n has been c a l l e d - i s used i n l a t e r c a l c u l a t i o n s . The 
procedure i s repeated f o r each t r a y and hence an i n i t i a l estimate of 
the channel, i n each measuring t r a y , through which the p a r t i c l e passed. 

Using che mid pomt_of each cnannel at the c e n t r a l h o r i z o n t a l 

plane of each measuring Dray as the co-ordinate of the t r a j e c t o r y 

a parabola i s f i t t e d to the t r a j e c t o r y . The l e a s t squares method i s 
used. 

The d e r i v e d parabola i s now used to define the angle of the t r a c k 

at each measuring l e v e l . I f the angle i s incompatible w i t h the f l a s h 

tube data i n a t r a y the remaining t r a c k f i t t i n g options are t r i e d and 

other subgroups examined u n t i l c o m p a t a b i l i t y i s achieved. I n most 

cases these c o n s i d e r a t i o n s r e s u l t i n narrower channel widths f o r the 

p o s s i b l e t r a c k , a l s o the mid-point of the new channel does not n e c e s s a r i l y 

c o i n c i d e w i t h t h a t of the o r i g i n a l channel, With the d a t a from the 

new channels a new parabola i s f i t t e d . At t h i s stage"any b u r s t s i n the 

t r a y s are checked to ensure they l i e on the t r a c k . 

The c o e f f i c i e n t s of the terms i n the equation of the f i t t e d 

parabola enable the momentum of the p a r t i c l e to be found. 

The r e s u l t s of t h i s a n a l y s i s are s t o r e d back among the b a s i c d a t a 

f o r the event. The time taken f o r the a n a l y s i s of each event depends 

upon what options need to be t r i e d but the average time i s about )±0 s e e s . 

The standard d e v i a t i o n of the d i s t r i b u t i o n of c e l l widths i s 

found to be 0,29 mm which i s i n agreement with an estimate made i n 

M.A.R.S. I (Ayre e t a l (1972a,b) of 0.30 mm. For the l a t t e r v a l u e an 

ra.d.m of 5800 GeV/c i s obtained f o r a f i t which i s able to u t i l i s e 

the data from a l l f? measuring t r a y s . The m.d.ra i s dependent upon which 
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t r a y s y i e l d usable data the worst case i s found to. be when only 
t r a y s 1 , 2, 3 or 3, $ y i e l d good data - the m.d.m. i s then 
approx 1300 GeV/c. 

2.3.8 'Low' Momentum Events Up to now no mention has been made of 

those p a r t i c l e s which do not give a s t r a i g h t l i n e t r a c k . Information 

on the t r a j e c t o r i e s of these p a r t i c l e s i s a v a i l a b l e i n the s h i f t 

r e g i s t e r s of the momentum s e l e c t o r s h i f t r e g i s t e r u n i t . Because of the 

high acceptance of M.A.R.S. the r a t e of these p a r t i c l e s i s high and the 

opportunity of a very a c c u r a t e measurement of the "spectrum and charge 

r a t i o a t momenta below a few hundred GeV/c pr e s e n t s itself« To t h i s 

end a dev i c e , known as RUDI has been co n s t r u c t e d to measure the d e f l e c t i o n 

of p a r t i c l e s u s i n g the information p r e s e n t i n t h e s h i f t r e g i s t e r s . The 

r e s u l t s from RUDI cover the range 20 £ Fu ^ 700 GeV/e. A t t h e h i g h e s t 

energies RUDI and the computer analysed events overlap and w i l l provide 

u s e f u l checks on the v a l i d i t y of the d a t a . 

2.3*9' R e s u l t s from M.A.R.S. Construction o f the magnet b l o c k s began 

i n I968 and approximately one y e a r l a t e r the spectrograph was operated 

using the conventional photographic method of recording the f l a s h - t u b e 

information. The r e s u l t s of t h i s p r e l i m i n a r y experiment were presented 

i n 1971 (Ayre e t a l ( I 9 7 I 5 1971a, 1971b)„ By August 1971 the t r a y s 

c f l a r g e diameter f l a s h tubes were i n p l a c e i n the blue 3ide of the 

spectrograph and d i g i t i s e d information on p a r t i c l e t r a c k s was obtained 

by RUDI. P r e l i m i n a r y measurements of the muon charge r a t i o were made 

(Ayre et a l (1972)) along w i t h i n v e s t i g a t i o n s of the i n t e r a c t i o n s of 

cosmic r a y muons (Grupen e t a l (1972)). Since then f u r t h e r r e a u l t s 

on the muon spectrum, the muon charge r a t i o and the absolute i n t e n s i t y 

of the muon beam have been made (Ayre e t a l (1973a, l973'b)„ 

2 m U- Summa_ry_ 

Th i s chapter has o u t l i n e d the .•jpefturo^ra-ph and i u s c n o r u t i o n , Tho 



chapter i s devoted to a d e t a i l e d d i s c u s s i o n of t h i s instrument 



CHAPTER 3 

fl.U.D.I. 

3oO I n t r o d u c t i o n 

T h i s chapter d e s c r i b e s f i r s t l y , the manner i n which a p a r t i c l e 

t r a v e r s i n g the spectrograph i s a l l o c a t e d to a c e l l i n a momentum -

s e l e c t o r t r a y and secondly, the instrument - R.U.D.I - which u t i l i s e s 

the data from the 3 momentum t r a y s on one side of the spectrograph to 

deri v e the si g n and momentum of the p a r t i c l e * 

3«1 The. Momentum S e l e c t o r Trays 

The framework of a moment\un s e l e c t o r t r a y i s made up of 1" x jg" 

b r i g h t s t e e l bar and has an o v e r a l l s i z e of 283 cm x 81j. cm x 12 . 7 cm 

( f i g 3«1&)« Seven s t r u t s a c r o s s tho width of tne t r a y keep the s i d e s 

p a r a l l e l . At each end of the t r a y a 1 / 8 " b r a s s p l a t e 13 mounted. Each 

p l a t e has 1$$ holes i n each of which a f l a s h - t u b e i s l o c a t e d . The b r a s 3 

p l a t e s are 197 cm apart and the average l e n g t h of the f l a s h - t u b e s i s 

about 220 cm. The l a y e r s of tubes are i n t e r s p e r s e d w i t h £ aluminium 

p l a t e e l e c t r o d e s (each 270 cm x 83 cm) held i n 'Tufnol' supports mounted 

on the frame. The 2 oxiter p l a t e s and the centre p l a t e are at e a r t h 

p o t e n t i a l while the high voltage pulse i s a p p l i e d to the remaining 2 

p l a t e s . 

Onto the f r o n t brass p l a t e i s attached a 3.8 cm t h i c k Dural block 

w i t h matching holes f o r the f l a s h - t u b e s , t h i s i s the d i g i t i s a t i o n s h i e l d 

The f l a s h - t u b e s penetrate 1,0 cm i n t o the block ( f i g 3.1b)J the 

remaining 2 .8 cm i s taken up w i t h a perspex c y l i n d e r h e l d i n pl a c e by 

an ' A r a l d i t e ' adhesive. Through the centre of the c y l i n d e r passes a 

6 BA screw with i t s head touching the f l a s h - t u b e . This i s the d i g i ­

t i s a t i o n probe. 

Since the brass p l a t e s are th« means by which the tubes are 

loc a t e d both vjitb r e s p e c t to one another and with r e s p e c t to'the tray 

framework as a v;":>ole, extreme care nus taken i n t h e i r machining. 
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A connection i s made from the end of the d i g i t i s a t i o n probe to the 

f i r s t of 2 l a y e r s of c i r c u i t board t h a t are mounted on the d u r a l block -

f i g 3.1c. The f i r s t l a y e r holds the r e s i s t o r s R d e s c r i b e d i n 2.1)..5 

and which i n t h i s case have a value of 2.7 k-H-. Connections from the 

r e s i s t o r s are taken to the memory l a t c h e s on the next l a y e r of c i r c u i t 

board. Above t h i s l a y e r of c i r c u i t board; supported on a s t e e l and 

•Perspex' framework which i n t u r n i s mounted on the d u r a l block, are 

boards of i / c blocks forming the c e l l a l l o c a t i o n c i r c u i t r y . 

3.2 The D i g i t i s a t i o n E l e c t r o n i c s 

3.2.1 The Memories As s t a t e d i n the previous s e c t i o n , the d i g i t i s a t i o r 

p u l s e s from the f l a s h tubes are detected by a b r a s s screw and then fed 

to l a t c h e s . Each l a t c h i s a memory c i r c u i t vrhoso output must be gated. 

I n the i n i t i a l ( r e s e t ) c o n d i t i o n the output i s a l o g i c a l 1 s t a t e ; i f the 

a s s o c i a t e d f l a s h tube d i s c h a r g e s then point X ( f i g . 3 . 2 ) changes to a 

l o g i c a l 0. To obtain a pu l s e a t the output of the memory c i r c u i t a 

g a t i n g pulse must be a p p l i e d to a l l the l a t c h e s as shown i n f i g . 3.2. 

The outputs of the l a t c h e s are taken to the c e l l a l l o c a t i o n c i r c u i t r y . 

3«2.2. The t r a y f r o n t s A s c a l e diagram of a momentum s e l e c t o r t r a y 

f r o n t i s shown i n f i g 3.3. Also shown are the $ mm c e l l s to which a 

p a r t i c l e t r a v e r s i n g the t r a y i s a l l o c a t e d . By examining the combination 

o f tubes which have discharged i t i s p o s s i b l e to a l l o c a t e the p o s i t i o n 

o f the p a r t i c l e to one of the c e l l s . Since the spectrograph w i l l accept 

»high» momentum p a r t i c l e s ( Ij.00 GeV/c)withiu 7° or cue v e r t i o a j . uie 

c e l l a l l o c a t i o n c i r c u i t r y was designed to c o r r e c t l y a l l o c a t e p a r t i c l e 

t r a c k s w i t h i n t h i s angular range. For example, d i s c h a r g e of tubes 7, 

27* 37 i n d i c a t e s t h a t the p a r t i c l e t r a v e r s e d c e l l 9; d i s c h a r g e of tubes 

17i 37 i n d i c a t e s c e l l 10. However, f o r some combinations the p a r t i c l e 

could have passed through e i t h e r of 2 adjacent c e l l s : 
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( i ) the combination 7, 27 can be a l l o c a t e d to c e l l s 8 or 9 
( i i j " " 7,io,27>37 " " " " 8 or 9 

( i n ; " " 3,7,12,16 •' 11 " " 7 or 8 

T h i s ambiguity was reduced somewhab by c a l c u l a t i n g , g e o m e t r i c a l l y , the 

p r o b a b i l i t i e s of a p a r t i c l e p a s s i n g through each of the c e l l 3 and then 

a l l o c a t i n g the p a r t i c u l a r f l a s h tube combination to the c e l l having the 

hig h e s t p r o b a b i l i t y . I n p a r t i c u l a r f o r case ( i i i ) - c e l l 7 had the 

h i g h e r p r o b a b i l i t y (*^0o6)o The remaining ca s e s were found to have an 

equal p r o b a b i l i t y of p a s s i n g through e i t h e r p o s s i b l e c e l l . The 2 c e l l s 

i n q u estion are the same f o r each f l a s h tube combination so one 

combination was a l l o c a t e d to one c e l l and the other combination to the 

remaining c e l l o A f t e r applying these c o r r e c t i o n s the f l a s h tube combin­

a t i o n s and t h e i r derived c e l l s are as shown i n tab l e 3»1» 

PLASH TQBE COMBINATION C e l l No. 

16, 27/7, 16, 27/7, 16, 27,37/16, 27, 37/ 8 
1 

7, 27/7, 1?, 27, 37/7, 27, 37/ 
! 

Q 

17, 37/7, 37/7, 17, 37 10 

8, 17, 28, 37/17, 28, 37/7, 17, 28, 37/7, 17, 28/ 11 

17, 28/8, 17, 28/8, 17, 28, 3O/17, 28, 38/ 12 

8, 28/8, 18, 28, 37/8, 28, 38/ 13 

The P l a s h Tube Combinations 

Table 3.1 

As can be seen from t a b l e 3.1 the f l a s h tube combinations are 

repeated every it c e l l s ; t h i s being the spacing of the tubes. The 

e f f i c i e n c y w ith which c e l l s arc c o r r e c t l y determined i s d i s c u s s e d l a t e r 

(Chapter o Having decided upon the c e l l a l l o c a t i o n the l o g i c c l r c u i t r 

r e q u i r e d to achieve t h i s a l l o c a t i o n w i l l now be de s c r i b e d . 
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3»2o3* The C e l l A l l o c a t i o n E l e c t r o n i c s An important f a c t o r I n 
designing the c i r c u i t r y was t h a t only one c e l l should be i n d i c a t e d by 
the t r a v e r s i n g p a r t i c l e . The r e s t r i c t i o n i s necessary to allow H.U.D.I 
to determine a unique momentum and s i g n of the p a r t i c l e . 

To reduce the amount of c i r c u i t r y r e q u i r e d on the t r a y f r o n t s , 

the f l a s h tubes of row 1 are used only when a b s o l u t e l y n e c e s s a r y . For 

example, combination 7, 17, 27, 37 ( c e l l 9) i s s t i l l c o r r e c t l y a l l o c a t e d 

i f tube 7 i s ignored, s i m i l a r l y f o r combination 8, 17, 28 ( c e l l 12) 

f l a s h tube 8 may be ignored. The modified s e t of combinations i s shown 

i n t a b l e 3«2« _ . 

FLASH TUBE COMBINATION C e l l No. 

(7) , 16, 27/(7) , 16, 27, 37/ 8 

7, 27/(7) , 17, 27, 37/7, 27, 37/ 9 

(7), 17, 37/7, 37/ 10 

8, 17, 28, 37/(7), 17, 28, 37/7, 17, 28 11 

(8), 17, 28/(8), 17, 28, 38/ 12 

8, 28/(8), 18, 28, 38/8, 28, 38 13 

( ) Denotes a f l a s h -
tube which i s 
not used i n c o i n 
cidence with the 
other f l a s h -
tubes i n the 
combination. 

The F l a s h Tube Combinations Using Row 1 Only When Necessary 

Table 3.2 

Using row 1 i n t h i s manner means the e f f e c t i v e measuring l e v e l i s c l o s e 

.to the mid-point of the remaining 3 rows; f o r t h i s reason the measuring 

l e v e l i s taken as l y i n g e x a c t l y on the centre l i n e of row 3. 

Because of the requirement that only one c e l l should be i n d i c a t e d 

i n each t r a y simply feeding the memory ( l a t c h ) outputs to coincidence 

gates i s not s u f f i c i e n t as can be seen i n the f o l l o w i n g example. j n t h 6 

case of t h i s method the dis c h a r g e of tubes 17, 28, 37 would i n d i c a t e , 

i n a d d i t i o n to the true c e l l (11), c e l l s 10 (from tube combination 

17, 37) and 12 (combination 17, 28). Thus some form of vetoing the 

a d d i t i o n a l c e l l s i s r e q u i r e d . However, not a l l of the combinations 



of tubes form p a r t of some l a r g e r combination and need not be vetoed, 

The combinations r e q u i r i n g veto lo^-.;lc are l i s t e d i n t a b l e 3«3 

PLASH TUBE COMBINATION 
REQUIRING VETO 

FLASH TUBE COMBINATIONS 
PRODUCING VETO 

7, 27 ( C e l l 9) 
7, 16, 27, 36 ( C e l l 7) 
(7) , 16, 27 ( C e l l 8) 
(7), 16, 27, 37 ( C e l l 8) 

7, 27, 37 ( C e l l 9) (7), 16, 27, 37 ( C e l l 8) 

7, 37 ( C e l l 10) 
(7) , 17, 27, 37 ( C e l l 9) 
7, 27, 37 ( C e l l 9) 
(7), 17, 28, 37 ( C e l l 11) 

17, 37 ( C e l l 10) 
(7) , 17, 27, 37 ( C e l l 9) 
8, 17, 28, 37 ( C e l l 11) 
(7) , 17, 28, 37 ( C e l l 11) 

17, 28 ( C e l l 12) 
7, 17, 28 ( C e l l 11) 
(7), 17, 28, 37 ( C e l l 11) 
8, 17, 28, 37 ( C e l l 11) 

The Veto Requirements Over a Tube Spacing 

Table 3,3 

The l o g i c diagram of the c e l l a l l o c a t i o n c i r c u i t r y - coincidence 

gates and veto l o g i c - i s shown i n f i g 3»k» The c i r c u i t may be d i v i d e d 

i n t o 3 stages a." shown. Upon a p p l i c a t i o n of the g a t i n g pulse the output 

p u l s e s of those l a t c h e s a s s o c i a t e d w i t h discharged tubes are i n v e r t e d and 

fed i n t o the f i r s t stage which i s an a r r a y of gates to f i n d i n i t i a l l y 

which c e l l ( s ) p o s s i b l y c o n t a i n the p a r t i c l e t r a c k . As d e s c r i b e d above, 

tubes 17, 28, 37 would i n d i c a t e c e l l s 10, 11, 12. Those outputs of the 

f i r s t stage which may r e q u i r e v e t o - i n g are taken to the second stage; 

the remaining outputs are taken d i r e c t l y to the t h i r d stage. The 

second stage c o n s i s t s of an a r r a y of i n v e r t i n g d e l a y s, monostables and 

coincidence gates. Considering a g a i n tubes 17, 28, 37 - c e l l s 10 and 

12 are to be vetoed. T h i s I s achieved by t a k i n g the p u l s e s a f t e r being 

delayed and i n v e r t e d by tho elements D from those gates performing the 
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f u n c t i o n s (17, 37) and (17, 28) to the coincidence gates where a 
coincidence with any p o s s i b l e veto pulse i s sought. The veto p u l s e s are 
der i v e d v i a the monostables (M/s) from other f l a s h tube combinations 
co n t a i n i n g tubes 17, 37 or 17, 28. These are, from table 3.21 

combination /17 , 37/ combination / l 7 » 28/ 

17, 27, 37 C e l l 9 

17, 28, 37 C e l l 11 

8, 17, 28, 37 C e l l 11 

17, 28, 37 C e l l 11 

7, 17, 28 C e l l 11 

8, 17, 28, 37 C e l l 11 

and can be seen on the l o g i c diagram. For the example under c o n s i d e r a t i o i 

a veto pulse i s obtained from the combination 17, 28, 37. The veto 

p u l s e s are 5 us negative p u l s e s . The delay u n i t s D give p o s i t i v e p u l s e s 

of l e n g t h 0ol5 ;ps, delayed by 0 .8£ us from bhe l e a d i n g , negative, edge 

of the input p u l s e . The delay u n i t 3 were incorporated i n t o the c i r c u i t 

as a p r e c a u t i o n a g a i n s t any unwanted delay i n the veto c i r c u i t which 

could a l l o w p u l s e s to i n d i c a t e i n c o r r e c t c e l l s . Since the veto p u l s e s 

a r r i v e before the delayed p u l s e s the outputs of those gates r e c e i v i n g 

veto p u l s e s are h e l d i n the l o g i c a l 1 s t a t e - the quiescent s t a t e . I f 

no veto p u l s e i s r e c e i v e d then the gate output i s a negative pulse of 

le n g t h 0.1$ )xa. The outputs of these gates, together w i t h the outputs 

of those gates of stage 1 having no veto requirements, are taken to the 

f i n a l stage of the c i r c u i t . The l a t t e r c o n s i s t s o f I4. coincidence g a t e s , 

the output of each corresponding to a c e l l . A negative p u l s e r e c e i v e d 

at any of the i n p u t s i n d i c a t e s the t r a v e r s e d c e l l and a t the output of 

the r e l e v a n t gate a p o s i t i v e pulse i s produced. 

The outputs of the 152 gates a c r o s s the t r a y f r o n t are taken to 

the momentum s e l e c t o r s h i f t r e g i s t e r u n i t s i t u a t e d some d i s t a n c e from 

the spectrograph-described i n Chapter 2. The output of each c e l l i s 

used to s e t an element of a 152-bit s h i f t r e g i s t e r . Some time a f t e r 

t h i s loading of the s h i f t r e g i s t e r s a l l 3 r e g i s t e r s (one r e g i s t e r f o r 

each momentum t r a y ) a r e clocked a t 980 kHz. I n the r e s e t c o n d i t i o n the 
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s h i f t r e g i s t e r elements are a l l i n a l o g i c a l 1 state,* the p u l s e from 
an i n d i c a t e d c e l l f l i p s the r e l e v a n t element to a l o g i c a l 0. T h i s 
element g i v e s a negative p u l s e when clocked o f f the end of the s h i f t 
r e g i s t e r and i t i s upon d e t e c t i o n of t h i s pulse t h a t the op e r a t i o n of 
R.U.D.I, i s based. 

3.3 R.U.D.I. 

3.3.1 I n t r o d u c t i o n The R e s t r i c t e d Use D i g i t a l Instrument - R.U.D.I 

i s the instrument used to c a l c u l a t e the s i g n and momentum of t r i g g e r i n g 

muons and a l s o to give some measure of t h e i r z e n i t h angle. The c a l c u l a ­

t i o n of these q u a n t i t i e s i s based on the gene r a t i o n of 2 numbers. 

3.3.2 Determination of the Muon D e f l e c t i o n The 2 numbers mentioned 

above are produced by 2 s c a l e r s counting the c l o c k p u l s e s of tba 

momentum s e l e c t o r s h i f t r e g i s t e r s . Figure 3.5> shows the c i r c u i t 

d i agrammatically -• s h i f t r e g i s t e r s A, B, C rep r e s e n t the momentum 

s e l e c t o r t r a y s at the top, middle and bottom of tie magnet. The f i r s t 

s c a l e r , s c a l e r AB, i s c o n t r o l l e d by the negative p u l s e s , denoting the 

t r a v e r s e d c e l l s , from the s h i f t r e g i s t e r s A and B; the second s c a l e r 

i s c o n t r o l l e d by the p u l s e s from s h i f t r e g i s t e r s B and C. A p u l s e from 

s h i f t r e g i s t e r A (SRA) s t a r t s s c a l e r AB counting. Upon r e c e p t i o n of a 

puls e from SRB, the counting i n s c a l e r AB stops, and counting i n s c a l e r 

BC commences. Counting i n BC continues u n t i l stopped by a pul s e from 

SRC. The order of a r r i v a l of the p u l s e s i s not important and thus 

s c a l e r AB may be s t a r t e d by a pulse from e i t h e r of SRA or SRB and 

correspondingly stopped by pu l s e s from SR3 or SR/u The number i n s c a l e r 

AB i s a measure of incoming z e n i t h angle of the p a r t i c l e t r a j e c t o r y and 

the d e f l e c t i o n s u f f e r e d by the p a r t i c l e i n t r a v e r s i n g the upper h a l f of 

the magnet} the number i n s c a l e r BC i s a measure of the z e n i t h angle 

and the d e f l e c t i o n s u f f e r e d i n the lower .half of the magnet, g i v e n i n 

u n i t s of c e l l width (0.5 cm). 
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The d e f l e c t i o n of a t r a v e r s i n g p a r t i c l e i s defined as the d i s t a n c e 

shown i n Pig 3.6; the r e l a t i o n between A and the momentum of the 

p a r t i c l e i s derived i n the next chapter -

PA l\Oo 

where P i s the momentum i n GeV/c and 

A i s the d e f l e c t i o n i n cms. 

Figur e 3»7& shows a p a r t i c l e t r a v e r s i n g the spectrograph and the 

r e s u l t i n g s h i f t r e g i s t e r and s c a l e r readings. I n t h i s case A i s 

obtained by su b c r a c t i n g the two s c a l e r r e a d i n g s : 

A = s c a l e r AB count - s c a l e r BC count 

= 1»5-12 

= 33 c e l l widths = 33 x 0.5 cm = 16.5 cms. 

I n f a c t , a small c o r r e c t i o n to A i s n e c e s s a r y because the second 

momentum s e l e c t o r t r a y i s not e x a c t l y midway between the outer t r a y s . 

T h i s c o r r e c t i o n i s not incorporated i n R.U.D.I but i s applied, a t a l a t e r 

stage i n the treatment of the da t a . F i g 3«7b shows a p a r t i c l e of 

opposite s i g n to 3»7&« I n t h i s case, A i s obtained by adding the s c a l e r 

c ounts: 

A = U5 + 72 

= 117 c e l l widths = 58.5 cms 

The d e c i s i o n to add or s u b t r a c t the s c a l e r counts i s made i n R . U . D . I . 

The d a t a from R . U . D . j l . are accumulated i n the memory of a I4.OO 
channel p u l s e height a n a l y s e r (PHA). Because of the l i m i t e d number of 

channels not a l l d e f l e c t i o n s can be a l l o c a t e d to i n d i v i d u a l channels. 

Thus, a l l d e f l e c t i o n s g r e a t e r than 22 c e l l widths a r e st o r e d i n a s i n g l e 

channel; d e f l e c t i o n s of 22 or l e s s are stored i n separate channels. 

T h i s i s shown diagrammatically i n Pig 3.8. I n t h i s way a l l d e f l e c t i o n s 

are s t o r e d i n 2lj. channels and so a t o t a l of 16 such d e f l e c t i o n s p e c t r a , 

separated by a spare channel, can be sto r e d . The spare channel should 
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remain empty and serves as a u s e f u l check on the f u n c t i o n i n g of fi.U.D.I, 

Of the s i x t e e n s p e c t r a , 8 c o n t a i n data from p o s i t i v e muons and the 

remaining 8, data on negative muons. The 8 s p e c t r a of a given s i g n are 

c l a s s e d according to the approximate z e n i t h angle of the muons. 

The range of R. U.D.I, can be extended by manipulating the output 

of the binary adder before i t i s taken to the c i r c u i t r e s p o n s i b l e f o r 

d e a l i n g with d e f l e c t i o n s of 23 c e l l s . Th9 output of the adder i s i n 

bin a r y format of 8 b i t s . I f the binary 1 output i s ignored and the 

remaining outputs designated 1, 2, . . . 6I|. then any o r i g i n a l output has 

been halved and t r u n c a t e d . Thus, a d e f l e c t i o n of 22 c e l l s i s c l a s s e d 

as a d e f l e c t i o n of 11 c e l l s ; a d e f l e c t i o n of 23 c e l l s i s a l s o c l a s s e d 

as one of 11 c e l l s . The new c e l l s are thus 1 cm wide whereas the 

o r i g i n a l c e l l 3 were 0.5 cm wide. The g r e a t e s t d e f l e c t i o n , i a t h i s 

a l t e r n a t i v e mode, which i s not put i n the i n t e g r a l channel i s l|-5 c e l l s 

(of 0.5 cm width), t h i s i s recorded as 22 c e l l s (of 1 cm width) and i s 

a p a r t i c l e of lower momentum than a normal mode 22 c e l l d e f l e c t i o n . I n 

t h i s new mode of op e r a t i o n - '1 cm c e l l o p e r a t i o n 1 ~ the mean momentum 

of each c e l l i s approximately halved and the range of R.U.D.I, thus 

extended at a co s t of a l o s s of momentum r e s o l u t i o n . T h i s m o d i f i c a t i o n 

i s i n d i c a t e d I n P i g 3.8. 

To determine whether the s c a l e r readings are to be added o r sub­

t r a c t e d i t i s necessary to co n s i d e r a l l of the p o s s i b l e types of p a r t i c l e 

t r a j e c t o r y . These are shown i n Pigs 3.9 a and b, f o r the case of a 

' p o s i t i v e ' magnetic f i e l d i . e . one d i r e c t e d i n t o the plane of the page. 

The a r r i v a l order w r i t t e n under each diagram i s simply the order i n 

which the negative p u l s e s from the momentum s e l e c t o r s h i f t r e g i s t e r s 

are f ed to R,U.D.I. Prom f i g 3.9a i t can be seen t h a t t o obt a i n A 

the f o l l o w i n g r u l e can be used: 
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3k 

I f B a r r i v e s f i r s t or l a s t then A i s the sura of 

the s c a l e r counts i e BA + CB. I f B a r r i v e s second 

then A i s the d i f f e r e n c e of the s c a l e r counts i e 

CB-BA. 

Some compli c a t i o n to t h i s r u l e may a r i s e due to p a i r s of A and B 

or B and C a r r i v i n g simultaneously. These c a s e s are shown i n f i g 3»9h. 

I n these cases any i n h e r e n t delay i n applying c o n t r o l p u l s e s to the s c a l e r 

could r e s u l t i n a s c a l e r being s t a r t e d by a s l i g h t l y delayed pulse and 

then counting c o n t i n u a l l y as the only pulse which could stop i t has 

pr e v i o u s l y , been a p p l i e d . T h i s problem i s overcome by del a y i n g the pulse -

from B by a u s e f u l amount but an amount which i s n e g l i g i b l e w i t h 

r e s p e c t to the c l o c k p u l s e duty c y c l e (a delay of 0.1 us i s used i n 

p r a c t i c e ) . The simultaneous a r r i v a l of A, C i s covered by the f a c t t h a t 

B correspondingly a r r i v e s e i t h e r f i r s t or l a s t ; t h i s f a c t a l s o d e a l s 

w i t h the case of a v e r t i c a l t r a d e . These l a s t 2 c a s e s are a l s o shown in 

f i g 3.9. 

I n c l u d i n g the need to determine the a r r i v a l order the system i s 

now as shown i n f i g . 3 o10. 

3.3.3. Determination of the Kuon Sign. The s i g n of the muon i s 

deri v e d i n i t i a l l y by assuming the magnetic f i e l d to be i n a p a r t i c u l a r 

d i r e c t i o n - the p o s i t i v e d i r e c t i o n . 

R e f e r r i n g again to f i g s 3.9 a and b c o n s i d e r the events with a r r i v a l 

o r ders BCA, BAC, (AB)C, (CB)A, B(AC) and those w i t h a r r i v a l orders ACB, 

CAB, C(AB), (AC)B, A(BC). For these cases the s i g n of the muon i s 

unambiguous, t h a t of the f i r s t group i s ne g a t i v e , t h a t of the second i s 

p o s i t i v e . The case of (ABC) i s that of a p a r t i c l e p a s s i n g v e r t i c a l l y 

through the spectrograph and s u f f e r i n g a d e f l e c t i o n l e s s than 1 c e l l 

width (the corresponding p a r t i c l e momentum i s ̂  800 GeV/c) and thus 

cannot be assigned a meaningful 3 i g n . I t i s a r b i t r a r i l y defined as a 
negative muon and i s put i n t o the f i r s t group of events above. 
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For the a r r i v a l orders ABC, CM the muon s i g n i s not obvious. 
I n these cases the procedure i s as f o l l o w s . From the r u l e derived i n 
the p revious s e c t i o n the s c a l e r counts AB and BC must be subt r a c t e d . 
The c i r c u i t s of R.U.D.I, are such that the s u b t r a c t i o n performed i s 
(BC-AB) as d i s t i n c t from (AB-BC). T h i s i s done by t a k i n g the complement 
of AB ( i . e . AB) and adding i t to BC: 

(1) I f BC > AB the s u b t r a c t i o n i n v o l v e s c a r r y i n g 1 from the end 

of the 9 - b i t binary adder to the beginning ( i . e . from binary 

p o s i t i o n 23>& to p o s i t i o n 1 ) . For example, co n s i d e r AB=1| BC=6. 

AB = 000000100 (AB = 111111011) 

BC = 000000110 

then BC-AB i s 000000110 
111111011 

i - 000000001---
L 1 — > - i 

c a r r y 1 

when the c a r r y 1 i s added, the answer becomes 

000000010 i . e . the c o r r e c t answer : 2 . 

(2 ) I f BC^AB the s u b t r a c t i o n does not i n v o l v e a c a r r y but to 

ob t a i n the c o r r e c t answer the r e s u l t of the i n i t i a l s u b t r a c t i o n 

(BC-AB) must be complemented. For example, consid e r AB=i.!-, BC=3 0 

then BC-AB i s 000000011 
111111011 

111111110' T h i s v a l u e i s ( t r u e answer), 

and must be complemented to give 

000000001 i . e . the c o r r e c t answer : 1 . 

Now consider the a r r i v a l order CBA; i f BC >AB the muon i s p o s i t i v e * 

Thus the presence of l o g i c s t a t e s i n d i c a t i n g 

a) the a r r i v a l order CBA and, 

b) the presence of a 'carry 1» l o g i c s t a t o from the adder, 

are used to s p e c i f y the p a r t i c l e as p o s i t i v e . 

For a negative muon BC < AB arid the presence of s t a t e s i n d i c a t i n g 
a) the a r r i v a l order CBA and 

b) the presence of no c a r r y 1 from the adder are usod bo 
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s p e c i f y the p a r t i c l e as nega t i v e . 

I n the case of a high momentum ( 8 0 0 GeV/c) p a r t i c l e having a 

d e f l e c t i o n l e s s than 1 c e l l the d e s i g n a t i o n of s i g n becomes a r b i t r a r y . 

Since no 'ca r r y 1' s t a t e i s produced when AB = BG the procedure j u s t 

d e s c r i b e d d e f i n e s a CBA high momentum event as n e g a t i v e . 

Now c o n s i d e r the a r r i v a l order ABC; i f AB>BC the muon i s p o s i t i v e 

and the presence of l o g i c s t a t e s i n d i c a t i n g 

a) the a r r i v a l order ABC and 

b) the presence of no 'c a r r y l 1 from the adder are used to 

s p e c i f y the s i g n as such. 

For a negative muon AB<BC and the presence of s t a t e s i n d i c a t i n g 

a) the a r r i v a l order ABC and 

b) the presence of a ' c a r r y l 1 from the adder s p e c i f y the 

p a r t i c l e as ne g a t i v e . 

I n the case of a hi g h momentum ( ^ 800 GeV/c) p a r t i c l e the s i g n 

i s a gain a r b i t r a r y . Prom the procedure j u s t d e s c r i b e d an ABC h i g h 

momentum p a r t i c l e i s d e f i n e d as p o s i t i v e . 

U n t i l now the muon s i g n has been determined by assuming a p o s i t i v e 

f i e l d . Information as to the true d i r e c t i o n i s now i n s e r t e d . I f the 

f i e l d i s p o s i t i v e or zero, the s i g n remains unchanged; i f the f i e l d i s 

negative the s i g n i s r e v e r s e d . 

A schematic diagram of the c i r c u i t used to determine the d e f l e c t i o n 

and s i g n of the muon i s given i n f i g 3 . 1 1 . I t now remains to o b t a i n a 

measure of the z e n i t h angle. 

3 » 3 . i l . Determination of the Muon Zenith Angle. R.U.D.I, i s unable to 

measure the true z e n i t h angle of the muon. The angle which i s measured 

i s the angle <X of f i g 3 . 6 . Prom a knowledge of the momentum of the 

p a r t i c l e the r e l a t i o n between <* and the true z e n i t h angle 0 may be 
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c a l c u l a t e d - Chapter 1L. 

The a r r i v a l d i r e c t i o n - E a s t or West - i s found by c o n s i d e r i n g the 

a r r i v a l order of p u l s e s from l e v e l s A and B. I f the p a r t i c l e t r a v e r s e s 

the RED si d e of the spectrograph then: 

i f A fo l l o v i s B then the d i r e c t i o n i s VJest, 

i f A precedes B " " " " Ea s t 

Since for both s i d e s of the spectrograph the momentum s e l e c t o r 

s h i f t r e g i s t e r s are s h i f t e d towards the centre of the magnet the above 

d i r e c t i o n s must be reversed f o r a p a r t i c l e t r a v e r s i n g the BLU.d s i d e s 

of the spectrograph. Thus the s i d e of the magnet t r a v e r s e d must be 

i d e n t i f i e d and fed to R. U.D.I. 

The angle o<. i s grouped into i | ranges of s c a l e r AB count as shov/n: 

GROUP a b c d 

SCALER AB 
COUNT AB < 16 16 £AB <32 3 2 ^ AB<k-B 

EQUIVALENT 
ANGLE <X l.i - ! - 3^l< 2 . 8 7 ° 2 . 8 7°4<*<.k . 3 7 ° c * ^ h*3>70 

A schematic diagram of the c i r c u i t so f a r i s shown i n f i g 3 . 1 2 . 

3 . 3 . 5 . The F i n a l Output of R.U.D.I. I n the l a s t 3 s e c t i o n s the muons 

have been grouped i n t o : 

a) 2 c l a s s e s according to sign s + or -

b) 2 c l a s s e s according to a r r i v a l d i r e c t i o n : E or W 

c) L\. c l a s s e s according to the angle . 

Thus th e r e are 16 s p e c t r a to be tstored i n the Lj.00 channels of tho 

PHA - 25 channels/spectrum. .Each spectrum contains d e f l e c t i o n s 0 , 1 ,2, 

2 1 , 2 2 , (23 or- morej c o l l widths; the remaining 2 5 t h channel i s 
empty. 
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Each of the s p e c t r a i s gi v e n an i d e n t i f i e r of the form (n x 25 + 1) 
where n = 0 , 1 , 2 , . . . . I l + , l 5 . These numbers i n terms of si g n , a r r i v a l 
d i r e c t i o n and range of are as below. 

A B < l 6 3 2 > A B ^ 1 6 1L8> AB ^ 32 AB> ii8 

u-W 001 026 051 ' 076 

u-E 101 126 151 176 

u+W 201 226 251 276 

u+E 301 326 351 376 

For a p a r t i c u l a r event the d e f l e c t i o n of the muon and the i d e n t i f i e r 

of the spectrum to which i t belongs are added. The r e s u l t i s the 

address of a channel i n the s t o r e of the PHA and the contents of t h a t 

channel are, provided the event s a t i s f i e s c e r t a i n c r i t e r i a to be 

de s c r i b e d , incremented by one c 

The address sent to the PHA i s i n bi n a r y coded decimal (BCD). The 

l o g i c l e v e l s of R.U.D.I. and the PHA are d i f f e r e n t and the address must 

pass through the ' l o g i c l e v e l change' c i r c u i t . The r e l e v a n t l o g i c 

l e v e l s are given below. Those of the PHA have been s p e c i f i e d by 

Nuclear Chicago L t d , the manufacturers of the PHAj those of R.U.D.I. 

are the DTL l o g i c l e v e l s 

L o g i c a l 1 L o g i c a l 0 

R,U,D,I. 

PHA 

+Z.2.V or more + 

6v or more neg. 

+ »8v or l e s s + 

0 . 5 v or more + 

The address and muon s i g n are d i s p l a y e d on the f r o n t panel of 

R.U.D.I. T h i s i n t r o d u c e s the need f o r a memory c i r c u i t and, s i n c e the 
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address d i s p l a y i s i n decimal form, a BCD to Decimal conversion 
c i r c u i t . Also d i s p l a y e d i s the d e f l e c t i o n of the p a r t i c l e before 
r e d u c t i o n . T h i s d i s p l a y i s i n b i n a r y form and no memory i s re q u i r e d 
s i n c e the d i s p l a y i s r e s e t only by the next event. 

A schematic diagram of the c i r c u i t so f a r i s shown i n Pig. 3»13« 

3 . 3 . 6 . The Functioning of R.U.D.I. I n a d d i t i o n to producing an address 

f o r the PIIA, a p u l s e » the 's t o r e ' p u l s e - must be generated to increment 

the contents of t h a t address by 1. The stor e p u l s e i s produced by 

R.U.D.I, and i s tr a n s m i t t e d to the PfIA only i f . c e r t a i n conditions are 

s a t i s l f e d , i f they are not, then the address contents are not incremented 

and the event i s thus not s t o r e d . 

I t was mentioned i n 3 . 2 , 3 . t h a t 1, and only I , t r a v e r s e d c e l l 

must be i n d i c a t e d :it each of the 3 l e v e l s . The reason f o r t h i s i s now 

obvious - more than 1 c e l l a t any of the l e v e l s would s t a r t or stop 

the s c a l e r s AB and BC i n p o s i t i o n s having no r e l a t i o n to trie d e f l e c t i o n 

of the p a r t i c l e . A c i r c u i t i s i n c l u d e d i n R.U.D.I, to prevent the 

storage of such events. T h i s i s shown s c h e m a t i c a l l y i n Fig . 3 . 1 i | . . Two 

t e s t s are made; one ensures t h a t the number of c e l l s i n d i c a t e d at each 

l e v e l i s 0 or 1, the second ensures that the No. of c e l l s i s 1 or more. 

The r e s u l t s of the t e s t s are combined so t h a t only i f both are 

s a t i s f i e d i s a pulse - the ' a r i t h m e t i c ' p u l s e - tra n s m i t t e d to the adder 

to i n i t i a t e a d d i t i o n o r s u b t r a c t i o n . 

~> 

I n order to be stored, an event must s a t i s f y a l u r c h e r 3 checks m 

a d d i t i o n to that above. These checks are made on l o g i c s t a t e s generated 

by R.U.D.I. They t e s t t h a t : 

(1 ) the add or s u b t r a c t i n s t r u c t i o n sent to the adder i s 

unambiguous i . e . the i n s t r u c t i o n i s e i t h e r add or s u b t r a c t , 

not both, not n e i t h e r . 
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ho 

( i i ) the generated rauon s i g n i s unambiguous i . e . i t i s e i t h e r 

p o s i t i v e or negative, net both, hot n e i t h e r . 

( i i i ) the East or West a r r i v a l d i r e c t i o n generated i s unambiguous 

i . e . e i t h e r E a s t or west, not both, not n e i t h e r * 

only when an event has s a t i s i f e d the i'our conditions w i l l i t be 

stored i n the PJ±A. The c i r c u i t i s i l l u s t r a t e d i n F i g . 3 » l 5 « 

I n a d d i t i o n to these p u l s e s from the momentum-selector s h i f t 

r e g i s t e r s another 3 pulse t r a i n s a r e required to c o n t r o l the timing 

of R.U.D.I., these a r e : 

( i ) the c l o c k p u l s e s used to clo c k the s h i f t r e g i s t e r s . These 

p u l s e s a rc shaped by R.U.D.I, before being fed to the 

va r i o u s c i r c u i t s . 

( i i ) an i n i t i a l r e s e t p u l s e • The BLUE side 3 - f o l d coincidence 

p u l s e i s used to r e s e t i n i t i a l l y K.U.D.I, a f t e r a p a r t i c l e 

has t r a v e r s e d the spectrograph but before data i s r e c e i v e d 

from the s h i f t r e g i s t e r s . 

( i i i ) the 'C90' p u l s e . T h i s p u l s e t r i g g e r s 3 monostables, one 

to produce the ' a r i t h m e t i c ' p u l s e which i s input a t gate 1 of 

F i g . 3 » 1^J another to produce the 'dis p l a y ' p ulse which 

updates the memory of the PHA address d i s p l a y and the l a s t ' 

to produce the o r i g i n a l s t o r e pulse which must pass through 

gate 2 of F i g . 3.1f>. The C90 pulse o r i g i n a t e s w i t h i n the 

momentum s e l e c t o r c i r c u i t r y and i s fed to R.U.D.I, simply 

f o r convenience. A f t e r a 75>0 ps delay i t t r i g g e r s the 

aforementioned monostables. 

The timing sequence of R.U.D.I, and the spectrograph as a whole 

i s sliown i n F i g . J>»16, 

An example of a d e f l e c t i o n spectrum produced by R.U.D.I, and 

store d i n the PHA. i s g i v e n i n Figu r e 3 , 1 7 , Most of the channels showing, 

data are the category 23 type channels, the data i n the remaining 

channels are too few to be seen on the v e r t i c a l s c a l e use;!, On the 
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h o r i z o n t a l s c a l e the small v e r t i c a l l i n e s aro a t 10 channel i n t e r v a l s . 

Channels 1-100 and 101-200 c o n t a i n negative p a r t i c l e s from the went 

and e a s t r e s p e c t i v e l y ; channels 201-300 and 301-ij.OO.contain r o s i t i v e 

p a r t i c l e s from the west and e a s t l-especLively. T h i s spectrum was 

c o l l e c t e d xfith a p o s i t i v e magnetic f i e l d . I t can be seen t h a t the 

predominantly accepted a r r i v a l d i r e c t i o n i s ea s t f o r the negative 

p a r t i c l e s and west f o r p o s i t i v e p a r t i c l e s . This demonstrates the higher 

acceptance f o r these d i r e c t i o n s with a p o s i t i v e magnetic f i e l d ; 

r e v e r s i n g the f i e l d changes the predominant d i r e c t i o n s . 

3.3.7. The Construction of R.U.D.I. A l l of the l o g i c c i r c u i t r y of 

R.U.D.I, has been constructed from DTL l o g i c blocks. The l o g i c l e v e l 

change c i r c u i t , the PM address d i s p l a y d r i v i n g c i r c u i t s and the st o r e 

pulse f i n a l l y fed to the PHA are d i s c r e e t t r a n s i s t o r c i r c u i t s . Logic 

diagrams and c i r c u i t diagrams, together w i t h a d e s c r i p t i o n of the 

working of each board are given i n Appendix 2 . 

The f i n a l l o g i c diagram of R.U.D.I. i s shown i n P i g . 3*18. 

3 .3 .B. Operating R.U.D.I. During data c o l l e c t i o n . R. U.D..I. ±D t e s t e d 

approximately once per week. To f a c i l i t a t e t e s t i n g , an instrument -

the R.U.D.I. T e s t Instrument -• has been constructed. The l o g i c diagram, 

c i r c u i t diagram and operation of the instrument a r s d e s c r i b e d i n Appendi 

3. The instrument s i m u l a t e s the outputs of the momentum s e l e c t o r s h i f t 

r e g i s t e r u n i t s ; by s e l e c t i n g v a r i o u s c e l l combinations the working of 

R.U.D.I. can be checked. 

While i t i s operating, the performance of R.U.D.I. i s c o n t i n u a l l y 

monitored. The monitoring instrument counts the number of t r i g g e r s of 

the spectrograph and the number of times the s h i f t r e g i s t e r s are clocked 

a l l the way across the 1$H c e l l s . These 2 numbers s h u i l d be equal but 

i n p r a c t i c e i t has been found t j i y t due to malfunctions of ths s h i f t -

r e g i s t e r s d i s c r e p a n c i e s can a r i s e . Sets of data i n which such d i s c r e p ­

a n c i e s occur are r e j e c t e d . fixe instrument ulso counts the number of 

events which have at l e a s t 1 ceiJ. eet i n each of Cue s h i f t r e g i s t e r s . 
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T h i s i s u s e f u l as d e s c r i b e d i n Chapter k» 

Another instrument has been co n s t r u c t e d to count the number of 

c e l l s i n d i c a t e d a t a given l e v e l . I d e a l l y the number of c e l l s shculd 

always be 1 but a number of zero's and two's are a l s o found; the r a r e 

events showing 3 or more c e l l s are a l s o recorded. T h i s device i s a l s o 

able to d e t e c t which c e l l i s i n d i c a t e d at a given l e v e l f o r a 

p a r t i c u l a r event. The r e s u l t s obtained from t h i 3 instrument are gi v e n 

i n Chapter 1| and a c i r c u i t diagram i s given i n Appendix 1|. 

I t has been found t h a t f l u c t u a t i o n s i n the current of the PHA 

core s t o r e can l e a d to counts not being stored f o r some addresses. 

An instrument has been b u i l t to t e s t the PHA by s e q u e n t i a l l y generating 

each address and incrementing the contents by one and then r e p e a t i n g 

the c y c l e . Any f a u l t i n storage can then be seen from the PHA d i s p l a y . 

Data i s gathered by fl.U.D.I, i n a s e r i e s of 'Runs'. Each run 

l a s t s about 15 h r s and c o l l e c t s about 5000 events. At the end of a 

run the contents of the PHA memory are p r i n t e d out. T h i s output 

i s checked to ensure that the number of events stored i n the PHA agrees 

with the number of s t o r e p u l s e s t r a n s m i t t e d to the PHA. The output 

i s then t r a n s f e r r e d onto punched cards and analysed by computer. The 

p r i n t out from the computer d i s p l a y s the r e s u l t s of the run grouped 

i n t o the v a r i o u s s p e c t r a and a l s o a number of r a t e s and charge r a t i o s . 

The data from s e v e r a l s e r i e s of runs of the spectrograph and s t u d i e s of 

v a r i o u s b i a s e f f e c t s i n them are d e s c r i b e d i n the next chapter. 



CHAPTER h-
k3 

Instrumental E f f e c t s 

[|..0 I n t r o d u c t i o n 

This chapter describes various i n s t r u m e n t a l e f f e c t s of the 

spectrograph and the momentum s e l e c t o r c e l l i n g system. 

h»l Acceptance E f f e c t s 

For a p a r t i c l e of i n f i n i t e momentum the o v e r a l l acceptance 
of the spectrograph has been found using the method of L o v a t i et al 
(19$Li), Talcing the z e n i t h angle dependence of the muon beam t o f o l l o w 
a Cos G law, where 9 i s the z e n i t h angle", these authors show the 
acceptance of the arrangement of Pig ij . , 1 t o be given by J 

W1 tyz 

A. 
O -7 -X t. 

For M.A.R.S., concerned v;ith momenta ^> 7 GeV i t i s adequate t o take 
a - 0 (Fowler and Wolfendale ( I 9 6 I ) , Coates ( I 9 6 7 ) . The f i r s t t h r e e 
i n t e g r a l s of the above expression have been evaluated f o r a number of 
values of n. g i v i n g the f o l l o w i n g r e s u l t s : 

toft xy/z-

o 

A, 3 \X Cos 9 [?- *«c fewi1 ft - bvo'ft - jj [XY"Z taft Z c\0 

A u = 12 fc**6i>- to*t**C\)[a>|-2GJz/l3L + { c d ( K x / w )% cos26 c\9 

Taking Z t o represent the distance between the centres of the outer 
two s c i n t i l l a t o r s of the spectrograph the values Ao - A[(. are respect­
i v e l y I4.O6.O, J-!-03,j?', 1.1.01,2, 393.8 w.nd 3 c X - 0 » The acceptance i s r a t t i e r 

i n s e n s i t i v e t o n, there boing a cha,„ of ~ 3;i iv, going A-om * =- 0 t o 
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To o b t a i n the acceptance f o r f i n i t e momenta, the paths o f p a r t i c l e s 
through the spectrograph have been simulated i n a computer programme. 
Figure lj..2a shows schematically the path of a p a r t i c l e through the 
spectrograph; the two planes represent the outer s c i n i t i l l a t o r s . The 
two components of the muon t r a c k , one p a r a l l e l t o the magnetic f i e l d . 
and one perpendicular t o i t , may be considered separately, The 
p r o j e c t i o n of the t r a c k onto the f r o n t plane i s shown i n f i g u r e l|..£b. 
The acceptance at angle 0j, i s represented by the distance P which by 
simple geometry i s given by 

P = W Cos 9 1 - Z Sin 0 1 

The acceptance ( A i ) i n t h i s plane i s then: 

a 0 

where Umax = t a n - l (V//Z) f o r a p a r t i c l e of i n f i n i t e momentum. The 
acceptance i n the remaining plane i s g i v e n by a s i m i l a r expression w i t h 
T r e p l a c i n g W. Since both planes are taken t o be independent the t o t a l 
(three-dimensional) acceptance (A) i s the product of the two-dimensional 
acceptances and thus : 

% a. Vi a. x *Ja-
A = ((Z + W ) - Z ) . ((Z + T ) - Z) f o r a p a r t i c l e of 

i n f i n i t e momentum. This y i e l d s an acceptance i d e n t i c a l t o t h a t 
c a l c u l a t e d as p r e v i o u s l y described. For a p a r t i c l e of f i n i t e momentum 
some d e f l e c t i o n occurs i n the f r o n t plane (the plane perpendicular t o 
the magnetic f i e l d ) and the values of P as a f u n c t i o n of 9 are obtained 
from the computer model. The technique used t o f i n d P has been t o 
se l e c t the momentum and i n c i d e n t angle of a p a r t i c l e and then f i n d t h a t 
l e n g t h L along the top of the spectrograph over which the p a r t i c l e 
t r a c k w i l l s a t i s f y c e r t a i n c r i t e r i a . These l a t t e r were t h a t the t r a c k 
should pass through a l l three s c i n t i l l a t o r s and a l l three momentum 
s e l e c t o r t r a y s and should also stay w i t h i n the s o l i d i r o n of the magnet 
blocks. The computer programme was w r i t t e n t o consider only magnetic 
d e f l e c t i o n - s c a t t e r i n g was neglected. Energy l o s s i n the i r o n was 



taken i n t o account using the r e s u l t s of sternheirner and p e i e r l s (1971)., 
Figures i|«3 and. l±.k show the v a r i a t i o n of P(=LCos Q\ ) w i t h z e n i t h angle 
f o r the two f i e l d c o n f i g u r a t i o n s most o f t e n used i n the experiment. 
The momentum v a r i a t i o n of these roughly t r i a n g u l a r shaped curves i s 
r a t h e r b e t t e r i l l u s t r a t e d i n Figures and k» 6. I n t e g r a t i n g over 0 

gives the f r o n t plane acceptance; the side plane acceptance i s constant 
since no d e f l e c t i o n occurs p a r a l l e l t o the magnetic f i e l d . The 
r e s u l t i n g v a r i a t i o n of acceptance w i t h momentum i s given f i g l|-o7o 

From curves such as those of f i g u r e s i|..5 and I1..6 graphs showing 

the r e l a t i o n between i n c i d e n t momentum and bhe most, probable z e n i t h 

angle have been constructed. These are shown f o r various f i e l d 
c o n f i g u r a t i o n s i n f i g u r e s it-.8, 1^10 and ij.cl2» The computer programme 
simulated the paths of p o s i t i v e p a r t i c l e s . I t i s u s e f u l to note t h a t 
because of the shape of the acceptance curves the most probable, the 
mean and the median angles are a l l s i m i l a r . The most probable angle 
emerging from the bottom of the spectrograph (corresponding t o the most 
probable z e n i t h angle i n c i d e n t on the spectrograph) as a f u n c t i o n of 
i n c i d e n t momentum i s shown i n f i g I j - . l i j . . Only the most commonly used 
f i e l d c o n f i g u r a t i o n s are given. To show more c l e a r l y the r e l a t i o n 
between top and bottom angles the most probable values are r e l a t e d i n 
f i g u r e s ij..l5 and it-«l6. 

As mentioned i n a previous chapter i t i s not p o s s i b l e , using 
R.U.D.I, t o measure the z e n i t h angle of a p a r t i c l e . The angular rang es 
i n t o which p a r t i c l e s are grouped are based upon the angle i n d i c a t e d by 
the s c a l e r ab of R.U.D.io The r e l a t i o n bntween the l a t t e r and the 
p r o j e c t e d z e n i t h angle (the z e n i t h angle p r o j e c t e d onto the f r o n t 
plane) i s given, f o r the two commonly used f i e l d d i r e c t i o n s , i n 
f i g u r e s ij..l7a, b. On the o r d i n a t e are shown the J| angular ranges 
(the ranges a, b, c and d) i n t o which the p a r t i c l e s are a u t o m a t i c a l l y 
grouped. The end p o i n t s of the l i n e s are at the angles at which the 
acceptance has f a l l e n t c aero. The dashec? l i n e represent? a p a r t i c l e 
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he 
of i n f i n i t e momentum. 

The computer programme has als o been used to der i v e the r e l a t i o n 
beti^een momentum and d e f l e c t i o n ^ The d e f l e c t i o n ( A ) i s given by 

where X , y and Z are the t r a c k p o s i t i o n s a t the upper, middle and 
lower momentum t r a y s r e s p e c t i v e l y ; and I, and \*i are the lengths of 
the upper and lower arms o f the spectrograph. By s i m u l a t i n g the 
passage o f p a r t i c l e s of known momentum (P) i n c i d e n t a t the appropriate 
most probable angle t h i s d e f l e c t i o n has been found and the product PA 
c a l c u l a t e d . The values of PA as a f u n c t i o n of P, f o r the various 
f i e l d combinations are p l o t t e d i n f i g u r e s 1+.9, l j - . l l and 4»13. For 

the conventional f i e l d the expression 

f i t s the i l l u s t r a t e d curve t o w i t h i n about 2% over the momentum range 
£00 GeV/c t o 20 GeV/c. For the crossed f i e l d the expression 

f i t s the curve t o w i t h i n about 2% over the momentum range $00 GeV/c 
t o 10 GeV/c. 

U.2 The Category Acceptance 
By category acceptance i s meant the range of d e f l e c t i o n s which 

are assigned t o a give n category. A muon t r a c k i s assigned, by R.U.D..I. 
t o a category nb defi n e d by 

n t = na + nc - 2nb 
where r\ represents the c e l l at the upper ( a ) , middle (b) or lower (c) 
l e v e l t o which the muon t r a j e c t o r y has been a l l o c a t e d by the momentum 
s e l e c t o r c e l l i n g system. The c e l l s are of w i d t h 0.5 cm. The category 
acceptance has been c a l c u l a t e d using a method suggested by Nandi (1972, 
p r i v a t e communication). 

http://lj-.ll


1+7 
Figure I4..I8 shows a schematic diagram of the magnet blocks and 

momentum s e l e c t o r t r a y s ; i t i s seen t h a t the t r a j e c t o r y p o s i t i o n s (x.) 
at l e v e l s 3 and 1 are 

From the work of Ashton and Wolfendale (I963) the various angular 
d e f l e c t i o n s (Ziv]j ) and l i n e a r displacements ($ ) are, i n the general 
case, given by 

A$ (P,*,!) = 3ooft U ( l - a n d 

s (e>H • l o a n 1 [1 -1(^l/pl * 4(«a/P)1 * i Ui/?)1 * ] 

where P (ev) i s the momentum of a p a r t i c l e e n t e r i n g a magnet block of 
l e n g t h 1 (gms cm""*-)! i s the mean energy loss per u n i t path 
l e n g t h i n the block (eV cm"-*-) (assumed constant over the 
trajectory)« 

The method adopted i s t o s p e c i f y the category number and then 
t o consider a p a r t i c l e of f i x e d d e f l e c t i o n (and hence known momentum 
using the r e s u l t s of s e c t i o n 1|*1). To f i n d the acceptance i t i s 
necessary t o f i n d the range of z e n i t h angles w i t h i n iirtiich the p a r t i c l e 
i s a l l o c a t e d t o the selected category,, By s p e c i f y i n g the discharged 
c e l l s (C5> and C3 say) i n the upper two momentum s e l e c t o r t r a y s the 
range of p r o j e c t e d z e n i t h angles over which a p a r t i c l e passing through 
C£ and C3 may be i n c i d e n t i s found from equation / { . . l . ( D e f i n i n g C5 and 
C3 also f i x e s CI, the discharged c e l l at the lowest l e v e l ) . The range 
of z e n i t h tingles i s found by considering p a r t i c l e s i n c i d e n t a t various 
p o s i t i o n s i n thf; top c o l l and c o n s t r a i n i n g them t o pass through the 
extremetxes of the c e l l i n th--! ?rn.rldle level„ P l o t t i n g the raaxinivi.-- sjid 
minimum angles as a f u n c t i o n of zhe i n o l d e n t p o s i t i o n gives a clo&ou 
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curve (a rectangle) whose area i s proportional to the acceptance of 
the top two levels of the magnet. Using the now defined discharged 
c e l l i n the lowest l e v e l an i d e n t i c a l procedure using the outer two 
trays and equation [(..2 yields a second closed curve. The area common 
to the bwo closed curves i s proportional to the acceptance of the 
spectrograph f o r the p a r t i c l e of the selected category number and 
d e f l e c t i o n . This acceptance i s then weighted by the the number of 
possible ways, the sain© category can be produced by t r a j e c t o r i e s 
p a r a l l e l t o the track specified by th© positions C£, 0V3 ana Gl. The 
octal acceptance f u r the configuration under consideration i s thus 
produced. The prucess i s repeated f o r a l l possible c e l l configurations 
leading to bhe required category, "IHie r e s u l t i n g acceptances are then . 
summed to give the t o t a l acceptance f o r the p a r t i c u l a r category and 
d e f l e c t i o n . 

For category 10 the results of these calculations are shown as the 
s o l i d curve of figure 1|.19. I t i s seen that the category, although 
nominally of width 0,5 cm does not have a square acceptance function 
but contains p a r t i c l e s over an approximately lj. cm spread of de f l e c t i o n * 
The peak of the curve i s not at £ .0 cm but as s l i g h t l y s h i f t e d (by 
0.07 cm) to a smaller d e f l e c t i o n . The shapes of the acceptance curves 
f o r other categories are the same as that of category 10. The s h i r t i n g 
of the peak from the value (category number •» 2) however does increase 
w i t h decreasing momentum (larger category number); f o r categories 20, 

30 and lj.0 the s h i f t s are respectively 0.12 cm, 0.16 cm and 0.17 cm. 
The s h i f t i s due to the spectrograph not being p e r f e c t l y symmetrical. 

The results of the above calculations have been checked by simula­
t i n g , w i t h a computer programme, the passage of p a r t i c l e s through the 
spectrograph. The histogram of f i g u r e 1+.19 shows the r e s u l t s and the 
agreement i s thought to be adequate f o r the purposes of t h i s work. 
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I n figure i|..lO the conventional magnetic f i e l d has been assumed; 
when the crossed f i e l d configuration i s considered the shapes of the 
acceptance curve are not found to be s i g n i f i c a n t l y d i f f e r e n t from that 
shown i n figure Ij.. 19• 

Using the curve of figure J-I-.19, the previously described p /\ 
relation, and the d i f f e r e n t i a l momentum spectrum of Al l k o f e r et a l 
(1971) the mean d e f l e c t i o n and mean momentum of each 0,5 cm c e l l 
category has been found. This gives a mean momentum of category 0 

of 680 GeV/c. Adding to the curve of fig u r e I).* 19 a curve of i d e n t i c a l 
shape but with peak displaced by 0.5 cm gives the acceptance function 
f o r loO cm c e l l operation. From the appropriate pA re l a t i o n s the 
mean momenta f o r the categories 0 under conventional and crossed f i e l d 
modes are 520 GeV/c and 200 GeV/c respectively t. I t should be noted 
that the acceptance curve of figure 1|..19 i s that which would be obtained 
under ideal conditions. There i s however the p o s s i b i l i t y that a 
t r a j e c t o r y may be allocated to one or more wrong c e l l s at each of the 
d i f f e r e n t levels; the reasons f o r such mis-allocations are:-

(a) The electronic l o g i c performing the c e l l i n g i s not completely 
e f f i c i e n t . This e f f e c t i s to some extent momentum dependent 
and i s most serious at low momenta when p a r t i c l e s pass through 
the instrument w i t h large angles. 

(b) The flash-tube efficiency i s not u n i t y 

(c) Knock-on electrons produced i n the glass walls of the f l a s h 
tubos may cause either the wrong c e l l or i n some cases, txvo 
c e l l s to be discharged. 

(d) Burst production near the bottom of an i r o n block may give 
ris e to electrons discharging one or more c e l l s * 

The e f f e c t of (a) on tiio charge r a t i o i t . discussed i n chapter' £>' and 

calculations of the eff i c i e n c y of the c e l l i x * syaton are described i n 
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section k*3» I n t h i s work no calculations of the ef f e c t on the 
acceptance curves of the above factors have been made. The dashed 
l i n e of figure 1J..19 shows the results of calculations performed by 
Whalley (197^1) i n which the effects of (a)-(c) were considered. The 
eff e c t of (d) i s momentum dependent but should be the same f o r both 
positive and negative muons and w i l l not be considered f u r t h e r . The 
broadening of the acceptance function, as Indicated by the dashed l i n e , 
combined with the steepness of the muon d i f f e r e n t i a l spectrum causes 
the mean de f l e c t i o n w i t h i n a category to increase. The mean momenta 
of categories 0 f o r Series kt 5 and 6, Seri-es-7 and Series 8 became 
i|i|2 GeV/c, 376 GeV/c and 126 GeV/c respectively. Table i | . . l gives 
the mean momenta f o r the various experimental arrangements. 
TABLE Median Momenta 

Category 
No. 

Series ij - ,5 ,6 
0.5 cm c e l l 
Normal Field 

Series 7 
1.0 cm c e l l 
Normal Field 

Series 8 
1.0 cm c e l l 
Crossed Field 

0 kk2 GeV/c 
1 358 
2 27k 
3 21k 
k 177 
5 H*5 
6 128 
7 112 
8 98.3 
9 88.3 

10 80.0 
11 73.7 
12 67.9 
13 63.O 
Ik 58.9 
15 55.2 
16 52.1 
17 l*-9.3 
18 1*7.1 
19 hk.Q 
20 1*3-8 
21 ii,0.8 
22 39.3 
23 13.9 

376 GeV/c 126 GeV/c 
236 81.0 
160 68.3 
118 
93.0 5-3.5 
76.6 36.8 
65.3 31.8 
57.0 27.8 
50,7 25.3 
1*5.8 22.8 
1*1.7 21.1 
38.3 19 .5 
35.3 18.2 
33.1 17.0 
31.0 16.1 
20.3 15.3 
27.7 11*.. 5 
26.3 13.9 
25.1 13.3 
2k.l 12.8 
23.1 12.3 
22.1 11.9 
21.3 11.5 
12.k 9.7 



3» The Celling: System 
The efficiency of the logi c of the c e i l i n g system has been found 

by simulating the logic i n a computer programme and determining the 
response to p a r t i c l e s passing through the system at various angles. 
I f a single c e l l at each l e v e l i s not allocated to a traversing p a r t i c l e , 
the event i s rejected by R. U.D.I. The p r o b a b i l i t y of a single c e l l 
being generated at a l e v e l i s shown i n figure ij . .20 . 

Other Effects 
a) The Number of Discharged Cells. Using the R.U.D.I, c e l l monitor 
(Appendix J.|.) the number of c a l l s discharged at each l e v e l has been 
measured. The results are tabulated below: 

saber 
of 
l i s 

% of events having the indicated number of 
discharged c e l l s 

Positive Field Negative Field 

Top 
Tray 

Middle 
Tray 

7-5 

6.0 
0.7 
0.3 
0.9 

0.5 
1.6 
0.6 
0c2 
0.1 
0.2 

3.0 
88.0 

5.3 
1.3 
0.8 
0.6 

+ 0.3 
0.3 
0.2 
0.2 
0.2 

Lower 
Tray 

Top 
Tray 

Middle 
Tray 

12.0 
77.0 

7.8 
1.7 
0.5 
0.7 

0.8 
0.5 
0.5 
0.3 
o . i 
0.2 

7.5 

6.7 
1.0 
0.3 
1.5 

0.5 
1.5 
0.6 
O.d 
o . i 
0.2 

2,1 
88.1 

5-7 
l . l i -
0.6 
0.6 

0.5 
0J.|. 
0.3 
0.2 
0.2 

Lowe r 
Tray 

11.6 
78.6 

7.6 
1.2 
0.5 
0.7 

0.7 
1.5 
o.h 
o. i 
o . i 
0.2 

The D i s t r i b u t i o n of Discharged Cells Across a Tray. The c e l l monitor 
has also been used to f i n d , at a given l e v e l of the spectrograph, which 
c e l l has been discharged. The c e l l s have been considered i n groups of 
four (equivalent to one f l a s h tube spacing). There are 38 such groups 
across a tray but the l a s t i s neglected since i t contains o2iiy 3 c e l l s . 
Neglecting any extreme edge effects i t would be expected that w i t h i n a 
group tha posibion of the c e l l containing the maximum number of 
measured events would be randomly d i s t r i b u t e d . The positions of the 
maximum c e l l s ha^e bo en plo t t e d i n figure ij . , 21 . Tbe two magnetic f i e l d 

directions have been considered cep£-.:-yi.oiy and bhr. vpner ^Tviuh i n P'.-ACAI 
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case i s f o r the positive magnetic f i e l d . I t can be seen that , 
p a r t i c u l a r l y f o r the lower two levels there are large sections of the 
tr a y where the maximum c e l l l i e s i n the same position. I n figure l | .20 

some groups have a maximum c e l l appearing i n two positions, t h i s means 
that there were equal numbers i n the two positions. 

This e f f e c t i s i n t e r e s t i n g but unexplained. The slow, systematic 
v a r i a t i o n of the e f f e c t i s shown i n figure l | . 22 . I n t h i s case the 
d i s t r i b u t i o n of events w i t h i n a group has been treated as a histogram 
and i t i s the p o s i t i o n of the mean that i s plot t e d i n figure I4..2&. The 
error flags represent the standard error of the mean. I f the 
d i s t r i b u t i o n w i t h i n a group were uniform the value of the mean would be 
2.5. The deviations from t h i s value are seen to be systematic and do 
not seem to depend on f i e l d d i r e c t i o n . This l a t t e r point does not 
support the jsuggestion that the phenomenon i s due to the e f f e c t of the 
magnetic f i e l d on the integrated c i r c u i t blocks. 

These measurements have also been used to locate 'dead' c e l l s 
i . e . c e l l s which have never been discharged because of some f a u l t i n 
the c i r c u i t r y . 

c) Pairinp- of, the Data This i s mentioned i n chapter $ and i l l u s t r a t e d 
i n f i g u r e 5»9» The e f f e c t i s unexplained. 



CHAPTER $ 

Ti-i.E DATA 

g.,0 I n t r o d u c t i o n 

T h i s chapter contains a t a b u l a t i o n of the b a s i c data obtained from 

R. U.D.I. The charge r a t i o data are examined f o r b i a s e s , 

£ . 1 The Data 

Data c o l l e c t i o n using R.U.D.I, was performed i n a s e r i e s of 'runs'; 

each run r e p r e s e n t s a period of c o n t i n u a l operation of the spectrograph, 

A t y p i c a l run commenced at 1800 hours and was terminated a t 0900 hours 

the next day. I n an attempt to minimise any b i a s e f f e c t s due to 

assymetries i n the magnetic f i e l d the d i r e c t i o n of the magnetic f i e l d 

was r e v e r s e d r e g u l a r l y . Some b i a s due to t h i s cause was found. 

Corresponding to p a r t i c u l a r modes of opera t i o n of R.U.O.-Ic and/or 

the spectrograph a number of runs have been grouped together to form a 

S e r i e s . At present ( J u l y 1973) 8 S e r i e s have been completed. 

The r e s u l t s of S e r i e s 1 , 2 , 3 and I I have been reported, p r e v i o u s l y 

(Ayre et a l ( 1972) ) . The r e s u l t s reported i n t h i s work are those of 

S c r i e s I I , 5, 6, 7 and 8 and have been reported by Ayre e t a l (1973a, 

1973b)« Since S e r i e s \ forms only a small f r a c t i o n of the l a t e r data 

the two s e t s may be considered independent. 

S e r i e s I I , 5 and 6 were obtained under i d e n b i c a l modes of operation 

(0.5 cm. c e l l s and conventional magnetic fi.eld) and have been summed 

together. S e r i e s 7 data were obtained u s i n g 1.0 cm. c e l l s and conven­

t i o n a l magnetic f i e l d . S e r i e s 8 data were obtained using 1.0 cm. c e l l s 

and 'crossed' magnetic f i e l d s ( i n which the f i e l d d i r e c t i o n i n the centre 

two blocks of bhe magnet was i n the opposite d i r e c t i o n to that of the 

outer two b l o c k s ) . 
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The data are given i n tables $,1 - £ . 3 . Because of the above 
mentioned bias due to magnetic f i e l d d i r e c t i o n the data have been 
presented separately f o r each d i r e c t i o n . The apparent a r r i v a l direction 
i s simply the East or West d i r e c t i o n indicated by the discharged c e l l s 
i n the top two trays. I n part ( i l i ) of each table the bracketed values 
are those obtained a f t e r correcting f o r events i n which the p a r t i c l e 
sign was wrongly determined. These bracketed values have been used i n 
calculating the charge r a t i o s and excesses. 

In the remaining tables (5»i|- - the data summed over both f i e l d 
d irections are given. The- charge r a t i o and i t s error were calculated 
using the r e l a t i o n 

R = N+/N- ± R(l/N+ + 1/N-)^ 
the charge excess (£) and i t s error were found using the r e l a t i o n 

t = (N+ - N_)/(K+ + N_; + (2/(N+ + N-)2).(K_N+2 + N-2W+)"«" 
where N+ and N- refer to the numbers of po s i t i v e and negative rauons. Th 
deri v a t i o n of the errors of R and 3 i s discussed i n Appendix I . 

The values of N+ and N- have been obtained by simply slimming the 
data from both magnetic f i e l d d i r e c t i o n s . I t can be shown however that 
the best estimate of R i s obtained not by such a summation but by using 
the quantity R = \R+ R- where R+ and R- are the charge r a t i o s observed 
f o r p o s i t i v e and negative f i e l d s respectively. This i s discussed i n 
Appendix 1. I n the case of the data i n tables £ . 1 - £ .3 t h i s l a t t e r 
representation gives a value of R which i s n e g l i g i b l y d i f f e r e n t 
( t y p i c a l l y 0.3$) from that obtained by summation. Consequently the 
summation method has been used. The given values of ̂  have been 
calculated from the summations; i n Appendix 1 i t i s shown that the best 
estimate of £ i s indeed obtained by such a summation and not by the 
geometric mean as i n the case of RD 



£ . 2 Experimentally Observed B i a s e s i n the Charge Ratio 

The m o s t . s i g n i f i c a n t b i a s on the charge r a t i o measurements that has 

(30 f a r ) been detected i s that of the e f f e c t of magnetic f i e l d d i r e c t i o n * 

The measured r a t i o s f o r the p o s i t i v e and negative f i e l d d i r e c t i o n s of 

each S e r i e s have been pl o t t e d i n f i g 5»1» The data have been summed 

over s e v e r a l c e l l s as shown i n order that the e r r o r bars may be a 

reasonable s i z e . The most important f e a t u r e of each of these graphs i s 

the d i f f e r e n c e between the r a t i o s of category 23 f o r the two f i e l d 

d i r e c t i o n s . For S e r i e s ' i i , 5> 6 and S e r i e s 7 the negative f i e l d y i e l d s 

the higher r a t i o while the s i t u a t i o n i s r e v e r s e d f o r S e r i e s fl. For 

S e r i e s * 5, 6» S e r i e s 7 and S e r i e s 8 the separations are + (ILC? + 0.2) $ J 

+ (5>»9 + 0„$)% and + ( 2 . 1 + 0.7)5b from the mean r a t i o obtained by 

summing over both f i e l d directions» 

The cause of t h i s s e p a r a t i o n has been found by cons i.d o r a t i o n of the-, 

angles made by the muon t r a c k s i n the momentum s e l e c t o r t r a y s . Considering 

S e r i e s It, j?, 6, f i g s p.2 a, b show the charge r a t i o s of t'.'.ose muons 

having s i m i l a r t r a j e c t o r i e s through the magnet. For eair...ilc a p o s i t i v e 

muon i n c i d e n t from a Westerly d i r e c t i o n when the magnetic f i e l d i s 

p o s i t i v e has a s i m i l a r t r a j e c t o r y to a negative muon from the same 

d i r e c t i o n when the magnetic f i e l d i s i n the negative d i r e c t i o n ; the 

numbers of these rauons have been denoted by pWB and yWB r e s p e c t i v e l y . 

The same convention i s used f o r other t r a j e c t o r i e s . I n f i g ^ .2a two s e t s 

of r a t i o s have been p l o t t e d . Account was taken of the f a c t t h a t the 

data c o l l e c t i o n was not e q u a l l y d i v i d e d Letween p o s i t i v e and negative 

magnetic f i e l d s by using a n o r m a l i z a t i o n procedure. Before c a l c u l a t i n g 

the r a t i o s p l o t t e d , the t o t a l number of p a r t i c l e s gathered w i t h a 

p o s i t i v e f i e l d . w a s normalized to t h a t gathered w i t h a negative f i e l d . 

Compared to the r a t i o using the un-normalized data the change i n the 

r a t i o i s small ( 0 .01 i n the absolute value of the - r a t i o ) . I n f i g $*2B. 
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the t r a j e c t o r i e s involved have the common feature that the angles i n 
the bottom tray are, at least f o r those p a r t i c l e s i n category 23, 
predominantly p o s i t i v e . For higher momenta (lower category numbers) 
the contribution of non-positive angles i n the lower tray to the r a t i o 
R-] w i l l increase. I t can be seen from f i g 5«2a that the r a t i o s obtained 
by selecting s i m i l a r t r a j e c t o r i e s are i n good agreement and t h i s also 
applies to f i g 5»2b which shows the r a t i o f o r t r a j e c t o r i e s involving 
mainly negative angles i n the bottom t r a y . Figures 5«2c, d show the 
ra t i o s found with d i s s i m i l a r t r a j e c t o r i e s . The large discrepancy 
observed between the category 23. r a t i o s i s due to the d i f f e r i n g 
e f f i c i e n c i e s of c e l l a l l o c a t i o n f o r p o s i t i v e and negative angles. 

As shown i n Chapter l\. the p r o b a b i l i t y of a single c e l l being 
allocated to a track i s somewhat higher f o r positive angles (8) such 
that 1 0 ° < 6 ^ 3 0 ° . I t has also been shown that the most probable angle 
(which i s close to the median) i s , i n the bottom tray, > 10° f o r 
momenta £ 12 GeV/c. Hence f o r these momenta some difference i n 
detection e f f i c i e n c y i s to be expected. 

Consider now the r a t i o B± o f f iS 5«2c. The positive p a r t i c l e s are 
incident i n the top tr a y at a pos i t i v e angle and hence have a higher 
detection e f f i c i e n c y r e l a t i v e to the negative p a r t i c l e s which are 
incident at negative angles. At the bottom tray the s i t u a t i o n i s reversed 
the negative p a r t i c l e which i s now moving at a positi v e angle has the 
higher detection e f f i c i e n c y . The o v e r a l l e f f i c i e n c y of detection i s 
taken as the product of the e f f i c i e n c i e s at the top and bottom l e v e l s ; 
the middle l e v e l w i l l be neglected. As shown i n Chapter 1̂ . the median 
angle i n the bottom tray i s generally larger than that i n the top and 
since the rate of f a l l of e f f i c i e n c y w i t h angle i s greater i n the 
negative d i r e c t i o n the ov e r a l l e f f i c i e n c y i s lower f o r the p a r t i c l e that 
moves at a negative angle i n the lower tray - the pos i t i v e p a r t i c l e i n 
t h i s case. The r e l a t i v e loss of p o s i t i v e p a r t i c l e s results i n a 
reduction i n the charge r a t i o . For the r a t i o R2 of Fig 5-2c i d e n t i c a l 



reasoning leads t o a lo s s of negative rations and an incx oease I n the r a t i o , 
These fea t u r e s are shown by the data. S i m i l a r arguments may be used t o 
ex p l a i n the r a t i o s of category 23 of f i g 5«2do 

The data of Series 7 ( p l o t t e d i n f i g s 5*3 a-d) e x h i b i t s s i m i l a r 
behaviour t o thai; of Series 5>, 6. The major d i f f e r e n c e i s t h a t the 
s p l i t t i n g of the r a t i o s of category 23 i s r a t h e r l a r g e r . The median 
momentum of t h i s category i s lower than f o r Series I4, 6 and s i ace the 
d i f f e r e n c e between p o s i t i v e and negative p a r t i c l e d e t e c t i o n e f f i c i e n c i e s 
increases w i t h i n c r e a s i n g angles then a l a r g e r s p l i t t i n g would be 
expected. 

A more q u a n t i t a t i v e estimate of t h i s e f f e c t of d i f f e r i n g e f f i c i ­
encies has been obtained f o r Series I]., 6 and Series 7 as follows:-
For a f i x e d magnetic f i e l d d i r e c t i o n ( p o s i t i v e ) the mean angles i n the 
top and bottom t r a y s , as a f u n c t i o n of momentum, -wore found (by-
calcu l a t i n g ; the acceptance as a f u n c t i o n of angle). These angles are 
denoted 0t and 0 b 0 Dependent upon the s i g n of muon the values of 
8t and 9t> roay be p o s i t i v e or negative; f o r example i n the case of a 
p o s i t i v e muon of energy say, 10 GeV, 9t and 9;, arc p o s i t i v e and negative 
r e s p e c t i v e l y (assuming the same sig n convention of Chapter I+). From 
the graph of d e t e c t i o n e f f i c i e n c y as a f u n c t i o n of angle (Chapter l±) 
the corresponding e f f i c i e n c i e s were obtained and are p l o t t e d i n f i g s 
£.5 a, b. The p r o b a b i l i t y of a s i n g l e but i n c o r r e c t c e l l being generated 
i s r a t h e r small and has been neglected. Beyond about l£ GeV/c both 

A A 

Gt and 0 b are less than 10° and the d e t e c t i o n e f f i c i e n c y i s u n i t y . 
The o v e r a l l d e t e c t i o n e f f i c i e n c y i s taken t o be the product of the top 
and bottom t r a y e f f i c i e n c i e s . I n the case of the example above, the 
o v e r a l l e f f i c i e n c y Is the product of the top e f f i c i e n c y ( Qt p o s i t i v e ) 
and the bottom e f f i c i e n c y ( 0^ n e g a t i v e ) . The r e s u l t s f o r both types 
of muon are shown i n f i g [-j.fjc. 

Using these e f f i c i e n c i e s together w i t h the 0*5 cm. c e l l acceptance 
curve f o r category 23, the o v e r a l l acceptance of the specv.rOj:rapl< --. 
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f u n c t i o n of momentum and assuming an i n c i d e n t muon d i f f e r e n t i a l 
spectrum ( A l l k o f e r et a l (1971)) the momentum d i s t r i b u t i o n of p a r t i c l e s 
i n category 23 was c a l c u l a t e d . A charge r a t i o of 1.0 was assumed. 
I n t e g r a t i n g over momentum gives the r a t i o of each kin d of p a r t i c l e t o 
be JJ""//i+ = 1 • Olj-3 thus i n d i c a t i n g a r e d u c t i o n i n the t r u e charge r a t i o 
of k.*y/o. Taking the t r u e r a t i o as t h a t obtained by summing the data 
over both f i e l d d i r e c t i o n s t h i s f i g u r e i s i n good agreement w i t h the 
observed (ij..7 + 0.2)$. 

To o b t a i n the e q u i v a l e n t f i g u r e f o r the Series 7 data the only 
change t o the above procedure i s the use of the 1 cm. c e l l acceptance 
f o r category 23. The r e s u l t s of t h i s c a l c u l a t i o n i n d i c a t e a r e d u c t i o n 
i n the charge r a t i o of 5«9$« This i s i n e x c e l l e n t agreement w i t h the 
observed value of 9 + 0.J?)$. 

Turning now t o Series 8, the charge r a t i o s o f category 23 are 
found t o deviate by + (2.1 + 0,7)% from the mean. The r a t h e r small 
s p l i t t i n g i s q u a l i t a t i v e l y understandable since w i t h t h i s magnetic 
f i e l d c o n f i g u r a t i o n the angles of p a r t i c l e t r a c k s are not as extreme 
as i n the conventional case. This leads t o a higher o v e r a l l d e t e c t i o n 
e f f i c i e n c y f o r both signs of p a r t i c l e s and consequently a c l o s e r 
approach t o the t r u e r a t i o . The s p l i t t i n g of t h i s Series i s i n the 
opposite d i r e c t i o n t o t h a t of the previous cases. I t should be 
remembered however t h a t the ' p o s i t i v e ' and'negative 1 momenclature 
describes the f i e l d d i r e c t i o n i n only the centre two magnet blocks. 

Figures f>.L|. a-d show the charge r a t i o f o r the various t r a j e c t o r i e s . 
Excluding category 23 the r a t i o s f o r both s i m i l a r ( f i g $.k a, b) and 
d i s s i m i l a r ( f i g c, d) t r a j e c t o r i e s are i n good agreement; w i t h i n 
the e r r o r bars there are no obvious systematic trends. I n the case of 
category 23 the s i t u a t i o n i s l e s s c l e a r . F i r s t l y , the s p l i t t i n g seen 
i n f i g a i s l a r g e r than t h a t i n b and secondly f i g 5.^ c shows 
a l a r g e s p l i t t i n g as may be expected but f i g d shows no such e f f e c t . 



At present;, n e i t h e r of bhese d e t a i l s i s understood but a p o s s i b l e 

e x p l a n a t i o n i s t h a t they are s t a t i s t i c a l f l u c t u a t i o n s . 

A d e s c r i p t i v e e x p l a n a t i o n of the s p l i t t i n g shown i n f i g S»h c can 
be obtained by considering f i g $.6 i n which some t y p i c a l p a r t i c l e 
t r a j e c t o r i e s are shown* The diagrams are schematic only and represent 
the t r a c k s of p a r t i c l e s o f momenta^ 8 GeV/c. Figure £.6 a sb.ow3 the 
paths of those p a r t i c l e s forming the r a t i o rti of f i g 5>.L|. c. Tho l a r g e 
d e f l e c t i o n s u f f e r e d by the p a r t i c l e In the l a s t magnet block i s due t o 
the f a c t t h a t i t has l o s t a l a r g e f r a c t i o n of i t s energy an passing 
through the upper blocks. I t can be seen t h a t p o s i t i v e and negative 

, p a r t i c l e s emerge at p o s i t i v e and negative angles r e s p e c t i v e l y and 
since the d e t e c t i o n e f f i c i e n c y i s highest a t p o s i t i v e angles the 
r e s u l t i n g charge r a t i o Ri i s enhanced. Figure £>06 b shows those 
t r a c k s forming f*£ of f i g £oi| c . Here the s i t u a t i o n i s reversed end 
negative muons have the higher a e t e c t i o n e f f i c i e n c y r e s u l t i n g i n a 
depressed charge r a t i o . 

A more q u a l i t a t i v e measure of t h i s e f f e c t has bt;en mado i n a s i m i l a r 
manner t o t h a t described p r e v i o u s l y . I n t h i s case the range of incident-
angles under c o n s i d e r a t i o n i s w i t h i n the range + 10° and the d e t e c t i o n 
e f f i c i e n c i e s are u n i t y i n the bop l e v e l . I n the bottom t r a y much 
l a r g e r angles are i n v o l v e d ; the mean angles have Deen c a l c u l a t e d and 
the corresponding e f f i c i e n c i e s are p l o t t e d i n f i g 5.7. Eeyond about 
9 GeV/c there i s no d i f f e r e n c e J_n the d e t e c t i o n e f f i c i e n c i e s of p o s i t i v e 
ajad negative muons. Usin^ the same procedure as Defore trie expected 
r a t i o or brie numbers of p a r t i c l e s of each k i n d was found t o be I.OI4.3 
i . e . w i t h the f i e l d d i r e c t i o n shown ( ' p o s i t i v e ' ) the enhancement of 
the t r u e charge r a t i o i s i±.3$» The agreement w i t h the observed value 
of (2.1 + 0.7)% I s not good and i s unexplained; i t i s r a t h e r s u r p r i s i n g 
i n v i e t f of the r e s u l t s obtained wiba Series L\.} 5, 6 and Series 7» 'Phis 
may be an i n d i c a t i o n of some e f f e c t which i s , as y e t , undetected. Since 
the d i f f e r e n c e between the observed and expected values i s reasonably 
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60 
small ( "s/Zc/o) and since the charge r a t i o i n t h i s category i s not i n 
serious c o n f l i c t w i t h t h a t from the remainder of the data i t i s f e l t t h a t 
t h e r e i s j u s t i f i c a t i o n f o r t a k i n g the r e s u l t at i t s face value. 

This concludes the d e s c r i p t i o n of the bias introduced due t o 
d i f f e r e n t d e t e c t i o n e f f i c i e n c i e s of p a r t i c l e s of d i f f e r e n t sign» 

Another check f o r bias i n the data has been made by examining the 
d i s t r i b u t i o n s of the observed r a t i o s . For each series the d i s t r i b u t i o n s 
of R a n and R^ have been obtained; these are f i r s t , the o v e r a l l charge 
r a t i o of a run and secondly the r a t i o found by considering only the 
data i n categories 0-22 i n c l u s i v e . This l a t t e r i s u s e f u l i n t h a t i t does 
not i n c l u d e category 23 which, since i t contains a l a r g e number of 
p a r t i c l e s , h e a v i l y weights the o v e r a l l r a t i o . To account f o r the 
d i f f e r e n t s t a t i s t i c a l weights of the measured r a t i o s due t o runs of 
d i f f e r e n t lengths the d i s t r i b u t i o n of the q u a n t i t y d, given by 
d = (R.^ " rt)/</i where R.i and c5\ are the r a t i o and e r r o r of the i t h 

run and R i s the mean f o r the s e r i e s , i s p l o t t e d . The r e s u l t s f o r Series 
!(., St 6 have buen summed and are shown i n Pig £.8 aj the two f i e l d 
d i r e c t i o n s are presented separately. For Series 7 and Series 8 the 
r e s u l t s from the two f i e l d d i r e c t i o n s have been added t o improve the 
s t a t i s t i c s of the p l o t s ; they are given i n Figs £.8 b, c. The dashed 
l i n e s represent Gaussian d i s t r i b u t i o n s and are the expected d i s t r i ­
b utions when only random s t a t i s t i c a l e r r o r s are present. The e r r o r 
f l a g s on the histograms are the Poissonian e r r o r s except where the 
number of runs i s 10 £n which case the Regener s t a t i s t i c a l l i m i t s have 
been used (Regener (1951)). Because of the size of those e r r o r bars 
the i n t e r p r e t a t i o n o f the p l o t s i s r a t h e r d i f f i c u l t but there seem t o be 
no gross e r r o r s i n the data. 

To t e s t f o r the p o s s i b i l i t y of some p r o g r e s s i v e l y developing f a u l t 
i n the system causing the measured charge r a t i o t o be a monotonic 
f u n c t i o n of time a s t r a i g h t l i n e was f i t t e d t o the r e s u l t s of each series 
expressed as a f u n c t i o n of time. I n a l l cases the slope of the l i n e 
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was found t o bo consistent w i t h zero. 61 

To allow f o r i n c o r r e c t d e t e r m i n a t i o n of the muon sig n a c o r r e c t i o n 
has been a p p l i e d . From the acceptance curves of categories 1 and 2 
(as described i n the previous chapter) the f r a c t i o n of events which are 
m i s - a l l o c a t e d are 9*1$ and 1.7$ r e s p e c t i v e l y ( f o r 0.5 cm. c e l l o p e r a tion) 
and 0.6$ f o r category 1 d u r i n g 1.0 cm. c e l l o p e r a t i o n . For higher 
category numbers the c o r r e c t i o n s are n e g l i g i b l y small or zero. 

5e 3 Biases i n the. Spectrum Measurements. 
Some bias has been found i n _ the i n t e n s i t y measurements of Series )+? 

5, 6, The d e f l e c t i o n spectrum of t h i s s e r i e s i s shown i n f i g 5«9l i t can 
be seen t h a t the r e s u l t s i n categories h and 5? categories 6 and 7s etc; 
up t o categories 13 and 19 seem t o be p a i r e d , flo such e f f e c t i s seen 
i n the r e s u l t s of Series 7 (also shown i n the f i g u r e ) or of Series 8. 
Separating bhe spectrum of Series ks 5* 6 i n t o i t s p o s i t i v e and negative 
components shows the e f f e c t t o be present i n both and ti:us there i s no 
e f f e c t on the measured charge r a t i o . Since the phenomenon i s present 
only i n the 0.5 cm. c e l l r e s u l t s , a l l spectrum measurements have been 
made using 1»0 cm. c e l l s ~ the r e s u l t s of Series 7 and 8 were obtained 
i n the 1*0 cm. c e i l mode and the r e s u l t s of Series 5* 6 have been 
grouped i n t o 1.0 cm. c e l l s (when no p a i r i n g i s e v i d e n t ) . 

Another form of bias p e c u l i a r t o the data produced by R.U.D.I, i s 
due t o the f a c t t h a t the instrument i s capable of analysing only those 
events i n which a s i n g l e c e l l i s discharged at each l e v e l . Extra c e l l s 
osn bo discharged by the e l e c t r o n s o f bursts produced near the bottom of 
magnet blocks- Since the p r o b a b i l i t y of burst p r o d u c t i o n i s momentum, 
dependent, then so i f , the c o r r e c t i o n which must be a p p l i e d . A s i m i l a r 
bias occurs f o r accompanied muons. Tho d i s t r i b u t i o n of the number cf 
discharged c e l l s each l e v e l i s given in Chanter 

A f u r t h e r bias (as y e t unexplained) i s i n d i c a t e d i n the d i s t r i b u t i o n , 
of discharged cftll.s .-croos the momfiiifci-jn .selector r.vciya (Chapter .'(.). 
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62 
I n t h i s t h e s i s no spectrum measurements are d e s c r i b e d ; d e t a i l e d 

d e s c r i p t i o n s can be found i n Ayre et a l (1973b) and Whalley (1971+) o 

j?„l|. Conclusion 

The c o n c l u s i o n of t h i s chapter i s t h a t as f a r as the charge r a t i o 

measurements are concerned the mosb obvious b i a s ( t h a t of magnetic 

f i e l d d i r e c t i o n ) i s f a i r l y w e l l understood and i t s e f f e c t has been 

minimised by bhe frequent f i e l d r e v e r a l s . The e f f e c t of other b i a s e s 

i s small* The data are t h e r e f o r e thought to be r e l i a b l e . 

The charge r a t i o as a f u n c t i o n of momentum f o r the v a r i o u s s e r i e s 

and f o r the sum of the s e r i e s ' are p l o t t e d i n f i g s $»1Q - i>.13» 
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Table 5.1 (Part (i)> 

SERIES if, 5 and 6 

Starting Date 
Finishing Date 

13.5.72 
2 5 . 9 . 7 2 

Ceils 
Magnet Configuration 

Total Run Time 
Total Live Time 

Number of Spectrograph 
Triggers 

Events accepted by 
R.U.D.I. 

Erficioncy 

Accepted Run Numbers 
(Positive Field) 

Accepted Bun Numbers 
(Negative Field) 

0„5 cm. 
conventional 

2^58 b 20 m 
115? h 6 m 3 s 

1278M1 

778978 
0.61 

195, 197, 199, 201, 203, 205, 207, 209, 211, 
213, 215, 217, 219, 223, 227, 231, 233, 235, 
237, 239, 241, 243, 243, 24?, 249, 251, 253, 
255t 257, 259, 261, 263, 265, 267, 273, 275, 
279, 281, 283, 285, 28? 4 289, 291, 297, 
299, 301, 303, .505, 307, 309, 311o 

196, 198, 200, 202, 204, 206, 208, 210, 212, 
214, 216, 218, 222, 224, 226, 228, 230, 232, 
25*fr, 236, 238, 240, 242, 244, 246* 248 , 250, 
254, 256, 258, 260, 262, 264, 272, 274, 276, 
278, 280, 282, 284, 288, 290, 292, 294, 293, 
298, 300, 302, 304, 306, 308, 310. 

In tables 5*1 - 5»3 the* presented data are f i r s t c lass i f ied according 

to apparent senith angle and direction; they are then summed over apparent 

angles and then fi n a l l y over both apparent directions. The directiona and 

angles are only the apparent quantities since they have been calculated 

using the too two trays of the magnet. 
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Table 5»2 (Part_(l)_) 

SERIES 7 

Starting Dat« 
Finishing Date 

Cells 
Magnet Configuration 

Total Run Time 
Total Live Time 

Number of Spectograph 
Triggers 

invents Accepted by 
-U.-U.JJ.-I. 

Efficiency 

Accepted Raw Numbers 
(Positive F i e l d ) 

Accepted Run Numbers 
(Negative Field) 

26. 9»72 
15.11.72 

1«0 cm 
conventional 

7 ^ h 2 ra 
359 li 59 m s 

23S831 - —- — 

0.^9 

313, 515, 517, 319, 321. 3*3, 325, 3^7, 329. 331, 
333, 335, 337 , 339* 3 ^ 5 3*3, 3 ^ >]y, 3^9, 353« 

312, y\ht 316, 318 , 320, 322v yzht 326, 3-?3, 330, 
332, 336, 338, 3**0, # 2 . 3^'t, 3 U 3 , 35.'- 35«f, 
355, 358 
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Table 5.3 (Part ( i ) ) 

SERIES 8 

Starting Date 
Finishing Date 

Cells 
Magnet Configuration 

Total Run Time 
Total Live Time 

Number of Spectrograph 
Triggers 

Events Accepted by 
R.U.D.I. 

Efficiency 
Accepted Run Numbers 
(Positive Field) 

Accepted Run Numbers 
(Negative Field) 

16.11.72 
2. 1.73 

1.0 cm 
crossed 

636 h 26 m 
246 h 56 m 23 s 

401110 

276981 

0.69 
360, 364, 368, 370, 372, 374, 378, 38O, 382, 384, 
387, 389 

361, 363, 369, 371, 373, 375, 377, 379, 381, 383, 
385, 388, 390, 391 
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Table 5.4 

SERIES 4, 5, 6 

Category Momentum Charge Charge 
No. GeV/c Ratio Excess 

0 442 
1 358 
2 274 
3 214 

177 
5 145 
6 128 
7 112 
8 - 98.3 
9 88.J 

10 8o.o 
11 73.7 
12 67.9 
13 63.O 
1if 58.9 
15 55.2 
16 52.1 
17 49.3 
18 47.1 
19 44.8 
20 43.8 
21 40.8 
22 39.3 
23 13.9 

86 72 
174 276 
352 466 
591 767 
875 1068 

1060 1344 
1328 1709 
1475 1833 
1803 2245 
1895 2303 
2135 2640 
2187 2813 
2408 3058 
2554 3124 
2759 3521 
2776 3494 
2865 3899 
2920 3694 
3199 3908 
3174 3988 
3289 4203 
3296 4266 
3256 ^375 

294644 378793 

1.586 + 0.154 
1.316 ~ 0.093 
1.298 0.071 
1.221 0.056 
1.268 0.052 
1.287 0.04? 
1.243 0.044 
1.245 0.039 
1.215 O.O38 
1.237 0.036 
1.286 0.037 
1c270 0.035 
1.223 0.033 
1.276 0.032 
1.259 0.032 
1.361 0.034 
1-265 0.03'i 
1.222 0.029 
1.257 0.030 
1.278 0.030 
1.294 0.030 
1.344 0.031 
1.2856 0.0032 

0.227 + 0.046 
0.137 0.035 
0,129 0.027 
0.099 0.023 
0.118 0.020 
0.125 0.018 
0.108 0.017 
0.109 0.016 
0.097 0.015 
0.106 0.014 
0.125 0.014 
0.119 0.013 
0.100 0.01 ;> 
0.121 O.O'IJ 
0.115 0.013 
0.153 0.01?. 
0.117 0.012 
0.100 0.012 
0.114 0.012 
0.122 0.011 
0.128 0.011 
0.'i4? 0.011 
0„'(250 0.0012 



Table 5.5 

SERIES 7 

Category Momentum Charge Charge 
No. GeV/c Ratio Excess 

0 376 96 98 
1 236 300 398 1.327 + 0.101 0.140 + 0.037 
2 160 608 760 1.250 0.068 0.111 " 0.027 
3 118 867 1101 1.270 0.058 0.119 0.022 
4 93.0 1095 1356 1.238 0.050 0.106 0.020 
5 76.6 1305 1727 1.323 0.049 0.139 0.018 
6 65.3 1463 1919 1.312 0.046 0.135 0.017 
7 57.0 1666 2104 1.263 0.041 0.116 0.016 
8 50.7 1699 2307 •>o358 0.04j 0.152 0.016 
9 if5.8 1903 2398 1.260 0.039 0.115 0.015 

10 41.7 2016 2558 1.269 O.O38 0.118 0.015 
11 38.3 2077 2623 1.263 0.037 0.116 0.014 
12 35.3 2130 2769 1.300 O.O38 0.130 0.014 
13 33.1 2219 2938 1.324 0.037 0.139 0.014 
14 31.0 2194 2883 1.314 0.037 0.136 0.014 
15 29.3 2233 2871 1.286 0.036 0.125 0.014 
16 27.7 2327 2872 1.234 0.034 0.105 0.014 
17 26.3 2290 2951 1.289 0.036 0.126 0.014 
18 25.1 2363 3106 1.314 0.036 0.136 0.013 
19 24.1 2375 3070 1.293 0.035 0.128 0.013 
20 23.1 2287 3018 1.320 0.037 0.138 0.014 
21 22.1 2267 3029 1.336 0.037 0.144 0.014 
22 21.3 2280 2995 1.314 0.037 0.136 0.014 
23 12.4 64010 82902 1.2951 0.0068 0.1286 0.0026 



TABLE 5.6 

SERIES 8 

ategory Momentum Charge Charge 
Ho. GeV/c Ratio Excess 

0 126 470 551 
1 81.0 1441 1781 1.233 + 0.044 0 . 1 0 4 + 0.018 
2 68.3 2230 2844 1.275 0.036 0.121 0 . 0 1 4 
3 5^*7 2867 3561 1 . 2 4 2 0.031 0.108 0.012 
4 43.5 3282 4259 I.298 0*030 0.130 0.011 
5 36.8 3633 4583 1.262 0.028 0.116 0 . 0 1 1 
6 31.8 3783 5037 1.332 0,029 0 . 1 4 2 0.011 
7 27-8 3915 5167 1.320 0\028 0.138 0.010 
8 25.3 4043 5231 1*294 0 „ 0 2 7 0.128 0.010 
9 2 2 . 8 4147 5274 1.272 0.026 0.120 0-010 

10 ~ ~21.1 4198 5323 1.268 C.026 0.118 0„010 
11 19.5 4139 5295 1.279 C . G 2 7 0.123 0.010 
12 18.2 4o4o 5328 1.319 0.028 0.137 0.010 
13 17.0 4113 5164 1.256 0. Oc'6 0.113 0.010 
1 4 16.1 4co8 5205 1.299 0-027 0.130 0,010 
15 15.3 3956 5107 1.29". 0..U27 0.12? 0.010 
1 6 1 4 . 5 3886 5020 1 . 2 9 2 0.028 0.12? 0.011 
17 13.9 3906 4924 1.261 0 , 0 2 7 0.115 0.011 
18 13.3 3851 4694 1.219 0.027 0.099 0.011 
19 12.8 3505 4805 1.571 0.031 0.156 0.011 
20 12.3 3578 4397 1.229 0.028 0.103 0.011 
21 1 1 . 9 3458 4387 1.269 0 . 0 2 9 0.118 0.011 
22 11.5 3282 4133 1.259 0.029 Or 1 1 4 0-012 
23 9.7 41798 53393 1.2774 0.0083 0.121 0.0032 
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CHAPTER 6 

RESULTS OF OTHER WORKERS 

6.0 I n t r o d u c t i o n 

T h i s c h a p t e r c o n t a i n s a summary o f t h e r e s u l t s o f a 

number o f measurements o f t h e muon charge r a t i o . 

As mentioned i n Chapter 1 t h e presence o f an excess 

o f p o s i t i v e p a r t i c l e s i n the sea l e v e l cosmic r a y beam was 

f i r s t i n d i c a t e d by t h e d i s c o v e r y o f t h e e a s t - w e s t e f f e c t i n 

1933. The e a r l y work o f B l a c k e t t ( 1 9 3 7 ) , Jones (1939) and 

Hughes (1940) gave f o r t h e mean r a t i o o f the numbers o f 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 t h e v a l u e 1.225 i 0.049 i n t h e 

p a r t i c l e momentum range 0.4 - 20 GeV/c. The p o s t war s t u d i e s 

o f Nereson ( 1 9 4 8 ) , C o n v e r s i ( 1 9 4 9 ) , Bassi e t a l (1949) and 

Brode (1949) found t h e r a t i o t o be around 1.25. Since these 

t i m e s t h e r e have been many measurements o f t h e charge r a t i o . 

The e x p e r i m e n t a l r e s u l t s summarized i n t h i s c h a p t e r 

have been d i v i d e d i n t o 2 c l a s s e s - th o s e measuring i n t h e 

n e a r - v e r t i c a l d i r e c t i o n and those measuring i n the near-

h o r i z o n t a l d i r e c t i o n . The two s e t s o f r e s u l t s a r e then 

combined by c o n s i d e r i n g t h e charge r a t i o a t t h e muon 

p r o d u c t i o n e n e r g y . 

6.1 The N e a r - V e r t i c a l D i r e c t i o n 

F i g u r e s 6.1 and 6.2 show r e s p e c t i v e l y the charge 

r a t i o and charge excess measured i n t h e e x p e r i m e n t s r e p o r t e d 

by t h e f o l l o w i n g : F i l o s o f o e t a l ( 1 9 5 4 ) , Moroney and P a r r y 

( 1 9 5 4 ) , Pine e t a l ( 1 9 5 9 ) , Owen and W i l s o n ( 1 9 5 1 ) , A p p l e t o n 

e t a l ( 1 9 7 1 ) , Nandi and Sinha ( 1 9 7 2 ) , Hayman and W o l f e n d a l e 
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( 1 9 6 2 ) , Holmes e t a l ( 1 9 6 1 ) , A u r e l a e t a l (1966) A l l k o f e r 

e t a l ( 1 9 6 9 ) , B u r n e t t e t a l ( 1 9 7 3 ) , A l l k o f e r e t a l ( 1 9 7 1 ) . 

To examine t h e degree o f c o n s i s t e n c y between the 

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

t = (R± - R)/cf'(R i) and 

fc' = ^ i " h a v e b e e n o b t a i n e d . 

R* and J a r e t h e o v e r a l l mean r a t i o and excess 

( r e s p e c t i v e l y 1.2431 i 0.0023 and 0.1084 £ 0.0009 i n 

t h i s c a s e ) , 

^ ( R ^ ) i s t h e s t a n d a r d e r r o r o f an i n d i v i d u a l 

measurement o f t h e r a t i o ( R . j ) , 

.) i s t h e s t a n d a r d e r r o r o f an i n d i v i d u a l 

measurement o f t h e charge excess ^ ) . 

The r e s u l t i n g d i s t r i b u t i o n s a r e compared w i t h 

Gaussian d i s t r i b u t i o n s i n F i g . 6.3 - t h e dashed l i n e s . There 

seem t o be no s e r i o u s d e v i a t i o n s f r o m the e x p e c t e d c u r v e s . 

T h i s i n d i c a t e s l i t t l e energy dependence o f the q u a n t i t i e s and 

a l s o t h a t t h e r e s u l t s o f the e x p e r i m e n t s a r e c o n s i s t e n t . The 

two extreme d a t a p o i n t s on e i t h e r s i d e o f the a p p r o p r i a t e 

h i s t o g r a m s o f F i g . 6.3 are from the same e x p e r i m e n t - t h a t 

o f F i l o s o f o e t a l ( 1 9 5 4 ) . 

The d a t a o f F i g . 6.1 have been grouped and are p l o t t e d , 

a l o n g w i t h t h e M.A.R.S. d a t a ( a l s o grouped) o f t h e p r e v i o u s 

c h a p t e r i n F i g . 6.4. The r e s u l t s o f F i l o s o f o e t a l (1954) 

have been k e p t s e p a r a t e from the o t h e r r e s u l t s o f F i g . 6.1 s i n c e 

t h e y a r e o f p a r t i c u l a r l y h i g h p r e c i s i o n . The mean r a t i o f rom 

t h i s e x p e r i m e n t i s 1..2401 - 0.0026; the mean r a t i o f rom the 
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r e m a i n i n g e x p e r i m e n t s o f F i g . 6.1 i s 1.2540 i 0.0051; 

combining t h e two groups g i v e s a mean o f 1.2431 - 0.0023. 

The mean r a t i o o f t h e M.A.R.S. d a t a ( w h i c h i n v o l v e more 

p a r t i c l e s t h a n t h e combined d a t a o f F i g . 6.1) i s 1.2850 -

0.0023 and t h e d i s t r i b u t i o n o f t i s w e l l f i t t e d by a 

Gaussian c u r v e . T h i s v a l u e i s h e a v i l y w e i g h t e d by t h e 

c a t e g o r y 23 r e s u l t s a t 9.7, 12.4 and 13.9 GeV/c. E x c l u d i n g 

these r e s u l t s y i e l d s an o v e r a l l mean o f 1.2818 - 0.0042, a 

r a t i o n o t s i g n i f i c a n t l y differen.t_.fr.om_the o r i g i n a l v a l u e . 

These v a l u e s are c o n s i s t e n t w i t h o t h e r , independent s e t s o f 

M.A.R.S. d a t a i . e . t h o s e o f Ayre e t a l (1971) (mean r a t i o 

1.29 - 0 .03 f o r momenta g r e a t e r t h a n 10 GeV/c) and o f Ayre e t 

a l (1972) (mean r a t i o 1.284 - 0.004 f o r momenta g r e a t e r t h a n 

10 GeV/c). 

The d i f f e r e n c e f r o m t h e M.A.R.S. r e s u l t i s 0.0449 

i 0.0034 which i s ( s t a t i s t i c a l l y ) h i g h l y s i g n i f i c a n t . T h i s 

i s m a i n l y due t o those few low charge r a t i o s measured f o r 

momenta ^3 GeV/c ( F i g . 6 . 1 ) . C o n s i d e r i n g o n l y momenta ")y 

9.7 GeV/c g i v e s f o r F i g . 6.1 a mean r a t i o o f 1.2635 ± 0.0075 

l e a d i n g t o a d e v i a t i o n f r o m t h e M.A.R.S. r e s u l t o f 0.0215 

- 0.0078. T h i s i s s l i g h t l y l e s s t h a n t h r e e s t a n d a r d e r r o r s 

and i t s s i g n i f i c a n c e i s u n c e r t a i n . The v a l u e 1.2850 ~ 

0.0023 i s i n good agreement w i t h t h e r e c e n t r e s u l t s o b t a i n e d 

by A l l k o f e r e t a l (1971) who found a mean o f 1.29 * 0.02 

f o r momenta g r e a t e r than 10 GeV/c and by Nandi and Sinha (1972) 

who found a mean o f 1.28 - 0.02 f o r momenta g r e a t e r t h a n 

about 5 GeV/c. 

As mentioned above t h e l a c k o f marked d e v i a t i o n s from 

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

momentum dependence o f t h e charge r a t i o . The grouped d a t a o f 
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F i g . 6.1 show l i t t l e e v i d e n c e f o r momentum dependence exc e p t 

a t v e r y low momenta ( & 3 GeV/c) where t h e r a t i o i s r a t h e r low. 

C o n s i d e r i n g the M.A.R.S, d a t a alone i t can be seen t h a t t h e r e 

i s no c o n f i r m a t o r y e v i d e nce f o r t h e sharp maxima and minima 

suggested by a number o f w o r k e r s . For example the r e s u l t s o f 

Ayre e t a l (1971) i n d i c a t e d a minimum i n the r a t i o a t 

~ 70 GeV/c, t h e r e s u l t s o f A l l k o f e r e t a l (1971) i n d i c a t e d a 

maximum i n the same r e g i o n and a minimum a t ̂ 1 0 0 GeV/c. 

A maximum a t 25 GeV/c was observed by Tebb e t a l ( 1 9 7 1 ) . 

I n t h e p r e s e n t M.A.R.S. da t a t h e r e does seem t o be some 

s u g g e s t i o n o f a broad maximum i n t h e range 20-50 GeV/c 

f o l l o w e d by a somewhat low e r r a t i o o u t t o about. 200 GeV/c 

Grouping t h e d a t a i n t o d i f f e r e n t momentum b i n e does not change 

the o v e r a l l p a t t e r n . Below 50 GeV/c t h e mean r a t i o i s 

1.2867 ~ 0.0024; a g a i n below 50 GeV/c b u t n e g l e c t i n g t h e 

t h r e e h e a v i l y w e i g h t i n g p o i n t s t h e mean i s 1.2878 £ 0.0048 

- n o t s i g n i f i c a n t l y d i f f e r e n t ; above 50 GoV/c t h e mean i s 

1.2617 t 0.0086. 

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

whole, c o n s i s t e n t w i t h a c o n s t a n t charge r n t i o t h e r e i s some 

s l i g h t i n d i c a t i o n o f a slow v a r i a t i o n w i t h momentum. A t 

momenta beyond 200 GeV/c no u s e f u l c o n c l u s i o n s can be drawn 

b u t t h e r a t i o shows no tendency t o f p . l l t o 1.0. T h i s l a t t e r 

i s s u p p o r t e d by t h e h i g h energy data of Ashl e y I I e t a l (1973) 

which i s shown l a t e r i n t h i s c h a p t e r . 

6.2 The N e a r - H o r i z o n t a l D i r e c t i o n 

I n t e r e s t i n t h e muon beam a t l a r g e z e n i t h angles was 
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i n i t i a t e d by the r e a l i z a t i o n t h a t a l t h o u g h t h e i n t e g r a l muon 

i n t e n s i t y i s much reduced by the i n c r e a s e d d e p t h o f atmosphere, 

an i n c r e a s e i n the i n t e n s i t y o f p a r t i c l e s above about 100 GeV/c 

c o u l d be e x p e c t e d . Thus the mean sea l e v e l energy o f mucns 

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

energy p a r t i c l e s are more p r o f i t a b l y c a r r i e d o u t a t these 

l a r g e a n g l e s . 

Such measurements have t h e f u r t h e r s i g n i f i c a n c e t h a t 

t h e p a r t i c l e beam s h o u l d be an a l m o s t pure muon beam, s t r o n g l y 

i n t e r a c t i n g p a r t i c l e s h a v i n g been absorbed by t h e l a r g e d e p t h 

o f atmosphere. 

, F i g u r e s 6.5 and 6.6 show the charge r a t i o and 

excess as a f u n c t i o n o f sea l e v e l momentum. F i g u r e s 6.7 and 

6.8 show the same v a r i a b l e as a f u n c t i o n o f p r o d u c t i o n 

momentum. A l l o f t h e s e r e s u l t s have been o b t a i n e d a t z e n i t h 

a n gles ^ 7 5 ° w i t h t h e e x c e p t i o n o f Higgs (1973) i n which the 

angle was 30°. I n the f i r s t p a i r o f graphs the r e s u l t s a r e 

t h o s e o f t h e f o l l o w i n g : Kasha e t a l ( 1 9 6 8 ) , A l e x a n d e r ( 1 9 7 0 ) , 

Kawaguchi e t a l ( 1 9 6 6 ) , A u r e l a e t a l ( 1 9 6 6 ) , F l i n t and Nash 

( 1 9 7 1 ) , Ashton and W o l f e n d a l e ( 1 9 6 3 ) , Mackeown e t a l ( 1 9 6 5 ) , 

Kamiya e t a l (1971) and Higgs ( 1 9 7 3 ) . I n t h e second p a i r o f 

graphs t h e r e s u l t s a r e t h o s e o f t h e f o l l o w i n g : Kawaguchi 

e t a l ( 1 9 6 6 ) , A u r e l a e t a l ( 1 9 6 6 ) , F l i n t and Nash ( 1 9 7 1 ) , Ashton 

and W o l f e n d a l e ( 1 9 6 3 ) , Mackeown e t a l ( 1 9 6 5 ) , Kamiya e t a l 

( 1 9 7 1 ) , Higgs ( 1 9 7 3 ) , B u r n e t t e t a l ( 1 9 7 3 ) , A s h l e y I I e t a l ( 1 9 7 3 ) . 

D i s t r i b u t i o n s o f t and t ' have been o b t a i n e d f o r 

t h e v a r i o u s cases and are shown i n F i g . 6.3; as b e f o r e , t h e r e 

seems t o be no l a r g e d e v i a t i o n s from n o r m a l i t y . 
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Sea L e v e l Momenta 

The data of Figure 6.5 have bxen grouped and are shown 

i n F i g u r e 6*9. The r e s u l t s of Kamiya e t a l (1971) and F l i n t 

and Nash (1971) have been kept s e p a r a t e s i n c e they have a 

n o t i c e a b l y g r e a t e r s t a t i s t i c a l s i g n i f i c a n c e than the remainder, 

a t l e a s t up to momenta of ^ 1 0 0 GeV/c. At higher momenta the 

e r r o r s a r e l a r g e . The o v e r a l l mean charge r a t i o of Kamiya 

e t a l (1971) i s 1.259 0.015; that of F l i n t and Nash (1971) 

i s s i m i l a r a t 1.262 i 0.016. The o v e r e l l nsan of the 

remaining data i s r a t h e r Dower at 1.222 £ 0.013. The 3ast 

point p l o t t e d f o r t h i s data has been obtained from experiments 

covering the wide energy range 600-2600 GeV« The low charge 

r a t i o may be due to the data having been c o l l e c t e d near the 

m.d.m. of the i n d i v i d u a l experiments and f o r t h i s reason the 

point should be t r e a t e d with some r e s e r v e . Combining a l l 

three s e t s of data y i e l d s a mean r a t i o of 1*2449 - 0.0085. 

F i g u r e 6.9 shows some very s l i g h t i n d i c a t i o n s of a 

r a t h e r sharp d i p i n the r a t i o a t ^ 6 0 GeV/c and of a broad 

peak i n the r a t i o a t ~ 20 GeV/c. A p o s s i b l e explanation 

of the l a t t e r , i n terms of the production of (mainly p o s i t i v e ) 

p a r t i c l e s of high t r a n s v e r s e momentum i n the n u c l e a r c o l l i s i o n s 

generating the muon parents, has been put forward by K e l l y e t 

a l (1968). However i t can be seen t h a t more acc u r a t e charge 

r a t i o data a r e r e q u i r e d before a study of i t s momentum 

dependence i s l i k e l y to be p r o f i t a b l e . 

Production Momenta 

The data of F i g . 6.7 have been grouped as shown i n 

F i g . 6.10. The r e s u l t s of the more p r e c i s e experiments -
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F l i n t and Nash (1971), Kamiya e t a l (1971), Burnett e t a l 

(1973) and Ashley I I e t a l (1973) - have been kept s e p a r a t e . 

The l a t t e r are of p a r t i c u l a r importance s i n c e they extend to 

the high e s t e n e r g i e s and are reasonably p r e c i s e . The data 

point shown dotted i s a summary of the l e s s p r e c i s e experiments 

covering an energy range 500-2600 GeV. 

The o v e r a l l mean charge r a t i o s of the four experiments 

above and of the remainder of the r e s u l t s of F i g . 6.7 are 

i n reasonable agreement; they are r e s p e c t i v e l y 1.263 - 0.016, 

1.255 - 0.015, 1.2795 * 0.0070, 1.298 t 0.017 and 1.250 ± 

0.018. Combining these g i v e s a mean of 1.2738 - 0.0053. 

There are no strong i n d i c a t i o n s of any momentum 

dependence of the charge r a t i o . The r e s u l t s of Ashley I I 

(1973) do however, i n d i c a t e that the r a t i o i s not f a l l i n g to 

u n i t y . 

6.3 Combination of the Data 

The r e s u l t s shown i n F i g s . 6.1 and 6.7 may be combined 

i f the former are expressed as a f u n c t i o n of production 

momentum. T h i s has been done simply by adding 2 GeV/c to the 

momenta of the data p o i n t s of F i g . 6.1. For each of the two 

diagrams (6.1 and 6.7) the r e s u l t s have been grouped 

without d i s c r i m i n a t i n g between experiments of d i f f e r e n t 

p r e c i s i o n ; the l a s t data point of F i g . 6.7 has been ignored 

because of i t s wide momentum range and poor s t a t i s t i c a l 

s i g n i f i c a n c e . The r e s u l t s are p l o t t e d i n F i g . 6.11 along 

with the M.A.R.S. r e s u l t s . 

The o v e r a l l mean charge r a t i o s f o r the near v e r t i c a l sea 

l e v e l data, the n o n - v e r t i c a l production data and the M.A.R.S. 



LU 
O 

o 
o 
o 
§ 
QL 

Si 
LE 

ouvy 3oyvH0 



data a r e, as already d e s c r i b e d 1.2431 ~ 0.0G23 V 

1.2738 ± 0,0053 anti 1.2050 - 0.0023 r e s p e c t i v e l y . The 

t o t a l data give a mean of 1.2660 - 0.0016; .if r e s u l t s only 

a t momenta J/ 9.7 GeV/c are considered, ihe mean i s 

1.2818 i 0.C020. 

Comparing the near v e r t i c a l date ( e x c l u d i n g M.A*R.S. and 

r e s u l t s below 9.7 GeV/c) and fne non v e r t i c a l production 

data no obvious z e n i t h angle dependence emerges. A l s o , 

the low energy points are b e s t e s t a b l i s h e d i n the near-

v e r t i c s l d i r e c t i o n w h i l s t the high energy region (beyond 

200 GeV/c) i s dependent upon s t u d i e s at l a r g e s-.enith angle 

The M.A.R.S. data show no sy s t e m a t i c d e v i a t i o n s from the 

other data s e t s . There i s l i t t l e evidence from F i g . 6.11 

fo r any sharp maxima or minima. 
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CHAPTER 7 

HIGH ENERGY INTERACTIONS 

7.0 I n t r o d u c t i o n 

The purpose of t h i s chapter i s to present a b r i e f 

summary of the experimental f e a t u r e s of high energy c o l l i s i o n s 

which are most r e l e v a n t to an attempt to p r e d i c t the observed 

muon sea l e v e l charge r a t i o . The f e a t u r e s summarized have 

mainly been derived from a c c e l e r a t o r experiments i n which N-N, 

and to a l e s s e r extent meson-N c o l l i s i o n s have been s t u d i e d . 

7.1 A c c e l e r a t o r s 

U n t i l about 1968 the hig h e s t energy a v a i l a b l e from an 

a c c e l e r a t o r was around 30 GeV and e x t e n s i v e s t u d i e s of the 

p a r t i c l e production i n N-N c o l l i s i o n s ( u s u a l l y p-p c o l l i s i o n s ) 

y i e l d e d seven major r e s u l t s :-

( i ) the average number of produced p a r t i c l e s i s small - much 

sm a l l e r than would be the ca s e i f most of the a v a i l a b l e 

energy were converted i n t o p a r t i c l e s . The average 

charged p a r t i c l e m u l t i p l i c i t y i s roughly pr o p o r t i o n a l 

to E ^ , where E ^ i s the lab o r a t o r y energy of the 

p r o j e c t i l e p a r t i c l e . 

( i i ) the t r a n s v e r s e momentum (P^) of a l l of the produced 

p a r t i c l e s i s small - the mean value being 0.3 - 0.4 GeV/c 

The c r o s s - s e c t i o n f o r p a r t i c l e production as a fu n c t i o n 

of P t f a l l s r a p i d l y with i n c r e a s i n g P f c (an 

approximately exponential f a l l but r e c e n t r e s u l t s show 

a f l a t t e n i n g ) . 

( i i i ) the leading p a r t i c l e e f f e c t - the p r o j e c t i l e and t a r g e t 
p a r t i c l e s tend to r e t a i n t h e i r i d e n t i t y i n a c o l l i s i o n . 



T h i s i s shown i n the Peyrou p l o t s f o r v a r i o u s 

i n t e r a c t i o n s as shown by, f o r example, Horn (1972)» 

These same p l o t s a l s o show a cloud of pions cent r e d 

on the o r i g i n i . e . near-zero l o n g i t u d i n a l centre-of-mass 

(CM) momentum. 

( i v ) p i o n i z a t i o n - t h i s i s the name given to the above 

mentioned pion c l o u d . T h i s phenomenon was f i r s t 

d i s c u s s e d by P a l and P e t e r s (1964) i n d e s c r i b i n g cosmic 

ray r e s u l t s . A ri g o r o u s d e f i n i t i o n of p i o n i z a t i o n 

i s t h a t ' p i o n i z a t i o n e x i s t s i f , as the incoming energy 

tends to i n f i n i t y the f r a c t i o n of produced p a r t i c l e s 

with energy l e s s than some f i x e d q u a n t i t y approaches 

a non-zero l i m i t ' (Chou and Yang, 1970), 

( v ) the e x i s t e n c e of resonances - these are r e v e a l e d by 

'bumps' i n the v a r i a t i o n of c r o s s s e c t i o n with energy; 

they a r e confined to p r o j e c t i l e energies E L 5 GoV. 

They w i l l not be considered f u r t h e r . 

( v i ) the m a j o r i t y (about 80%) of the produced p a r t i c l e s are 

pions. 

( v i i ) the t o t a l c r o s s - s e c t i o n f a l l s from almost 200 mb a t 

1 GeV to about 50 mb a t 10 GeV and t h e r e a f t e r f a l l s only 

slowly to 40 mb a t 30 GeV ( r e c e n t r e s u l t s i n d i c a t e a 

r i s e a t higher e n e r g i e s - t h i s w i l l be mentioned l a t e r ) . 

S i n c e 1970 data a t e n e r g i e s J 30 GeV has become 

a v a i l a b l e from :-
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(a) the 70 GeV proton synchrotron a t the I.H.E.P., 

Serpukhov, U.S.S.R., 

(b) the proton syndrotron a t the N.A.L., B a t a v i a , U.S.A. 

which operates i n the range 200-500 GeV, and 

( c ) the i n t e r s e c t i n g storage r i n g ( I . S . R . ) f a c i l i t y at 

C.E.R.N, Geneva, i n which p-p c o l l i s i o n s at ( e q u i v a l e n t ) 

la b o r a t o r y e n e r g i e s up to about 2000 GeV are s t u d i e d , 

. ( F i g . 7 . 1 ) . 
7.2 T h e o r e t i c a l Aspects 

The t h e o r e t i c a l treatment of m u l t i - p a r t i c l e production 

has developed r a p i d l y i n the past few y e a r s . These s t u d i e s 

have mainly i n v o l v e d the development of both b a s i c hypotheses 

(which d e s c r i b e v a r i o u s a s p e c t s of high energy c o l l i s i o n s i n 

broad terms) and the more s p e c i f i c models (used to give 

d e t a i l e d d e s c r i p t i o n s of many ex p e r i m e n t a l l y measured 

parameters). 

I n t h i s work no attempt has been made to develop 

a model; i t has been found adequate to c o n s i d e r only the b a s i c 

hypotheses. Of these l a t t e r the most r e l e v a n t are those due to 

Benecke e t a l (1969) and to Feynman (1969a,b). D e t a i l e d 

d i s c u s s i o n s of these i d e a s are given i n many review a r t i c l e s 

( f o r example Horn (1972), Feinberg (1972)) and only a s h o r t 

d e s c r i p t i o n need be given here. 

I t i s customary to use the v a r i a b l e s x and y - the 

reduced l o n g i t u d i n a l momentum and the l o n g i t u d i n a l r a p i d i t y 

r e s p e c t i v e l y . 

The former has been defined by Feynman (1969b) as 

x = 2P L / J T 
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where P L i s the CM l o n g i t u d i n a l momentum of the produced 

p a r t i c l e and j~s i s the t o t a l energy of the c o l l i d i n g 

p a r t i c l e system. I n most c a s e s J s ^ / 2 i s n u m e r i c a l l y 

c l o s e to the maximum k i n e m a t i c a l l y allowed v a l u e of the cm 

momentum (P ) of the p a r t i c l e , hence max 7 

x - P L / P m a x 

The d i f f e r e n c e between P and I s * /2 i s important f o r 
max 

low energy experiments - the discrepancy i s about 5% a t an 

i n c i d e n t laboratory energy of 20 GeV. I n published 

comparisons of high ( u s u a l l y I.S.R.) and low energy data the 
value of P f o r the l a t t e r i s u s u a l l y found from the max 1 

r e l a t i o n 
f 

P max "' 2 J s " 
2 

( s - ( m + m ) ) ( s ~ ( m - V 2 > ] 
where m i s the mass of the p a r t i c l e under c o n s i d e r a t i o n and 

m i s the minimum mass of those other p a r t i c l e s which are 

produced i n s a t i s f y i n g the c o n s e r v a t i o n of charge, baryon 
«- + 

number and st r a n g e n e s s . Thus when m i s the mass of -TT , , 

k~, k + , p or p then m i s the mass of 2p p + n, 

2p + k + , A + p, 3p or p r e s p e c t i v e l y . 

The l o n g i t u d i n a l r a p i d i t y i n the c e n t r e of mass system 

(yc ) i s defined by 

yc = -} I n (E + P / (E - PL) 1 
where E i s the cm energy of the p a r t i c l e . Taking the 

v e l o c i t y of l i g h t as u n i t y g i v e s yc » \ In [ ( 1 + p ) / ( l - £)] 

where p i s the l o n g i t u d i n a l p v a l u e . Since yc i s a 

monotonically i n c r e a s i n g f u n c t i o n of j3 (or v e l o c i t y ) the 

name r a p i d i t y has been coined. I n the non - r e l a t i v i s t i c c=?.se 
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the l a s t e x p r e s s i o n reduces to p. Other, e q u i v a l e n t , 

e x p r e s s i o n s f o r yc are :-

yc = t a n i T 1 (PL/E) 

yc = cosh (E/p) 

yc = s i n h " 1 (PL/^i) 

2 2 ^ 

where p. => (M + Pfc ) , the s o - c a l l e d l o n g i t u d i n a l mass and 

P̂ . i s the cm t r a n s v e r s e momentum. 
Combining the l a s t e x p r e s s i o n with the d e f i n i t i o n of x 

giv e s 

yc = s i n h " 1 x
 2 ^ = I n ( — ^ ) + In (x + ( x 2 + 4 j i 2 / s ) ^ ) 

and 

2ju . . x B j&r s i n h yc 

Thus there i s not a one-to-one r e l a t i o n between x and yc 

s i n c e the P̂ . - dependent l o n g i t u d i n a l mass e n t e r s the e x p r e s s i o n . 

2E 
A l s o dx = —p=r dye 

a n A _,„_ dx dPL 
and dye = -r-= — J 4 = - r -

( x 2 + 4 p 2 / s J * b 

Since the denominator of the l a s t e x p r e s s i o n i s u s u a l l y < 1 

i t can be seen t h a t a p l o t using yc as a v a r i a b l e i s expanded 

compared to one using x as the v a r i a b l e ; the expansion 

i n c r e a s e s as s m a l l e r x va l u e s are consi d e r e d . 

A u s e f u l f e a t u r e of yc i s the ease with which i t i s 

t r a n s f e r r e d from one r e f e r e n c e frame to another. The labor a t o r y 

energy ( E L ) of a p a r t i c l e i n terms of i t s c e n t r e of mass energy 

(E ) and l o n g i t u d i n a l momentum (P) i s 

EL = ^ ( E + ^p) 
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By e x p r e s s i n g t h i s i n terms of the c e n t r e of mass r a p i d i t y 
yc and a new v a r i a b l e y defined by y = cosh"* V the 
previous equation becomes 

EL = p cosh ( y c + y) j where ^.i i s the l o n g i t u d i n a l 

mass. The q u a n t i t y ( y c + y) i s known as the l a b o r a t o r y 

r a p i d i t y y L . Since dy c = d y L the transform l e a v e s the shape 

of a f u n c t i o n unchanged - i t simply s h i f t s the d i s t r i b u t i o n by 

an amount y = c o s h " 1 V „ R a p i d i t y may a l s o be r e l a t e d to a 

w e l l known cosmic ray v a r i a b l e . I f © (0 T ) i s the p o l a r 
C Ij 

angle i n the CM (LAB) system measured with r e s p e c t to the 
i n c i d e n t p a r t i c l e d i r e c t i o n then s i n c e P. - P. tan 0 and 

2 2 2 
assuming P L ^> m the r a p i d i t y may be w r i t t e n 

y = - l o g (tan © c/2) 

S u b s t i t u t i n g tan 0 /2 = ^ t a n © T where V i s the Lorwntz ^ c L 
f a c t o r of the CM system g i v e s 

y B - l o g ( t a n © L> - logV which i s almost i d e n t i c a l 

to the v a r i a b l e (A) used i n cosmic ray emulsion s t u d i e s 

}s » log (tan © L>. 

Some c a r e should be e x e r c i s e d i n using t h i s r e l a t i o n s i n c e the 

assumption used to d e r i v e i t i s often not f u l f i l l e d , . 

Experimental data on p a r t i c l e production are commonly 

presented i n terms of an i n v a r i a n t production c r o s s s e c t i o n 

defined as 

F (PL, P t , S) « E s-^-
O J-3.. 

d p 

where E i s the cm energy of the p a r t i c l e - Averaging over 

the azimuth angle (Gellerfc, 1972) g i v e s the u s e f u l 
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r e l a t i o n 

2 VP dP dP 
E 

PL dPT d jn-

where r e p r e s e n t s the s o l i d angle. 

The hypotheses which w i l l be b r i e f l y d e s c r i b e d are the 

hypothesis of l i m i t i n g fragmentation ( r e f e r r e d to i n f u t u r e 

as HLF) of Benecke e t a l (1969) and the s c a l i n g hypothesis of 

Feynman (1969a,b). The former was suggested i n an attempt to 

f i n d a framework w i t h i n which high energy hadron-hadron 

c o l l i s i o n s could be d e s c r i b e d . 

S t a t e d s u c c i n c t l y the HLF a s s e r t s t h at i n a c o l l i s i o n 

between two hadrons such as when a beam of a c c e l e r a t e d p a r t i c l e s 

s t r i k e s a s t a t i o n a r y t a r g e t the p r o j e c t i l e and t a r g e t 

s e p a r a t e l y fragment. As the i n c i d e n t energy i n c r e a s e s , the 

fragments from the t a r g e t a r e supposed to approach a l i m i t i n g 

d i s t r i b u t i o n when viewed i n the l a b o r a t o r y r e f e r e n c e frame. 

S i m i l a r l y the p r o j e c t i l e fragments approach a l i m i t i n g 

d i s t r i b u t i o n when viewed i n the p r o j e c t i l e r e f e r e n c e frame where 

the p r o j e c t i l e i s a t r e s t . There may or may not be other kinds 

of p a r t i c l e s emitted i n the c o l l i s i o n i n a d d i t i o n to these two 

kinds of fragments. The i n t u i t i v e p i c t u r e on which the hypothesi 

was based i s analagous to the o p t i c a l model developed to t r e a t 

high energy e l a s t i c s c a t t e r i n g . The t a r g e t i s regarded as a 

d r o p l e t and s e r v e s as an absorbing and r e f r a c t i v e medium through 

which an incoming p a r t i c l e propagates as a wave. I n t h i s p i c t u r e 

the incoming p a r t i c l e viewed i n the l a b o r a t o r y frame i s Lorentz 

c o n t r a c t e d i n t o a t h i n d i s c . The t a r g e t p a r t i c l e ( f o r example a 
—14 

proton) has a geometrical extension of about 7.10 cm. 

Passage of the t h i n d i s c through the t a r g e t takes p l a c e i n about 
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-24 2.10 sec and both t a r g e t and p r o j e c t i l e become e x c i t e d i n 
t h i s time and t h i s i s assumed to be the cause of the breakup 
of the p a r t i c l e s . The mechanism of e x c i t a t i o n i s not 
considered i n d e t a i l by the authors but i s thought to be 
s i m i l a r to d i f f r a c t i o n d i s s o c i a t i o n . As the i n c i d e n t energy 
i n c r e a s e s the d i s c becomes more compressed but the authors 
assume t h i s has no e f f e c t on the e x c i t a t i o n of the p a r t i c l e s . 
T h i s assumption was based upon the ex p e r i m e n t a l l y observed 
constancy of the t o t a l and e l a s t i c c r o s s flections i n the range 
15-30 GeV. The observation of an i n c r e a s i n g t o t a l c r o s s 
s e c t i o n a t higher ene r g i e s had not been made a t the time the 
idea was formulated. However t h i s does noi. seem to havy 
i n v a l i d a t e d the theory as the r e s u l t s of a r e c e n t experiment 
( B e l l e t i n i e t a l , 1973) designed to t e s t the HLF have shown. 
T h i s experiment, performed with the I«S.R., compared the 
p a r t i c l e d i s t r i b u t i o n s i n the fragmentation region of one beam 
(beam 1) which was f i x e d i n momentum while varying the women turn 
of the other beam (beam 2 ) , hence changing the a v a i l a b l e 
energy. Over the momentum range covered by beam 2 the t o t a l 
c r o s s - s e c t i o n has been observed to r i s e by about 5%. The 
experiment showed that the angular d i s t r i b u t i o n of p a r t i c l e s i n 
the hemisphere surrounding beam 1 downstream of the i n t e r a c t i o n 
point were independent of the momentum of beam 2. Experimental 
e r r o r s were around - 2%. An important d e v i a t i o n from t h i s 
independence was found f o r p a r t i c l e s emitted a t large' angles 
( 45° i n the ce n t r e of mass). T h i s has been a t t r i b u t e d to 
' s p i l l over* of p a r t i c l e s a s s o c i a t e d w ith beam 2 i n t o the 
hemisphere of beam 1* However a t s m a l l e r angles the co n c l u s i o n 
i s t h a t the HLF i s v a l i d . 

Of p a r t i c u l a r r e l e v a n c e to the i n t e r p r e t a t i o n of the 

rruon charge r a t i o arc? the r o l e s of p l o n i r ^ t l o n and charge •:->.<.;'"ir.:'u 
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w i t h i n the framework of the HLF„ The HLF i s independent of 

the e x i s t e n c e or non-existence of p i o n i z a t i o n . At high 

e n e r g i e s the authors of the HLF considered, as a separate 

hypothesis, that p i o n i z a t i o n was u n l i k e l y to occur (Yang, 1969) 

s i n c e t h i s would imply t h a t the c o l l i d i n g p a r t i c l e s a r r e s t e d 

one another with the subsequent evaporation of slow pions. 

Such a p i c t u r e was thought to be i n c o n s i s t e n t with the idea of 

two extended o b j e c t s passing through one another and s h a t t e r i n g 

i n the pro c e s s . R e s u l t s from the I.S.R. have s i n c e shown 

however t h a t the ma j o r i t y of pions a r e , i n the c e n t r e of mass 

system, of low energy and a r e grouped around zero c e n t r e of 

mass momentum. Benecke (1971) shows the expected r a p i d i t y 

d i s t r i b u t i o n f o r p a r t i c l e production according to the HLF 

( F i g . 7.2a); a l s o given i s the expected d i s t r i b u t i o n ( F i g . 7.2b) 

when a p i o n i z a t i o n component i s added. T h i s component was 

der i v e d from the work of Cheng and Wu (1969). Another 

i n t e r p r e t a t i o n of the HLF as given by Morrison (1972) shows 

the expected r a p i d i t y d i s t r i b u t i o n to be as i n F i g . 7.2c. The 

p r e v i o u s l y mentioned ' s p i l l - o v e r ' of p a r t i c l e s from one 

hemisphere to another may be the r e s u l t of some p i o n i z a t i o n 

type of mechanism. At i n f i n i t e i n c i d e n t energy the s p i l l over 

i s expected to be zero i . e . a l l of the t a r g e t fragments are 

contained i n one hemisphere and a l l of the p r o j e c t i l e fragments 

i n the other. T h i s means t h a t a t i n c r e a s i n g l y high e n e r g i e s 

the p r o b a b i l i t y of charge exchange between the p a r t i c l e s tends 

to z e r o . 

I n summary, the HLF can be s a i d to provide a reasonable 

framework on which can be based some s p e c u l a t i o n s on the 

behaviour of very high - higher than p r e s e n t l y a v a i l a b l e with 

p a r t i c l e a c c e l e r a t o r s - energy c o l l i s i o n s . The HLF has many 

f e a t u r e s i n common with the s c a l i n g hypothesis of Feynman. 



The meaning of s c a l i n g i n the context of the hypothesis 

i s t h a t when the d i f f e r e n t i a l c r o s s - s e c t i o n f o r p a r t i c l e 

(e.g. pion) production i s expressed i n terms of appropriate 

parameters then the r e s u l t i n g f u n c t i o n has the same form, 

independent ( a t high v a l u e s of J~s) of the a v a i l a b l e energy 

of the c o l l i d i n g system ( J ~ s ) . T h i s f u n c t i o n i s known as 

the s c a l i n g f u n c t i o n . The appropriate parameters, suggested 

by Feynman, v/ere the CM t r a n s v e r s e momentum a n c J t n e 

CM reduced l o n g i t u d i n a l momentum ( x ) . I f the i n v a r i a n t 
•i , 3 

c r o s s s e c t i o n Ed"rt/d p (where E i s the CM energy of the 

secondary p a r t i c l e ) i s w r i t t e n ac 

P i L ^ t E d V . , . 
b ' 3 K = 2 4* Pt dPL dPt ' " *o t» s ; 

d p 

then according to the s c a l i n g hypothesis f depends ( a t high 

va l u e s of ) only upon and x, that i s 

fa ( x , P t, s ) > f c (x, P t ) 

( I n f a c t t h i s i s not expected to hold f o r very small v a l u e s 

of x (x 2/ J~s^ ) as w i l l be mentioned l a t e r ) . The 

above r e p r e s e n t a t i o n i s th a t used by, f o r example, Damgaard 

and Hansen (1972) and by G e l l e r t ( 1 9 7 3 ) . A s l i g h t l y d i f f e r e n t 

r e p r e s e n t a t i o n i s used by, f o r example, Michejda (1971) :-

E dPLTdPt 12 f ( x > P t > s ) 

and, according to s c a l i n g 

f ( x, P t, G) — > f (x , P t ) 
s -» <o 

The d i f f e r e n c e between these two formulations i s the f a c t o r 

21T P t . I f p a r t i c l e r a t i o s a t f i x e d Pt are considered thon 

i t i s unimportant but when p a r t i c l e m u l t i p l i c i t i e s are 
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concerned i t must be taken i n t o account. 

The s c a l i n g concept arose from Feynman's i n t r o d u c t i o n 

of the parton model to d e s c r i b e high energy c o l l i s i o n s . I t 

has been found from the r e s u l t s of deep i n e l a s t i c e-p 

s c a t t e r i n g experiments t h a t a nucleon i n t e r a c t s with &-quanta 

as an aggregate of p o i n t - l i k e charged p a r t i c l e s . I n the 

Feynman approach, nucleons are taken to be composed of a 

c l u s t e r of such p a r t i c l e s and i t i s these p a r t i c l e s which have 

been named partons. A p o s s i b l e i n t e r p r e t a t i o n of partons i s 

tha t they are quarks; t h i s s u b j e c t i s d i s c u s s e d by, f o r example, 

L i p k i n ( 1973). 

Using a h e u r i s t i c argument based upon a quantum f i e l d 

theory Feynman has i n d i c a t e d t h a t the wave f u n c t i o n d e s c r i b i n g 

the parton d i s t r i b u t i o n s i n , say, a c o l l i d i n g proton-proton 

system could be expected to be, a t 'high 1 i n c i d e n t e n e r g i e s , 

a f u n c t i o n only of x and P^.. 

To d e s c r i b e the i n t e r a c t i o n between the two nucleons 

by parton exchange Feynman c o n s i d e r s t h a t the i n t e r a c t i o n i s 

mediated only by partons of very low momentum ( i n the CM system) 

- those of 'wee' momentum - defined as those with momentum l e s s 

than 1 GeV/c i . e . those with x £ 1/ J~s72. T h i s i s thought 

reasonable s i n c e the p r o b a b i l i t y of i n t e r a c t i o n i s c l o s e l y 

r e l a t e d to the p r o b a b i l i t y t h a t a parton i n the right-moving 

c l u s t e r of the i n i t i a l s t a t e can be 'mistakenly' considered as 

a parton belonging to the left-moving c l u s t e r . Such an 

amplitude i s a maximum f o r the lowest momentum partons. Other 

f e a t u r e s of p a r t i c l e i n t e r a c t i o n were obtained using an 

analagy with bremsstrahlung - t h i s i s d e s c r i b e d l a t e r . 



Concerning the momentum d i s t r i b u t i o n of the partons, 

Feynman, assuming a constant i n t e r a c t i o n c r o s s s e c t i o n showed 

th a t partons of momenta other than wee should be d i s t r i b u t e d 

as dx/x w h i l e the wee parton d i s t r i b u t i o n should be c o n s t a n t . 

T h i s l a t t e r d i s t r i b u t i o n a p p l i e s from x 2/ J s"1 down to 

x = o - hence there i s a dependence upon the a v a i l a b l e energy„ 

Thus the statement t h a t the wave f u n c t i o n i s dependent only 

upon x and Pt i s not s t r i c t l y true - i t a p p l i e s only to 

x not wee. 

As mentioned above, Feynman attempted to obtain some 

d e t a i l s of p a r t i c l e production by l i k e n i n g such production 

to bremsstrahlung, I n the study of electro-dynamics a sudden 

r e v e r s a l of e l e c t r i c c u r r e n t i s considered to induce 

bremsstrahlung; i n a p a r t i c l e c o l l i s i o n the r e v e r s a l of some 

other c u r r e n t (such as t h a t c a r r i e d by the t h i r d component 

of i s o t o p i c s p i n ) i s assumed to induce brem?"strahlung 

production not of photons but of partons or other fundamental 

p a r t i c l e s . C l u s t e r s of partons are i d e n t i f i e d as the produced 

p a r t i c l e s observed i n such a c o l l i s i o n . The momentum 

d i s t r i b u t i o n of these p a r t i c l e s i s shown to be dx/x f o r x 

not wee - t h i s i s the same as the d i s t r i b u t i o n of the partons 

which formed the i n i t i a l s t a t e of two nucleons and as an 

extension of t h i s f a c t the more general r u l e , t h a t the momentum 

d i s t r i b u t i o n of the produced p a r t i c l e s i s q u a l i t a t i v e l y the 

same as t h a t of the partons f o r a l l x v a l u e s , i s d e r i v e d . 

Thus the d i s t r i b u t i o n of produced p a r t i c l e s (mainly pions) of 

non-wee momentum i s expected to be of the form dx/x and 

independent of primary energy whereas i n the wee region the 

d i s t r i b u t i o n i s c o n s t a n t . The width of the wee region i s 

primary energy dependent and i t i s t h i s f e a t u r e which a l l o w s 

f o r the observed i n c r e a s e i n m u l t i p l i c i t y with i n c r e a s i n g 



primary energy. 

The t o t a l number of p a r t i c l e s of a p a r t i c u l a r kind i s 

the sum over the wee and non-wee r e g i o n s . The former i s , 

by the d e f i n i t i o n of wee momenta, independent of primary 

energy; the l a t t e r c o n t r i b u t i o n i s given by c j d x / x where 

c i s some co n s t a n t . The upper l i m i t to the i n t e g r a l i s 

u n i t y and the lower l i m i t i s the wee-x value a t which the 

dx/x formula f a i l s i . e . x = 2/ J s 1 . Hence the number of 

produced p a r t i c l e s v a r i e s with primary energy according to 

an e x p r e s s i o n of the form (c o n s t a n t + c I n ( J s)). Using 

Regge theory, Feynman was able to obtain a rough estimate of 

C and the r e s u l t i n g e x p r e s s i o n f i t s the obs e r v a t i o n s q u i t e 

w e l l . Taking the upper l i m i t of the i n t e g r a l to be u n i t y may 

however be i n c o r r e c t s i n c e i n the l a r g e x region (x ̂  0.5, 

say) the dx/x parameterization could be expected to f a i l 

because i f such a l a r g e amount of energy i s taken from the 

primary p a r t i c l e by r a d i a t i o n of one p a r t i c l e then subsequent 

emissions would be a f f e c t e d . A more r a p i d decrease of the 

d i s t r i b u t i o n a t l a r g e x v a l u e s i s thus i n d i c a t e d but t h i s i s 

not expected to s e r i o u s l y a l t e r the form of the m u l t i p l i c i t y 

v a r i a t i o n with primary energy. 

The d i s t r i b u t i o n whose shape i s p r e d i c t e d by the 

Feynman approach i s t h a t of p a r t i c l e s of a p a r t i c u l a r k i n d , 

independent of the emission of other p a r t i c l e s . Such a 

d i s t r i b u t i o n has been named an i n c l u s i v e d i s t r i b u t i o n . An 

e x c l u s i v e d i s t r i b u t i o n i s one obtained i n an experiment i n 

which i t i s demanded that only c e r t a i n s p e c i f i e d p a r t i c l e s of 

f i x e d Pfc and x be found i n the f i n a l s t a t e and no o t h e r s . 

The former type of d i s t r i b u t i o n (the i n c l u s i v e ) i s 

ex p e r i m e n t a l l y the e a s i e s t and hence the most o f t e n measured. 
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The d i s t r i b u t i o n of produced p a r t i c l e s as a f u n c t i o n 

of x and yc as p r e d i c t e d by Feynman are shown i n F i g . 

7.3 a,b. From the r a p i d i t y d i s t r i b u t i o n s i t can be seen t h a t 

the Feynman approach and Morrison's (1972) i n t e r p r e t a t i o n of 

the HLF are i n agreement. 

Experimental evidence supporting s c a l i n g of some p a r t i c l e 

d i s t r i b u t i o n s from about 20 GeV up to I.S.R. e n e r g i e s has 

accumulated r a p i d l y . S c a l i n g of pion d i s t r i b u t i o n s for P̂_ 

0.8 GeV/c and x 0.2 i s g e n e r a l l y accepted, f o r p o s i t i v e 

kaons a r a t h e r lower l i m i t on Pfc (about 0.4 GeV/c) i s 

re q u i r e d while f o r negative kaons s c a l i n g does not work w e l l . 

Anti-proton d i s t r i b u t i o n s are g e n e r a l l y found to s c a l e over the 

energy range covered by the I.S.R. but do not agree with the 

d i s t r i b u t i o n s obtained a t lower e n e r g i e s . Proton d i s t r i b u t i o n s 

are thought to s c a l e over I.S.R. e n e r g i e s . 

More d e t a i l s of the d i s t r i b u t i o n s of the va r i o u s 

p a r t i c l e s are given i n the next s e c t i o n . 

7 • 3 P a r t i c l e Spectra 

I n t h i s s e c t i o n the ex p e r i m e n t a l l y observed high energy 

production s p e c t r a of v a r i o u s p a r t i c l e s are summarized. Some 

low energy s p e c t r a are shown i n F i g . 7.3c. R e s u l t s on some 

other f e a t u r e s of p a r t i c l e production are a l s o d e s c r i b e d . 

7.3.1 Charged Pions 

To determine whether s c a l i n g may be a p p l i e d to pion 

s p e c t r a the regions x - o and x > o w i l l be considered 

s e p a r a t e l y . 

At x = o the r e s u l t s of two I.S.R. experiments and a 
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low energy experiment are p l o t t e d i n F i g . 7.4. The lowest 

energy r e s u l t s are c o n s i s t e n t l y below those of the higher 

ener g i e s and hence s c a l i n g cannot be appl i e d to the low energy 

data. 

Considering the two I.S.R. experiments s e p a r a t e l y the 

diagrams show, w i t h i n the e r r o r s of about 10%, no obvious 

energy dependence of the c r o s s s e c t i o n over the range of J 

of 30-53 GeV. T h i s , however, i s not the c o n c l u s i o n of 

L i l l e t h u n (1973) who, i n d e s c r i b i n g the r e s u l t s of a l a t e r and 

more a c c u r a t e experiment a t P^ = 0.4 GeV/c shows t h a t some 
3 3 —4-

energy dependence i s present i n the form Ed C/d p S 

The absolute v a l u e s of the c r o s s s e c t i o n s obtained i n t h i s 

l a t t e r experiment and i n the two I.S.R. experiments p l o t t e d 

i n F i g . 7.4 are a l l i n disagreement. T h i s i s probably due to 

e r r o r s i n the luminosity measurement. I t can be seen from 

the diagram t h a t , w i t h i n the e r r o r s , the numbers of p o s i t i v e 

and negative pions, a t each I.S.R. energy, are e q u a l . 

To explore a wider range of P̂ . the r e s u l t s of L i l l e t h u n 

e t a l (1972) have been used. These authors found t h a t w i t h i n 

t h e i r r a t h e r l a r g e e r r o r s of £ 15% s c a l i n g could be appl i e d 

to the 30-50 GeV range and a l s o to data a t SIT = 23 GeV. T h i s 

l a t t e r c o n t r a s t s with the r e s u l t s of F i g . 7.4 where a d i s t i n c t 

r i s e i n c r o s s s e c t i o n over the range 23-30 GeV i s seen. 
+ 

L i l l e t h u n e t a l (1972) a l s o found the c r o s s s e c t i o n s to be 

equal f o r the range Pfc = 0.2 to 1.3 GeV/c; t h e i r data are 

given i n F i g . 7.5 where the points p l o t t e d are a l t e r n a t e l y 

ft+ and 'flp". L i l l e t h u n (1973) however shows t h a t the r e s u l t s of 

a l a t e r , more p r e c i s e experiment i n d i c a t e a flf*"/ t r ~ r a t i o 

i n c r e a s i n g from about 1.00 a t Pfc = 0.1 GeV/c to about 1.15 

a t P. «= 1.0 GeV/c. 
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Summarizing f o r x ~ o. The s i t u a t i o n i s r a t h e r 

u n c l e a r ; e a r l y experiments i n d i c a t e d s a t i s f a c t o r y s c a l i n g at 

l e a s t over the range 500-1500 GeV/c la b o r a t o r y momentum and 

= 0o3 to 0 .9 GeV/c but a l a t e r experiment has shown some 

energy dependence. The comparison of s e v e r a l s e t s of 

Independent data of p r e c i s i o n a t l e a s t equal to th a t reported 

by L i l l e t h u n (1973) should r e s o l v e the problem. S c a l i n g of 

low energy r e s u l t s ( 2 0 GeV la b o r a t o r y momentum) i s not 

v a l i d . 

To c o n s i d e r the a p p l i c a b i l i t y of s c a l i n g to x > o the 

r e s u l t s of A n t i n u c c i e t a l ( 1 9 7 3 ) , f o r x « 0*15, may be 

considered ( F i g . 7 . 6 )„ These are the most a c c u r a t e data 

a v a i l a b l e (as of May 1 9 7 3 ) . The e r r o r s are around £ 10% and 

according to the authors there i s no s y s t e m a t i c trend as a 

fun c t i o n of I.S.R. energy. ( T h i s presumably a p p l i e s to the 

energy range 500-1500 GeV s i n c e there are very few data a t 

210 GeV). A s i m i l a r c o n c l u s i o n i s reached by L i l l e t h u n (1973) 

f o r a s i m i l a r range of Pfc v a l u e s and x v a l u e s between 0 .15 

and 0 . 8 . 

A comparison of I.S.R. data and lower energy data i s 

given i n F i g . 7 . 7 . I t can be seen t h a t s c a l i n g i s q u i t e w e l l 

s a t i s f i e d f o r p o s i t i v e pions but l e s s so f o r negative pions. 

T h i s i s a l s o seen i n F i g . 7 .6 More r e c e n t and p r e c i s e data 

reported by L i l l e t h u n i n d i c a t e s t h at s c a l i n g between low 

ene r g i e s ( ~ 20 GeV) and the I.S.R. r e s u l t s occurs f o r Pfc ^ 0 . 8 

GeV/c and 0 .15 x ̂  0 . 8 . T h i s behaviour c o n t r a s t s with that 

at x = o. 

By combining the r e s u l t s of a number of I.S.R. 

experiments the l o n g i t u d i n a l momentum d i s t r i b u t i o n of pions may 

be found; those due to Sens (1972) are shown i n F i q * 7.8a,b. 
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Damgaard and Hansen (1972) have found equations g i v i n g a 

be s t f i t to each s e t of data; the equations, f o r ^ + a n c i f r " 

r e s p e c t i v e l y are :-

E dV/d 3p = 137 exp(-2.25 Pt) e x p ( - 6 . 9 3 J x 2 + (0.57 P t ) 2 ' ) 

and 

E d 3c//d 3p = 162 exp(-6.2 Pt) e x p ( - 1 7 j x 2 + 0.0001 ) exp(14.5xPt 

T y p i c a l t r a n s v e r s e momentum d i s t r i b u t i o n s f o r a v a r i e t y of 

x v a l u e s are shown i n F i g s . 7.9 and 7.10. These data show an 

exponential dependence on P^. A pure exponential of the 

form 

•a •! 

E d tf/d p «= A^ exp (- B^P t)» where A^ and B^ are 

c o n s t a n t s , has been f i t t e d by A n t i n c c i e t a l (1973). T h i s f i t 

was made over a range of i n c i d e n t e n e r g i e s and Pfc v a l u e s ; 

d e t a i l s are given below. 

P a r t i c l i 
Energy 

a Range 
(GeV) 

X „ P t Range 
(GeV/c) 

B l -1 (GeV/c) 1 

(GeV/c) 

+ 110 - 1500 
210 - 1500 
500 - 1500 . 

0.075 
0.15 
0.30 

0.2 - 0.6 
0.2 - 0.9 
0.4 - 1.4 

6.3 t 0.3 
5.4 I 0.1 
4.8 - 0.2 

0.32 
0.37 
0.42 

- 1100 - 1500 
210 - 1500 
500 - 1500 

0.075 
0.15 
0.30 

0.2 - 0.6 
0.2 - 0.9 
0.4 - 1.4 

6.0 i 0.3 
5.1 - 0.1 
4.8 £ 0.2 

0.33 
0.39 
0.42 

The v a l u e s of the slope parameter B^ are p l o t t e d i n F i g . 7.11; 

s i n c e B^ i s a decreasing f u n c t i o n of x then the mean 

t r a n s v e r s e momentum, < P f c> ( = 2/B^) i s an i n c r e a s i n g f u n c t i o n . 

The v a l u e s of B^ seem to be the same f o r and fr~« 
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An experiment by Banner e t a l (1972) has y i e l d e d values 
of a t x o and these are also shown i n F i g . 7.11., These 
authors found the numbers o f p o s i t i v e and negative ions t o be 
equal - agreeing w i t h the r e s u l t s of L e l l e t h u n (1972) also a t 
x - o. The slope parameter of the l a t t e r experiment i s p l o t t e d 
i n F i g , 7.11 and i s the slope derived by f i t t i n g an exponential 
curve t o h a l f the sum of the p o s i t i v e and negative pion data-

The two sets o f r e s u l t s a t x = o are I n c o n s i s t e n t . 
This i s unfortunate since i t oecomes-impossible t o say whether 
the spectrum i s f l a t t e n i n g a t small x values. There i s no 
c l e a r cause of the discrepancy; both sets of data are averages 
over the 210 - 1500 GeV energy range and ever the range 
0„2 - 1»2 GeV/c. Because i t i s the slope o f a d i s t r i b u t i o n no 
nor m a l i s a t i o n ( i . e . l u m i n o s i t y ) problems a r i s e . The s i t u a t i o n 
i s unresolved. 

So f a r only the slope parameter has been discussed; 
values of are r a r e l y given because o f the d i f f i c u l t y of 
l u m i n o s i t y measurement. At x = o values of A^ are given 
by Banner (1972) and f o r the sake of completeness they are 
ta b u l a t e d below. The given values of A^ should be used w i t h 
c a u t i o n although the quoted e r r o r s do i n c l u d e estimates o f 
systematic e f f e c t s ; the mean of the B^ values given correspond 
t o those p l o t t e d i n F i g . 7.11. 

ELAB (GeV) 210 500 ELAB (GeV) 

A a (mb/GeV 2/c 3) 

B a (GeV/c)" 1 

135 ~ 7 

5.86 1 0.34 

132 i 8 

5.97 £ 0,35 

144 i 9 

5.80 £ 0.35 

149 £ 9 

5*92 £ 0.36 

I , 

contd * r : 
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ELAB (GeV) 1100 1500 ELAB (GeV) 
r r - Tt + n~ 

A a <mb/GeV2/c3) 

B 1 (GeV/c)" 1 

139 - 9 

5.72 i 0.36 

145 £ 9 

5.91 £ 0.37 

128 £- 8 

5.65 £ 0.38 

137 £ 9 

5.75 i 0.36 
! 

An a l t e r n a t i v e t o a pure exponential dependence has been proposed 
by Albrow e t a l (1972) whose data are p l o t t e d i n Figs. 7.9c and 
7.10c. A f i t of the form 

E d 3 t f / d 3 p = A 2 exp (- B 2 p f c
2) has been used. The 

data were c o l l e c t e d a t a s i n g l e i n c i d e n t energy of 1500 GeV and 
^the m o t i v a t i o n f o r the type of f i t used was the curvature 
e x h i b i t e d by the data. The values of A,, and B 2 are ta b u l a t e d 
below and as before the r e s u l t s f o r A~ should be used w i t h care. 

P a r t i c l e X 
A 2 

<mb/GeV2/c3) 
B 2 

(GeV/c)~ 2 

+ 
IT 

0.18 
0.21 
0.25 

16.1 i 1.1 
12.9 £ o.9 

9.2 £ 0.8 

4.27 i 0.16 
4.17 - 0.19 
3.80 t o.31 

1T~ 
0.18 
0.21 
0.25 

9.8 £ - 0 . 3 
7.6 i 0.5 
5.0 I 0.4 

3.92 £ 0.07 
4.05 £ 0.15 
3.74 £ 0.28 

7.3.2 Charged Kaons 
The kaon production c r o s s - s e c t i o n i s about a f a c t o r of 

ten smaller than t h a t f o r pions and consequently the a v a i l a b l e 
data i s less p r e c i s e . 
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At x = o and P = 0.4 GeV/c the r e s u l t s of Alper e t a l 
(1973) give the f o l l o w i n g values of the kaon i n v a r i a n t cross 
sec t i o n 

1100 GeV 1500 GeV 
C/Sect (tnb/GeV2/c3) 

k + 1.5 i 0.3 1.5 i 0.3 
k" 1.1 i 0.1 1.3 i 0.2 

This i s the best a v a i l a b l e data f o r x = o. The i n d i c a t i o n i s 
th a t s c a l i n g i s o c c u r r i n g over the given i n c i d e n t energy range; 
the mean k +/k~ r a t i o assuming t h i s t o be tr u e i s 1.25 * 0.21. 

No low energy data at x = o are a v a i l a b l e f o r comparison 
w i t h the I.S.R. r e s u l t s . 

Considering x > o the r e s u l t s o f A n t i n u c c i e t a l (1973) 
and Albrow e t a l (1972) are p l o t t e d i n Fig s . 7.12a, b and g i v e some 
idea of the v a l i d i t y of s c a l i n g over the range 500-1500 GeV. 
There i s a suggestion i n the data t h a t the cross sections a t the 
highest energy are somewhat l a r g e r than those a t lower energies; 
t h i s i s most marked f o r k + . However, the r e p o r t of L i l l e t h u n 
(1973) i n d i c a t e s t h a t more accurate data show s c a l i n g t o be 
oc c u r r i n g over the range 500-15O0 GeV. 

Figure 7.12 also shows some low energy r e s u l t s and 
sc a l i n g f o r k + can be seen t o be f a i r l y good but f o r k"~ 
there i s a' great d i f f e r e n c e between the two sets o f data. For 
both k + and . k~ the approach to s c a l i n g decreases w i t h 
i n c r e a s i n g P̂ .. This i s b e t t e r e x h i b i t e d i n Fig* 7.13 where 
the l o n g i t u d i n a l momentum d i s t r i b u t i o n of charged kaons i s 
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p l o t t e d w i t h P^ as a running parameter. 

Considering transverse momentum d i s t r i b u t i o n s these 
are i l l u s t r a t e d i n F i g . 7.12. As i n the case o f charged pions, 
two rep r e s e n t a t i o n s of the d i s t r i b u t i o n have been proposed. The 
data of F i g . 7.12a have been f i t t e d w i t h an exponential i n Pfc 

and the values of the slope parameter f o r k + and k"~ 

r e s p e c t i v e l y are 4.0 ±-0.2 (GeV/c)" 1 and 4.4 ± 0.2 (GeV/c)" 1. 
The r e s u l t s apply over the energy range 1100-1500 GeV, a t 
x = 0.16 and f o r 0.2 4> Pfc ̂ 0 . 9 . The data of F i g . 7.12b were 
obtained a t 1500 GeV o n l y , a t x = 0.19 and over a s i m i l a r Pfc 

range t o the above. The values of and B 2 the amplitude 
^ + 2 3 and slope parameters f o r k are 1.11 - 0.05 mb/GeV /c and 

2.75 £ 0.13 (GeV/c)" 2 r e s p e c t i v e l y and f o r k" are 
0.56 £ 0.03 mb/GeV2/c3 and 3.09 £ 0.15 (GeV/c)~ 2 r e s p e c t i v e l y . 
The quoted e r r o r s i n c l u d e estimates of systematic e f f e c t s . 

7.3.3 Protons 
From low energy a c c e l e r a t o r ( F i g . 7.3c) r e s u l t s i t i s 

seen t h a t the proton spectrum i s d i f f e r e n t i n shape from t h a t of 
the other p a r t i c l e s ; t h i s f e a t u r e i s also present a t I.S.R. 
energies. 

For f i x e d values o f P̂. (0.4, 0.8 GeV/c) a survey of the 
a v a i l a b l e I.S.R. data on the l o n g i t u d i n a l momentum spectrum of 
protons has y i e l d e d F i g . 7.14. The r e s u l t s of several d i f f e r e n t 
experiments are shown and there are s i g n i f i c a n t d i f f e r e n c e s i n 
the absolute values of the cross s e c t i o n s . This i s due t o the 
d i f f i c u l t y i n measuring the l u m i n o s i t y and makes intercomparisons 
d i f f i c u l t . However, the r e s u l t s of Albrow e t a l (1973), 



> 
O 

(0 6 
ii 
or 

1-0H 
i-0-< 

t-O—« 

K5>-« 

i-O-i 

i—Q-t i—O—i 

t-<H 

>-0—1 

•-Oh KD—' 

-O- -O"©-

-0-<-

- ° -a 

2 2 S 
o U J U J 

- I < < < DC S 

P • 1 

.<—o—' 

J L I i i I l 1 
— IT) 

edP/D
rP 3 



A n t i n u c c i e t a l (1973) and the r e p o r t of L i l l e t h u n (1973) 
i n d i c a t e 

( i ) t h a t f o r x between 0.0 and 0=3 and Pfc between 
Ool and 1.0 GeV/c the low energy cross sections 
( l a b o r a t o r y energy 20 GeV) are g r e a t e r than those 
at IoS.R. energies. The discrepancy i s a f a c t o r y of 
two a t x ^ O . l and Pfc 0.4 GeV/c and decreases 
w i t h i n c r e a s i n g x. 

( i i ) t h a t f o r x 0.2 s c a l i n g occurs over the I.S.R. 
energy range (210-1500 GeV l a b o r a t o r y energy). 

The main f e a t u r e s of the proton spectrum arc. i t s 
minimum a t x = o f o l l o w e d by a broad hump f i n i s h i n g i n a 
v a l l e y a t around x - 0.9 a f t e r which i t r i s e s s t e e p l y . This 
r i s e i s due t o a mixture of e l a s t i c and i n e l a s t i c events. I n 
F i g . 7.14 the e l a s t i c c o n t r i b u t i o n has been subtracted and what 
remains i s the e f f e c t of one of the incident, protons becoming 
e x c i t e d i n t o an isobar and subsequently decaying. 

Considering the d i s t r i b u t i o n i n transverse momentum, the 
I.S.R. r e s u l t s show t h a t at f i x e d values of x the c r o s s - s e c t i o i 
decreases e x p o n e n t i a l l y w i t h i n c r e a s i n g P^. Experimental data 
i s u s u a l l y f i t t e d to one of two equations 

E d 3o7d 3p i * exp(-B aPt) or E d'V/d 3p o<. e x p / - B ? P t 2 ) . 

The f i r s t r e p r e s e n t a t i o n has been used by A n t i n u c c i e t a l (1973) 
to f i t the data shown i n F i g . 7.15a. I t i s found t h a t i s 
a f u n c t i o n of x and t h i s i s shown i n Fig„ 7.15b. The mean 
transverse momentum i s thus a decreasing f u n c t i o n of x as 
shown below. 
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Energy 
Range 
(GeV) 

X 
Pt 

Range 
(GeV/c) (GeV/c)" 1 

Pt 
(GeV/c)" 1 

1100-1500 0.08 0.2 - 0.6 3.3 t o.5 610 
500-1500 0.15 0.2 - 0.9 3.9 - 0.2 510 
500-1500 0.30 0.4 - 1.4 4.9 £ 0.3 410 

The second r e p r e s e n t a t i o n has been used by Albrow e t a l 
(1972, 1973) and Ratner e t a l (1971a). Figures 7.16a,b show the 

2 
r e s u l t s of these experiments p l o t t e d against P̂. . I n t h i s case 

i s constant over most of the x range (0.2 < x < . 0 . 9 ) . For 
x > 0.9 s t a r t s t o r i s e as shown i n F i g . 7.16c. The mean 
value o f Pfc i s thus indepdent o f x f o r 0.2 <£ x < 0.9. 
Data f o r x 4 0,2 i s sparse but the p r e l i m i n a r y r e s u l t s of 
L i l l e t h u n e t a l (1972) are shown as open t r i a n g l e s i n F i g . 7.16b 
and r e f e r t o x = 0.0. The r e s u l t s o bviously s u f f e r from a 
no r m a l i s a t i o n problem but the general t r e n d i s s i m i l a r t o t h a t a t 
other values of x. No e r r o r s are given i n the o r i g i n a l source 
but are > 15%. 

The v a r i a t i o n of the cross s e c t i o n over the whole I.S.R. 
energy range i s best seen from F i g . 7.15a (the i n s e t reproduces 
the data f o r x = 0.15 on an expanded s c a l e ) . W i t h i n the e r r o r s 
o f 10-15% the d i s t r i b u t i o n s f o r energies ^ 500 GeV c o i n c i d e . 
There i s some i n d i c a t i o n t h a t the data a t 270 GeV ( a t x «* 0.15) 
are s y s t e m a t i c a l l y higher than f o r other energies p l o t t e d . 

Comparison of the I.S.R. P̂  d i s t r i b u t i o n s w i t h those a t 
lower energy can be made i n F i g . 7.15a. For the range of x 
values g i v e n , the lower energy r e s u l t s i n d i c a t e the higher cross 
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s e c t i o n s . The d i f f e r e n c e between high and low energy r e s u l t s 
decreases w i t h i ncreasing x and should reach zero around 
x = 0.5. 

Turning now to a n t i - p r o t o n s the l o n g i t u d i n a l momentum 
d i s t r i b u t i o n a t Pfc - 0.4 GeV/c i s shown i n F i g . 7.17a. The 
r a t h e r large e r r o r bars (which represent both s t a t i s t i c a l and 
systematic e r r o r s ) make comment about s c a l i n g over the I.S.R. 
energy range d i f f i c u l t . More recent data from the same 
experiment A n t i n u c c i e t a l (1973a) does however give evidence 
of a cross s e c t i o n which i s in c r e a s i n g w i t h primary energy t 

Some of these r e s u l t s are shown, as a f u n c t i o n of transverse 
momentum, i n F i g . 7.17b where an increase by a f a c t o r of 2-3 
over the energy range 500-1500 GeV can be seen. Considering 
F i g . 7 i l 7 a the low energy data (24 GeV) shows lower cross 
s e c t i o n s , the discrepancy i s a f a c t o r of about ten at the lowest 
x values. L o n g i t u d i n a l spectra f o r values of other than 

0.4 GeV/c are given by L i l l e t h u n (1973) and .show t h a t th? 
d e v i a t i o n s from s c a l i n g between high and low energy increase 
as Pj. and x are increased and reduced r e s p e c t i v e l y . From 
F i g . 7.17a the low energy r e s u l t s are seen t o f l a t t e n as x 
decreases; t h i s c o n t r a s t s w i t h the I.S.R. data which maintain 
t h e i r exponential shape. 

Transverse momentum d i s t r i b u t i o n s of the p have been 
f i t t e d t o an exponential i n Pfc by A n t i n u c c i e t a l (1973a) whose 
data i s reproduced i n F i g . 7.18a. The slope parameter, 
( o f the f i t E d 3 o 7 d 3p exp (-B^ P f c)) i s found to be a 
f u n c t i o n of x ( F i g . 7,18b). B^ r i s e s w i t h i n c r e a s i n g x 
and the mean transverse momentum ( < P j _ > = r 2/B^) consequently 
decreases, i n c o n t r a s t w i t h the behaviour of pions. The value? 
of B, and < P j . y ore l i s t e d below 
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Energy 
Range 
(GeV) 

X 
Pt 

I n t e r v a l 
(GeV/c) 

B l - i 
(GeV/c) x 

< P t > 
(GeV/c) 

1100-1500 0.08 0.2 - 0.6 3.6 t 0.6 0.56 
1100-1500 0.16 0.3 - 0.9 4.0 - 0.2 0.50 
1100-1500 0.32 0.6 - 1.4 4.8 - 0.5 0.42 

At x = 0.0 the d i s t r i b u t i o n i s s i m i l a r to t h a t a t other 

x v a l u e s as shown i n F i g . 7.19 where the r e s u l t s of L i l l e t h u n 

e t ~ a l (1972) ( p r e l i m i n a r y data) and Banner e t a l (1972) are 

p l o t t e d . The r e s u l t s of the l a t t e r are a t e i t h e r extreme of 

the normal I.S.R. operating range and c l e a r l y show the lack 

of s c a l i n g over the 210-1500 GeV range. 

7.3.4 P a r t i c l e R a t i o s 

The pion charge r a t i o as a f u n c t i o n of x has been 

de r i v e d using the equations of Damgaard and Hansen (1972) which 

f i t t e d the experimental I.S.R. data shown i n F i g . 7.8. The 

m u l t i p l i c i t y of pions i s given by 

< n f T " > = 2 i r pt 
2 2 2 

— p — 
'max 

d 3p 
d x dP, 

where d^nei i s the i n e l a s t i c pp c r o s s s e c t i o n (taken to be 

32 mb) and p
m a x i s t n © c e n t r e of mass energy of the i n c i d e n t 

proton (taken to be 25 GeV, but the e x p r e s s i o n i s i n s e n s i t i v e 

to the value of P ) . A f t e r i n t e g r a t i n g over P. the r e s u l t s 
max 3 ' t 

f o r d i f f e r e n t regions of x are as below :-
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FIGURE. 7-19. 



X 0 . 0 - 0 . 1 0 . 1 - 0 . 2 0 . 2 - 0 . 3 0 . 3 - 0 ..4 TOTAL 

3 . 5 0 . 4 1 0 . 1 2 0 . 0 5 4 . 2 
< r v n ' + > 3 . 8 . 0 .65 0 . 2 3 0 . 0 9 4 „ 8 

1 . 0 7 1 . 6 0 1 . S 0 2 . 3 1.16 

I t i s i n t e r e s t i n g to p l o t the integrand of the above e x p r e s s i o n 

on a l i n e a r s c a l e as i n F i g . 7.20. The m a j o r i t y of p a r t i c l e s 

are i n the region c l o s e to x = o: i n f a c t at P^ = 0.4 GeV/c 

about 70% of the pions are contained i n the region 0 ^ x 4 0.0 

For t r a n s v e r s e momenta of 0.2, 0.4 p.nd 0.8 GeV/c the 

charge r a t i o over a number of regions of the x v a r i a b l e have 

been c a l c u l a t e d and are given below :-

X 
Range 

Tran s v e r s e Momentum 
(GeV/c) X 

Range 
0.2 0.4 0.8 

0.00 - 0.05 1.03 1.01 0.96 
0.05 - 0.10 1.36 1.24 L O G 
0.10 - 0.15 1.66 1.49 1.17 
0.15 - 0.20 1.94 1.69 1.26 
0.20 - 0.25 2.20 1.85 1.31 
0.25 - 0.30 2.46 1.96 1.32 
0.30 - 0.35 2.72 2.04 1 .30 
0.35 - 0.40 3.00 2.10 1.26 

Turning now to e x p e r i m e n t a l l y measured p a r t i c l e r a t i o s 

some of these obtained by B e r t i n et a l (1972b) and a number of 

other experiments are shown in F i g s . 7.21 and 7.22; these r e f e r 

to Pt - 0.4 GeV/c. These experiments were s p e c i f i c a l l y 

designed to measure p a r t i c l e r a t i o s and i t i s b e s t to use these 

r e s u l t s r a t h e r than those obtained by f i t t i n g equations to 

experimental data. The e f f e c t of u n c e r t a i n t i e s i n the lumin^sJ.ty 
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measurement i s minimized by taking data f o r the p a r t i c l e s durin 

the same experimental run. F i g u r e 7.21 shows the r a t i o s of 

the i n v a r i a n t c r o s s s e c t i o n s of p a r t i c l e s t o a n t i - p a r t i c l e s 

( T t + / ^ r " f k +/k~, p/p) as a f u n c t i o n of x. F i g u r e 7.22 shows 

the r a t i o s of p a r t i c l e s to pions of the same s i g n (P/XT""> 'TT 

p/<IT +, k + / ^ j - + ) . The main f e a t u r e s of the r e s u l t s are : 

( i ) Within the experimental e r r o r s there i s no obvious 

v a r i a t i o n of the r a t i o s with I.S.R. energy. T h i s i s 

t r u e f o r a l l except the k+/k"~ r a t i o which e x h i b i t s a 

step f u n c t i o n a t x = 0.2; f o r s m a l l e r x v a l u e s the 

data are from the 1100-1500 GeV i n c i d e n t energy range 

- w h i l e f o r x > 0.2 most of the data r e f e r to the 

200-500 GeV energy range. There i s no obvious cause 

of t h i s and the e f f e c t i s not found i n the r a t i o when 

deduced from a d i f f e r e n t s e t of data (the dashed l i n e 

i n the f i g u r e ) . 

( i i ) A l l of the p a r t i c l e to a n t i - p a r t i c l e r a t i o s decrease 

with decreasing x. The decrease i s slowest f o r TT +/ TT~ 

The r a t i o s decrease to a value between 1 and 3 a t 

x = o. 

( i i i ) The p a r t i c l e to pion r a t i o s tend to a value between 0.1 

and 0.2 a t x = o. 

( i v ) Those r a t i o s i n v o l v i n g protons d i s p l a y a strong 

x - dependence, r e f l e c t i n g the leading p a r t i c l e nature 

of the proton. 

(v ) The r a t i o s -n;*7 i r ~ ' , p/p, p/ft* a n d k + / f f + l e v e l 

o f f to and e s s e n t i a l l y constant value f o r x ^ 0.07. 

( v i ) The s e p a r a t i o n between I.S.R. r e s u l t s and those a t 
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24 GeV g e n e r a l l y decreases with i n c r e a s i n g x„ 

From the l o n g i t u d i n a l momentum s p e c t r a of A n t i n u c c i 

e t a l (1973) ( F i g , 7.23) p a r t i c l e r a t i o s have been obtained 

simply by drawing a b e s t l i n e (by eye) through the da t a . These 

r a t i o s are p l o t t e d as the dashed l i n e s of F i g ? . 7.21 and 7 t22. 

The agreement i s s u r p r i s i n g l y good; the i n d i c a t i o n s a r e that the 

high data points i n the region x = 0.2 - 0.3 of the k +/k™ 

r a t i o are i n e r r o r . 

Having now considered the s p e c t r a of those p a r t i c l e s 

produced most p r o f u s e l y i n an i n t e r a c t i o n the- a b s o l u t e numbers 

of these p a r t i c l e s w i l l be c o n s i d e r e d . 

7.3.5 M u l t i p l i c i t y 

The t r u e m u l t i p l i c i t y (n, the number of p a r t i c l e s i n the 

f i n a l s t a t e ) of a r e a c t i o n i s a d i f f i c u l t q u a n t i t y to measure 

s i n c e , i n p a r t i c u l a r , i t r e q u i r e s the deto-ct.-'.on o;: n e u t r a l 

p a r t i c l e s (mainly fr° and n ) . The charged m u l t i p l i c i t y , n ^ } 

i s the number of charged p a r t i c l e s i n the f i n a l s t a t e and i t i s t 

qua n t i t y which i s most of t e n measured. T h e o r e t i c a l models tend 

to g ive p r e d i c t i o n s i n terms of the true m u l t i p l i c i t y and i f 

comparisons are made with the exp e r i m e n t a l l y measured charged 

m u l t i p l i c i t y a c o n s i d e r a b l e smoothing e f f e c t takes p l a c e ( s e e , 

f o r example Morrison ( 1 9 7 2 ) ) . 

As mentioned above n ^ i s the more commonly measured 

qua n t i t y and a b r i e f l i s t of some of the a v a i l a b l e data f o r 

p~p i n t e r a c t i o n s , those of p a r t i c u l a r importance to the muon 

measurements, i s given i n Table 7.1 and p l o t t e d i . i r i g . 7.24 

(where no e r r o r bars are shown, then the e r r o r i s about fcho i-c-rr.e 

s i z e as the symbol). The q u a n t i t y < n ,,,, > / t h e me.cn charged 

http://me.cn
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m u l t i p l i c i t y and i n c l u d e s any leading baryons. 

A number of comments on the q u a l i t y of some of the data 

points must be made. The experiment of Smith e t a l (1969) 

c o l l e c t e d r e s u l t s only f o r i n t e r a c t i o n s producing 4 or more 

prongs and c o r r e c t i o n s have been made to i n c l u d e i n e l a s t i c 

2-prong events. These c o r r e c t i o n s have been made, independently, 

by a t l e a s t three d i f f e r e n t authors. The points p l o t t e d are 

those due to Jacob (1972) and to Czyzewski and R i b i c k i (1S72). 

Below each of Jacob's e s t i m a t e s i n Table 7.1 are given two 

other e s t i m a t e s - those of Czyzewski and R i b i c k i (1972) and of 

Malholtra and Ganguli (1972) r e s p e c t i v e l y . 

A number of e s t i m a t e s of n
c n"^' f r o m the I.S.R. have 

been made. The l a t e s t r e s u l t s are those of A n t i n u c c i e t a l 

(1973) and these have s m a l l e r s t a t i s t i c a l e r r o r s than any 

previous e s t i m a t e s . The r e s u l t s of the authors are based upon 

e m p i r i c a l f i t s made to the v a r i a t i o n of the i n v a r i a n t c r o s s 

s e c t i o n as a f u n c t i o n of secondary p a r t i c l e energy. T h i s method 

has been adopted because there are no r e s u l t s a v a i l a b l e which 

cover the complete s o l i d angle around an i n t e r s e c t i o n . The 

technique used has been to express the i n v a r i a n t c r o s s s e c t i o n 

( f ) as a f a c t o r i z a b l e f u n c t i o n of P^ and y. The v a r i a t i o n 

with P^ has been taken as a pure exponential f u n c t i o n . The 

d i s t r i b u t i o n i n y has been taken as t h a t applying to 

P^ = 0.4 GeV/c (which i s about the mean value of P̂ . f o r a l l 

p a r t i c l e s ) . A f t e r i n t e g r a t i o n over y and P. and then 
+ + + 

summing over the p a r t i c l e s fr/~, k~ and p~ the r e s u l t s given 

i n the t a b l e were obtained. The e r r o r s i n c l u d e an allowance 

f o r the f a c t t h a t the Pfc dependence i s unknown f o r Pfc < 0.1 

GeV/c and a c o n t i n u a t i o n of the pure exponential has been 

assumed. The e f f e c t of higher-than-expected c r o s s s e c t i o n s a t 



1 0 1 

l a r g e t r a n s v e r s e momenta ( 1 GeV/c) i s unimportant s i n c e 

the absolute v a l u e of the c r o s s s e c t i o n i s small compared to 

t h a t a t lower momenta. 

Above the h i g h e s t I.S.R. energy m u l t i p l i c i t i e s derived 

from cosmic ray experiments must be used. Most of these 

experiments use the emulsion technique and, s i n c e i t j s p-p 

i n t e r a c t i o n s t h a t are under c o n s i d e r a t i o n , the problem i s to 

s e l e c t such c o l l i s i o n s from the raw data. From the chemical 

composition of emulsions i t f o l l o w s t h a t the m a j o r i t y of 

i n t e r a c t i o n s are with heavy n u c l e i i (Ag, B r ) . I n t e r a c t i o n s with 

l i g h t n u c l e i i (C, N, O) or Hydrogen n u c l e i i amount to about 25% 

and 5% of e l l i n t e r a c t i o n s r e s p e c t i v e l y . I t i s p o s s i b l e to 

e n r i c h the sample of p-nucleon c o l l i s i o n s by c o n s i d e r i n g those 

i n t e r a c t i o n s i n v o l v i n g only a p e r i p h e r a l nucleon of a heavy 

nucleus. E x a c t l y how t o d e t e c t such a c o l l i s i o n i s u n c e r t a i n ; 

f o r example Malholtra (1963) suggests t h a t to ensure such a 

c o l l i s i o n the number of h e a v i l y i o n i s i n g (N, ) t r a c k s emitted 

from the s t r u c k nucleus should be ^ 2 . This means that 

e x c i t a t i o n of the s t r u c k nucleus i s small and the c o n t r i b u t i o n 

by the products of any i n t r a - n u c l e a r cascading to the 

m u l t i p l i c i t y should a l s o be s m a l l . A more severe c r i t e r i o n 

(N^ = 0) i s used by Lohrman and Teucher (1962); a l e s s severe 

t e s t (N^ ^ 5) As recommended by Miespwicz (1971). A 

q u a l i t a t i v e measure of the e f f e c t of c o n s t r a i n i n g has been 

given by Malholtra and Gangull (1972); they give <N h > = 

15.1 t 2.9, 15.8 £ 3.8, 17.3 1 4.2 and 27.9 i 4.2 f o r 

= 0, 1, 2 and 3 to 5 r e s p e c t i v e l y . These authors r e s t r i c t i n g 

t h e i r data survey to 2 and combining the r e s u l t s with 

those of Nozaki and Koshiba (1971) gives the m u l t i p l i c i t y a t 

10 TeV as 16.3 i 1,-3 o Besides—demanding ;•' ? they a l s o made emc«! 
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an attempt to e l i m i n a t e scanning b i a s by only c o n s i d e r i n g 

experiments i n which one of two scanning methods were used. 

The f i r s t method was 'along the track scanning 1 i n which the 

s i n g l y charged fragments r e s u l t i n g from the break-up of an 

e n e r g e t i c m u l t i p l y charged nucleus are followed through the 

emulsion u n t i l an i n t e r a c t i o n o c c u r s . The second method was 

to look f o r the l a r g e dark spots i n the emulsion a s s o c i a t e d 

with an electromagnetic cascade. The cascade was followed 

back to the o r i g i n a l i n t e r a c t i o n and which was then examined. 

Other methods of scanning depend upon the d e t e c t i o n of shower 

p a r t i c l e s produced i n the i n t e r a c t i o n and are hence biased 

a g a i n s t low m u l t i p l i c i t y e v e n t s . Neither of the above two 

methods i s s u b j e c t to t h i s type of b i a s . The authors point 

out t h a t although a f a i r l y severe c r i t e r i o n was demanded there 

may s t i l l be a c o n t r i b u t i o n from i n t r a n u c l e a r cascading which 

leads to an overestimate of < N . > . However s i n c e some of 
ch 

the data were c o l l e c t e d by the electromagnetic cascade method 
i n 

those f l u c t u a t i o n s i n the cascades r e s u l t i n g / a high value of 
n fT (and hence low n f f - ) would be p r e f e r e n t i a l l y detected 

and hence compensate to some ext e n t the e f f e c t of the n u c l e a r 

cascade. An i n d i c a t i o n t h a t the r e s u l t i n g b i a s i s small i s 

obtained by c a l c u l a t i n g the q u a n t i t y < n
c n ^ / D where D i s 

2 2 4 
the d i s p e r s i o n , given by D = ^ n

c n ~ ^ - n
C h ^ T h i s r a t i o 

decreases from about 2.3 a t 10 GeV to about 2.1 i n the 

region 50-200 GeV. The value of D obtained by the authors f o r 

t h e i r r e s u l t s was 2.0 which i s i n reasonable agreement with 

the t r e n d . A f u r t h e r b i a s , not considered by the authors i s 

t h a t c o l l i s i o n s with p e r i p h e r a l nucleons of heavy n u c l e i ! may 

be e i t h e r p-p or p-n w i t h roughly equal p r o b a b i l i t y . The 
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presence of p-n c o l l i s i o n s reduces the v a l u e of < n c h > . I t 

has been estimated ( M a l h o l t r a (1963)) that about two-thirds of 

the data i n v o l v e c o l l i s i o n s with p e r i p h e r a l nucleons and assuming 

t h a t h a l f of these are with neutrons then the c a l c u l a t e d 

m u l t i p l i c i t y i s low by about 0.3. T h i s i s much s m a l l e r than 

the s t a t i s t i c a l e r r o r already present and can* be ignored. The 

value n c h > = 16.3 i 1.1 r e p r e s e n t s the best estimate of the 

m u l t i p l i c i t y t h a t can be made with the a v a i l a b l e data. 

The s o l i d l i n e shown i n F i g . 7.24 i s 

< n c h > - 2 E L a b * 

and i s a good e m p i r i c a l f i t to the r e s u l t s i n the range 20-1000 

GeV. At higher e n e r g i e s the trend seems to be to lower 

m u l t i p l i c i t i e s than p r e d i c t e d by t h i s l i n e . 

Having thus d e a l t with the average charged m u l t i p l i c i t y 

the d i s t r i b u t i o n of t h i s q u a n t i t y w i l l now be d e s c r i b e d . The 

d i s t r i b u t i o n s i n prong number from three experiments are sketched 

i n F i g . 7.25(A) where the broadening of the d i s t r i b u t i o n with 

i n c r e a s i n g energy i s apparent. The c r o s s s e c t i o n f o r the 

production of a given number (n) of prongs, (the topologic c r o s s 

s e c t i o n , d ) as a f u n c t i o n of i n c i d e n t proton energy i s shown 

i n F i g . 7.26. V/ith i n c r e a s i n g energy the f i n a l s t a t e of the 

i n t e r a c t i o n i n c r e a s e s i n complexity as the c r o s s s e c t i o n s f o r 

the production of l a r g e numbers of charged p a r t i c l e s r i s e s . At 

the same time the low m u l t i p l i c i t y c r o s s s e c t i o n s are s t a r t i n g 

to f a l l . Whether t h i s f a l l continues i s unknown; no data a t 

I.S.R. e n e r g i e s has so f a r been produced. The r i s i n g high 

m u l t i p l i c i t y c r o s s s e c t i o n s and f a l l i n g low m u l t i p l i c i t y c r o s s 

s e c t i o n together r e s u l t i n a slow i n c r e a s e of the t o t a l i n e l a s t i c 

c r o s s s e c t i o n and a broadening of th« m u l t i p l i c i t y d i s t r i b u t i o n . , 
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I n the 10-30 GeV region a Poisson d i s t r i b u t i o n has been 
found t o gi v e an approximate f i t t o the m u l t i p l i c i t y v a r i a t i o n 
but a t higher energies t h i s no longer a p p l i e s (see f o r example 
Chapman e t a l (1972) a t 102 GeV and Charlton e t a l (1972) a t 
205 GeV). At higher energies 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 
becomes broader than the Poissonian; t h i s e f f e c t i s u s u a l l y 
described by the use of the c o r r e l a t i o n c o e f f i c i e n t 
d e fined by 

f 2 = < n ( n - l ) > - < n > 2 . 

For a Poisson d i s t r i b u t i o n = 0. Rather than consider the 
t o t a l charge d i s t r i b u t i o n which would not be expected t o be a 
p e r f e c t l y Poissonian f u n c t i o n because of c o n s t r a i n t s due t o 
charge conservation i t i s usual t o consider negative p a r t i c l e s 
alone. The observed v a r i a t i o n of f g computed f o r negative 
t r a c k s only (and hence denoted i s shown i n F i g . 7.27. At 

about 80 GeV a Poisson d i s t r i b u t i o n i s a good f i t , a t lower 
energies the r e a l d i s t r i b u t i o n i s narrower and a t higher 
energies i t i s broader. The broadening i s p a r t i c u l a r l y 
i n t e r e s t i n g i n view of the f a c t t h a t i f the pions were 
u n c o r r e l a t e d then 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 would be c l o s e l y 
Poissonian ( a l l o w i n g f o r charge conservation r e s t r a i n t s ) . The 
r i s e of f g ~ i n d i c a t e s important c o r r e l a t i o n s among the 
secondaries. 

A number of i n t e r e s t i n g trends have been observed i n 
the charged 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 p-p c o l l i s i o n s ; two 
trends are b r i e f l y described below. 

I t has been found t h a t the r a t i o < n c n ^ /D as a f u n c t i o n 
of energy approaches the value 2.0. This i s shown i n F i g . 7.28 
where the values p l o t t e d are those o f Ammosov e t a l (1973). 
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The f a c t t h a t M a l h o l t r a and Ganguli (1972) obtained, from 
emulsion data, a value of < n c h > / D of 2.0 i s a good 
i n d i c a t o r o f the freedom from bias of t h e i r data. 

I t has been suggested by Kobe, Nielsen and Oleson (1972) 
t h a t the t o p o l o g i c a l cross sections expressed as f r a c t i o n s o f 
the t o t a l i n e l a s t i c cross s e c t i o n should reach an energy 
independent l i m i t 

- i . e . --£n - — ^- - -—1- — • - M ^ ^ i ^ A — - -
s-i-*o < n c h > H < n c h > / 

where d j ^ ^ i s the t o t a l i n e l a s t i c cross s e c t i o n t s i s the 
centre of mass energy and (j) i s an energy independent f u n c t i o n . 
Figure 7.29 i s a p l o t o f / n . > d /d. , vs n/< n . > f o r ^ ^ ^ ch n inex ch' 
i n c i d e n t proton energies 50 GeV. The s o l i d l i n e i s a f i t of 
S l a t t e r y (1972) and i s given by 

$ (Z = n/ < n c h > ) = (3.792 * 33.7Z 2 - 6.64Z5 < G.32Z7) 
exp(-3.0<Z) 

The f a c t t h a t the low energy data ( i n s e t ) i s q u i t e w e l l f i t t e d 
by the curve i s s u r p r i s i n g since the p r e d i c t i o n was based on 
asymptotic arguments. 

This concludes the d e s c r i p t i o n o f the m u l t i p l i c i t i e s o f 
proton induced r e a c t i o n s ; a b r i e f d e s c r i p t i o n of r e a c t i o n s 
induced by p a r t i c l e s other than protons w i l l now be given. 

A summary of some of the a v a i l a b l e data on pion induced 
i n t e r a c t i o n s i s given i n Table 7.2. The r e s u l t a t 60 GeV i s 
from an emulsion experiment .and is. included because a s t r i c t 
l i m i t (Nj -^1) was imposed on the darlc tracks-, 

These data and 

some of Table 7*1 are p l o t t e d i n Figue 7„30 (where no e r r o r bar 
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i s shown then the e r r o r i s about the same size as the symbol). 

I t can be seen t h a t the m u l t i p l i c i t i e s of pion induced 
i n t e r a c t i o n s are higher than those induced by protons. As 
already mentioned the p-p data i n the range 13 - 28.5 GeV are 
two independent estimates based upon the same i n i t i a l data. 
The d i f f e r e n c e between the 1Tp and pp r e s u l t s seems to be 
i n c r e a s i n g w i t h i n c r e a s i n g energy. The / f T + data of F i g . 7 .30 

i s r a t h e r more sc a t t e r e d than t h a t f o r Tf ~ but the i n d i c a t i o n s 
are t h a t the values of < £ n

c n ^ associated w i t h the former are 
higher than those w i t h the l a t t e r . Concerning the t o p o l o g i c a l cross 
- s e c t i o n s , the d i s t r i b u t i o n s are sketched i n F i g . 7.25(B) f o r 
three-primary energies. At the lower energies a Poisson d i s t r i ­
b u t i o n has been found to be a reasonable f i t (Honecker e t a l (1969)) 
but a t higher energies the f i t i s poor (Ammosov e t a l ( 1 9 7 3 ) ) . 
The tendency f o r the d e v i a t i o n from a P o i s s o n - l i k e curve t o pass 
through zero and t o then increase w i t h energy i s displayed i n 
TT~p i n t e r a c t i o n s as shown i n F i g . 7.31 where the parameter 

f g has been c a l c u l a t e d i n c l u d i n g both p o s i t i v e and negative 
p a r t i c l e s . Results on -fT̂ p c o l l i s i o n s a t higher energies than 
shown are not y e t a v a i l a b l e . The q u a n t i t y ^ n

c n ^ / D f o r 1F -P 

r e a c t i o n s i s shown i n Figs. 7.32a,b. The f f " data up t o about • 
25 GeV seem f a i r l y constant a t around 2.25 but the l a s t two 
p o i n t s may i n d i c a t e a f a l l i n g value. The t f + data are also 
f a i r l y constant but the range of momenta i s r a t h e r l i m i t e d . 

Turning now t o kaon induced r e a c t i o n s a summary of the 
a v a i l a b l e m u l t i p l i c i t y data has been given by Ammosov e t a l 
(1973) and i s reproduced i n Table 7.3. These r e s u l t s , along 
w i t h some f o r pp c o l l i s i o n s , are p l o t t e d i n F i g . 7.33. Kaon 
induced r e a c t i o n s give s l i g h t l y higher m u l t i p l i c i t i e s . 
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T y p i c a l t o p o l o g i c a l cross s e c t i o n d i s t r i b u t i o n s are 
shown i n F i g . 7.25(c). A Poisson d i s t r i b u t i o n has been f i t t e d 
to the lower energies but as before the f i t i s poor at higher 
energies. The values of f o r kaon induced r e a c t i o n s are 

shown i n F i g . 7.31. The r e s u l t s are s i m i l a r t o those of pion 
induced r e a c t i o n s . The q u a n t i t y < n

c h ^ ^ D ^ s P l Q t t e d i n 
F i g . 7.32a,b. The k~p data are f a i r l y constant at about 2.15. 
The k + p data show a f a l l w i t h i n c r e a s i n g momentum and, where 
comparison i s possible the k v p anci— {T*p data seem t o be—in 
agreement. I n F i g . 7.32b the pp r e s u l t s are p l o t t e d f o r 
comparison. 

7.3.6 Cross Sections 
The p-p t o t a l cross s e c t i o n i s , a t conventional 

a c c e l e r a t o r energies a w e l l measured q u a n t i t y . A b r i e f survey 
of t o t a l (d. ) and e l a s t i c (d ) cross sections has y i e l d e d the t e ' 
data of Tables 7.4, 7„5 and the graphs o f Figs. 7.34 and 7.35-
Th e r e s u l t s a t the lowest energy are only a f r a c t i o n o f the 
a v a i l a b l e data but seem to be r e p r e s e n t a t i v e of the whole. 
The data gathered at N.A.L. are p r e l i m i n a r y and t h e i r accuracy 
should soon be improved. Such an improvement i s important 
since the cross s e c t i o n seems to reach a shallow minimum i n the 
region between the f i n i s h of the J.I.N.R. r e s u l t s and the s t a r t 
of the I.S.R. r e s u l t s . 

Considering C»e, there i s a lack of data i n the 
30-100 GeV r e g i o n . The general trend of the data i n c l u d i n g 
the I.S.R. r e s u l t s which w i l l be described l a t e r suggests a 
minimum i n the 100-200 GeV range followed by a slow r i s e . 

For both d, and d>' the hiahest momentum conventional t e 
a c c e l e r a t o r at 303 CoV/c agruos v e i l w i t h r e s u l t s a t the lowest 
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I.S.R. momentum ("^290 GeV/c>. 

Recent measurements of d^ and de based upon work 
a t the I.S.R. are those of Amendolia e t a l (1973) and Amaldi e t 
a l (1973a). A f t e r c o r r e c t i n g f o r c o n t r i b u t i o n s from i n e l a s t i c 
events and from Coulomb s c a t t e r i n g the l a t t e r workers expressed 
the d i f f e r e n t i a l cross sections as f u n c t i o n s of t , the 
4-momentum t r a n s f e r . E x t r a p o l a t i n g back t o t=o and using the 

shown i n Table 7.5. The quoted e r r o r s i n c l u d e estimates of 
systematic e f f e c t s . 

The experiment of Amendolia e t a l (1973) was based upon 
the equation R̂. = d^ L where R̂  i s the t o t a l number of 
i n t e r a c t i o n s and L i s the l u m i n o s i t y and the r e s u l t s obtained 
by these workers are given i n Table 7.5; the e r r o r s i n clude 
estimates o f systematic e f f e c t s . 

A f u r t h e r experiment has been r e p o r t e d by Amaldi e t a l 
(1973). This experiment was s i m i l a r t o t h a t of Amaldi e t a l 
(1973a). The number of detected events as a f u n c t i o n o f the 
4-momentum t r a n s f e r i s N(t)°<- J f c + fn| 2 where f c and f n 
are the Coulomb and nuclear s c a t t e r i n g amplitudes r e s p e c t i v e l y . 
S u b s t i t u t i n g f o r these parameters leads t o 

r e l a t i o n (d<Vdt). 1 t=o J 16 fr l e d t o the cross sections 

N ( t ) [ ( 2 c * / t ) G 4 ( t ) - ( ? +c< 5) <>\ G 2 ( t ) exp ( b t ) 
( 2) tl 

( 1 + Pfc) exp ( b t ) (41T) 

where i s the f i n e s t r u c t u r e constant 
G i s the proton electromagnetic form f a c t o r 
\ i s given by o< \ - <* log (0.08/ I t I - 0.577) 
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\ i s the r a t i o o f the r e a l and imaginary p a r t s o f the 
forward s c a t t e r i n g amplitude* 

b i s the slope parameter of the exponential dependence 
of the nuclear s c a t t e r i n g cross s e c t i o n on t . 

k i s a n o r m a l i z a t i o n constant* 

The above expression was f i t t e d to the experimental data w i t h 
d^ ? ^J and k as f r e e parameters. The value of b was taken 
from other I.S.R. experiments. The r e s u l t i n g values of 
are given i n Table 7.5 where as usual the e r r o r s include 
estimates o f systematic e f f e c t s . Usiig the obtained n o r m a l i z a t i o n 
constant k and the assumed value o f b the e l a s t i c crocs 
section was a l s o found. No r e s u l t s from t h i s experiment are 
a v a i l a b l e at higher energies since p a r t i c l e s must then be 
detected at angles too near t o the beams. 

From the t a b l e i t can be seen t h a t the? r e s u l t s of t h i s 
experiment are i n good agreement w i t h the other r e s u l t s 
described. This i s a good i n d i c a t o r of the r e l i a b i l i t y of the 
r e s u l t s . 

One other I.S.R. experiment has measured d^ and c?e -
t h a t of Holder e t a l (1971), t h i s was at only one energy. 

The I.S.R. r e s u l t s p l o t t e d i n F i g . 7.34 and 7.35 show 
t h a t i n the l a b o r a t o r y energy range 290-1500 GeV the cross 
sections increase by about 10%. I f a smooth l i n e i s drawn 
through the data p o i n t s a shallow minimum i s seen i n the 
100-200 GeV r e g i o n . 

F i n a l l y , considering neutrons the c o m p i l a t i o n of Senary 
e t a l (1970) shows t h a t i n the range 8 t o about 30 GeV 
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d f c (pp) = 6^ (pn) «= ( n p ) . At higher energies there 
i s no neutron data. 

This completes the survey of experimental a c c e l e r a t o r 
r e s u l t s on (mainly) p-p i n t e r a c t i o n s . The energy range covered 
has included a s i g n i f i c a n t p a r t of t h a t r e l e v a n t to the charge 
r a t i o data reported i n t h i s work. Since the m a j o r i t y of 
p a r t i c l e s produced i n primary cosmic ray - atmospheric n u c l e i i 
c o l l i s i o n s are pions which then go on to i n t e r a c t w i t h other 
n u c l e i i the fr -p cross sections are of i n t e r e s t . A s h o r t 
survey of the experimental data on t o t a l cross sections f o r 
i n t e r a c t i o n s induced by p a r t i c l e s other than protons i s given 
below. 

Tables 7.6 and 7.7 co n t a i n data f o r such i n t e r a c t i o n s ; 
they are p l o t t e d i n Fig s . 7.36 a-e. 

The f r + -p and k~ -p t o t a l cross sections show a 
monotonic decrease w i t h momentum up t o about 30 GeV/c and a t 
higher momenta seem f a i r l y constant. Denisov e t a l (1971) have 
f i t t e d s t r a i g h t l i n e s t o t h e i r r e s u l t s f o r the i\~ -p and 
k~ -p cross sections a t energies g r e a t e r than 30 GeV and f i n d 
slopes o f -0.004 - 0.002 and -0.007 * 0.003 r e s p e c t i v e l y . 
The k + -p data e x h i b i t s a t o t a l l y d i f f e r e n t behaviour; the 
cross s e c t i o n i n the region 20-30 GeV seems r a t h e r constant 
but a t higher momenta r i s e s and shows no sign of f l a t t e n i n g . At 
lower energies than those p l o t t e d the k + -p remains constant 
down t o ^ 3.5 GeV/c and then begins to e x h i b i t s t r u c t u r e due 

+ 
t o resonance p r o d u c t i o n . The cross sections fr" -p and k~ -p 

a t momenta less than 10 GeV/c ca r r y on r i s i n g and a t about 
5 GeV/c s t a r t to d i s p l a y s t r u c t u r e . 

The pp cross s e c t i o n decreases w i t h energy and seems 
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t o be f l a t t e n i n g . A t lower e n e r g i e s t h a n those shown i t 

r i s e s r a p i d l y * 

F i n a l l y i n F i g . 7.36f a l l o f t h e c r o s s s e c t i o n s are 

p l o t t e d on a s i n g l e g r a p h . The curves have been o b t a i n e d 

s i m p l y by d r a w i n g smooth l i n e s t h r o u g h t h e d a t a p o i n t s . 

A t e n e r g i e s h i g h e r t h a n those a t t a i n a b l e by a c c e l e r a t o r s 

c r o s s s e c t i o n measurements made i n cosmic r a y e x p e r i m e n t s 

must be used. These measurements have been made u s i n g two 

b a s i c methods - one d i r e c t , the o t h e r i n d i r e c t . The l a t t e r 

has p r o v i d e d t h e h i g h e s t energy d a t a and w i l l be c o n s i d e r e d 

f i r s t . 

The most r e c e n t a t t e m p t s t o d e r i v e c r o s s s e c t i o n s by 

the i n d i r e c t method have used d a t a o b t a i n e d by t h e B.A.S.J.E. 

group a t Mt. C h a c a l t a y a i n B o l i v i a . T h i s e x p e r i m e n t , performed 
p 

a t an a t m o s p h e r i c d e p t h o f ~ 550 gms/crn" has been designed, t o 
d e t e c t s u r v i v i n g p r i m a r y p r o t o n s . The main d e t e c t o r i s a 

2 
c a l o r i m e t e r c o n s i s t i n g o f 60m o f s c i n t i l l a t o r s h i e l d e d by 

p 
~ 400 gms/cm" o f c o n c r e t e . Above t h i s are a number o f 

s m a l l e r s c i n t i l l a t o r s t o a c t as shower d e t e c t o r s . Whenever 

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

th e shower d e t e c t o r s a r e r e c o r d e d . The most i m p o r t a n t e v e n t s 

are those i n which a b u r s t , b u t no shower, i s d e t e c t e d . These 

eve n t s a r e due t o s u r v i v i n g p r i m a r y p r o t o n s ; those p r o t o n s 

h a v i n g i n t e r a c t e d i n t h e atmosphere b e f o r e p e n e t r a t i n g t h e 

d e t e c t o r would be accompanied by a shower (as would any i n c i d e n t 

p i o n s ) . From t h e b u r s t s i z e spectrum t h e energy spectrum o f 

s u r v i v i n g p r o t o n s has been c a l c u l a t e d and i n t e g r a l s p e c t r a have 
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been p u b l i s h e d f o r 10 - 10 eV (Murakami e t a l ( 1 9 7 0 ) , 

Kaneko e t a l ( 1 9 7 1 ) ) . The r e l a t i o n between t h e p r i m a r y 

i n t e g r a l spectrum and t h a t observed a t depth x i s 

I ( > E , x ) «= I ( > E, x=o) e x p ( - x/L) where L i s t h e i n t e r a c t i o n 

mean f r e e p a t h o f p r o t o n s i n a i r and i s i n v e r s e l y p r o p o r t i o n a l 

t o t h e i n e l a s t i c c r o s s s e c t i o n . 

Two independent a t t e m p t s t o det e r m i n e t h i s l a s t q u a n t i t y 

have been made. Wdowczyk and Zujewska (1973) have c o r r e c t e d 

t h e data f o r i n e f f i c i e n t shower d e t e c t i o n . T h i s i s an 

i m p o r t a n t f a c t o r s i n c e i t i s energy dependent; t h e e f f i c i e n c y 

o f d e t e c t i n g an accompanying shower i s an i n c r e a s i n g f u n c t i o n 

o f t h e p r o t o n energy. Consequently a t low e n e r g i e s t h e 

s u r v i v i n g p r o t o n spectrum i s o v e r e s t i m a t e d b u t a t h i g h e r 

e n e r g i e s t h e t r u e spectrum i s approached. The observed 

spectrum i s t h u s t o o s t e e p and t h e c o r r e c t i o n s reduce t he 

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

t h e r e s u l t i n g spectrum i s p a r a l l e l t o t h e i r b e s t e s t i m a t e o f 

the p r i m a r y spectrum. T h i s l a t t e r was o b t a i n e d by s i m p l y 

e x t r a p o l a t i n g t h e r e s u l t s o f Ryan e t a l (1972) ( w h i c h measured 
12 

t h e spectrum up t o 2.10 e V ) . The f a c t t h a t t h e s p e c t r a have 

t h e same shape i s t a k e n as evidence t h a t L (and hence t h e 

i n e l a s t i c c r o s s s e c t i o n , d^) does n o t change over t h e energy 

range 2 . 1 0 1 2 - 5 . 1 0 1 3 . 

The o t h e r i n t e r p r e t a t i o n o f t h e d a t a i s t h a t o f Yodh, 

Yash P a l and T r e f i l ( 1 9 7 2 ) . These a u t h o r s f i t each p o i n t o f 

t h e measured spectrum t o an e x p r e s s i o n o f t h e f o r m g i v e n above 

and t h u s o b t a i n v a l u e s o f c^, th e s e are shown i n F i g . 7 . 3 7 . 

D e s p i t e t h e l a r g e e r r o r s t h e r e i s some i n d i c a t i o n o f an 

upward t r e n d . I n an a t t e m p t t o o b t a i n more i n f o r m a t i o n on 

t h i s p o s s i b l e i n c r e a s e t h e a u t h o r s have c o n s i d e r e d l o w e r energy 
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d a t a and have a p p l i e d t h e i r t e c h n i q u e t o r e s u l t s o f Jones e t 

a l (1970) and G r i g o r o v ( 1 9 6 5 ) . These r e s u l t s , a l o n g w i t h t h e 
a r e 

p r e v i o u s s e t a r e shown i n F i g . 7.38. A l s o p l o t t e d / t h e r e s u l t s 

o f B e l l e t i n i e t a l (1966) who measured f o r a v a r i e t y o f 

elements f r o m H t o Pb; t h e p l o t t e d p o i n t i s a v a l u e 

i n t e r p o l a t e d a t A = 14. The I.S.R. d a t a i s t h a t o f Amuldi 

e t a l (1973) and Amendolia e t a l ( 1 9 7 3 ) . From t h i s diagram 

t h e r e i s e v i d e n c e o f a r i s e i n i n g o i n g f r o m low energy 

( ^ 1 0 0 0 GeV) r e s u l t s t o those o f C h a c a l t a y a . The c o n c l u s i o n --

o f Yodh, Yash Pal and T r e f i l (1972) i s t h a t i s r i s i n g 

r a p i d l y . 

The two i n t e r p r e t a t i o n s a r e i n a c o n f l i c t w h i c h h-?,s 

y e t t o be r e s o l v e d . U n f o r t u n a t e l y t h e second t e c h n i q u e o f 

d e r i v i n g c r o s s s e c t i o n s - t h e d i r e c t method - i s , as w i l l 

be seen below, c o n f i n e d t o e n e r g i e s £ 1000 GeV. 

Some o f the most r e c e n t measurements o f t h e d i r e c t k i n d 

have been made by Jones e t a l (1971) and Akimov e t a l ( 1 9 6 9 ) . 

The d a t a o f t h e fo r m e r a r e t h o u g h t t o be s u b j e c t t o severe 

b i a s (as i n d i c a t e d by t h e m u l t i p l i c i t y r e s u l t s o f t h e experimen 

and w i l l n o t be c o n s i d e r e d f u r t h e r . The e x p e r i m e n t o f Akirnov 

e t a l (1969) was performed on an o r b i t t i n g s a t e l l i t e . R e s u l t s 

were o b t a i n e d f o r t h e i n e l a s t i c c r o s s s e c t i o n s o f p-c and 

p-p i n t e r a c t i o n s ; t h e y a r e p l o t t e d i n F i g . 7.39. To compare 

the p-c r e s u l t s w i t h t h e p r e v i o u s l y d e s c r i b e d p - A i r d a t a 

they have b o t h been p l o t t e d i n F i g . 7.40 where the p-c 

r e s u l t s have been s c a l e d up by a f a c t o r ( 1 4 / 1 2 ) 3 . A t t h e 

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

a c c e l e r a t o r r e s u l t o f B e i l e t i n i e t a l ( 1 9 6 6 ) . A t h i g h e r 

e n e r g i e s t h e r e i s evidence o f an i n c r e a s i n g c r o s s s e c t i o n . 

I n F i g . 7.39b t h e s c ' i i d l i n e i s a L i n e drawn by eye t h r o u g h the 
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a v a i l a b l e a c c e l e r a t o r d a t a ; i t can be seen t h a t t h e e x p e r i m e n t s 

p o i n t s o f t h e s a t e l l i t e d a t a a r e i n r e a s o n a b l e agreement. 

7.3.7 I n e l a s t i c i t y 

I t i s known t h a t i n a c o l l i s i o n w i t h a nucleon o r 

nucleus an i n c i d e n t p a r t i c l e u s u a l l y g i v e s up o n l y a f r a c t i o n 

( t y p i c a l l y 0.3-0.5) a l t h o u g h i t may change i t s c h a r g e . T h i s 

f r a c t i o n i s known as the i n e l a s t i c i t y ( k ) . The e n e r g i e s 

concerned here a r e l a b o r a t o r y e n e r g i e s ; t h e r e a r e o t h e r 

d e f i n i t i o n s o f i n e l a s t i c i t y i n v o l v i n g c e n t r e o f mass e n e r g i e s 

b u t these w i l l n o t be c o n s i d e r e d . 

, For N-N c o l l i s i o n s k i s o f t e n t a k e n t o be 0.5. 

T h i s i s a r e a s o n a b l e e s t i m a t e as shown i n T a b l e 7.8 where t h e 

r e s u l t s o f a few e x p e r i m e n t s have been l i s t e d . Some o f these 

r e s u l t s quoted o n l y t h e charged i n e l a s t i c i t y ; i n these cases 

t h e v a l u e g i v e n was m u l t i p l i e d by 1.5 as suggested by 

Hayakawa ( 1 9 6 9 ) . 

Of N-nucleus c o l l i s i o n s , F e i n b e r g (1972) s t a t e s t h a t 

k i s not s i g n i f i c a n t l y d i f f e r e n t and t h i s i s i n d i c a t e d by 

th e r e s u l t s i n t h e t a b l e . However, some r a t h e r h i g h v a l u e s o f 

k have been found by Nam e t a l ( 1 9 7 1 ) . I n a cosmic r a y 

e x p e r i m e n t on N-nucleus c o l l i s i o n s t h e y measured k Y - t h e 

f r a c t i o n o f i n c i d e n t l a b o r a t o r y energy g i v e n t o )$ p r o d u c t i o n 

( t a k e n t o be e q u i v a l e n t t o " f t 0 p r o d u c t i o n ) - t o be 

0.25 - 0.02. T h i s suggests k = 0.75 - 0.06 - r a t h e r h i g h . 

T h i s e x p e r i m e n t i n v o l v e d m a i n l y Pb n u c l e i i b u t a s i m i l a r 

v a l u e o f k ̂  has been f o u n d by A b d u l l a e v e t a l (1971) f o r 

c o l l i s i o n s w i t h l i g h t n u c l e i i . 

C o n s i d e r i n g p i o n induced r e a c t i o n s a s u r v e y has y i e l d e d 



t h e r a t h e r meagre d a t a of T a b l e 7 e8. That k 5* 1 f o r t h i s 

t y p e o f c o l l i s i o n i s i n d i c a t e d by the momentum d i s t r i b u t i o n 

o f secondary p a r t i c l e s produced i n TVp c o l l i s i o n s . For 

example, i n the d a t a o f Honecker e t a.l (1.969) ( •'fT "p 

c o l l i s i o n s a t 16 GeV/c) a l e a d i n g p a r t i c l e e f f e c t can be seen 

i n t h e /Tt ™ momentum d i s t r i b u t i o n . 

The d i s t r i b u t i o n o f k v a l u e s i n b o t h N-N and N-

n u c l e u s e x p e r i m e n t s have been g i v e n by F e i n b e r g (1972) and 

Hayakawa ( 1 9 6 9 ) . The s t a t i s t i c s i n v o l v e d a r e poor because o f 

th e p a u c i t y o f t h e d a t a . An e q u a t i o n t o f i t t h e r e s u l t s o f one 

ex p e r i m e n t may be found i n L a i e t a l ( 1 9 6 b ) . 



TABLE 7.1 

p-p M u l t i p l i c i t y 

L a b o r a t o r y 
Energy (GeV) 

< n c h > Source Comments 

4 2.54 i 0.03 B o d i n i e t a l 
(1968) 

-
5.5 2.71 0.01 A l e x a n d e r e t a l 

(1967) 
-

10.0 3.22 0.06 Ameida e t a l 
_( 1 9 6 8 ) 

Quoted by 
Czyzowski and 
R i b i c k i (1972) 

13 

18 

21 

3.66 
(3.54 
(3.53 
4.05 

(3.85 
( 3 . 9 1 
4.30 

(4.05 
(4.17 

0.03 
0.03) 
0.04) 
0.03 
0.04) 
0.04) 
0.04 
0.04) 
0.05) 

Smith e t a l 
(1969) 

Un-bracketed 
v a l u e s are 
those o f 
Jacob ( 1 9 7 2 ) . 

f o r o t h e r 
v a l u e s see 
t e x t . 

24 4.45 
(4.17 
(4.30 

0.04 
0.04) 
0.04) 

28.5 4.60 
(4.34 
(4.56 

0.04 
0.05) 
0.04) 

19.0 4.02 0.02 B o g g i l d e t a l 
(1971a) 

-
35.0 5.01 0.07 - Quoted by 

Jacob (1972) 

50 
69 

5.47 
5.81 

0.17 
0.13 

- Quoted by 
M o r r i s o n (1972! 

102 6.34 0.14 Chapman e t a l 
(1972) 

-
205 7.65 0.17 C h a r l t o n e t a l 

(1972) 
-

303 8.86 0.16 Oao e t a l 
(1972) 

-
220 
500 

1000 
1500 

8.47 
9.62 

11.03 
11.71 

0.49 
0.55 
0.63 
0.68 

A n t i n u c c i e t a l 
(1973) see t e x t . 

c o n t i n u e d 



TABLE 7.1 c o n t i n u e d 

L a b o r a t o r y 
Energy (GeV) < n c h > Source Comments 

250 
3000 

11.6 ~ 3.7 
15.2 2.0 

Lohrman and 
Teucher (1962) 

Emulsion 
N h - o 

300 9.0 1.0 Guseva e t a l 
(1962) 

hi H t a r g e t , 

c o r r e c t i o n s . 

10000 16.3 1.1 Mai h o i t r a and 
G a n g u l i (1972) 

Emulsion 



TABLE 7.2 
+ 

^ ~p M u l t i p l i c i t y 

I n c i d e n t 
P a r t i c l e 

L a b o r a t o r y 
Momentum 
(GeV/c) 

< " c h > < > /D 

4.0 2. 63 + 0.07 2. 18 + 0.13 
6.8 3. 15 0.09 2. 29 0.12 

10.0 3. 61 0.03 2. 19 0.03 
11 3. 81 0.06 2. 34 0.08 
13 3. 99 0.10 2. 24 0.09 
16 4. 19 0.05 2. 18 0.05 
20 4. 60 0.05 2. 40 0.05 
25 4. 86 0.04 2. 30 0.03 
40 5. 62 0.04 2. 02 0.03 
50 5. 71 0.13 2. 10 0.06 
60 6. 46 0.16 2. 11 0.10 

- 4 3. 08 + 0.01 2. 76 + 0.03 
7 3. 29 0.03 2. 33 0.04 

+ 8 3. 74 0.01 2. 59 0.02 
IT 11 4. 18 0.08 2. 57 0.11 

11.5 4. 00 0.11 2. 47 0.09 
16 4. 33 0.12 2. 54 0.12 

TABLE 7.3 
k -p M u l t i p l i c i t y 

I n c i d e n t 
P a r t i c l e 

L a b o r a t o r y 
Momentum 
(GeV/c) 

< n c h > < n c h >/D 

10.0 3. 44 + 0.03 2.13 + 0.03 
14.3 3. 88 0.01 2.15 0.01 

K 16.0 4. 06 0.04 2.21 0.03 
33.8 5. 16 0.08 2.14 0.04 

3.0 2. 57 + 0.03 2.81 + 0.05 
3.5 2. 62 0.02 2.71 0.04 

k + 5.0 2. 94 0.02 2.65 0.02 
K 8.2 3. 38 0.03 2.56 0.03 

12.7 4. 03 0.12 2.61 0.12 
16.0 4. 17 0.09 2.40 0.09 



TABLE 7.4 

Cross S e c t i o n s 

L a b o r a t o r y 
Momentum 
(GeV/c) 

10 
12 
14 
16 
18 
"20" 
22 

10.1 
19.3 
26.4 

15 
20 
25 
30 
35 
40 
45 
50 
55 
60 

Cross S e c t i o n 
(mb) 

39.9 
39.4 
39.1 
38.7 
38.7 

38.3 

0.6 
0.6 
0.6 
0.6 
0„6 
"076" 
0.6 

40.0 + 0.3 
38.9 ~ 0.3 
38.8 0.3 

39.3 
39.1 
38.8 
38.6 
38.5 
38.5 
38.5 
38.5 
38.4 
38.4 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

Source 

G c l b r a i t h 
e t a l 
(1965) 

B s l l e t i n j 
o t a 1 
(1965) 

Danisov 
e t a l 
( 1 9 7 1 , 1 9 / l a ) 

102 

205 

39.7 - 1.5 6.9 - i . o Chapman e t a l 
(1972) 

39.5 i 1.1 6.8 i 0.3 C h a r l t o n e t a l 
(1972) 

303 39.0 - 1.0 7.2 i 0.4 Dao e t a l 
(1972) 

10.0 41.1 - 1.7 10.2 - 0.6 Almeida e t a l 
(1968) 

10.8 
12.8 
14.8 
16.7 
19.6 

11.0 - 0.7 
10.9 0.7 
10.5 0.7 
9„7 0.7 
9.6 0.7 

F o l e y 
e t a l 
(1963) 

24.5 39.3 i 0.8 8.8 - 0.3 B r e i t e n l o h 
e t a l (1963) 



TABLE 7,5 

Cross S e c t i o n s 

Momentum 
(GeV/c) 

CM. 
Energy 
(GeV) 

E q u i v . 
Lab. 
Energy 
(GeV) 

(mb) (mb) Source 

11.8 x 11.8 
15.4 x 15.4 
22.6 x 22.6 
26.6 x 26.6 

23.5 
30.6 
44.9 
52.8 

290 
500 

1070 
1480 

39.10 £ 0.72 
40.50 0.78 
42.50 0.78 
43.20 0.85 

6.8 i 0.36 
7.0 0.36 
7.5 0.42 
7.6 0.42 

Amaldi 
e t a l 
(1973a) 

11.8 x 11.8 
15.4 x 15.4 
22.6 x 22.6 
26.6 x 26.6 

23.5 
30.6 
44.9 
52.8 

--2 90 
500 

1070 
1480 

39.30 £ 0.79 
40.85 0.82 
42.57 0.86 
42.98 0.84 

Amendolia 
e t a l 
(1973) 

11.8 x 11.8 
15.4 x 15.4 

23.5 
30.6 

290 
500 

38.9 £ 0.7 
40.2 0.8 

6.7 £ 0.3 
6.9 0.4 

Amaldi e t 
a l (1973) 

15.4 x 15.4 30.6 500 40.3 - 2.0 6.8 £ 0.6 Hodder e t 
a l (1971) 

TABLE 7.6 

Cross S e c t i o n s 

L a b o r a t o r y 
Momentum 
(GeV/c) 

1 • ; • 1 

Cross S e c t i o n s i n mb Source L a b o r a t o r y 
Momentum 
(GeV/c) vr"p k~p P P 

Source 

33.8 
50 24.3 i 0.1 

20.5 £ 0.1 Ammosov e t 
a l (1973) 

21 
23 
25 
27.5 
30 
31 
32 
34 
38 
40 
45 
47.5 
50 
55 
60 
65 

25.2 £ 0.1 

24.8 £ 0.1 

24.8 0.1 

24.4 0.1 

24.4 0.1 
24.4 0.1 

24.3 0.1 
24.3 0.1 
24.2 0.1 
24.3 0.1 

21.1 £ 0.1 

20.8 0.1 

20.5 0.1 

20.4 0.1 
20.5 0.1 
20.5 0.1 

20.4 0.1 
20.2 0.3 

47.4 £ 0.4 

46.3 0.4 

46.1 0.4 

44.7. 0.4 
44.0 0.4 

44.1 0.4 

Denisov 
e t a l 
(1971) 

10 
12 
14 
16 
18 

22.5 £ 0.2 
21.6 0.2 
21.5 0.2 
21.3 0.2 
21.0 0.2 

51.7 £ 0.8 
50.7 0.9 
49.2 0.8 

G a l b r a i t h 
e t a l 
(1965) 



TABLE 7.7 

Cross S e c t i o n s 

L a b o r s t o r y Cross S e c t i o n s 
Momentum i n mb. Source (GeV/c) 

i n Source (GeV/c) 
IT P k p 

15 2 4 d 0.2 17.3 ~ 0.2 
20 23.5 0.1 17.4 0.2 
25 23.4 0.1 17.7 0.2 
30 23.3 0.1 17.7 0.2 Gorin. 
35 23.1 0.1 17.8 0.2 e t a l 
40 23.1 0.1 -18vl 0.2 (1972) 
45 23.1 0.1 17.9 0.2 
50 23.1 0.1 18.4 0.2 
55 23.1 0.1 13.2 0.2 
60 23.3 0.3 

10 17.3 - 0.1 
12 17.3 0.1 G a l h r a i t h 
14 17.4 0.1 e t a l 
16 17.0 0.1 (1965) 
18 17.1 0.1 
20 17.5 0.1 
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CHAPTER 8 

INTERPRETATION OF THE MUON CHARGE RATIO 

8.0 I n t r o d u c t i o n 

I n t h i s chapter a rough e s t i m a t i o n of the expected muon 

charge r a t i o , based upon high energy a c c e l e r a t o r data, is. made* 

The r e s u l t s of the c a l c u l a t i o n s of other workers are d i s c u s s e d . 

The main i n g r e d i e n t s f o r the c a l c u l a t i o n s are 

( i ) the r e l a t i v e f l u x e s of protons and neutrons i n the 

primary cosmic ray beam, 

( i i ) d e t a i l s of p a r t i c l e production i n high energy c o l l i s i o n s 

and 

( i i i ) the p r o b a b i l i t y of these p a r t i c l e s (mainly pions) 

decaying to muons. 

8.1 The Primary Composition 

The most s i g n i f i c a n t p a r t of the primary spectrum f o r 
11 13 

the purposes of t h i s work i s the region 10 - 10 eV/nucleon. 

A l l components of the primary f l u x have been taken to have 

d i f f e r e n t i a l s p e c t r a of the same s l o p e . T h i s p oint i s d i s c u s s e d 

f u r t h e r i n 8.6* 

Some d e t a i l as to the composition of the primary 

r a d i a t i o n i s r e q u i r e d s i n c e the u s u a l approach to the treatment 

of primary cosmic ray ( z > 1 ) - ' a i r ' nucleus c o l l i s i o n s has 

been adopted i . e . that of t r e a t i n g the i n t e r a c t i o n as i f i t 

were between f r e e nucleons. Thus the r a t i o of protons to 

neutrons i n the primary f l u x must be known. Over the energy 

range of i n t e r e s t there i s a reasonable amount of experimental 

data a v a i l a b l e . 
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The r e s u l t s of four surveys of the primary 

composition are shown i n P a r t I of Table 8.1. The survey 

of Weber (1967) c o n t a i n s data only up to 1964; s i m i l a r l y 

the survey of Hayakawa (1969) extends only to 1962. From 

the t a b l e i t can be seen t h a t n u c l e i ! of Z>2 c o n t r i b u t e l e s s 

than 1% to the t o t a l primary f l u x . However, the c o n t r i b u t i o n 

of the o v e r a l l proton : neutron r a t i o i s not n e g l i g i b l e 

because t h e i r average atomic weight i s q u i t e high ( 1 7 ) . 

The r e s u l t s of a r e c e n t survey on n u c l e i i of z > 2 by 

Shapiro and S i l b e r b e r g (1970) are given i n P a r t I I of Table 8.1. 

The m a j o r i t y of more r e c e n t experimental data ( f o r example, 

Buffington e t a l (1971), G a r c i a Munoz e t a l (1971) and Weber 

e t a l (1971) show no s e r i o u s d e v i a t i o n s from the given f i g u r e s . 

A r a t h e r high H : M r a t i o ( o f ~ 0 . 8 ) has been reported by Choi 

and Kim (1971) f o r en e r g i e s ^ 1 GeV/nucleon. The r e s u l t s of 

s e v e r a l workers (Ryan e t a l (1971), S a i t o e t a l (1971) and 

Smith e t a l (1972)) i n d i c a t e that f o r the energy range 

20 - 1000 GeV/nucleon the r e l a t i v e proportions of L, M and H 

n u c l e i i do not change s i g n i f i c a n t l y and th a t a l l three groups 

have d i f f e r e n t i a l s p e c t r a of slope 2.6 - 0.1. More r e c e n t 

measurements, summarized by Ramaty e t a l (1973) i n d i c a t e 

t h a t the i r o n spectrum may be f l a t t e r than t h a t of the other 

primary elements. T h i s i s considered f u r t h e r i n S e c t i o n 8.6. 

Co n s i d e r i n g now the data on hydrogen and helium n u c l e i i 

the r e s u l t of P a r t I of the t a b l e givesp/He » 17.1 £ 1.0. 

More r e c e n t experiments (Table 8.1, P a r t I I I ) g i v e a wide 

range of v a l u e s f o r t h i s r a t i o . The two s e t s of r e s u l t s of 

Ryan e t a l (1971, 1972) are i n c o n s i s t e n t and i n a l l t h a t 

f o l l o w s both have been ignored. Using the remaining data 
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g i v e s p/He = 1 3 . 1 * 1.2. T h i s f i g u r e i s h e a v i l y weighted 

by the experiment of Anand e t a l ( 1 9 6 7 ) whose measurements 

cover the lowest energy range but should s t i l l be f r e e of 

any s o l a r modulation e f f e c t s ( P a r t I I I of the t a b l e has been 

constructed only from data with e n e r g i e s > 5 GeV/nucleon to 

attempt to minimise any b i a s e s due to these e f f e c t s ) . I f 

the r e s u l t of Anand e t a l ( 1 9 6 7 ) were ignored a higher r a t i o 

of 1 5 . 0 i 2 c 7 i s obtained. Using a l l of the data of Table 

8 s r l (excepting that of Ryan e t a l (-1971, 1 9 7 2 ) ) y i e l d s a r a t i o 

p/Ho = 1 4 . 3 7 ~ 1 . 0 which l e a d s to a proton to neutron r a t i o 

of ( 8 9 . 1 » 7 . 2 ) x ( 1 0 . 9 * 7 , 2 ) . 

To take i n t o account the e f f e c t of n u c l e i ! of 2 > 2 the 

r a t i o G >= abundance of n u c l e i i of Z >2/abundance of He 

n u c l e i i , has been c a l c u l a t e d from Table 7 . 1 . The numerator 

was taken from P a r t I I of the ta b l e while the denominator i s 

the mean found from P a r t I of the t a b l e . I n the numerator the 

r e s u l t s of Shapiro and S i l b e r b e r g ( 1 9 7 0 ) alone were used 

r a t h e r than I n c l u d i n g the survey data. T h i s was because 

the l a t t e r may be, as suggested by Waddington ( 1 9 6 0 ) and 

Shapiro and S i l b e r b e r g ( 1 9 7 0 ) , s u b j e c t to poor charge 

r e s o l u t i o n . T h i s would be p a r t i c u l a r l y important f o r the L 

nuclei.i because of t h e i r much lower abundance than t h e i r 

neighbours (He and C ) . There i s some i n d i c a t i o n of an e f f e c t 

i n the f a c t that the survey data on L n u c l e i i (Table 7 . 1 , 

P a rt I ) are a l l higher than t h a t of P a r t I I of the t a b l e 

(Shapiro and S i l b e r b e r g ( 1 9 7 0 ) have attempted to c o r r e c t f o r 

poor charge r e s o l u t i o n ) . The c a l c u l a t e d value of G i s 

0 . 1 1 i 0 . 0 4 . 

To estimate th.= mean atomic weight of n u c l e i ! of z ' v 2 



119 

the r e l a t i v e abundances of the v a r i o u s elements as 

tabulated by Meyer (1969) and C a r t w r i g h t e t a l (1971) have 

been used. Both y i e l d s i m i l a r r e s u l t s , the mean being 

<A> = 16.8. Assuming t h i s nucleus to be charge symmetric 

( i . e . to c o n t a i n , on average, equal numbers of protons and 

neutrons) the c o n t r i b u t i o n r e l a t i v e to the He f l u x and thence 

to the t o t a l primary f l u x has been c a l c u l a t e d and the 

r e s u l t i n g proton to neutron r a t i o becomes (85.7 £ 7.2) : 

(14.3 + 7.2)„ 

So f a r , the i s o t o p i c component of the H and He 

f l u x e s has not been considered but i t i s known th a t primary 
3 

deuterium (d) and t r i t i u m (He ) a r e p r e s e n t . Experimental 

data on these components i s s c a r c e , has l a r g e e r r o r s and i s 

confined to the low energy r e g i o n s . The r e s u l t s of Meyer (1969) 

and Tamai e t a l (1971) give c o n s i s t e n t v a l u e s of the q u a n t i t y 

range 0.1 - 0.2 GeV/nucleon. Measurements on d by Fan e t a l 

(1971 ) , Meyer e t a l (1967) and Biswas e t a l (1971) i n d i c a t e the 

the r a t i o i s thought to f a l l with i n c r e a s i n g energy. Using the 

above f i g u r e s the proton to neutron r a t i o was modified to 

^ ( 8 4 : 16) - the change i s small compared to the e r r o r s which 

alr e a d y e x i s t i n the q u a n t i t y and s i n c e the r e s u l t a p p l i e s only 

to low e n e r g i e s i t has been decided to ne g l e c t the m o d i f i c a t i o n . 

The presence of a n t i - n u c l e o n s i n the primary f l u x has 

a l s o been n e g l e c t e d . Indeed i t i s not c e r t a i n whether there 

are any such p a r t i c l e s present and experiments have only been 

able to g i v e upper l i m i t s to t h e i r f l u x . These l i m i t s a r e ^ 

0.25% of the f l u x of the t r u e p a r t i c l e s . 

r ( He /(He + He ) ) s He of ~ ( 0 . 1 £ 0.04) i n the energy 

v a l u e of T. ( d/p) H to be & 5% a t en e r g i e s of ~ 0 . 1 GeV/nucleon; 
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Thus the f i n a l proton to neutron r a t i o i s 

(85.7 t 7.2) : (14.3 ~ 7.2). 

T h i s i s i n q u i t e good agreement with the commonly 

accepted value of 89 i 11 and i n order to f a c i l i t a t e 

comparisons with other workers t h i s l a t t e r has been adopted 

throughout u n l e s s otherwise s t a t e d . 

3.2 High Energy C o l l i s i o n s 

The avai-l-abl-e experimental r e s u l t s have been 

summarised i n a previous chapter. Any a d d i t i o n a l d e t a i l s 

r e q u i r e d s p e c i f i c a l l y f o r t h e e s t i m a t i o n of the charge r a t i o 

are d e s c r i b e d i n s e c t i o n 8.4. 

8.3 Pion Decay P r o b a b i l i t i e s 

I n order to c a l c u l a t e the muon f l u x a r i s i n g from the 

decay of pions produced i n c o l l i s i o n s at v a r i o u s atmospheric 

depths the p r o b a b i l i t i e s of the pions decaying before reaching 

sea l e v e l must be known. 

The p r o b a b i l i t y of decay i s given by :-

- B/E 

+ _ j ^ o \ (exp (-x)) dx «,*,. 8.1 

where : 

i n the f i r s t term which, r e p r e s e n t s the p r o b a b i l i t y of 

decay i n an element oi depth dx. x Q i s the depth of the 

pion-producing colli.':ion 'measured i n terms of the pion 

i n t e r a c t i o n length X i (taken as 00 gins c m s " ^ ) ) ; Ev<- i s the 

pion energy; « r-'!̂  C~ h(>/c. Z? where; M̂ - C'is the pion r e s t 

( D B 
E r.(x « X > 



1 2 1 

mass, 2^-is the pion l i f e t i m e and h c i s the s c a l e height of 

the atmosphere (which i s a f u n c t i o n of atmospheric depth but 

i s u s u a l l y considered a constant and i n t h i s c a s e i s i n i t i a l l y 

assumed to be 6.5 km); the second term i s the s u r v i v a l 

p r o b a b i l i t y of the pion ( R o s s i (1952)). 

the t h i r d term r e p r e s e n t s the l o s s of pions due to 

i n t e r a c t i o n s with a i r n u c l e i i . 

The above e x p r e s s i o n has been evaluated n u m e r i c a l l y 

f o r v a r i o u s pion e n e r g i e s and production depths ( x Q ) ; the 

r e s u l t f o r E ^ = 10 GeV i s shown as the dash-dot l i n e i n 

F i g . 8.1. 

To avoid the assumption of a constant h 0 the regions 

of the atmosphere below and above the tropopause have been 

considered s e p a r a t e l y . These regions a r e x > x̂ . and 

x < x f c r e s p e c t i v e l y , where x f c i s the height of the 

tropopause. Over most of the second region the temperature may 

be assumed constant and the r e l a t i o n between d e n s i t y and depth 

i s ^ (Xj^) » ^ t ' x l ^ x t w n e r e ? t i s t h e a i r d e n s i t v a t t n e 

A 1 

tropopause (taken to be 3.7.10" gms cm" ) • For x*fyx^ the 

temperature i n c r e a s e s with i n c r e a s i n g depth and the r e l a t i o n 
between d e n s i t y and depth i s £ ( x ^ a ? 0 ^ l ^ s ^ " " ^ R a / 9 

where P i s the a i r d e n s i t y a t sea l e v e l (x ) (taken to be * o s 
1.235 10 gms cm a t depth 1033.6 gms cm ) ; JT i s the 

atmospheric l a p s e r a t e (taken to be 6.5°C/km); Ra and g 

are the gas constant and g r a v i t a t i o n a l a c c e l e r a t i o n 

r e s p e c t i v e l y . The mean height of the tropopause was obtained 

from Meteorological O f f i c e data f o r the period 1951-55 

(th e l a t e s t a v a i l a b l e ) . The data were for the upper a i r 

s t a t i o n s a t Lerwick (60°N) and Crawley (51°N); the i n t e r p o l a t e d 
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v a l u e f o r Durham (55 N) was 248 gms cm" » T h i s value i s the 

mean over a whole year; seasonal e f f e c t s are small - the 

change i n x̂ . between the Winter and Summer months i s 

^ 2 % , the tropopause being deepest during Winter. From the 

above, the d e n s i t y of a i r i s 

\ ( x 1 ) = 1.492 x 10" 6 x x x gms cm"^ x 1 <. 248 gms cm"*2 

^ ( x 2 ) = 4.477 x 1CT 6 x ( x 1 ° * 8 2 1 ) gms cm"? x ^ - 2 4 8 gms cm" 

These e x p r e s s i o n s were i n s e r t e d i n t o eqru B.,! and Dv 

e v a l u a t e d , again n u m e r i c a l l y . The r e s u l t s are shown i n F i g . 8C1*. 

Since the expr e s s i o n f o r ^ ( x ^ ) has a d i s c o n t i n u i t y a t the 

tropopause some e f f e c t on the r e s u l t i n g va.1uos of could be 

expected and i s shown by the dotted l i n e for - 5 GeV, 

The s o l i d l i n e s show the r e s u l t of smoothing out (by eye) 

t h i s f e a t u r e ; the discrepancy between the smoothed and unsmoothed 

v a l u e s i s a maximum of **2%% a t E s «= 5 GeV and decreases with 

i n c r e a s i n g energy. 

8.4 I n t e r p r e t a t i o n of the Muon Charge R a t i o 

To obtain the b a s i c d e t a i l s of the muon charge r a t i o s 

p r e d i c t e d by the var i o u s i n g r e d i e n t s so f a r d i s c u s s e d a 

s i m p l i f i e d treatment has been used. The method adopted has 

been to co n s i d e r primary cosmic ray i n i t i a t e d i n t e r a c t i o n s a t 

a number of depths i n the atmosphere and to sum up the 

c o n t r i b u t i o n s of these i n t e r a c t i o n s to the p o s i t i v e and 

negative muon beams observed a t sea l e v e l . The main 

c h a r a c t e r i s t i c s of nucleon i n t e r a c t i o n s involved i n these 

c a l c u l a t i o n s are those of the charge r a t i o s of the produced 

pions and kaons and the i n e l a s t i c i t y of the i n t e r a c t i o n . 
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8.4(a) E s t i m a t i o n of the Pion Charge R a t i o 

The charge r a t i o of pions (the r a t i o of p o s i t i v e to 

negative p a r t i c l e s ) has been derived from ISR data as 

f o l l o w s . The s c a l i n g hypothesis ( i n t h i s case f o r pions) 

may be expressed as : 

d 2tf 
dP L dPfc 

f ( x , P f c) 
E ^ where the symbols have t h e i r 

u s u a l meaning. The number of pions with energy i n the range 

dEfl produced by i n c i d e n t p r i m a r i e s with energy i n _ t h e range 

dEp i s given by 

N(Ep). dEp . I f ( x , Pt 
J E 

) dPt dE tr 

where N(Ep) r e p r e s e n t s the primary d i f f e r e n t i a l spectrum, 

The t o t a l number of such pions generated by a l l p o s s i b l e 

p r i m a r i e s i s 

dn^ = J N(Ep) . j 
Ep = Eft 

, P t ) dPt dE . dEp 

Hence 

dn-;t 
dE^r 

dEp, 

-V by t a k i n g the d i f f e r e n t i a l spectrum N(Ep) • N Q Ep~ . I n 

terms of x t h i s becomes 
1 

dnir = N Q E ^ 
dEtr 

f x * " 2 [ « x , 
J o 

x=o 

P t ) d P t dx 

S i n c e r a t i o s r a t h e r than absolute v a l u e s of numbers are to be 

considered N Q i s put equal to u n i t y and only pions with P̂ . 

0.4 GeV/c are considered; the above e x p r e s s i o n then becomes 



1 
dn. DL.) 
dE 0.4 

E IT 
>-2 f( x , 0 . 4 ) dx. 

Using the e x p r e s s i o n s f o r f ( x , P t ) given by Damgaard and 

Hansen (1972 and chapter 7) the e x p r e s s i o n i n s i d e the i n t e g r a l 

has been p l o t t e d i n F i g . 8.2 f o r TT+ and -fiT. Using ^ = 2.6 the 

median v a l u e s of the p o s i t i v e and negative p a r t i c l e 

d i s t r i b u t i o n s are 0.245 and 0.215 r e s p e c t i v e l y . The r a t i o of 

the areas under the curves i s 1.72 and t h i s i s the pion charge 

r a t i o . A l s o shown ir. the f i g u r e are the d i s t r i b u t i o n s f o r 

^ => 2.8; i n t h i s c a s e the r e s p e c t i v e median x v a l u e s are 

0.275 and 0.235 and the charge r a t i o i s 1.79. For 6' a 2.7 the 

charge r a t i o i s 1.755. 

The median v a l u e s given above are i n t e r e s t i n g . 

Because of the r a p i d f a l l of the f u n c t i o n ( f ( x Pt) with 

i n c r e a s i n g x (as shown i n Chapter 7) the above medians are 

l a r g e i . e . they are w e l l o u t s i d e the region of x i n which the 

m a j o r i t y of p a r t i c l e s l i e . A u s e f u l p h y s i c a l i n t e r p r e t a t i o n 

of t h i s e f f e c t has been given by F r a s e r e t a l (1972). The 

m a j o r i t y of pions produced i n an i n t e r a c t i o n are low energy 

( ' p i o n i z a t i o n ' ) p a r t i c l e s (with x.^0.05) and i t might be 

expected t h a t the dominant source of pions with energy E ^ would 

be i n t h i s r e g i o n . T h i s small value of x ( x ~ E-rr/Ep) 

suggests t h a t the primary e n e r g i e s making the g r e a t e s t 

c o n t r i b u t i o n s to the pion production would be given by 

Ep P.OEft- . However, because of the s t e e p l y f a l l i n g primary 

spectrum the c o n t r i b u t i o n from these high energy p r i m a r i e s i s 

somewhat suppressed. Lower energy p r i m a r i e s become of 

Importance and as a consequence the e f f e c t i v e value of x 

moves out to l a r g e r v a l u e s . 
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I t i s important to note that pions with x ^ 0.2 

are produced with a m u l t i p l i c i t y t h a t i s e s s e n t i a l l y 

independent of energy. T h i s i s i l l u s t r a t e d i n F i g . 8.3 where 
2 4 

the production s p e c t r a f o r primary e n e r g i e s of 10 and 10 

GeV are g i v e n . I t can be seen t h a t the i n c r e a s e i n m u l t i p l i c i t y 

a s s o c i a t e d with the i n c r e a s e i n primary energy i s mainly 

( i n t h i s c a s e 90% of i t ) i n the region x < 0.05. 

8.4(b) E s t i m a t i o n of the Kaon Charge R a t i o 

Turning now to the kaon c o n t r i b u t i o n to the muon charge 

r a t i o the r e s u l t s of Osborne (19^6) have been modified. T h i s 

author g i v e s , i n g r a p h i c a l form, the r e l a t i v e c o n t r i b u t i o n s 

of pions and the v a r i o u s decay modes of kaons to the v e r t i c a l 

muon s e a - l e v e l spectrum. These r e s u l t s , shown as dashed l i n e s 

i n F i g . 8.5 were c a l c u l a t e d using the r a t i o (k/tr ) a l l = 0.4 

where the s u b s c r i p t means t h a t a l l three charge s t a t e s of 

both p a r t i c l e s have been c o n s i d e r e d . To 'update' t h i s 

estimate the r e s u l t s from an ISR experiment ( B e r t i n e t a l ( 1972a,b)) 

have been used. From the r e s u l t s of t h i s experiment, which 
1000 

apply to l a b o r a t o r y e n e r g i e s i n the range 200 to/GeV, the 

f o l l o w i n g r a t i o s ( a t x = 0.2) may be obtained 

k + / k " - 2.0 £ 0.6 i r / t r " = 1.63 £ 0.3 and k + / f r + = 0.11 £ 0.02 

Assuming t h a t f o r n e u t r a l p a r t i c l e production 

B ( ft* + <r")/2 and k° + k° = k + + k", then the 
new r a t i o i s : (k/fr ) ,, = 0.14 £ 0.03. The kaon c o n t r i b u t i o n 

a n 

i s thus much s m a l l e r and the o r i g i n a l curves have been c o r r e c t e d 

simply by s c a l i n g them down. The s o l i d l i n e s of F i g . 8.5 

show the r e s u l t s . 
To determine the kaon c o n t r i b u t i o n to the p o s i t i v e and 
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n e g a t i v e muon f l u x e s each kaon decay mode has been c o n s i d e r e d 

s e p a r a t e l y . The modes "̂"̂ ,2 a n c* ^"^3 w e r e ^ a l c e n t o g i v e a 

k + / k ~ r a t i o o f 2.0; the modes ^ a n < * °̂̂ i3 w e r e c o n s i d e r e d 

t o g i v e k + / k ~ r a t i o s o f 1.0. The two s t a g e decay modes, o t h e r 

t h a n k ^ 2 were ta k e n t o g i v e a kaon charge r a t i o o f 2.0 s i n c e 

t h e y a r e dominated by t h e k~~^ mode. For a g i v e n muon energy 

th e i n c r e a s e s i n t h e numbers o f p o s i t i v e and n e g a t i v e muons 

r e l a t i v e t o t h e p i o n c o n t r i b u t i o n were o b t a i n e d by summing 

t h e c o n t r i b u t i o n s o f t h e v a r i o u s kaon decay mode;-:.. These 

r e s u l t s are shown i n F i g . 8.4. The s t e e p l y r i s i n g c u r v e s 

i n d i c a t e t h e i n c r e a s i n g c o n t r i b u t i o n o f t h e ( d i r e c t l y 
+ 

p r o d u c i n g ) k~jj2 mode; t h e c o n t r i b u t i o n o f t h e o t h e r d i r e c t l y 

p r o d u c i n g mode a l s o i n c r e a s e s b u t i s n e g l i g i b l e i n a b s o l u t e 

v a l u e . 

8.4(c) The I n e l a s t i c i t y 

The i n e l a s t i c i t y u s u a l l y assumed f o r nuc ieon-nun iocn 

c o l l i s i o n s i s around 0.5; c a l c u l a t i o n s by Wdowczyk and 

Wol f e n d a l e (A.W. W o l f e n d a l e , p r i v a t e communication) i n d i c a t e 

t h a t 0.45 may be a b e t t e r e s t i m a t e and t h i s i s the v a l u e w h i c h 

has been adopted. The r e l a t i o n between muon sea l e v e l energy 

(Eu) and t h e e n e r g i e s o f t h e p r i m a r y p a r t i c l e s p r o d u c i n g t h e 

muons (Ep) has been taken t o have a median v a l u e o f Eu/Ep = 0. 

( G a i s s e r ( 1 9 7 3 ) ) . T h i s e f f e c t i v e x v a l u e o f 0„1 f o r t h e 

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

t h a n found f o r p i o n s as d e s c r i b e d above (where t h e median 

v a l u e s were around 0.25). A t t h i s l o w e r x v a l u e t h e 

assumption o f c o n s t a n t m u l t i p l i c i t y i s not s e r i o u s l y a f f e c t e d . 

(Much more r e c e n t r e s u l t s - those o f E r l y k i n " e t u l (1974) -

i n d i c a t e t h a t Ejj/Ep 0.14 i s a r a t h e r b e t t e r e s t i m a t e ; 



127 

however, t h i s r e s u l t was n o t a v a i l a b l e f o r i n c l u s i o n i n t h i s 

work on t h e muon charge r a t i o ) . 

8.4(d) C a l c u l a t i o n o f t h e Muon Charge R a t i o 

The c o l l i s i o n between p r i m a r y cosmic r a y p a r t i c l e s 

and ' a i r ' n u c l e i i has been t r e a t e d as one between i n d e p e n d e n t 

n u c l e o n s . T h i s i s a c o n v e n t i o n a l assumption and w i l l be 

mentioned l a t e r . A l l c o l l i s i o n s a r e c o n s i d e r e d t o produce a 

c o n s t a n t number ( n s ) o f p i o n s each o f energy (0.1/0.76) x Ep 

where Ep i s t h e energy o f t h e i n c i d e n t p r i m a r y n u c l e o n . 

The p i o n c h a r g e r a t i o i s t a k e n t o be 1.755 (assuming f o r t h e 

moment t h a t ^ = 2 . 7 ) . 

C o n s i d e r p i o n s w i t h energy i n t h e range dE produced 

i n c o l l i s i o n s w i t h p r i m a r y p a r t i c l e s o f energy i n t h e range 

dEp t h e n t h e d i f f e r e n t i a l number o f pi o n s ( i . e . t h e number o f 

p i o n s per u n i t e nergy) produced i n t h e c o l l i s i o n i s : 

ns (Ep/E-pr ) > where t h e b r a c k e t e d term i s a c e l l w i d t h 

c o r r e c t i o n f a c t o r . P i o n s o f t h e r e q u i r e d energy a r e a l s o 

produced i n t h e second c o l l i s i o n o f a p r i m a r y p a r t i c l e w i t h 

energy 

E p 2 • E p / p where p i s t h e e l a s t i c i t y o f t h e 

r e a c t i o n and i s g i v e n by B = 1 - t[ where n_ i s t h e 

i n e l a s t i c i t y . I n a s i m i l a r way p i o n s o f the r e q u i r e d energy 

a r e produced i n t h e t h i r d c o l l i s i o n o f a p r i m a r y o f energy 
2 

(Ep/B ) and so on. By w e i g h t i n g t h e numbers o f p i o n s produced 

w i t h t h e i n c i d e n t d i f f e r e n t i a l p r i m a r y spectrum ( o f s l o p e - & ) 

t h e t o t a l number o f p i o n s produced (N<rr ) i s 

i . e . 

* + l 

[• 
- 1 

ns (Ep/B) + (Ep/B) N Ep or 

[ l + B 2 -1) 
* P 
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The assumed v a l u e o f n i s 0.45, hence B = 0.55 and 

t h e above e x p r e s s i o n becomes s 

1 «- 0.384 + 0.148 + 0.057 •« 

s*. [ l + 0.362 + 0.131 + 0.047 + 

f o r I m 2.6 

f o r 2.7 

N f f ,* [ l + 0.341 + 0.116 + 0.040 + ... ] f o r fc= 2.8 

The terms i n s i d e t h e b r a c k e t s a r e w e i g h t i n g terms and 

r e p r e s e n t t he c o n t r i b u t i o n s o f t h e 1 s t , 2nd, 3 r d e t c . 

i n t e r a c t i o n s o f p r i m a r y p s r t i c J e s . These terms must be 

m o d i f i e d t o a l l o w f o r t h e f a c t t h a t t h e decay p r o b a b i l i t i e s o f 

t h e p i o n s ar.d t h e s u r v i v a l p r o b a b i l i t i e s o f t h a i r d a u g h t e r 

muons have been n e g l e c t e d . These c o r r e c t i o n s were c a l c u l a t e d 

f o r a p a r t i c u l a r p i o n energy i n i t i a l l y by c o n s i d e r i n g t he 1 s t , 

2nd, 3 r d e t c . i n t e r a c t i o n s t o o c c u r a t f i x e d a t m o s p h e r i c depths 

o f 80, 160, 240 e t c . gms cm '. The p i o n decay p r o b a b i l i t y was 

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

the n assumed t o move i t s c h a r a c t e r i s t i c decay d i s t a n c e b e f o r e 

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

p r o b a b i l i t y was t a k e n f r o m t h e r e s u l t s o f Osborne (19 6 6 ) . 

The p r o d u c t o f t h e two p r o b a b i l i t i e s was used as a c o r r e c t i n g 

f a c t o r t o be a p p l i e d t o t h e w e i g h t i n g s g i v e n above. I n an 

a t t e m p t t o r e f i n e t h e c a l c u l a t i o n s t h e assumption o f 

i n t e r a c t i o n s a t f i x e d a t m o s p h e r i c d e p t h s was d i s c a r d e d and 

t h e d i s t r i b u t i o n o f depths c o n s i d e r e d . For a g i v e n o r d e r 

i n t e r a c t i o n t h e atmosphere was d i v i d e d i n t o a number o f s t e p s 

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

u s i n g t h e r e l e v a n t ( P o i s s o n ) d i s t r i b u t i o n . M o d i f y i n g t h e 

w e i g h t i n g terms p r e v i o u s l y o b t a i n e d w i t h these new c o r r e c t i n g 

f a c t o r s gave c u r v e s as shown i n F i g . 8.6 which a p p l i e s f o r 

¥ = 2.7. For a l m o s t a l l p i o n e n e r g i e s c o n s i d e r e d t h e muon 
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s u r v i v a l p r o b a b i l i t i e s a r e a l l c l o s e t o u n i t y and t h e p i o n 

decay e f f e c t s p r e d o m i n a t e . Since t h e p r o b a b i l i t y o f t h i s 

decay decreases w i t h i n c r e a s i n g d e p t h t h e e f f e c t o f the 

c o r r e c t i n g f a c t o r s i s t o emphasise the im p o r t a n c e o f t h e 

f i r s t i n t e r a c t i o n . T h i s i s i l l u s t r a t e d i n F i g . 8.6 where t h e 

c o n t r i b u t i o n s o f i n t e r a c t i o n s o t h e r t h a n t h e f i r s t a re shown. 

For a l l e n e r g i e s t h e v a l u e s are n o r m a l i z e d such t h a t t h e 

c o n t r i b u t i o n o f t h e f i r s t i n t e r a c t i o n i s 1.0. The e n e r g i e s 

p l o t t e d a re muon e n e r g i e s which a r e assumed t o be g i v e n by the 

uniq u e r e l a t i o n o f (0.76 x p i o n e n e r g y ) . The enhancement o f 

t h e f i r s t i n t e r a c t i o n i s c l e a r l y shown; f o r example a t a muon 

energy o f 100 GeV t h e c o n t r i b u t i o n o f t h e second i n t e r a c t i o n 

i s some 25% o f t h e f i r s t whereas by i g n o r i n g decay e f f e c t s 

( t h e dashed l i n e ) t h e f i g u r e was 36.2%. 

Having t h u s d e r i v e d t h e r e l a t i v e w e i g h t s o f t h e 1 s t , 

2nd, 3 r d e t c . i n t e r a c t i o n s t h e muon cha r g e r a t i o 3 t energy 

EJJ has been o b t a i n e d by summing s e p a r a t e l y t h e numbers c f 

p o s i t i v e and n e g a t i v e muons fr o m t h e s e i n t e r a c t i o n s . As 

a l r e a d y mentioned n g muons a r e assumed t o be produced i n 

each c o l l i s i o n ; n i s an a r b i t r a r y , b u t c o n s t a n t , number. 

Muons o f t h e r e q u i r e d energy a r e produced i n t h e f i r s t 

c o l l i s i o n o f a p r i m a r y p a r t i c l e o f energy (= E J J / 0 . 1 ) . For 

a p r i m a r y p r o t o n s t r i k i n g a t a r g e t p r o t o n t h e number n i s 

d i v i d e d up between 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 i n such a 

way as t o g i v e a charge r a t i o o f 1.755 ( a g a i n t a k i n g V t o be 

2 . 7 ) . T h i s i s a l s o t a k e n t o be t r u e when t h e t a r g e t i s a 

n e u t r o n . T h i s assumption i s i n agreement w i t h the s c a l i n g 

h y p o t h e s i s s i n c e t h e c o n s i d e r e d x v a l u e (0.1) i s l a r g e and 

t h e p a r t i c l e s i n t h i s r e g i o n o f x a r e m a i n l y p r o j e c t i l e 

f r a g m e n t s and hence have a predominance o f p o s i t i v e c h a r g e . 
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A t h e o r e t i c a l b a s i s f o r t h i s assumption o f t h e 

e q u i v a l e n c e o f pp and pn c o l l i s i o n s has been p r o v i d e d by 

Cahn and E i n h o r n ( 1 9 7 1 ) . These a u t h o r s , u s i n g t h e c o n c e p t s 

o f charge c o n j u g a t i o n i m p a r l a n c e and i s o s p i n i n v a r i a n c e 

a l o n g w i t h t h e work o f M u e l l e r ( 1 9 7 0 ) , have shown t h a t p i o n 

s p e c t r a produced by i n c i d e n t p r o t o n s may be e x p e c t e d t o be 

independent o f the t a r g e t p a r t i c l e . The same a u t h o r s a l s o 

show t h a t i n the case o f an i n c i d e n t n e u t r o n t h e produced 

p i o n s p e c t r a are the i n v e r s e s o f t h o s e f o r fin i n c i d e n t proton,, 

By i n v e r s e i s meant t h a t t h e 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 produced by a p r i m a r y n e u t r o n are t h e sews as t h e 

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

a r e produced i n a p r o t o n i n i t i a t e d r e a c t i o n . A c c o r d i n g l y , i n 

t h e p r e s e n t c a l c u l a t i o n s t h e n g - p a r t i c l e s produced i n n e u t r o n 

i n i t i a t e d r e a c t i o n s have been s p l i t i n such a way as t o g i v e a 

charge r a t i o o f 0,570 («= 1/1.755). 

To d e t e r m i n e the n a t u r e o f t h e f a s t n u c i e o n e r ^ r g i n g 

f r o m a c o l l i s i o n an a p p r o x i m a t e r e s u l t q u oted by M o r r i s o n (1972) 

has been used. T h i s a u t h o r g i v e s t h e measured p r o t o n spectrum 

emerging f r o m a 24 GeV pp c o l l i s i o n and an a p p r o x i m a t e n e u t r o n 

spectrum. A t an x v a l u e o f 0.45 the p r o t o n t o n e u t r o n 

r a t i o i s l c 3 5 w i t h t h e p r o b a b i l i t y ( P ) o f t h e emergent p a r t i c l e 

b e i n g a p r o t o n o f P ' « 0.575; t h i s i s r e l a t e d t o t h e p r o b a b i l i t y 

o f charge exchange (P ) by P = 1 - P = 0.425. T h i s v a l u e o f 

P x has been used f o r a l l t y p e s o f c o l l i s i o n - pp, pn, np, nn. 

Thus f o r a g i v e n m i x t u r e o f p r o t o n s and n e u t r o n s i n 

t h e p r i m a r y cosmic r a y beam t h e numbers o f p o s i t i v e and 

n e g a t i v e p i o n s produced i n c o l l i s i o n s may b e . d e t e r m i n e d . 
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I f a second o r d e r c o l l i s i o n i s c o n s i d e r e d ( i n v o l v i n g 

a p r i m a r y p a r t i c l e o f energy = E^/J3) then the n a t u r e o f 

t h i s i n c i d e n t p a r t i c l e i s d e t e r m i n e d n o t o n l y by t h e 

r e l a t i v e numbers o f p r o t o n s and n e u t r o n s i n t h e p r i m a r y beam 

b u t a l s o by t h e p r o b a b i l i t y o f charge exchange i n i t s f i r s t 

c o l l i s i o n . By c o n s i d e r i n g t h e s e two v a r i a b l e s a l o n g w i t h 

t h e above d e s c r i b e d r u l e s f o r f i n d i n g t h e p i o n charge r a t i o 

t h e numbers o f p o s i t i v e and n e g a t i v e p i o n s may be d e t e r m i n e d . 

I n a s i m i l a r f a s h i o n t h e p i o n numbers produced i n t h i r d 

and f o u r t h o r d e r c o l l i s i o n s have been f o u n d . 

The p o s i t i v e and n e g a t i v e p i o n s f r o m each o r d e r o f 

i n t e r a c t i o n a r e w e i g h t e d as p r e v i o u s l y d e s c r i b e d and then 

summed. Because o f t h e w e i g h t i n g t h e r e s u l t i n g v a l u e s a r e 

the e f f e c t i v e ( n o t t h e a b s o l u t e ) numbers o f p o s i t i v e and 

n e g a t i v e muons and t h e i r r a t i o i s t h e muon charge r a t i o due t o 

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

To i n c l u d e t h e e f f e c t o f kaons t h e numbers o f 

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 g e n e r a t e d above have been 

i n c r e a s e d by t h e f a c t o r a p p r o p r i a t e t o t h e muon energy as 

shown i n F i g . 8.4. I m p l i c i t i n t h i s p r o c e d u r e i s the 

assumption t h a t t h e k + / k ~ and ( k / r r ) g l l r a t i o s are independent 

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

Since t h e predominance o f k + p r o d u c t i o n i s due t o a s s o c i a t e d 

p r o d u c t i o n t h i s seems a r e a s o n a b l e a s s u m p t i o n . A f u r t h e r 

b r i e f d i s c u s s i o n i s g i v e n l a t e r . 

8.4(e) R e s u l t s o f C a l c u l a t i o n s and D i s c u s s i o n 

The r e s u l t s o f t h e above proce d u r e s a r e shown as t h e 

s o l i d l i n e s i n F i g . 8.7 f o r t h r e e v a l u e s o f ^ . The l a c k o f 
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agreement w i t h t h e e x p e r i m e n t a l d a t a i s r a t h e r o b v i o u s . 

As mentioned p r e v i o u s l y , f o u r i n t e r a c t i o n s have been 

c o n s i d e r e d . I f o n l y 2 or o n l y 3 i n t e r a c t i o n s had been used 

then t h e c a l c u l a t e d r a t i o s would have been h i g h e r by about 

0.05 and 0.01 r e s p e c t i v e l y . I f more t h a n f o u r i n t e r a c t i o n s 

a r e used the charge r a t i o i s depressed by about 0.004; i n 

view o f the l a r g e d i s c r e p a n c y between o b s e r v a t i o n and 

c a l c u l a t i o n t h i s amount i s n e g l i g i b l e . A more i m p o r t a n t 

source o f e r r o r i s t h e n e g l e c t o f p i o n i n d u c e d c o l l i s i o n s . 

These have t h e e f f e c t o f d i l u t i n g t h e charge excess. Only a 

rough e s t i m a t e o f these e f f e c t s has been made. Assuming 

p i o n i n t e r a c t i o n s t o be r e s p o n s i b l e f o r about 10% o f t h e 

observed sea l e v e l muon f l u x ( T u r v e r , p r i v a t e communication) 

t h e consequent r e d u c t i o n i n t h e charge r a t i o has been 

e s t i m a t e d a t "2% which i s r a t h e r s m a l l compared t o t h e 

e x i s t i n g d i s c r e p a n c y b u t does go some way towards r e d u c i n g 

t h a t d i s c r e p a n c y . 

A l s o shown i n F i g . 8.7 are t h e r e s u l t s o b t a i n e d by 

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

^ « 2 . 7 ) . The c o n t r i b u t i o n from p i o n s can be seen t o f l a t t e n 

o u t f o r Eju 100 GeV b u t s t i l l r i s e s s l o w l y . The r e s u l t s 

when kaons a r e i n c l u d e d show al m o s t no change o f s l o p e o v e r 

t h e e n t i r e energy range. 

Since a number o f t h e i n g r e d i e n t s o f t h e c a l c u l a t i o n s 

a r e n o t w e l l known t h e e f f e c t o f v a r y i n g these parameters w i l l 

be d e m o n s t r a t e d . From F i g . 8.7 i t can be seen t h a t c h a n g i n g 

t h e s l o p e o f t h e p r i m a r y d i f f e r e n t i a l spectrum i s f a i r l y s m a l l 

compared t o t h e e x i s t i n g d i s c r e p a n c y . 



The f i g u r e a l s o shows t h e e f f e c t o f changing t h e 

n e u t r o n t o p r o t o n ( n : p) r a t i o i n t h e p r i m a r y beam. The one 

s t a n d a r d d e v i a t i o n l i m i t s o f t h i s v a r i a b l e were d e r i v e d i n a 

p r e v i o u s s e c t i o n w h i c h gave n : p « (14.3 £ 7.2) : (85.7 + 7.2) 

A t Eu = 10 GeV t h e dependence o f t h e muon charge r a t i o ( R y ) and 

charge excess ( $ p ) on t h e p r i m a r y p r o t o n excess ( ( n - p ) / ( n + 

i s i l l u s t r a t e d i n F i g . 8.8; i t i s seen t h a t S p i s d i r e c t l y 

p r o p o r t i o n a l t o the p r i m a r y excess. I t i s a l s o seen t h a t t o 

o b t a i n a g r e e m e n t - w i t h t he observed r a t i o an n : p r a t i o o f 

around 20 : 80 i s r e q u i r e d . 

The r e s u l t o f v a r y i n g Pe i s shown i n F i g . 8.9. 

Using & - 2.7 and v a r y i n g t h e p i o n charge r a t i o f o r 

E p B 10 GeV g i v e s t he c u r v e s o f F i g . 8.10. I t i s seen t h a t 

t h e c a l c u l a t e d muon excess i s l i n e a r l y r e l a t e d t o t h e i n p u t 

p i o n charge excess. To o b t a i n a v a l u e o f R p o f 1.285 a t 

E p « 10 GeV t h e r e q u i r e d i n p u t p i o n charge r a t i o (R-jr ) i s 1.535 

The muon charge r a t i o ( i n c l u d i n g t h e e f f e c t o f kaons) as a 

f u n c t i o n o f energy f o r s e v e r a l i n p u t v a l u e s o f R^ ( i n c l u d i n g 

R^ • 1.535) i s g i v e n i n F i g . 8.11. I t i s s i g n i f i c a n t t h a t even 

u s i n g Rtf « 1.535 t h e c a l c u l a t e d v a l u e s o f R p seem t o i n c r e a s e 

w i t h energy r a t h e r more r a p i d l y t h a n i n d i c a t e d by e x p e r i m e n t . 

f 

C o n s i d e r i n g t h e kaon c o n t r i b u t i o n , the r e s u l t o f 

v a r y i n g t h e k + / k " r a t i o i s shown i n F i g . 8.12. A t EJJ = 10 GeV 

th e i n p u t kaon charge excess and $ p a r e l i n e a r l y r e l a t e d . 

These c u r v e s r e f e r t o ( k / f f ) a l l = 0.14. V a r y i n g t h e l a t t e r 

w h i l e k e e p i n g k + / k ~ - 2.0 g i v e s t h e r e s u l t s o f F i g . 8.13 

where t h e 'kaon excess' i s d e f i n e d by ( ( k ) / ( k + 1 V ) ) . The 

v a l u e o f R p as a f u n c t i o n o f Eu. f o r a number o f v a l u e s 

o f ( k / f r ) a l l i s shown i n F i g u r e 8.14. 
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So f o r both the k+/k"" and (k/TT ) r a t i o s have been 
a i J. 

considered energy independent. A b r i e f survey of k+/k*~ data 

has i n d i c a t e d t h a t i t f a l l s from ^ 2 a t primary e n e r g i e s of 

about 20 GeV to around 1.3 - 1„4 a t primary e n e r g i e s "Zj 100 GeV„ 

These r a t i o s however are those obtained by i n t e g r a t i o n over 

a l l x and Pt v a l u e s and as such a r e i n a p p r o p r i a t e to t h i s 

work where s p e c i f i c v a l u e s of these v a r i a b l e s (0,2 and 0.4 

GeV/c r e s p e c t i v e l y ) are co n s i d e r e d . Some c a l c u l a t i o n s with 

the f a l l i n g k*/k~ r a t i o have however been- performed (Hume 

e t a l ( 1 9 7 3 ) ) . Compared with a constant k +/k°" r a t i o of 2 o0 

the v a l u e of Ftyj i s reduced by 0.02 and 0.03 a t E J J = 100 and 

1000 GeV r e s p e c t i v e l y . The same f a l l i n g x a t i o was used i n 

the r e s u l t s of Ayre e t a l (1973) (where u n f o r t u n a t e l y , i t i s 

i n c o r r e c t l y s t a t e d t h a t the constant v a l u e of 2.0 was u s e d ) B 

The published data from the ISR do not as y e t give 

comprehensive and a c c u r a t e kaon data and as a consequence i n 

the present work no energy v a r i a t i o n s of k +/k or (k/TC ) & ^ 

have been c o n s i d e r e d . 

As mentioned p r e v i o u s l y the predominance of k + 

production over that of k~ has been assumed to be due to 

a s s o c i a t e d production. An a l t e r n a t i v e p o s s i b i l i t y i s t h a t kaon 

production i s analagous to pion production i n that the charge 

r a t i o produced i n nn and np c o l l i s i o n s are the i n v e r s e s 

of those produced Jn pp and pn c o l l i s i o n s . Using t h i s 

l a s t p o s s i b i l i t y v a l u e s of RJJ have been c a l c u l a t e d . Using 

- 2.7, n '. p = 11 : 89. Pe = 0.574 and R-fl = 1.755 the 

r e s u l t s are t h a t a t Cu = 10,100 and 1000 GeV the v a l u e s of 

RJJ, compared to those obtained assuming a s s o c i a t e d production, 

ar e reduced by 0.007, 0.008 and 0.03 7 r e s p e c t i v e l y . These 

f i g u r e s are small compared to the e x i s t i n g d i s c r e p a n c y . 



The p o s s i b i l i t y t h a t a c o l l i s i o n between a primary 

nucleon and an a i r nucleus i s not even approximately 

e q u i v a l e n t to that between completely f r e e nucleons i s 

w e l l recognised. Since the p h y s i c s of the i n t r a - n u c l e a r 

cascade i s not a t a l l w e l l known a l l t h e o r e t i c a l attempts 

to c a l c u l a t e the e f f e c t s of such a phenomenon are s u b j e c t 

to a l a r g e degree of u n c e r t a i n t y . T h i s s i t u a t i o n i s made 

even more d i f f i c u l t by the lack of experimental data on 

nucleon-nucleus i n t e r a c t i o n s . What evidence t h a t t here i s 

a v a i l a b l e i s c o n f l i c t i n g . The c o n c l u s i o n of Subramanian, L a i 

and Vyas (1972) and of Subramanian (1972) i s t h a t i n the 

forward d i r e c t i o n the pion spectrum produced i n nucleon-nucleus 

c o l l i s i o n s i s independent of the t a r g e t . T h i s c o n c l u s i o n i s 

not c o n s i s t e n t with the experimental r e s u l t s of A l l a b y (1970) 

who f i n d a s i g n i f i c a n t d i f f e r e n c e between the pion charge 

r a t i o s produced i n p - p and p - Al i n t e r a c t i o n s . R e s o l u t i o n 

of t h i s c o n f l i c t w i l l probably have to await the r e s u l t s of a 

high energy p - nucleus experiment a t , f o r example, B a t a v i a . 

An attempt has r e c e n t l y been made by Morrison and E l b e r t 

(1973)to c a l c u l a t e the expected muon charge r a t i o using the 

meagre amount of p - nucleus data t h a t i s a v a i l a b l e . 

These authors obtained the i n c l u s i v e d i s t r i b u t i o n s of 

p a r t i c l e s produced i n p - a i r nucleus c o l l i s i o n s by 

i n t e r p o l a t i n g between the 19 GeV p - Be and p - A l data of 

A l l a b y e t a l (1970). These data were taken f o r a l a r g e number 

of x and Pt va l u e s but only f o r x > 0 . 3 . The i n t e r p o l a t e d 

data was f i t t e d with the f u n c t i o n a l r e p r e s e n t a t i o n used by 

Boggild e t a l (1971) to d e s c r i b e t h e i r 19 GeV p - p r e s u l t s . 

Although the use of a p - p equation to r e p r e s e n t p - nucleus 
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data may introduce some e r r o r i n t o the 'unexplored' region 
of x < 0.3 , this technique could be expected to give some 
idea of the consequence of the i n t r a - n u c l e a r cascade. 
Morrison and E l b e r t found the e f f e c t i v e pion charge r a t i o 
( f o r V - 2.7) to be 1.461. T h i s i s markedly below the 
equi v a l e n t value used i n t h i s work (1.755 f o r the same value 
of V )„ Other parameters which were found by s i m i l a r methods 
were k +/k = 2.818, (k/Tf = 11.7% and p, » 0.42. 

I n c a l c u l a t i n g the muon charge r a t i o the—authors used 

a neutron to proton r a t i o of 9.5 : 90.5 i n the primary 

r a d i a t i o n and a value of 0.565 f o r Pe; they a l s o assumed 

the kaon c o n t r i b u t i o n i n n - nucleus c o l l i s i o n s t o be the 

i n v e r s e of t h a t i n p - nucleus c o l l i s i o n s . The r e s u l t s of 

Morrison and E l b e r t are shown as the curves marked ME i n 

F i g . 8.15. For momenta > 1000 GeV/c the s o l i d l i n e i s i n q u i t e 

good agreement with the r e s u l t s of Ashley I I e t a l (1973) althou 

the e r r o r s of the l a t t e r a r e r a t h e r l a r g e . It should be 

mentioned t h a t the r e s u l t s of Ashley I I e t a l (1973) come 

from the underground experiment of the Utah group i n which 

i n c l i n e d muons a r e measured; the e n e r g i e s a t which the r a t i o s 

are p l o t t e d a r e those a t production. A comparison with the 

mainly v e r t i c a l r e s u l t s of M.A.R.S. i s v a l i d s i n c e the 

production e n e r g i e s here are only ^ 2 GeV higher than the 

energy a t which the points are p l o t t e d . I n the range 90 - 300 

GeV/c the s o l i d l i n e (ME) passes through the M.A.R.S. data. 

Between 90 and 50 GeV/c the M.A.R.S. r e s u l t s are higher than 

the c a l c u l a t i o n . The trend of the data below 50 GeV/c 

di s a g r e e s with the data. E x t r a p o l a t i n g the p r e d i c t i o n to 

10 GeV/c i n d i c a t e s a charge r a t i o of ~ 1.18 whereas the M.A.R.S. 

r e s u l t and the r e s u l t of a survey of c^her experiments i n the 
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near v e r t i c a l d i r e c t i o n are 1.285 and 1.264 r e s p e c t i v e l y . 

Thus the c a l c u l a t i o n agrees q u i t e w e l l with observation a t 

high energy ( ̂  100 GeV) but at low energi e s ( £ 90 GeV) the 

discrepancy i n c r e a s e s . 

To f a c i l i t a t e comparison between the present work and 

tha t of Morrison and E l b e r t (1973) the method of the present 

work has been used u t i l i s i n g the same parameters as those of 

Morrison and E l b e r t . The r e s u l t s of t h i s process are shown 

by the curves marked TW(U) - the dashed curve r e p r e s e n t s 

the pions only c o n t r i b u t i o n . The curves marked TW are the 

o r i g i n a l r e s u l t s ( V = 2.7, F i g . 8 . 7 ) . At e n e r g i e s £ 90 GeV 

the s o l i d l i n e TW(U) i s c l o s e r to the data that the 

c a l c u l a t i o n s of Morrison and E l b e r t (ME). At e n e r g i e s between 

90 and 200 GeV the s o l i d l i n e TW(U) c o n t r a d i c t s the observed 

f a l l of the M.A.R.S. data. Because the present c a l c u l a t i o n 

r e f e r only to muons of energy ^ 1000 GeV d i r e c t comparison 

with the r e s u l t s of Ashley I I e t a l (1973) i s not p o s s i b l e 

but simply e x t r a p o l a t i n g the l i n e i n d i c a t e s too high a v a l u e . 

Considering the c o n t r i b u t i o n of pions the dashed l i n e s 

TW, TW(U) and ME a l l show the c o n t r i b u t i o n f l a t t e n i n g with 

i n c r e a s i n g muon energy. P h y s i c a l l y t h i s i s due to the 

i n c r e a s i n g c o n t r i b u t i o n to the muon charge r a t i o of the 

p a r t i c l e s produced i n the f i r s t i n t e r a c t i o n ; t h i s i s 

i l l u s t r a t e d i n F i g . 8.6. The charge r a t i o due to pions only 

thus approaches a l i m i t which i s determined mainly by the 

f i r s t i n t e r a c t i o n . The r a t e a t which t h i s l i m i t i s approached 

i s r a t h e r d i f f e r e n t f o r the two cur v e s TW(U) and ME. 

The l a t t e r reach the l i m i t a t ~ 1000 GeV whereas the former 

curve i n d i c a t e s a c o n t r i b u t i o n t h a t i s s t i l l r i s i n g , a l b e i t 

s l o w l y . Over the range 50 - 1000 GeV the c o n t r i b u t i o n s 



shown by ME and TW(U) r i s e by 2.8% and 1.4% r e s p e c t i v e l y . 

The r e l a t i v e l y slow r i s e obtained i n the present work i s p a r t l y 

due to the p r e v i o u s l y described method used to a d j u s t the 

weighting f a c t o r s f o r pion and muon decay. I n i t i a l l y , 

i n t e r a c t i o n s were considered to occur at. f i x e d depths of 

80, 160 e t c gms cms ; the r e s u l t of t h i s was to produce a. 

change i n the pions-only charge r a t i o of 0.7% of the muon 

energy range 50 - 1000 GeV. C o r r e c t i n g the weights by 

d i v i d i n g t h e atmosphere i n t o s t e p s , as a l r e a d y d e s c r i b e d , 

has y i e l d e d the above r e s u l t of 1.4%. Further c a l c u l a t i o n s 

u s i n g s m a l l e r atmospheric s t e p s have g i v e n a f i g u r e of 1.7%. 

Cons i d e r a t i o n of s m a l l e r s t e p s , though u n l i k e l y t o account, 

f o r a l l of the remaining discrepancy of 1*7% s h o u l d go some 

way towards i t , A b e t t e r method of a d j u s t i n g the weights would 

be to t r e a t the problem a n a l y t i c a l l y . 

The curves TW(U) and ME are the r e s u l t s o f 

c a l c u l a t i o n s based upon the same input dates. There a r e 

d i f f e r e n c e s i n the r e s u l t s based upon pions alone ( a 

d i f f e r e n c e of ^0.02 at Eu » 500 GeV) and i n the r e s u l t s 

i n c l u d i n g kaons ( a d i f f e r e n c e of 0.04 a t Eu = 500 GeV). 

The b a s i c causes of these d i f f e r e n c e s remain unknown. 

8.5 The R e s u l t s of Previous Workers 

The r e s u l t s of Morrison and E l b e r t (1973) are those 

with which the present work may be compared i n g r e a t e s t d e t a i l 

and t h i s has been done a t the end of the previous s e c t i o n . 

Some comparison i s a l s o p o s s i b l e with other works, the 

e a r l i e s t of which i s that of Mackeown and Wolfendale (1 9 6 6 ) . 

These a u t h o r s i d e n t i f y the major f a c t o r s i n f l u e n c i n g 
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the muon charge excess as : 

( i ) the p r o p e r t i e s of the primary r a d i a t i o n 

( i i ) the parameters which c h a r a c t e r i s e the propagation 

( i n the atmosphere) of the primary and secondary 

components and 

( i i i ) the n u c l e a r p h y s i c s involved i n primary n u c l e o n - a i r 

nucleus c o l l i s i o n s . 

They then d e r i v e an e x p r e s s i o n f o r the "charge excess (% ) 

i n which the dependence upon the above three f a c t o r s i s 

w r i t t e n as the product of three separable v a r i a b l e s 

i (Eu) = S o . ^ 1 ( E u ) . D (Ej;) where 

$o i s the charge e x c e s s i n the primary nucleon beam, 

D (Ey) i s the so c a l l e d d i l u t i o n f a c t o r r e p r e s e n t i n g 

the c o n t r i b u t i o n to the f l u x of muons from the 

f i r s t c o l l i s i o n r e l a t i v e to the t o t a l f l u x a t the 

energy Eu, 

%^ (E)j) i s the charge excess of muons produced i n a 

c o l l i s i o n between a primary proton and an a i r nucleus. 

The v a r i a t i o n of D with Ey i s shown as the curve marked MW 

i n F i g . 8.16. A u s e f u l f e a t u r e of the above r e p r e s e n t a t i o n i s 

the p o s s i b i l i t y of v a r y i n g the d e t a i l s of one of the f a c t o r s 

w hile keeping the remaining two constant; the s e n s i t i v i t y of 

to such v a r i a t i o n s i s thus conveniently obtained. I n d e r i v i n g 

t h e i r r e p r e s e n t a t i o n the authors made a number of s i m p l i f y i n g 

assumptions the most important of which a r e , f i r s t l y , t h a t the 

charge excess produced i n a neutron-nucleus c o l l i s i o n i s the 

i n v e r s e of t h a t produced i n a proton-nucleus c o l l i s i o n and 

secondly, t h a t the p r o b a b i l i t y of charge exchange i n such 
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i n t e r a c t i o n i s 0.5 ( i . e . Pe = 0 . 5 ) . I t i s important to 

note t h a t up to t h i s stage of t h e i r c a l c u l a t i o n s the 

authors have not considered kaons. 

From the r e s u l t s of the present work the e f f e c t i v e 

v a l ues of D have been found and a r e p l o t t e d as the curve 

TW i n F i g . 8.16. T h i s curve has the f o l l o w i n g input 

parameters : Y => 2.7, Rfv = 1.755, n s p « 11 : 89 and 

P„ ~ 0.575. I t can be seen that the curve TW has a e 
s i m i l a r shape to t l i a t c a l c u l a t e d by the o r i g i n a l authors 

(and r e - c a l c u l a t e d by the present author) but i s somewhat 

f l a t t e r . U t i l i s i n g the same va l u e s of Pe and the neutron 

to proton r a t i o as tho o r i g i n a l authors the c a l c u l a t i o n s 

d e s c r i b e d i n previous s e c t i o n s have been repeated and have 

y i e l d e d the values of D shown by the curve TW (MW) i n 

F i g . 8.16« Th i s again i s r a t h e r f l a t t e r than the o r i g i n a l 

curve (MW). The l i n e M E r e p r e s e n t s the e f f e c t i v e v a l u e s 

of D d e r i v e d from the r e s u l t s of Morrison and E l b e r t (1973) 

who used n s p = 9.5 : 90.5 and P » 0.565. T h i s i s almost 
e 

p a r a l l e l to the o r i g i n a l curve and t h i s may be an i n d i c a t i o n 

of some d e f i c i e n c y i n the present method of c a l c u l a t i o n which 

y i e l d s the curves TW and TW(MW). 

Using the v a l u e of Pe ~ 0.5 and then by c o n s i d e r i n g 

the c o n s e r v a t i o n of i s o t o p i c s p i n Mackeown and Wolfendale (1966) 

were able to p r e d i c t v a l u e s of i ^ and t a k i n g % Q - 0.74 

they were then able to d e r i v e $ ( E J J ) . The r e s u l t was a low 

charge r a t i o v a r y i n g from 1.07 a t E;u - 10 GeV to 1.02 a t 

Eju = 1000 GeVo T h i s lack o f agreement was assumed to be 

due to e r r o r s i n the e s t i m a t i o n of $ ^ and the authors went 

on to c o n s i d e r more complex n u c l e a r i n t e r a c t i o n models based 

p a r l y on low energy a c c e l e r a t o r data. Any f u r t h e r 
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comparisons with the present work which u t i l i s e s high energy 

data i s thus r a t h e r u n p r o f i t a b l e . 

The remaining works with which comparison may be made 

give l e s s s p e c i f i c p r e d i c t i o n s than any so f a r considered. 

These works a l l have the common f e a t u r e t h a t they are based 

upon nucleon-nucleon c o l l i s i o n s and they a l l p r e d i c t charge 

r a t i o s higher than observed. The main d e t a i l s of these works 

along with the present work and th a t of Morrison and E l b e r t 

(1973) are l i s t e d i n Table 8.2. 

F r a z e r e t a l (1972) d e s c r i b e the atmospheric 

propagation of primary nucleons, pions, muons and kaons by 

d i f f u s i o n equations. They give s o l u t i o n s f o r the sea l e v e l 

muon f l u x and charge r a t i o f o r Eu '9?100 GeV. The ex p r e s s i o n 

for the l a t t e r i n v o l v e s the e f f e c t i v e pion charge r a t i o (RTT ) 

which the authors f i n d , from low energy a c c e l e r a t o r data, to be 

i n the range 1.8 - 2.25; they use 2.02 as a mean value to 

obta i n a muon charge r a t i o ( n e g l e c t i n g kaons) of 1.56. The 

above quoted range of v a l u e s of R-tf was f o r p-p i n t e r a c t i o n s 

and because the main c o n t r i b u t i o n to Rfr comes from the 

p r o j e c t i l e fragmentation region the f a c t t h a t the t r u e t a r g e t 

i s a nucleus, r a t h e r than a nucleon, i s b e l i e v e d to be 

unimportant. 

Replacing the o r i g i n a l v a l u e of (2.02) with t h a t 

of the present work (1.755) reduces the p r e d i c t e d r a t i o to 

1.43 which i s s t i l l s i g n i f i c a n t l y higher than most of the data 

a t high energy. Using = 1.461 (the value of Morrison and 

E l b e r t (1973)) r e s u l t s i n a p r e d i c t e d r a t i o of 1.275 which i s 

i n good agreement with the most accurate data a t Eu > 1000 GeV. 

I n the c a l c u l a t i o n s the e f f e c t s of kaons and charge 



exchange i n pion induced i n t e r a c t i o n s were both ignored 

but the authors s t a t e that the c o n t r i b u t i o n s tend to c a n c e l 

each o t h e r . Thus t h e i r v a l u e of 1.56 can be only s l i g h t l y 

modified when those f a c t o r s are co n s i d e r e d . The authors 

suggest that a p o s s i b l e c o n t r i b u t i o n to the discrepancy with 

observation may be the non-scaling of the low energy d a t a . 

The c a l c u l a t i o n s of Garrafo. P i g n o t t i end Z g r a b l i c h 

(1373) a r c based upon the s o l u t i o n of d i f f u s i o n equations 

for ths f l u x e s of nucleons, pions end muons. "Using ISR 

data they f i n a R«xr to be 1.702 and thence p r e d i c t an almost 

energy independent muon charge r a t i o of l.!j3« T h i s f i g u r e i s 

based upon nucleori-nucleon c o l l i s i o n s and t h e authors say 

they expect some m o d i f i c a t i o n to be expected bee a u s o f 

m u l t i p l e i n e l a s t i c s c a t t e r i n g i n s i d e the nucleus. An attempt 

i s made to c a l c u l a t e the r e q u i r e d c o r r e c t i o n by s o l v i n g 

d i f f u s i o n equations f o r p a r t i c l e s passing through a n u c l e u s . 

The charge r a t i o becomes 1.38 a f t e r t h i s c o r r e c t i o n . T h i s 

f i g u r e i s r a t h e r high s i n c e kaons have not been cons i d e r e d . 

The f i n a l work with which comparison may be made i s 

that of Y e k u t i e l l i (1972). T h i s author a l s o d e r i v e s a n a l y t i c 

s o l u t i o n s t o the d i f f u s i o n equations. He c o n s i d e r s two 

s l i g h t l y d i f f e r e n t primary s p e c t r a and d e r i v e s h i s v a l u e s of 

Kff from low energy experimental r e s u l t s on p-p c o l l i s i o n s . 

The c a l c u l a t e d v a l u e s of the muon charge r a t i o a r e high a t 

1.6. An attempt i s made, using the observed muon charge 

r a t i o (taken to be 1.25) to determine the required v a l u e s of 

the input parameters. The r e s u l t i n g v a l ues of R ^ and Pe are 

shown i n the t a b i c . The value of R ̂  has had to be s e v e r e l y 

reduced; the * b i - s t - f i t ' v a lue of Pe i s high., 
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8,6 D i s c u s s i o n 

The r e s u l t s of the work d e t a i l e d i n t h i s chapter 

have, i n common with the m a j o r i t y of other works d e s c r i b e d , 

p r e d i c t e d charge r a t i o s higher than observed. The exception 

i s the work of Morrison and E l b e r t (1973) who obtain good 

agreement a t e n e r g i e s of about 100 GeV but with an i n c r e a s i n g 

discrepancy a t lower e n e r g i e s . Between these two c l a s s e s of 

r e s u l t s the most s i g n i f i c a n t d i f f e r e n c e i s i n the adopted 

v a l u e s of R^r , the input pion charge r a t i o . I n the f i r s t 

group the v a l u e of ranges from 1.755 to 2.06 ( f o r if = 2.7) 

while i n the second, the val u e i s 1.461. By normalizing 

h i s c a l c u l a t i o n s t o the observed data Y e k u t i e l l i (1972) 

found he needed a val u e of 1.5; i n the present work a value 

of R-tr «= 1.54 i s r e q u i r e d to agree with data a t 10 GeV. 

The reasons f o r the d i s c o r d a n t v a l u e s of R-tr a r e l a r g e l y 

unknown. Among the more obvious of the s i m p l e r p o s s i b i l i t i e s 

a r e 

( a ) the l a c k of c o r r e c t i o n f o r the e f f e c t s of the 

i n t r a - n u c l e a r cascade, 

(b) the p o s s i b i l i t y t h a t n u c l e a r c a s c a d i n g e f f e c t s a r e 

unimportant but t h a t p-p and p-n c o l l i s i o n s are 

not e q u i v a l e n t , 

( c ) changes i n the primary composition such t h a t the 

neutron component i n c r e a s e s with i n c r e a s i n g energy 

(a s i n Daniel e t a l ( 1 9 7 3 ) ) , and f i n a l l y , 

(d) an overestimate of the value of R<r due to inadequate 

experimental d a t a . 

The f i r s t two p o s s i b i l i t i e s a re s i m i l a r i n t h a t the 



presence of the nucleus does have an e f f e c t whereas i n ( c ) 

and (d) no e f f e c t i s allowed. As a l r e a d y mentioned, data on 

N-nucleus c o l l i s i o n s i s sp a r s e but the r e s u l t s of A l l a b y e t a l 

(1970) a t 19 GeV do suggest t h a t the nucleus has some e f f e c t . 

The authors show the pion charge r a t i o f o r p-nucleus 

c o l l i s i o n s to be s i g n i f i c a n t l y lower than for p~p c o l l i s i o n s . 

At x = 0.31 (the s m a l l e s t v a l u e used i n the experiment) and 

f o r a t r a n s v e r s e momentum of 420 MeV/c t h e i r r e s u l t s show 

R H' - 2.14, 1.71 and 1.71 f o r p-p, p-Be and p--M__interactions 

r e s p e c t i v e l y . Experimental e r r o r s i n the r a t i o s are t y p i c a l l y 

£ 0.03. The r e s u l t s of Eichte-n e t a l (1972) a t 24 GeV extend 

to lower x va l u e s but do not i n c l u d e p~p i n t e r a c t i o n s ; 

t h e i r r e s u l t f o r p-Al c o l l i s i o n s a t P^ = 0.4 GeV/c i s 

R^f » 1.46 * 0.06. 

Some attempt a t allow i n g f o r (b) above has been made 

i n the present work by assuming t h a t i n a f r a c t i o n f of p-n 

c o l l i s i o n s the pion charge r a t i o i s determined by the proton 

and i n ( 1 - f ) by the neutron. T h i s i s a v i o l a t i o n of the ide a s 

of l i m i t i n g fragmentation,, The value of R-vr f o r p-p and p-n 

c o l l i s i o n s remains unchanged a t 1.755 and 1/1.755 r e s p e c t i v e l y . 

The v a l u e of b' has been taken as 2.7 and the v a l u e of f 

has been determined which, using the methods of s e c t i o n 8.4, 

giv e s r i s e to the mean observed muon charge r a t i o . The r e s u l t 

i s shown i n F i g , 8.17 as the s o l i d l i n e and shows a much 

b e t t e r agreement with the data p a r t i c u l a r l y below 50 GeV 

than the o r i g i n a l c a l c u l a t i o n s (shown by the dashed l i n e B ) . 

The appropriate f value was 0.77. The value of R-tr of the 

f i r s t proton induced c o l l i s i o n , derived from these c a l c u l a t i o n s 

i s 1.54; t h i s agrees with the value found simply by measuring 

the dependence of R>.> on R-j as de s c r i b e d i n s e c t i o n fi.4(a). 



T h i s i s not s u r p r i s i n g s i n c e the two methods are l a r g e l y 

e q u i v a l e n t . The value of 1.54 compares not too badly with 

the r e s u l t of E i c h t e n e t a l (1972). I n view of the 

approximate nature of the c a l c u l a t i o n s and the f a c t t h a t the 

f i t i s not good f o r e n e r g i e s ^ 50 GeV some discrepancy i s 

reasonable. Thus the i n d i c a t i o n i s t h a t the behaviour 

e x h i b i t e d i n p - l i g h t nucleus c o l l i s i o n s continues up to 

e n e r g i e s of a t l e a s t 100 GeV ( s i n c e the mean val u e of the 

muon charge r a t i o i s h e a v i l y b i a s e d by the l a r g e amount of 

data a t muon energi e s around 10 GeV). As a l r e a d y mentioned, 

an a l t e r n a t i v e explanation f o r the d i s p a r i t y between 

ob s e r v a t i o n and c a l c u l a t i o n l i e s not i n a simple d i f f e r e n c e 

between p-n and p-p i n t e r a c t i o n s but i n a more complex 

mechanism f o r p - l i g h t nucleus c o l l i s i o n s than has been 

assumed. 

Turning now to the t h i r d p o s s i b i l i t y , there i s some 

experimental evidence favouring a f l a t t e r energy spectrum 

f o r primary i r o n n u c l e i ! than f o r the other components of the 
12 

primary beam, a t l e a s t up to e n e r g i e s of around 10 eV/nucleon. 

Recent measurements with b a l l o o n borne d e t e c t o r s (Juliusson e t 

a l ( 1972), Ormes and Balasubrahmanyan (1973), Smith e t a l 

(1973), Balasubrahmanyan and Ormes (1973), Ormes and Weber 

(1965)) have i n d i c a t e d t h a t the i r o n spectrum i s s i g n i f i c a n t l y 

l e s s steep than t h a t of the other primary elements. From 

the summary of Ramaty e t a l (1973) the slope of the i r o n 

spectrum appears to be about -2.1. F i g u r e 8.19 shows the 

data; the f u l l l i n e s cover regions over which measurements 

have been made and the dashed l i n e s a r e e x t r a p o l a t i o n s . 

Using these s p e c t r a the e f f e c t on the muon charge r a t i o - due 

to the i n c r e a s i n g neutron to proton r a t i o with i n c r e a s i n g 
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primary energy - has been calculated. The v a r i a t i o n of 
the neutron to proton r a t i o i s shown i n Fig. 8.19, the dashed 
l i n e shows the r a t i o previously used- The resultant charge 
r a t i o i s shown as the l i n e c i n Fig. 8.17. This has been 
calculated i n the manner described above i . e . by using the 
factor f and normalizing to the mean observed charge 
r a t i o . The appropriate f value i s not s i g n i f i c a n t l y 
d i f f e r e n t from that found previously since at a primary 

11 
energy of 10 eV (taken to correspond to Ej.s i - . 10 GeV) 
the new value of the neutron to proton r a t i o i s barely 
d i f f e r e n t from the ol d . The agreement v/ith the data is 
better than any other curve but i s s t i l l not goo-:' above about 
50 GeV where prediction generally exceeds observation. Above 
200 GeV the measured r a t i o s are c l e a r l y higher than those 
predicted f o r the f l a t t e r i r o n spectrum. Taken at i t s face 
value t h i s would indicate that the iro n I n t e n s i t y s t a r t s to 

12 
f a l l more rapidly above a primary energy of 2 x 10 eV/nucleon. 

Considering f i n a l l y the overestimation of the input 
pion charge r a t i o , such a p o s s i b i l i t y i s suggested by the 
very recent work of Erl y k i n et al (1974). These authors, 
using more precise ISR data than was available for the present 
work f i n d R/jr to be 1.54 » 0,15 and predict a muon charge 
r a t i o of 1.40 at Ey 500 GeV (compared to 1.47 from the 
present work). A detailed study of the work of these authors 
has not been made but t h e i r predictions seem to be i n good 
agreement with data below 100 GeV while at higher energies 
the charge r a t i o i s rather overestimated. I n comparing 
t h e i r results with other workers s these authors a t t r i b u t e 
the lack of agreement to 

( i ) differences i n the input data r.nd/or 
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( i i ) d i f f e r e n t models f o r propagation i n the atmosphere 
having unequal degrees of accuracy. 

The e f f e c t of differences i n the input values of i \ and Pe 
and the e f f e c t of ( i i ) have been estimated by studying the 
d i l u t i o n factors D obtained by the various workers. I t 
i s concluded that D i s known to about £ 5%. Since 
dR/R ~ 0.3 x di/S then dR/R ~ 1.7% i . e . an error of 
about 0.02 i n R. This f i g u r e i s small compared to the 
ex i s t i n g discrepancies and the major cause l i e s i n the high 
values of R.̂  which have generally been used. 

8.7 f Conclusion 
The r e s u l t s reported i n t h i s chapter have been 

disappointing i n that the estimated muon charge r a t i o i s 
much higher than i s observed experimentally (a r e s u l t found 
by several other workers)„ The crudest s i m p l i f i c a t i o n made 
i n the method of the calcu l a t i o n - the neglect of pion induced 
interactions - i s u n l i k e l y to account f o r the discrepancy 
and the basic reason f o r the f a i l u r e remains unknown. 

Amongst the possible causes of the f a i l u r e , as 
discussed i n the previous section, that of a breakdown of 
l i m i t i n g fragmentation i s doubtful. Scaling i s , according 
to ISR experiments, v a l i d ( at least f o r pions) up to energies 
of around 2000 GeV. The p o s s i b i l i t i e s of intra-nuclear 
cascading e f f e c t s and of the overestimation of R-flr seem to 
be the most reasonable. The former derives some support from 
the low energy (~20 GeV) results described previously while 
the work of E r l y k i n et a l (1974) gives support to the l a t t e r . 
(They argue that more recent r e s u l t s on f ( x ) f o r ft production 
give higher values than had been h i t h e r t o adopted and thus 



t h e i r R^ i s lower). Consideration of changes i n the 
primary spectrum seems rather premature and these should 
await the resolution of the nuclear-physical aspects; of the 
problem. 

I t has been seen that evftn when a value of R.̂  i s 
used which gives agreement with the measured muon charge 
r a t i o at 10 GeV the r e s u l t i n g v a r i a t i o n of the r a t i o with 
energy i s s t i l l unacceptable beyond about 50 GeV. The 
authors view i s that t h i s i s probably due to errors i n the 
estimation of the contribution of kaons: data from the ISR 
on kaon production are loss comprehensive than f o r piun:-;. 
However, some argue (e.g. Erlykin et a l 1974) that the 
reason for the discrepancy i s probably an increase i n the 
contribution of heavy n u c l e i i at higher primary energies« 

Thus the s i t u a t i o n i s rather unsatisfactory. 
Extended data from the ISR on pion and kaoti production rcny 
go some way to solving the problem. Even more desirable, i s 
data on the production of these p a r t i c l e s i n high energy 
p - l i g h t nucleus c o l l i s i o n s . Such data may be forthcoming 
shortly from the Batavia machine. 
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APPENDIX 1 

ESTIMATIONS OF CHARGE RATIOS, CHARGE EXCESSES 
AND THEIR ERRORS 

I f N+ and N- are the numbers of positive and negative 
muons respectively, each with an error cA + and i r ­

respectively, then the resultant error i n the charge r a t i o 
( R) has been calculated from the r e l a t i o n 

(XR2 _ ( i R - ) 2 ^ . + 2 + O R J 2 * 2 - ( A 1 ) 
K ~ (<>N+> + ON-) "•" K ^' 

The .usual method of determining t^R i s to assume the values of 
^ - to be (N^)^ and to i n s e r t these values i n t o the above 

equation to obtain 0(R = R (1/N+ + 1/N-)^. 

Consider a sample of N events of which r are i n 
and S are out, of a cer t a i n class. Let the p r o b a b i l i t y of 
an event being i n the class be t . Now consider the 
variable ( r/N). 

The mean value of t h i s variable (which i s given by 
mean value = E ( /N) where E denotes expectation) can be 
shown to be 

mean = t . 

The variance of the variable (given by E £(r/N - (E(R/N))2J \ 
can be shown to be 

variance • t ( l - t ) / N ) 

Thus, the best estimate of t , available from the data 



t = r/N ( t ( l - t ) / N ) (A2> 

An i d e n t i c a l expression has been derived by Coxell (1959) 
in r e l a t i o n to measuring flash tube e f f i c i e n c i e s . 

Consider now the case where N represents a sample 
of muons, t i s the p r o b a b i l i t y of the muon carrying a 
positive charge, N+ and N- are the observed numbers of 
positive and negative muons (N+ + ~N-~ = N) and correspond 
to r and s respectively. Then from (A2) t i s given by 

t = N+/N - (N+ N-/N ) 

The t o t a l number of positive muons i s Nt, i„ea 

t o t a l number = N+ i (N-t- N-/N)^ 

Thus the error i n N+ i s (N+ N-/N)^ and not (W*)^ as previously 
used. A s i m i l a r procedure yields an identical value f o r the 
error i n N~. 

The errors on the numbers of charged p a r t i c l e s are equal and 
symmetrical. This arises because N+ and N- arerelated via 
the sample size N. This r e l a t i o n p r o h i b i t s the d i r e c t use of 
(Al) on (A3). Re-writing eqn (A3) as R » N/N- - 1.0 and 
applying (Al) yields 

The charge r a t i o i s given by 

R = N+ * (N+ N-/N)^ 
N- + (N+ N-/N)7 <A3) 

/N+ + /N R 

which i s i d e n t i c a l to the previously assumed value. 

Considering now the charge excess 
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$ m (N+ - N-)/(N + N-) ... (A4) 

The usual procedure of taking (A- = (N-) and applying 
(Al) gives 

(2/N2) (N- N+2 + N-2 N+) 

Following the same procedure as for R yields an 
expression f o r (A| which i s i d e n t i c a l to the above. 

To summarise 

R = N+/N- 1 R (VN+ + VN-) 
& = (N+ - N-)/(N+ + N-) £ (2/N2) (N~ N+2 •»• N-2 N+> ̂  

Attention w i l l now be given to the subject of obtaining 
the best estimates of the charge r a t i o s and excesses, given data 
f o r p o s i t i v e and negative f i e l d d i r e c t i o n s . Let 1+ and I -
be the rates of positi v e and negative p a r t i c l e s (then the 
true charge r a t i o RT = I + / I - ) ; l e t t + , t - be the times of data 
c o l l e c t i o n with p o s i t i v e and negative magnetic f i e l d s 
respectively; l e t A+ + and A+~ be the acceptances of positive 
and negative p a r t i c l e s with a positi v e magnetic f i e l d and 
A-+, A-~ be the analagous quantities f o r a negative magnetic 
f i e l d . 

I f the data for both f i e l d directions were summed, 
then the estimate of the charge r a t i o would be 

Ra » (1+ t+ A+* + 1+ t - A - + ) / ( I - t+ A+~ + I - t - A-~) 

i . e . R1 = RT (t+ A+ + + t - A-*)/(t+ A+~ + t - A-~) 

or R1 m R T(N+ + + N- +)/(N- + + N-~) say where the 
numbers of positive and negative p a r t i c l e s collected with 
p o s i t i v e and negative magnetic f i e l d s are denoted N++, 
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N«""9 N- +
y N-~ respectively. Since data were collected with 

unequal values of t+ and t - then R̂  i s a biased estimate of 
RT. In the data reported i n t h i s work t+ and t:~ d i f f e r e d 
by 1.8% i n the worst case (series 8 ) . 

I f the charge r a t i o s measured with p o s i t i v e and 
negative f i e l d directions are denoted R+ and R~ respectively 
then 

Rr RT /vt-+/A+~ and R- «- RT A ~ + / A - ° \ . 

To a good degree of approximation A + + = A-" and A+~ * A'-+. 
Thus the quantity Rg given by 

R2 = (R+ R-)^ 

i s an unbiased estimate of the charge r a t i o } 

Consider now the charge excess; l e t and £ - be 
the excesses measured with positive and n e c i P l i v e magnetic 
f i e l d s , then 

i+ • (N+ + - N+~)/(N++ + N+~) and 
J - . - N-~)/(N~ + + N-~) 

I f <fl i s the estimate of the true excess obtained by 
summing the data f o r both f i e l d directions :~ 

J l = (N+ + + N-+ - N+~ - N-")/(W++ + N-+ +• N*~ + N~~) 
i . e . S i = (1+ - 1-0/(1+ + I ~ ) 

thus U i s an unbiased estimate of Xrn«> 
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APPENDIX 2 

R.U.D.I. BOARD DESCRIPTIONS 

As seen from the ove r a l l block diagram i n Chapter 3, 
R.U.D.I. i s composed of 20 sections labelled A-T. These 
sections are b u i l t on 19 c i r c u i t boards, sections I and J 
sharing a board. 

The order i n which the boards are mounted i n the 
instrument i s , facing R.U.D.I. and reading from l e f t to 
r i g h t : 

A B C D E F I / J G H M N K L O P Q R S T . 

Logic diagrams and very b r i e f descriptions of each 
section are given i n t h i s Appendix. The currents given i n 
brackets are those taken by the logic c i r c u i t r y (from the 
6v. power supply) when the board i s i n i s o l a t i o n from a l l 
others and a l l inputs are f l o a t i n g . 

Board A (120 mA) 
The functions of t h i s board are 

( i ) to shape the clock and i n i t i a l reset pulses. 

( i i ) to generate the arithmetic pulse, the display pulse, 
the PHA store pulse and the DM160 'stored* pulse. 
The delay of 750 jus. i n the arithmetic and display 
pulse c i r c u i t s i s a r b i t r a r y and can be reduced i f 
needed to a value ^ 40 J J S . 

Board B (185 mA) 
This board determines 
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( i ) the a r r i v a l order of the discharged c e l l s from 
the s h i f t r e gisters A, B, C and 

( i i ) whether or not at least 1 b i t has arrived from 
each s h i f t r e g i s t e r . 

The board requires 3 inputs (one from each s h i f t 
r e g i s t e r ) and f o r ( i ) there are 9 outputs, namely 

A f i r s t , second or l a s t 
B d i t t o 
C d i t t o 

while f o r ( i i ) there are 3 outputs. 

( i ) There are 9 f l i p - f l o p s on the board and they are 
arranged as shown below : 

IrA "SrA 

• A C/P 

a 
n 

After reset, a l l f l i p - f l o p outputs are l o g i c a l 1 and clock 
pulses may enter the left-hand column. A negative going edge 
from one or more of the s h i f t registers sets a f l i p - f l o p 
i n t h i s column to l o g i c a l 0 and a f t e r a delay (T n) 
of 0.3 us closes Gl and opens G4 (see logic diagram of 
board B) thus steering clock pulses to the centre column. 
The next negative edge from the s h i f t registers sets a 
f l i p - f l o p i n the centre column to l o g i c a l 0 5 closes G2 and 
opens G5„ A t h i r d negative edos sets a f l i p - f l o p i n the 
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r i g h t hand column to l o g i c a l 0 and shuts G3. From the 
diagram i t can be seen that the width of the clock pulse must 
be less then the value of Tp. 

( i i ) The outputs of the 3 f l i p - f l o p s associated with level 
A are gated and i n the reset state the gate output 
i s l o g i c a l 0. When any one, any two or a l l 3 

t h i s output 
f l i p - f l o p s change state/goes to l o g i c a l 1 i n d i c a t i n g at 
least 1 discharged c e l l i n the l e v e l . S i m i l a r l y f o r 
levels B,C. 

Board C (100 mA) 
<- The functions of t h i s board are :-

( i ) to determine that e i t h e r no c e l l s or only 1 c e l l has 
been discharged i n each s h i f t r e g i s t e r . 

( i i ) to define a 'satisfactory' event 

( i ) A f t e r reset, each f l i p - f l o p output i s a l o g i c a l 1 
and the f i r s t discharged c e l l from, say, level A 
a l t e r s the state of f l i p - f l o p no. 1 only; a second 
discharged c e l l a l t e r f l i p - f l o p s 2 and 3. Further 
discharged c e l l s have no e f f e c t on f l i p - f l o p 3. The 
outputs of the t h i r d f l i p - f l o p s associated with 
each l e v e l A, B, C are fed to a gate. I f e i t h e r no 
c e l l s or only 1 c e l l has been discharged at each level 
then these 3 inputs to the gate are a l l at l o g i c a l 1. 

( i i ) I f at least one c e l l has been discharged a t each l e v e l 
then the inputs l a , 1 j , l k (which come from board B) 
are a l l at l o g i c a l 1. Under these conditions the 
remaining input to the gate, the inverted arithmetic 
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pulse, i s transmitted and becomes the s a t i s f a c t o r y 
event pulse i n d i c a t i n g one and only one discharged 
c e l l i n each l e v e l . 

Board p (65 mA) 
This board determines 

( i ) the add or subtract i n s t r u c t i o n and 
( i i ) the muon sign, assuming a posi t i v e magnetic f i e l d . 

The 9 inputs are the a r r i v a l orders from board B. 

( i ) The r u l e derived i n Chapter 3 was s 

i f B i s f i r s t or l a s t - add 
i f B i s second - subtract,, 

The logic c i r c u i t r y required to obey th i s r u l e i s 
quite simple and i s shown i n the diagram. 

( i i ) Except f o r a r r i v a l orders A, B, C ai;dC ? B, A the 
p a r t i c l e sign may be deduced from the rules given i n 
Chapter 3 and again the logic diagram i s straightforward. 

For the a r r i v a l orders A, B, C, C, B, A the sign 
i s indeterminate and must be given an (+ or - ) . 
Two outputs of t h i s type are produced, one associated 
with a r r i v a l A, B, C and the other with order C, B, A. 
This ambiguity of sign i s resolved on board E. 

Board__E (50 mA) 
The functions of t h i s board are s — 

( i ) to test the add/subtract i n s t r u c t i o n f o r ambiguity 
and 
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( i i ) to give an unambiguous in d i c a t i o n of the muon sign 
again assuming a positi v e magnetic f i e l d . 

( i ) (a) I n the case of ambiguity of sign the add/subtract 
i n s t r u c t i o n should be subtract. This i n s t r u c t i o n 
i s combined with each of the 2 outputs i n d i c a t i n g 
the ambiguity. From the logic diagram i t can be 
seen that the output of t h i s combination i s a 
l o g i c a l 1 only i f : the subtract i n s t r u c t i o n i s 
present (a l o g i c a l 1) and one of the ambiguity 
inputs i s also a l o g i c a l 1. 

(b) I f the p a r t i c l e sign i s not ambiguous the add/subtract 
i n s t r u c t i o n should be add and combining t h i s with the 

and yT outputs from board D, as shown i n the 
diagram, gives an output of l o g i c a l 1 only i f : 
the add i n s t r u c t i o n i s a l o g i c a l 1 and one of the 
muon sign inputs i s a l o g i c a l 1. 

(c) Parts (a) and (b) are combined i n such a way that 
the r e s u l t i n g output i s a l o g i c a l 1 only i f t h e i r 
associated outputs are d i f f e r e n t . 

( i i ) As explained i n chapter 3 the ambiguity of sign may 
be resolved by considering the 'carry 1' output of the 
binary adder. This i s achieved as shown i n the diagram. 

Board F (145 mA) 
This board generates the logic levels c o n t r o l l i n g the 

scalers A,B and B,C. I n the reset condition the 2 outputs of 
the board are at l o g i c a l 0. 
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Board I / J (130 mA) 
The functions of section I are s-

( i ) to determine the apparent a r r i v a l d i r e c t i o n . The 
required inputs are the a r r i v a l orders from only 
the upper two s h i f t registers (a t o t a l of 6 Inputs). 

( i i ) to modify the r e s u l t of ( i ) according t o whether the 
l e f t or r i g h t hand side of the spectrograph was 
triggered. 

( i i i ) to ensure that the f i n a l l y indicated a r r i v a l d i r e c t i o n 
i s unambiguous i , e , only one of th« Ee*st or West 
outputs i s a l o g i c a l 1. 

The functions of section J are 

( i ) to incorporate the true magnetic f i e l d d i r e c t i o n i n t o 
the determination of muon sign. Three inputs (from 
outside R.U.D.I*) are required to c;-?f inc; the trufc 
f i e l d d i r e c t i o n as *, - or zero. I n the case of 
zero magnetic f i e l d the logic generates the same 
answer as a pos i t i v e f i e l d . 

( i i ) to ensure that the f i n a l l y indicated muon sign i s 
unambiguous i . e . only one of the , y" outputs i s a 
lo g i c a l 1« 

Board G (245 mA) 
This board contains the scalers A,B and B,C. The 

logic c i r c u i t r y of the scalers i s standard " ( i t may be found 
i n the appropriate technical handbook) and only a rather 
schematic diagram i s shown i n t h i s Appendix, 
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Board H (335 mA) 

T h i s board c o n t a i n s the bi n a r y adder which again i s 

a standard c i r c u i t (Mullard Handbook - I n t e g r a t e d L o g i c 

C i r c u i t A p p l i c a t i o n s , page 101). The add/subtract d e c i s i o n 

made on board D i s combined with the system of gates on the 

inputs to the adder, as shown i n the diagram, to decide 

whether the operation performed i s (AB + BC) or (AB + BC) 

(where + denotes the l o g i c a l AND o p e r a t i o n ) . The output of 

the b i n a r y adder i s d i s p l a y e d on the fr.on.t panel of R.U.D.I. 

Board M (70 mA) 

The purpose of t h i s board i s to reduce the output of 

board H t o a number between 0 and 23, i n c l u s i v e . Any number 

from board H which ^ 23 i s converted to 23. 

Board N (120 mA) 

T h i s board converts the binary output of board M to 

binary coded decimal (BCD). The l o g i c c i r c u i t i s 

s t r a i g h t f o r w a r d . 

Board K (45 mA) 

The f u n c t i o n of t h i s board i s to determine which c l a s s 

of apparent z e n i t h a n g l e , East/West apparent a r r i v a l d i r e c t i o n 

and s i g n t h a t a t r i g g e r i n g event i s to be a l l o c a t e d . S ince 

there are 4 c l a s s e s of apparent z e n i t h angle t h i s board 

generates 16 outputs. The c l a s s of apparent z e n i t h angle i s 

found by c o n s i d e r i n g the output of s c a l e r AB. The c i r c u i t 

again i s s t r a i g h t f o r w a r d . 

Board L (105 mA) 

Using the output of board K, t h i s board generates a 
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code number depending upon the c l a s s to which the t r i g g e r i n g 

event has been assigned. The output i s i n BCD. 

Board 0 (275 rnA) 

T h i s board contains a BCD adder which adds the 

reduced d e f l e c t i o n of the p a r t i c l e (from board l-I v i a board M) 

to i t s code number (from board L)„ T h i s gives the BCD form 

of the r e q u i r e d address i n the PHA. The c i r c u i t r y of the 

adder i s s tandard. 

Bgagd.-P (135 mA) 

T h i s board converts the BCD output of board 0 to 

decimal form. T h i s i s the decimal form of the PHA address. 

Board 0 (290 mA) 

The f u n c t i o n s of t h i s board are :•-

( i ) to s t o r e the output of board P f o r d i s p l a y ( v i a 

boards R,S) and 

( i i ) to d i s p l a y the muon s i g n produced by board E. 

The board may be r e s e t using the micro-switch on the f r o n t 

panel ( t h i s r e s u l t s i n a blank d i s p l a y i n the u n i t s p o s i t i o n 

of the P.HcAo a d d r e s s ) . 

Boards R.S 

The c i r c u i t s on these boards are used to d r i v e the 

numerical i n d i c a t o r tube d i s p l a y . The Inputs to the boards 

arethe decimal form of the P.H.A. address from board Q„ 
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Board T 

The purpose of the c i r c u i t r y on t h i s board i s 

( i ) to convert the l o g i c a l voltage l e v e l s of R.U.D.I, to 

those used by the P.H.A. These l e v e l s are 

R.U.D.I. L o g i c P.H.A. Log i c 

1 :: + 6v -6v or more negative 

0 : Ov +0.5v or more p o s i t i v e 

The r e q u i r e d i n p u t s (10 of them) are the BCD form 

of the P.H.A. address from board 0. 

( i i ) to generate, from the s t o r e pulse of board A, a 

s t o r e pulse acceptable to the P.H.A. The requirements 

of the l a t t e r a r e t h a t i t s amplitude should be 

+7 - +10v, r i s e time < 0„5us and width >̂ 15 JJS. 

Other Information 

1. When i n ope r a t i o n R.U.D.I. draws 2.35A from the 6v 

power supply. 

2. The r e a r panel connections are :-

Label Connection 

C L e v e l C 
B L e v e l B 
A Lev e l A 
R RHS t r i g g e r mode 
L LHS t r i g g e r mode 
BN Negative magnetic f i e l d 
BP P o s i t i v e magnetic f i e l d 
BO Zero magnetic f i e l d 

Clock Clock input 
PHA PHA s t o r e pulse output 



162 

The power supply connections are : 

Socket Label Connection 

A + 170v 
B - 8«2v 

Lower C + 6v 
(Yellow) D + 15.5v 

E Common 
F - (15«.5v> 

A + 40v 
B - (40v) 

Upper r 
F + ) , 

D f _ J IV 3 i C , 

E + \ feedback on 
P _ ) 6v supply 
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no 
a INPUTS 1 

FROM _L_ 
BOARD 1 \ A / 

(1o) 
1 

dp) 
12 

(In) 
2 

IT 

LE 

V 

RIGHT 
(BLUE) 

^ 1 LEFT 37 
(RED) 

ABIAB STRAIGHT 
AFTER C) 

4 7v< 
W 

RESET JT-

E 
»7w 

(1q) 
3 

V 
, INPUTS OF SET 
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BEFORE C) 
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V 
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INPUT NUMBERS ARE 'HIGH' 
SCALER A B : 128 64 32 16 8 4 2 

ALTERNATIVE GROUP 

0-7 0-15 0-31 
8-15 16 -32 32 - 63 

16-23 32-47 64-95 
24-32 48-63 76-127 

(«16 UNITS IS 1-4°) 

.SET AT 1 FOR APPROPRIATE ZENITH ANGLE 

-«E (7w) 

V V V 

32>N>16 

48>N^32 

64>N5=48 

WE 

• 

EOARD K 

W(7v) 



INPUTS 
8 MO) 
81(25) ^ 

8m(50) j x . 

« NOT USED 

8n(75) 

80OOO) > 
8p(125) 

8q(150) 

O 

8r (175) r-

8 3 ( 2 0 0 ) ^ 

8t(225) ^ 

8u(250) 

8v(275) 

8w(300) 

8x(325) 

8y (350) 

8z(375) 

JWWD_L_ 
"(snT.-VicJi*) 

INPUT No 

>-t>-

1> 

•14 
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APPENDIX 3 

THE R.U.D.I. TEST INSTRUMENT 

This device was constructed i n order t h a t R.U.D.I. 
could be t e s t e d on a convenient, r o u t i n e b asis. The l o g i c 
diagram of the c i r c u i t i s shown i n t h i s Appendix. 

The c i r c u i t i s based upon th r e e 8 - b i t b i n a r y counters 
which count clock pulses. The clock pulses are applied at 
one of two i n p u t s on the rear panel of the instrument 
depending upon the source - the 330 J^- b i a s i n g r e s i s t o r i s 
necessary i f a pulse generator i s used but i s not necessary 
i f the pulses are l o g i c pulses. The clock pulses are gated 
i n t o the b i n a r y counters by t r i g g e r i n g monostables w i t h the 
TEST push b u t t o n (which also t r i g g e r s a pulse which simulates 
the C90 p u l s e ) . The r e a l and inverse outputs o f each counter 
element are f e d , v i a 2-way switches, to an 8 - f o l d coincidence 
gate. By s u i t a b l e s e l e c t i o n of switch p o s i t i o n s a pulse may 
be obtained through the gate when a counter has reached some 
number between 1 and 255. By using d i f f e r e n t s w i t c h s e l e c t i o n s 
f o r each of the 3 counters, 3 time-separated pulses are 
produced and are used to simulate the a r r i v a l o f pulses from 
the s h i f t r e g i s t e r s A, B and C. From the switch p o s i t i o n s 
the d e f l e c t i o n which should be i n d i c a t e d by R.U.D.I. i s 
c a l c u l a b l e and can be compared w i t h t h a t observed. 

The f a c i l i t y a lso e x i s t s f o r s i m u l a t i n g the discharge 
of 2 c e l l s a t a given l e v e l . This i s done by p l a c i n g the 
SINGLE/DOUBLE switch i n the DOUBLE p o s i t i o n . The c i r c u i t r y 
i n v o l v e d i s shown i n the diagram. 

The magnetic f i e l d d i r e c t i o n and t r i g g e r e d side o f the 



spectrograph are set by the appropriate switches. 

The procedure f o r t e s t i n g i s :-

le Remove from the r e a r panel of R.U.D.I* the r e a l 
A, B ; C and C90 i n p u t s and replace them w i t h the 
simulated inputs o f the t e s t instrument. Connect 
the clock pulses t o the t e s t instrument* 

2- Set up the r e q u i r e d switch p o s i t i o n s s magnetic f i e l d 
d i r e c t i o n and t r i g g e r e d s i d e . 

3 B Reset. 

4. Test. 



S i 

r 
_ r h----~b~ 

ie 

r 
r 
32 

C I 
I 

XL-JX 
126 

15u 

LEVEL "A" 
0 /P —jtH>^ 

V2p • 5V 
SI f^LEy 1 DOUBLE 

SWITCH 

8 16 32 

L E V E L B 

MONO ^ MONO. 

54 128 

S INGLE/DOUBLE 
SA'iTCH 

L E V E L 'C ' 

d > D H > 
MONO MONO 

_ j c 

15 64 

r . 

* 5 V 

I? ; 

S!NC-LE/'CCU!3LC 
SWITCH 

1/7 

/ \ MONO 

• 5V 

R ^ S S I / t O S P/R TEST P / 8 

C90 0 / P 
— ) 

INITIAL R f S E T 
- ^ O / P 

330 

J , .1. 

IOGIC/SIG OEM 
SWITCH 

CLOCK CLOCK 
l/P l/P RUDi TEST INSTRUMENT 



1 6 5 

APPENDIX 4 

THE R.U.D.I. CELL MONITOR 

This instrument was constructed i n order t h a t , f o r a 
given l e v e l 

a) the d i s t r i b u t i o n of discharged c e l l s could be found 
and 

b) the d i s t r i b u t i o n of number o f discharged ceTTs could 
be found. 

The l o g i c diagram i s given i n t h i s Appendix. 

The c i r c u i t i s designed t o c o n t r o l a d i g i t a l counter; 
i t generates pulses to s t a r t and stop counting and also the 
t r a i n of pulses which i s t o be counted. 

a) Counting i s s t a r t e d by the t h r e e - f o l d coincidence 
pulse of the spectrograph and stopped, w i t h switch 1 
i n p o s i t i o n b by the f i r s t discharged c e l l from the 
r e l e v a n t l e v e l o r , f a i l i n g t h i s l a t t e r a pulse some 
170 ; js a f t e r the s t a r t i n g pulse. The pulse t r a i n 
which i s counted i s the clock ( s w i t c h 2 i n p o s i t i o n b ) . 
When stopped by a discharged c e l l the i n d i c a t e d count 
gives a measure of the p o s i t i o n of t h a t c e l l . 

b) Counting i s s t a r t e d as above but i n t h i s case the 
pulse t r a i n counted i s the bu r s t s o f 10 Mc/s pulses 
gated by each discharged c e l l coming from the l e v e l 
which i s being monitored. Switches 1 and 2 are i n 
p o s i t i o n s a f o r t h i s a p p l i c a t i o n . Switch 1 ensures 
t h a t a stop pulse i s t r a n s m i t t e d t o the counter once 
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there i s no p o s s i b i l i t y of any more discharged 
c e l l s being i n d i c a t e d ( s i n c e the time r e q u i r e d 
to empty the s h i f t r e g i s t e r o f the monitored l e v e l 
i s ~ 150 jis). 
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