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( i ) 
ATsstract 

From a measurement of the momentum spectrum of cosmic 
rays at d i f f e r e n t depths i n the atmosphere and underground, 
i n f o r m a t i o n can be obtained on the i n t e r a c t i o n properties of 
the primary r a d i a t i o n and on the energy loss r e l a t i o n at high 
energies. Measurements of the spectra at 37.7 m.w.e. below 
sea-level and at sea-level have been made w i t h magnetic spectro
graphs employing the new technique of neon flash-tubes t o 
loca t e the t r a j e c t o r i e s at the detecting l e v e l s . Prom a 
comparison of the spectrum • at sea-level w i t h t h a t at 
37.7 m.w.e. i n f o r m a t i o n has been gained on the energy loss 
of ij.-mesons i n the range 3-12 GeV. A study of the energy 
loss up t o 158 GeV has also been made from a comparison of 
the sea-level spectrum w i t h the de p t h - i n t e n s i t y curve. The 
conclusion of these experiments i s tha t up t o 158 GeV the 
energy loss of y.-mesons i s i n accord w i t h t h a t expected 
t h e o r e t i c a l l y . 



( i i ) 
Preface 

I n t h i s t h e s i s an account i s given of the research 
c a r r i e d out at the U n i v e r s i t y of Durham by the author, 
under the supervision of Dr.A.W.Wolfendale, between 
September 1956 and September 1959. The construction 
of the prototype spectrograph was c a r r i e d out i n c o l l a b o r a t 
i o n w i t h Dr.S.Kisdnasamy who made the flash-tubes, the 
author being responsible f o r the e l e c t r o n i c c i r c u i t s and 
the mechanical c o n s t r u c t i o n of the instrument. The 
operation of the spectrograph and the i n t e r p r e t a t i o n of 
the r e s u l t s at sea-level and underground was the sole 
r e s p o n s i b i l i t y of the author. 

The work c a r r i e d out at sea-level w i t h the Durham 
High Energy Spectrograph was performed w i t h the help of 
Messrs. J.L.Lloyd, D.G.Jones, E.E.Taylor and P.J.Hajonan. 
The author was responsible f o r the c o l l e c t i o n of the 
experimental data and the i n t e r p r e t a t i o n of the r e s u l t s . 

The work on the prototype spectrograph has been 
published and two f u r t h e r papers on the spectrum under
ground have been submitted f o r p u b l i c a t i o n . 

Ashton P., Kisdnasamy S. and Wolfendale A.W., 
1958, Nuovo Cimento, 8, 615. 

Ashton P., Nash W.P. and Wolfendale,, A.W., 
1959, Proc.Roy.Soc., ( i n the press) 

Ashton P., Nash W.P. and Wolfendale.. A.W.,' 
1959, Proc.Moscow Conference. 

( i n the press) 
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CHAPTER 1 

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

The phenomenological aspect of the cosmic r a d i a t i o n , 
such as the nature of the primary r a d i a t i o n , the mechanism 
of the i n t e r a c t i o n of the primary r a d i a t i o n w i t h a i r n u c l e i 
at the top of the atmosphere, and the subsequent development 
of the cascade through the atmosphere and underground, i s 
now moderately w e l l understood. The primary r a d i a t i o n consists 
predominantly of protons which on entering the earth's atmos
phere i n t e r a c t w i t h a i r n u c l e i i n approximately the f i r s t 
100 gm. cm.~2 t o produce n-mesons and a small f r a c t i o n of 
heavier mesons and hyperons. The n mesons produced i n 
these i n t e r a c t i o n s e i t h e r decay i n t o i^-mesons or i n t e r a c t 
f u r t h e r t o produce more n-mesons which subsequently decay i n t o 
l^-mesons. As (i-mesons are weakly i n t e r a c t i n g and have a 
comparatively long l i f e t i m e they reach sea-level and penetrate 
underground. The r a d i a t i o n underground consists almost 
e n t i r e l y of y.-mesons and t h e i r secondaries as nuclear i n t e r a c t i n g 
p a r t i c l e s are r a p i d l y absorbed. The n°-mesons produced i n the 
primary i n t e r a c t i o n decay i n t o two ^T-rays which i f of s u f f i c i e n t 
l y h i g h energy m u l t i p l y r a p i d l y t o produce the electron-photon 
component of the lar g e extensive a i r showers. At sea-level 
these showers are characterized by a high density of low 
energy e l e c t r o n s . Thus at sea-level the r a d i a t i o n of momentum 
> 500 MeV/q consists predominantly of ^-mesons w i t h a small 

f l u x .( ifo) of protons ( M y l r o i and Wilson, 1951). 

SfGTIOS 
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The sea-level momentum spectmam of cosmic rays i s of 

considerable i n t e r e s t , since, by developing a d i f f u s i o n 
equation f o r the propagation of the r a d i a t i o n i n the atmosphere, 
i t i s possible t o gain i n f o r m a t i o n on the production spectrum 
of n-mesons i n h i g h energy nuclear c o l l i s i o n s and also the 
nature of the high energy primary cosmic ray spectrum. Further, 
i n f o r m a t i o n on the energy loss of high energy |i-mesons can be 
obtained from a comparison of the sea-level momentum spectrum 
and the momentum spectrum of |a-mesons underground or the depth-
i n t e n s i t y curve. 

Several experiments have been performed t o measure the 
sea-level spectrum, the most accurate being those of Caro, 
Parry and Rathgeber (1951) and Owen and Wilson (1955). I n 
the range 0,5 - 20 GeV/^ there is- a discrepancy between these 
two spectra, the- Owen and Wilson spectrum l y i n g below t h a t of 
Caro et a l . f o r p < 7 GreV/c and above i t f o r p > 7 GeV/c. 
More r e c e n t l y , using higher momentum r e s o l u t i o n , Rodgers (1956) 
has extended the measurements of Owen and Wilson and gained 
i n f o r m a t i o n on the shape of the spectrum up to 240 GeV/^. The 
r e s u l t s of Rodgers i n d i c a t e t h a t at momenta > 50 GeV/^ the 
energy l o s s of ^--mesons i s greater than t h a t expected theor
e t i c a l l y and t h a t also there are more p a r t i c l e s present than 
can be accounted f o r by a n-y. decay process only. The excess 
of p a r t i c l e s i s a t t r i b u t e d t o the increased production of 
K -mesons i n h i g h energy nuclear c o l l i s i o n s . 
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The underground spectrum has been measured at 57 m.w.e. 

(George and S h r i k a n t i a , 1956) and at 40 m.w.e. (Dayon and 
Potapov, 1959). 

One of the d i f f i c u l t i e s of measuring the momentum 
spectrum of -cosmic rays underground and f o r momenta > 10 GeV/c 
at sea-level i s the low f l u x of p a r t i c l e s . To overcome t h i s 
a spectrograph w i t h a large solid-angle of c o l l e c t i o n and a 
hig h maximum detectable momentum which w i l l work r e l i a b l y 
over long periods of time i s required. Recently Conversi 
et a l . (1955) have introduced a new technique f o r the l o c a t i o n 
of i o n i s i n g p a r t i c l e t r a j e c t o r i e s which i s i d e a l l y s u i t ed f o r 

use i n a cosmic ray spectrograph. I n Chapter 3 the develop
ment of a prototype spectrograph i s described which uses t h i s 
technique and l a t e r the use of the spectrograph to measure 
the momentum spectrum of cosmic rays at 37.7 m.w.e. i s 
described. P i n a l l y the measurement of the sea-level spectrum 
using a much l a r g e r spectrograph i s described and the r e s u l t s 
are considered i n some d e t a i l . 
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CHAPTER 2 

The measurement of the momenta of cosmic rays 
Previous measurements of the momentum spectrum of 

cosmic rays have been made using the f o l l o w i n g techniques. 

(a) Measurement of the angular d e f l e c t i o n of the p a r t i c l e s 
on t r a v e r s i n g a magnetic f i e l d , using geiger counters, cloud 
chambers or nuclear emulsions as detectors. 

(b) Measurement of m u l t i p l e s c a t t e r i n g i n m u l t i p l a t e cloud 
chambers or nuclear emulsions. 

The accuracy w i t h which the momentum of a p a r t i c l e 
can be determined using the magnetic d e f l e c t i o n technique 
can be seen by considering the r e l a t i o n between momentum, 
\> (ev/c) magnetic d e f l e c t i o n , © (radians) and the l i n e 

i n t e g r a l of the magnetic f i e l d along the p a r t i c l e t r a j e c t o r y , 
H JA (gauss-cm.). 

p = ^QQJ^*'^ (1) 

G 

( f o r a p a r t i c l e t r a v e l l i n g i n the plane perpendicular t o the 
magnetic f i e l d ) 

Thus f o r a given magnet the maximum momentum t h a t 
can be measured i s determined by the accuracy of measurement 
of the angular d e f l e c t i o n , G. The l i m i t of measurement, 
c a l l e d the maximum detectable momentum, m.d.m., i s defined 
as t h a t value of- [> i n equation ( l ) f o r which G i s the standard 
d e v i a t i o n of the u n c e r t a i n t y i n the angular measurements. 
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Hyams et a l . (1950) use the probable e r r o r i n Q i n d e f i n i n g 
the maximum detectable momentum but i t i s considered t h a t 
the probable e r r o r gives an underestimate of the u n c e r t a i n t y . 
Por a Gaussian d i s t r i b u t i o n the standard d e v i a t i o n i s 1.48 times 
the probable e r r o r . 

I n the determination of the sea-level spectrum Owen and 
Wilson used a t r a y of geiger counters of diameter 3.6 cm. at 
each of three d e t e c t i n g l e v e l s symmetrically placed about two 
magnets. With t h i s arrangement they achieved an m.d.m. of 
31 GeV/c (probable e r r o r ) . Caro et a l . used two t r a y s of 
counters above t h e i r magnet and one t r a y below. By employing 
two l a y e r s of overlapping counters of diameter 1.35 cm.-at 
each l e v e l (equivalent t o one lay e r of diameter 0.45 cm.) 
they achieved an m.d.m. of 100 GeV/c. I t should be noted 
t h a t spurious events caused by one p a r t i c l e t r a v e r s i n g two 
de t e c t i n g l e v e l s and a d i f f e r e n t one t r a v e r s i n g the t h i r d w i t h i n 
the r e s o l v i n g time of the coincidence c i r c u i t s could not be 
recognised by e i t h e r apparatus. With detectors at a f o u r t h 
l e v e l t h i s could have been done; f o r instance, i n the Caro 
spectrographjthe requirement would have been t h a t the projected 
i n c i d e n t and emergent t r a j e c t o r i e s should show only a small 
displacement at the centre of the magnetic f i e l d . 

Extending the measurements of Owen and Wilson t o higher 
momenta Rodgers placed shallow f l a t cloud chambers at the 
d e t e c t i n g l e v e l s of the Manchester spectrograph and achieved 
anm.d.m. of 240 GeV/c corresponding t o a l o c a t i o n accuracy 
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of 1 mm. at each l e v e l . 

I n the emulsion spectrograph as developed by Apostolakis 
and Macpherson (1957) a very high m.d.m. can be att a i n e d but 
the technique i s not very f l e x i b l e as the p a r t i c l e s of known 
momentum which emerge from the spectrograph cannot be used f o r 
f u r t h e r experiments other than a study of t h e i r i n t e r a c t i o n s 
i n a block of emulsion below the spectrograph. 

The m.d.m. which can be att a i n e d by studying the m u l t i p l e 
s c a t t e r i n g i n a m u l t i p l a t e cloud chamber i s ~ 4 GeV/c. This 
l i m i t i s set mainly by t r a c k d i s t o r t i o n due t o gas movement. 
The nuclear emulsion l i m i t i s a l i t t l e higher, being set by 
the d i s t o r t i o n which occurs i n processing. 

I n conclusion i t can be said t h a t the most powerful and 
f l e x i b l e of the techniques f o r the measurement of high momenta 
i s t h a t of Rodgers where shallow f l a t cloud chambers are used 
as the de t e c t i n g elements. I n the next chapter a new 
technique i s described which replaces the cloud chambers by 
arrays of neon flash-tubes g i v i n g an instrument of higher 
p r e c i s i o n and greater r e l i a b i l i t y . 

I t should be noted t h a t the so c a l l e d sea-level spectra 
are not i n f a c t measured at sea-level. The l a b o r a t o r i e s 
at ground l e v e l at which measurements have been made are 
however at such heights above sea-level ( < 500 f t . ) t h a t 
the spectra there are not s i g n i f i c a n t l y d i f f e r e n t from t h a t 
at s e a - l e v e l . The usual terminology - sea-level spectrum -
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w i l l be used throughout. 
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GHAPTER 3 

The Prototype Spectrograph 

3.I0 I n t r o d u c t i o n 
As stated i n Chapter 1 the measurements of Rodgers 

on the sea-level spectrum f o r momenta > 50 GeV/^ i n d i c a t e the 
p o s s i b i l i t y of a new process c o n t r i b u t i n g to the energy loss 
of h i g h energy [i-mesons and also to the increased production 
of K -mesons i n h i g h energy nuclear c o l l i s i o n s . Rodgers' 
spectrum above 50 GeV/c i s based on the measurement of only 
222 p a r t i c l e s and i s subject to a number of u n c e r t a i n t i e s . 
To s u b s t a n t i a t e the p r e l i m i n a r y conclusions i n the high energy 
region i t i s necessary t o measure the spectrum accurately i n 
t h i s region; the design of a spectrograph to do t h i s , using 
neon flash-tubes at the de t e c t i n g l e v e l s , has been considered 
i n d e t a i l by Kisdnasamy (1958). Before con s t r u c t i n g such a 
spectrograph i t was considered necessary to b u i l d a prototype 
so t h a t i n the large spectrograph the neon flash-tubes could be 
operated under t h e i r optimum conditions. The construction and 
performance of the prototype spectrograph w i l l now be described. 

3.2 The neon fla s h - t u b e 

The neon f l a s h - t u b e developed by Conversi et a l . (1955) 
consists of a glass tube f i l l e d v/ith neon gas. I f several 
tubes are placed side by side between p a r a l l e l metal electrodes 
then under c e r t a i n conditions the tubes through which an i o n i s i n g 
p a r t i c l e has passed can be made t o f l a s h . Normally several 
l a y e r s are mounted one above the other so t h a t the path of the 
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p a r t i c l e i s seen as a series of f l a s h e s . See f i g u r e 3^1 f o r 
a t y p i c a l record. 

The mechanism of operation of such an array i s as f o l l o w s . 
An i o n i s i n g p a r t i c l e on t r a v e r s i n g the array leaves a t r a i l of 
ions i n .the gas and on the a p p l i c a t i o n of a pulsed e l e c t r i c f i e l d 
of ~ 6 KV/cm. the i n i t i a l i o n i s a t i o n i s m u l t i p l i e d and a v i s i b l e 
discharge develops. A geiger counter coincidence system i s 
used t o t r i g g e r the high voltage pulsing c i r c u i t which applies 
the e l e c t r i c f i e l d t o each l a y e r of flash-tubes. The l a y e r 
e f f i c i e n c y f o r p a r t i c l e d e t e c t i o n i s defined as the r a t i o of 
the number of single flashes observed i n a given l a y e r t o the 
t o t a l number of times t h a t an i o n i s i n g p a r t i c l e has traversed 
t h a t l a y e r . The l a y e r e f f i c i e n c y depends on the f o l l o w i n g 
f a c t o r s . 

1. The time delay between the passage of the p a r t i c l e and 
the a p p l i c a t i o n of the pulse. 
2. The r i s e time of the pulse. 
3. The height of the pulse. 
4. The pressure and p u r i t y of the neon gas. 

These f a c t o r s have been studied extensively by Conversi 
et a l . (1955) > Gardener at a l . (1957) and Coxell et a l . ( p r i v a t e 
communication). B r i e f l y the r e s u l t of these i n v e s t i g a t i o n s i s 
t o shov; t h a t high e f f i c i e n c y r e s u l t s from short time delays and 
r i s e - t i m e s , large pulses and pure gas at high pressure. The 
apparatus was constructed i n such a way as t o a t t a i n high 
e f f i c i e n c y of tube operation. 



-M 

'F±{yu:ce 3.1 T y p i c a l r e c o r d - p r o t o t y p e s p e c t r o g r a p h 
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i n designing a detecting array t o locate the 

t r a j e c t o r y t o high accuracy consideration must be given to 
the optimum tube diameter and the number of layers of tubes 
re q u i r e d . A study of t h i s problem was made g r a p h i c a l l y and 
i t was found t h a t f o r tubes having 100% i n t e r n a l d e t e c t i o n 
e f f i c i e n c y and i n f i n i t e s i m a l w a l l thickness th a t n layers of 
tubes of diameter d gave approximately the same l o c a t i o n 
accuracy as n/3 l a y e r s of diameter d/3. Further considerations 
of the gas pressure required t o give a reasonable number of ion 
pai r s and the d i f f i c u l t i e s involved i n manipulating tubes having 
very t h i n w a l l s d i c t a t e a tube diameter of several m i l l i m e t r e s . 
The tubes used i n the experiments t o be described had i n t e r n a l 
diameter 5-9 mm. and ex t e r n a l diameter 7.7 mm. 

3.3 The c o n s t r u c t i o n of the spectrograph 
A scale diagram of the spectrograph as operated i n a 

n o i s e - l e v e l experiment at ground l e v e l i n Durham i s shown 
i n f i g u r e 3.2. Let Gx be the angle t h a t the incident t r a j e c t o r y 
makes w i t h the v e r t i c a l and 02 the angle th a t the t r a j e c t o r y 
makes w i t h the v e r t i c a l a f t e r passing through the magnetic 
f i e l d . Then the angular d e f l e c t i o n i s given by 0 = G]_ - G2. 
The value of jl^Afi-is measured using a search c o i l and fluxmeter 
and the momentum of the p a r t i c l e calculated from equation ( l ) . 
Chapter 2. 

Gi and 02 are measured by l o c a t i n g both the incident 
and emergent t r a j e c t o r i e s at two points by the arrays of f l a s h -
tubes A, B above the magnet and C,D below the magnet. The 



f 
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Figure 3.2 The prototype spectrograph as operated i n the 
n o i s e - l e v e l experiment i n Durham. Scale = l / l l f u l l size, 
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reference l i n e against .which these angles are measured i s 
provided "by a length of weighted cotton hanging under g r a v i t y . 

I n f i g u r e 3«2, Ga> G'Bj ̂ G> are geiger counters which 
define the s o l i d angle of acceptance of the spectrograph and 
A, B, C, D are arrays of flash-tubes. A and D contain 5 
l a y e r s of tuhes w i t h 2? tubes per layer while B and G have 5 
layers of tubes w i t h 15 tubes per l a y e r . A l l the flash-tubes 
are of l e n g t h 15 cm., i n t e r n a l diameter 5.9 mm. and external 
diameter 7-7 mm. Each tube i s coated w i t h black paint t o 
prevent l i g h t from one tube t r i g g e r i n g an adjacent tube. 
A l l the tubes are f i l l e d w i t h neon at a pressure of 65 cm. Hg 
and the tubes i n a given l a y e r are accurately located i n p a r a l l e l 
s l o t s , the perpendicular distance between the axes of adjacent 
tubes being 8 mm. Hence l o o k i n g down onto a l a y e r of tubes 
the r a t i o of area covered by neon gas t o area covered by glass 
and a i r = '^'i = 0.7A. Thus the maximum possible layer 

O • U mill • 

e f f i c i e n c y t h a t can be a t t a i n e d i n p r a c t i c e = 749°. 

The arrays A, B, C,..D are adjusted so t h a t the tubes 
i n a l l arrays are p a r a l l e l t o one another. This i s achieved 
by having two plates containing l o c a t i n g holes mounted on each 
array. The adjustment f o r the p a r a l l e l i s m of a l l tubes i s then 
achieved by two reference cottons hanging under g r a v i t y through 
the holes i n the p l a t e s . 

The mechanism of operation of the spectrograph i s as 
f o l l o w s : A p a r t i c l e t r a v e r s i n g the spectrograph i s selected 
by a foTor-fold coincidence from the geiger counters Q^, Gg, GQ, 
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&p, This i s achieved by a conventional Rossi c i r c u i t and the 
coincidence pulse i s used t o t r i g g e r a hydrogen t h y r a t r o n which 
allows a condenser bank of capacity 0.012|xF, charged t o 8 KV, t o 
discharge through the primary of a pulse transformer. The 
pulse developed across a resistance chain i n p a r a l l e l w i t h the 
secondary i s then fed across each l a y e r of flash-tubes. The 

. t o t a l capacity of the flas h - t u b e array i s 900 pF. 

The time delay between the passage of the p a r t i c l e and 
the s t a r t of the pulse i s 2|as; Of t h i s l ^ s occurs i n the 
coincidence c i r c u i t and I j i s i n the high voltage pulse forming 
network. The c h a r a c t e r i s t i c s of the pulse are; r i s e time 
0.5y.s (defined as the time taken f o r i t to reach 755'" of i t s 
peak h e i g h t ) , height 6 KV/cm. and l e n g t h 4|iS (defined as the 
len g t h at 50?S of i t s h e i g h t ) . 

Under these conditions the mean layer e f f i c i e n c y of 
a l l 20 l a y e r s of fl a s h - t u b e s i s (52 ± 2)?^ (corresponding t o an 
i n t e r n a l e f f i c i e n c y of 52 x 8 = 70?^). The reason why the 

579 
measured l a y e r e f f i c i e n c y i s less than the maximum expected 
value of 749» can best be understood by considering the way i n 
which the tubes work. 

The mechanism of operation of the tubes i s thought to 
be as f o l l o w s . A r e l a t i v i s t i c p a r t i c l e on the average 
produces ^ 10 ion p a i r s i n t r a v e r s i n g the diameter of a tube. 
Only electrons are u s e f u l i n producing the breakdov/n of a tube 
as Ne"*" ions never gain s u f f i c i e n t energy t o reach the i o n i s a t i o n 
p o t e n t i a l of neon. During the time between the passage of the 
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p a r t i c l e and the a p p l i c a t i o n of the pulse the electrons 
d i f f u s e and those reaching the walls s t i c k and are l o s t . 
As a tube w i l l not f l a s h i f there are no f r e e electrons 
present when the pulse i s applied the time delay of 2tis 
accounts f o r the r e d u c t i o n i n l a y e r e f f i c i e n c y . There i s also 
a s l i g h t l o s s of e f f i c i e n c y due t o the f i n i t e r i s e time, 0.5us, 
of the pulse-. 

The tubes i n a p a r t i c u l a r array are not stacked 
v e r t i c a l l y one above the other, but the layers are staggered. 
The angle M stagger of the arrays A, B, C, D i s 16** w i t h 
respect to the v e r t i c a l . The staggering angle was chosen 
by studying the problem g r a p h i c a l l y . 

I n determining the optimum staggering angle t o employ 
i t was assumed t h a t the i n t e r n a l e f f i c i e n c y was lOOfo out t o 
0.70 of the i n t e r n a l tube radius and zero a f t e r t h a t . I n 
f i g u r e 3'3 the optimum stacking of the tubes i s reproduced and 
i n f i g u r e 3'4 the angles of incidence f o r which p a r t i c l e s can 
t r a v e r s e an array without producing any flashes i s shov/n. I n 
the use of the apparatus t o measure the momentum spectrum of 
cosmic rays at 37.7 m.w.e. the range of angles t h a t an 
accepted p a r t i c l e can make w i t h the v e r t i c a l i s ± 9.2° (see 
Chapter 4 ) . Thus the geometry of stacking chosen ensures 
t h a t no geometrical bias due t o the flash-tubes can occur. 

3.4 The n o i s e - l e v e l experiment 
. The spectrograph was f i r s t used t o determine the 

accuracy w i t h which the l a y e r s of flash-tubes could locate 
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Figure 3.3 The staggering of the flash-tubes 
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Figure 3.4 The s e n s i t i v e volume of an array 
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the t r a j e c t o r y of a p a r t i c l e . This experiment was carr i e d 
out at sea-level w i t h the magnet removed. P a r t i c l e s w i t h 
momentum greater t h a n 8 0 0 MeV/c were selected. The angle 
which the t r a j e c t o r y made w i t h the v e r t i c a l as measured by 
the arrays A, B was then compared w i t h the angle i t made w i t h 
the v e r t i c a l as measured by arrays C, D. The f a c t t h a t i n 
general these angles are d i f f e r e n t i s due to three causes. 

1. The best estimate of the t r a j e c t o r y found from the f l a s h -
tube data does not i n general coincide w i t h the ac t u a l t r a j e c t o r y , 
This e r r o r i s r e f e r r e d t o as the l o c a t i o n e r r o r . 

2. The p a r t i c l e s u f f e r s m u l t i p l e s c a t t e r i n g i n arrays B, C 
and geiger counters GB, GQ. The e f f e c t of s c a t t e r i n g i n the 
arrays A, D i s merely t o a l t e r the d i r e c t i o n of incidence and 
emergence of the p a r t i c l e and t h i s does not add noise t o the 
measured d e f l e c t i o n . 

3. The e r r o r of s e t t i n g the measuring device on the best 
estimate of the t r a j e c t o r y . 

Three methods of measuring the t r a j e c t o r i e s were 
i n v e s t i g a t e d : 

1. The centre of g r a v i t y of the p a t t e r n formed by the 
centres of the tubes which flashed at each l e v e l was calculated 
and the i n c l i n a t i o n of the l i n e j o i n i n g the appropriate pa i r s 
determined. 
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2. A scale diagram of the tube assembly was drawn 
and a l e n g t h of cotton adjusted u n t i l i t gave the best 
estimate of the track d i r e c t i o n . 

3. The photographic records were projected onto a r o t a t a b l e 
screen r u l e d w i t h close p a r a l l e l l i n e s and the required angles 
were measured w i t h a p r o t r a c t o r . 

The c r i t e r i o n i n 2 and 3 was t h a t the best l i n e should 
give'maximum path l e n g t h i n the flashed-tubes. 

Methods 2 and 3 were found t o give consistent r e s u l t s 
while method 1 was i n f e r i o r t o these because of the reduction 
i n u n c e r t a i n t y at one l e v e l a r i s i n g from the knowledge of the 
approximate d i r e c t i o n given by the in f o r m a t i o n from the two 
l e v e l s taken together. 

I n the noise l e v e l experiment 93 acceptable photographs 
have been taken and the frequency d i s t r i b u t i o n of the di f f e r e n c e 
i n the two angles i s shown i n f i g u r e 3.5. The r e s u l t s shown are 
those obtained w i t h method 2 but the p r o t r a c t o r r e s u l t s are 
s i m i l a r . The d i s t r i b u t i o n i s centred about zero, as expected, 
and has r.m.s. d e f l e c t i o n (r:^= 0-33° ± 0.02°. 

The problem now i s t o derive the c o n t r i b u t i o n t o tf" 

a r i s i n g from the inherent e r r o r i n t r a c k l o c a t i o n . 

l e t ^ ' s c a t t . = r.m.s. c o n t r i b u t i o n t o <r due to 

m u l t i p l e s c a t t e r i n g i n arrays B, C and the geiger counter 

GB, GO-
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Figure 3.5 Noise-level d i s t r i b u t i o n 
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Let o"gĝ -|- = r.m.s. c o n t r i b u t i o n t o <r due t o errors of 
s e t t i n g . 

Let <S^ = r.m.s. c o n t r i b u t i o n to ff" due to the l o c a t i o n 
e r r o r . Then 

tS'scatt. c a l c u l a t e d and i s given by 

0̂0 

where = ^ TiF '''̂  taken over the whole of 
the s c a t t e r i n g m a t e r i a l i n arrays B, 0 and the geiger counters 
GB» G'G* ®P i s the r.m.s. projected angle of s c a t t e r of a 
p a r t i c l e of momentum p and N(p) i s the number of p a r t i c l e s 
having momentum p i n the sea-level spectrum (Owen and Wilson, 
1955)' The i n t e g r a t i o n has been performed numerically from 
the low momentum cut o f f , of 800 MeV/c, due to the 53 cm. Pb below 
the spectrograph, t o i n f i n i t y and the r e s u l t i s ̂ scatt. = 0.22°. 

(r~sett. was found by repeated measurements on several 
t r a j e c t o r i e s ; <r g e t t . = 0.14°. 

From equation (2) 0^ can now be found. 

<3̂  = 0.20° ± 0.03° 

I t i s usual t o quote the i m c e r t a i n t y as t h a t of the 
p o s i t i o n at a s i n g l e l e v e l and t h i s . c a n be calculated. I t 
must be borne i n mind however t h a t t h i s u n c e r t a i n t y i s less 



-17-
than would be observed i f the single l e v e l alone were used. 
This i s - because of the i n f o r m a t i o n on d i r e c t i o n given by the 
combined data from the two l e v e l s taken simultaneously. The 
r.m.s. u n c e r t a i n t y , S at a si n g l e l e v e l i s given by 

where ^ i s the separation of the centres of each p a i r of 
de t e c t i n g l e v e l s . The r e s u l t i s 

S = (0.62 ± 0.10) mm. 

I n c a l c u l a t i n g <yscatt. the i n t e g r a t i o n was performed 
over a l l p a r t i c l e s i n the sea-level spectrum w i t h momentum 

> 800 MeV/c. This i s not s t r i c t l y t r u e as the rat e of 
p a r t i c l e s w i t h momentum j u s t above 800 MeV/c w i l l be reduced 
somewhat by s c a t t e r i n g i n the 53 cm. absorber so t h a t the 
value of S i s expected t o be a s l i g h t overestimate. I n 
Chapter 4 the l o c a t i o n e r r o r at the centre of each tube array 
i s found by an independent method and t h i s value, 
(0.92 ± 0.23) mm., i s in" f a c t r a t h e r higher than the value 
given, above. 

The experimental value of the l o c a t i o n accuracy can 
i n p r i n c i p l e be compared w i t h t h a t expected from the geometry 
of the arrangement . L i m i t i n g forms of the v a r i a t i o n of 
e f f i c i e n c y across the tube diameter were considered and the 
expected value of S determined g r a p h i c a l l y f o r two l i m i t i n g 
cases, as f o l l o w s : 
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(a) The e f f i c i e n c y has a constant value of 70^ (equal 
t o the measured mean i n t e r n a l e f f i c i e n c y of the tubes) across 
the whole i n t e r n a l diameter of the tube. This gives 
S= 0.75 mm. 

(b) The e f f i c i e n c y i s equal t o 100^ f o r r < 0.70a and 
zero f o r r > 0.70a.. a i s the radius of the tube and r i s the 
distance from centre. This gives S = 0.46 mm. 

The v a r i a t i o n of e f f i c i e n c y w i t h the distance of the 
t r a j e c t o r y from the centre of the tube was then studied experi
mentally J3y p l a c i n g the array B of flash-tubes between the 
arrays C and D. The flashes i n C,D were used to locate the 
t r a j e c t o r y of the p a r t i c l e and the v a r i a t i o n of e f f i c i e n c y 
w i t h the distance of the t r a j e c t o r y from the centres of the 
tubes i n B was measured. The r e s u l t i s given i n f i g u r e 3*6. 

I n f i g u r e 3^7 the r e s u l t s of the experimental and 
t h e o r e t i c a l determination of the l o c a t i o n accuracy of an 
array of tubes are compared. I t i s seen t h a t the experimental 
v a r i a t i o n of e f f i c i e n c y w i t h r i s intermediate between the two 
extremes assumed i n the t h e o r e t i c a l disciossion; thus the 
r e s u l t i s not i n c o n s i s t e n t w i t h the l o c a t i o n accuracy of 
(0.92 ± 0.23) mm. measured experimentally. 

I t w i l l be appreciated t h a t i t i s possible f o r the 
geiger telescope to be t r i g g e r e d by two unassociated p a r t i c l e s , 
one which traverses Gj^, GB and the other which traverses GQ, GJ) 
w i t h i n the r e s o l v i n g time of the coincidence c i r c u i t , (see 
f i g u r e 3.8). Such spurious events can be recognized by 
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Figure 3.6 V a r i a t i o n of i n t e r n a l e f f i c i e n c y 
across the tube diameter 
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determining the points of i n t e r s e c t i o n of the t r a j e c t o r i e s 
determined by the flashes i n A, B and the flashes i n C, D 
w i t h the l i n e X I . For genuine f o u r - f o l d coincidences the 
separation, t ^ o f the p r o j e c t i o n s of the two t r a j e c t o r i e s onto 
the l i n e XY w i l l be small. Figure 3«9 shows the observed 
frequency d i s t r i b u t i o n of t f o r the 93 events accepted f o r 
measurement i n the n o i s e - l e v e l determination. From t h i s 
d i s t r i b u t i o n i t can be concluded t h a t no spurious events 
have been recorded during the n o i s e - l e v e l experiment. 

The f l a s h - t u b e arrays, as described, are merely two 
dimensional devices, i . e . only the projected angle made by 
the t r a j e c t o r y w i t h the v e r t i c a l i n the plane of the f r o n t 
of the f l a s h - t u b e s i s detennined. The lack of in f o n n a t i o n 
of the precise d i r e c t i o n of the t r a j e c t o r y i n space i s not 
important i n t h i s case as i s shown below. Consider a set of 
rectangular c a r t e s i a n axes' x, y, z. Suppose the l i n e s of 
magnetic f l u x are p a r a l l e l t o the y axis and consider a 
t r a j e c t o r y making an angle a w i t h the z-x plane. The 
resolved component of the momentum i n t h i s plane i s p cos a 
while the resolved component p a r a l l e l t o the y axis i s 
p s i n a. By Fleming's l e f t hand r u l e the magnetic f i e l d only 
exerts a forc e on the component of the motion i n the z-x plane. 
Hence the d e f l e c t i o n of the p a r t i c l e i n the z-x plane i s given 

300 (HJUb 
p cos a = 0 

Q 
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Tlie z-x plane i n the spectrograph i s the plane containing 

the f r o n t s of the flash-tuhes and as the geiger telescope l i m i t s 
the maximum angle t h a t a t r a j e c t o r y can make w i t h t h i s plane t o 
3.8° the maximum e r r o r introduced i s 0.25̂ . Thus the e f f e c t i s 
n e g l i g i b l e . 

3.5 Conclusions 
I t i s now possible t o compare the r e l a t i v e merits of the 

neon fla s h - t u b e and cloud chamber f o r use as the detecting 
elements i n a high energy cosmic ray spectrograph. The l o c a t i o n 
accuracy of (0.92 ± 0.23) mm. obtained w i t h the neon flash-tube 
array i s r a t h e r b e t t e r than t h a t o'htalnab^e w i t h shallow, f l a t 
cloud chambers. The other advantages of the neon flash-tube 
array are: 

1. The system has no moving parts and hence i t i s i n h e r e n t l y 
more r e l i a b l e than a cloud chamber. 

2. The area and hence the s o l i d angle covered by an array 
can be l a r g e . This i s obviously very important i n cosmic ray 
experiments where the f l u x of p a r t i c l e s i s low and as large a 
c o l l e c t i n g area as possible i s used. 

3. Although the c o l l e c t i n g area i s large a l l the information 
i s presented i n one plane. This i s important as i t eliminates 
depth of focus problems and the need f o r stereoscopic photography. 

4. The dead time of the fl a s h - t u b e s , i s small ( < 1 s e c ) . 

Also i t i s apparent t h a t a f u r t h e r reduction i n err o r 

of l o c a t i o n can be made i n a flash-tube array by increasing the 
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number of l a y e r s , an upper l i m i t being set by the maximum 
t o l e r a b l e s c a t t e r i n g u n c e r t a i n t y . I n cosmic ray experiments 
however, the l i m i t i s l i a b l e t o be set more by lack of a 
s u f f i c i e n t f l u x of p a r t i c l e s of small magnetic d e f l e c t i o n than 
the d i f f i c u l t y i n measuring the d e f l e c t i o n s . 



-22-
CHAPTER 14 

The momentum spectrum of cosmic rays at 37.7 m.w.e. 

4.1 I n t r o d u c t i o n 
Using the apparatus already described the momentum 

spectrum of cosmic rays has been measured i n a cave under 
Castle Rock, Nottingham. The rock i s of sandstone of dens i t y 
(1.90 ± 0.03) gm. cm.~5 w i t h a mean atomic number, Z = 10, and 
a mean atomic weight, A = 20. The distance from the roof of 
the cave t o ground l e v e l i s (19.85 - O.O3) metres, corresponding 
to ah absorber thickness of (37.7 - 0.6) m.w.e. 

The momentum spectrum at t h i s depth i s of i n t e r e s t f o r 
two reasons. 

(a) When the experiment was s t a r t e d no precise measurements 
had been performed t o determine the r a t e of energy loss of 
r e l a t i v i s t i c charged p a r t i c l e s of energy > 5 GeV. Information 
on t h i s point can be obtained by the comparison of a precise 
ground l e v e l spectrum and a precise spectrum at 37.7 m.w.e. 

(b) Several experiments on the large-angle s c a t t e r i n g of 
y-mesons have been performed underground (e.g. McDiarmid, 1954). 
I n order t o analyse the r e s u l t s of such experiments i t i s 
necessary t o know the momentum spectrum of the incident p a r t i c l e s 
before they are scattered and h i t h e r t o a l l experimenters have 
c a l c u l a t e d t h i s spectrum from an assumed energy loss r e l a t i o n 
and a knowledge of the sea-level spectrum. As the r.m.s. angle 
of s c a t t e r of a p a r t i c l e 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 momentum 
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i t f o l l o w s t h a t i f the f l u x of low momentum p a r t i c l e s i s 
underestimated then the number of large-angle scatters w i l l be 
overestimated. Thus, a d i r e c t measurement of the energy loss 
of y-mesons w i l l g ive a check on the conclusions of such 
experiments. 

The geometry of the spectrograph was a l t e r e d s l i g h t l y 
when the apparatus was moved t o the cave.in Nottingham and 
f i g u r e 4.1 shows the experimental arrangement. 

4.2 Measurement of the t r a j e c t o r i e s 

The arrays of flash-tubes A, B and C,D wiere photographed 
by two separate cameras. Measurements of p a r t i c l e t r a j e c t o r i e s 
were made by p r o j e c t i n g the photographs ba:ck t o exactly f u l l 
s i z e . To measure the angle t h a t a p a r t i c l e t r a j e c t o r y made• 
w i t h the v e r t i c a l before entering the magnetic f i e l d a m i l l i 
metre scale was placed at the p o s i t i o n of the geiger counters 

and also one at the p o s i t i o n corresponding to the centre of 
the magnetic f i e l d , WX. The required angle was then found by 
successively a l i g n i n g the measuring f i b r e w i t h the reference 
co t t o n and the f l a s h e s . I n t h i s way not only was the angle 
obtained but also the p o s i t i o n of i n t e r s e c t i o n of the t r a j e c t o r y 
w i t h a l i n e drawn through the centre of the magnetic f i e l d and 
the geiger counters GA; t h i s i s u s e f u l a d d i t i o n a l information. 
The same procedure of measurement was used f o r the bottom h a l f 
of the spectrograph and an algebraic s u b t r a c t i o n of the two 
measured angles gave the magnitude of the magnetic d e f l e c t i o n s 
and the charge of the i n c i d e n t p a r t i c l e s . This technique of 



f i g u r e 4.1 The prototype spectrograph as 
operated underground. Scale l / 8 f u l l s i z e . 
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measurement was quicker and y i e l d e d more information than 
the techniques i n v e s t i g a t e d i n the n o i s e - l e v e l measurements. 

R e f e r r i n g . t o f i g u r e 4.1 i f a, b, c, d are the co
ordinates of a t r a j e c t o r y at the measuring l e v e l s then the 
angular d e f l e c t i o n 9 of the p a r t i c l e s i n t r a v e r s i n g the 
magnetic f i e l d i s given, i n the small angle approximation by 
e = Y" where ^ = (a-b) - ( c - d ) . 

For a l l accepted p a r t i c l e t r a j e c t o r i e s HAi i s 
constant t o ihfc and equal t o 1.09 10^ gauss cm. Thus a 
1 G-eV/c p a r t i c l e s u f f e r s an angular d e f l e c t i o n of 1.88* i n 
t r a v e r s i n g the magnetic f i e l d and a displacement of 2.84 cm. 
i n A . 

I n a l l magnetic spectrographs the momentum spectrum of 
p a r t i c l e s t r a v e r s i n g the apparatus d i f f e r s from the spectrum 
of p a r t i c l e s t h a t would traverse the same counter telescope 
i f the magnet were removed. The reason f o r t h i s i s t h a t some 
low momentum p a r t i c l e s are bent out of the telescope by the 
magnetic f i e l d , v/hile others are bent i n . The r e s u l t of 
t h i s i s a bias against p a r t i c l e s of low momentum. However, 
t h i s bias can be accurately corrected i f the geometry of the 
spectrograph i s known. Therefore i n measuring the recorded 
events only those p a r t i c l e s are accepted which traverse the 
s o l i d angle defined by the l i n e s UV, WK, YZ i n f i g u r e 4.1. 
The c a l c u l a t i o n of the magnetic bias i s ca r r i e d out i n 
se c t i o n 4- 5(a) of t h i s Chapter. 
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4.3 U n c e r t a i n t i e s i n the measured magnetic d e f l e c t i o n 

The measured angular d e f l e c t i o n derived from the flashes 
i s not the t r u e magnetic d e f l e c t i o n but a combination of mag
n e t i c d e f l e c t i o n , s c a t t e r i n g d e f l e c t i o n and a component due to 
the l o c a t i o n e r r o r a r i s i n g from the f i n i t e diameter of the 
fla s h - t u b e s . The s e t t i n g e r r o r i s minimised by talking the 
mean of three independent measurements of each angle. I t 
w i l l be appreciated t h a t i t i s necessary to know- the magnitude 
of these u n c e r t a i n t i e s . 

( a ) S c a t t e r i n g e r r o r 

The r.m.s. projected angle of s c a t t e r i n g <j2̂ > of 
a p a r t i c l e of momentum p i n t r a v e r s i n g the spectrograph i s 
given by 

where K = 22 MeV and t i s measured i n r a d i a t i o n lengths. The 
sum i s talc en over a l l the m a t e r i a l i n arrays B,C and the 
geiger counters Gg, GQ. 

D i v i d i n g (3) by ( l ) (Chapter 2) gives 
<i>> _ i _ I y ^ ^ _ i _ 

= 0.22 f o r |i-mesons w i t h ( 3 - > l , i . e . p>0.5 GeV/^ 

Thus the momentum estimate of each ̂ |rarti:cle has an un
c e r t a i n t y of standard d e v i a t i o n 22^ due t o m u l t i p l e s c a t t e r i n g . 
The e f f e c t of t h i s i s t o smear out any f i n e s t r u c t u r e e f f e c t s 
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t h a t may occur i n the spectrum. However i t should be noted 
t h a t i n the eva l u a t i o n of the true spectrum at 37.7 m.w.e., 
as d i s t i n c t from t h a t measured by the apparatus, the e f f e c t of 
m u l t i p l e s c a t t e r i n g can be allowed f o r , since the form of the 
s c a t t e r i n g d i s t r i b u t i o n , P {0) d^ i s accurately knom. 

This point i s discussed i n se c t i o n 5 ( b ) . 

(b) The l o c a t i o n accuracy of the flash-tubes 
As the momentum of a p a r t i c l e increases the magnetic 

angular d e f l e c t i o n decreases. Hence a momentum w i l l be 
reached at which the flash-tubes can no longer resolve the 
small angular d e f l e c t i o n . The maximum detectable momentum, 

300 JH<U _ 
PjQ, IS given by p^ = — ^ — ^ — - where cT̂  i s the r.m.s. 
u n c e r t a i n t y i n the measurement of the angular d e f l e c t i o n . 
The l o c a t i o n e r r o r has been studied i n the n o i s e - l e v e l 
experiment at ground l e v e l i n Durham and found to be 

S = (0.62 ± O.IO) mm. at the centre of an array. T̂Q and S" 
are r e l a t e d by d = '~x~ where h i s the separation of the 
centres of the d e t e c t i n g arrays. 

I t i s obviously b e t t e r to determine the magnitude of the 
two e f f e c t s described above under the present experimental 
c o n d i t i o n s , and not t o r e l y on t h e o r e t i c a l and predicted 
values. Estimates can, i n f a c t , be made from the differences 
i n the measurements of b and c. 
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I n f i g u r e 4.2 i t i s assumed that a l l the s c a t t e r i n g 

m a t e r i a l i n array B and i s concentrated at EF and t h a t 
i n C and Gc i s concentrated at H I , where Z = 28 cm. Consider 
a p a r t i c l e t r a v e r s i n g the spectrograph when there i s no 
d e f l e c t i n g f i e l d . Suppose the r.m.s. projected angle of 
s c a t t e r of the p a r t i c l e by EF and HI i s <y> . F i r s t suppose 
t h a t the flashes lo c a t e the t r a j e c t o r y p r e c i s e l y so tha t the 
discrepancy BG i s due e n t i r e l y to s c a t t e r i n g . 

BC = b - c 
= Z (a - ^) 

There w i l l be a c o n t r i b u t i o n t o BC from the l o c a t i o n e r r o r , 

of magnitude ^ . 

tf*is r e l a t e d t o the r.m.s. u n c e r t a i n t y , <^ i n A by 
C = & where ft i s a constant whose value depends on the 

distance of the centre of the arrays A,D t o the measuring 
l e v e l s GA, GD and the distance of the centres of the arrays 
B,C t o the measuring l e v e l at the centre of the magnetic f i e l d . 
From equation ( 4 ) , section 4.3(a) of t h i s Chapter 

<p = where <(^> = JlOf> 
d p 

» A' 
Thus i f tfl i s p l o t t e d against the slope of the graph w i l l 



Figure 4.2 Determination of the n o i s e - l e v e l of the 
d e f l e c t i o n measurements 
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give the r a t i o of the s c a t t e r i n g d e f l e c t i o n t o the magnetic 
d e f l e c t i o n , K]_, and the i n t e r c e p t w i l l give the r.m.s. 
u n c e r t a i n t y i n the measured magnetic d e f l e c t i o n , due to 
the l o c a t i o n e r r o r . I n f i g u r e 4.3 the r e s u l t s have been 

A' 
grouped i n c e l l s of <s^^ and -p. , the experimental points being 
p l o t t e d at the mean values of the c e l l s . 

The i n t e r c e p t of f i g u r e 4.3 gives (3.55 - 0.90) mm. 
and the slope K i = (0.16 ± 0.04). 

These values can now be compared w i t h expectation. 
0̂  = (3.55 ± 0.90) mm. corresponds to an r.m.s. l o c a t i o n 

e r r o r at the centre of each array of flash-tubes of 
(0.92 ± 0.23) mm. The maximum detectable momentum of the 
spectrograph w i t h C^=3.55mm. i s 8.0 GeV/c. The value 
found f o r the s c a t t e r i n g f a c t o r , (16 ± 4)?^ i s not f a r from the 
t h e o r e t i c a l r e s u l t of 22^ found from a knowledge of the atomic 
constants of the s c a t t e r i n g l a y e r s . 

A graph Of the u n c e r t a i n t y i n magnetic d e f l e c t i o n Of;, can 
now be p l o t t e d as a f u n c t i o n of A . This i s found by adding the 

•/(, A 
component u n c e r t a i n t i e s due t o s c a t t e r i n g , — j j — , and l o c a t i o n 
e r r o r , <^ , i n quadrature: 

The v a r i a t i o n of a^wlth i s shown i n f i g u r e 4.4. 

4.4 Experimental r e s u l t s . 
The apparatus was operated continuously f o r a period 

of t h r e e months during which time the r a t e of p a r t i c l e s was 



to »if 1« 31 H (K) 

m cm. 

Figure 4.3 The combination of l o c a t i o n and' s c a t t e r i n g 
e r r o r s 
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Figure 4.4 The r.m.s. u n c e r t a i n t y i n magnetic d e f l e c t i o n 
as a f u n c t i o n of the magnetic d e f l e c t i o n 
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(0.536 ± 0.017) hr."-^. I n a l l 1,010 t r a j e c t o r i e s were 
measured; t h e i r d i s t r i b u t i o n i n momentum i s given i n 
Table 4a. 

Grouping together a l l the p a r t i c l e s w i t h momenta between 
0.25 GeY/c and 8 GeV/c gives a positive-negative r a t i o , 

(-25,8) = 1.42 ± 0.11 
N- (.25,8) 

The most accurate measurements of the positive-negative 
r a t i o underground have been made by F i l o s o f o et a l . (1954). 
The above value of 1.42 ± 0.11 i s not inconsistent w i t h t h e i r 
value of 1.24 ± 0.0.1 at a s i m i l a r depth. 

I n order t o derive the momentum spectrum from the r e s u l t s 
of t a b l e 4a the experimental bias a r i s i n g from various f a c t o r s 
must be considered. These w i l l now be discussed. 

4.5 Experimental bias 
(a) Magnetic bias 

The geometry of acceptance of p a r t i c l e s t r a v e r s i n g 
the magnetic f i e l d i s shown i n f i g u r e 4.5 where L = 9 cm., 
Jt = 5 cm. and y = 86.5 cm. I t i s required t o f i n d the pro

b a b i l i t y of acceptance of a p a r t i c l e of momentum, p, r e l a t i v e t o 
a p a r t i c l e w i t h i n f i n i t e momentum. P a r t i c l e s w i t h i n f i n i t e 
momenta can be i n c i d e n t over the whole length of WX f o r angles 
of incidence between ± t a n ~ - ^ ( ^ ) . For angles of incidence, 
a > t a n ~ - ^ ( ^ ^ ) , the len g t h of WX over which these p a r t i c l e s 
can be i n c i d e n t i s given by 2(L - y tan a) which f a l l s t o zero 
when a = t a n ~ ^ h. The area under the graph of the le n g t h of 
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Momentum No.of p o s i t i v e No.of negative Total 
i n t e r v a l • part i c l e s jN"^ . p a r t i c l e s , iN~ 

.25 - .50 15 14 29 

.50 - .75 20 14 34 

.75 - 1 31 20 " 51 
1 - 2 107 ' 65 172 

2 - 3 72 57 129 

3 - 4 51 37 88 

4 - 5 46 30 76 

5 - 6 36 . 24 60 

6 - 7 24 19 43 
7 - 8 21 18 39 

8 133 156 289 

556 454 1,010 

TABLE 4a 



Figure A.5 Magnetic bias 

Fiigjure 4.6 Magnetic bias 
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WX over which p a r t i c l e s can be in c i d e n t versus the angle of 
incidence gives a measure of the p r o b a b i l i t y of acceptance of 
p a r t i c l e s w i t h mdmentum, \=>. The p r o b a b i l i t y of acceptance of 
p a r t i c l e s w i t h i n f i n i t e momentum, \>co i s given by 

Consider a n e g a t i v e l y charged p a r t i c l e w i t h momentum p which 
s u f f e r s an angular d e f l e c t i o n Q i n t r a v e r s i n g the magnetic 
f i e l d such t h a t 8 < ^'^[^). (See f i g u r e 4.6). F i r s t l y 
consider only p o s i t i v e angles of incidence. The p a r t i c l e 
can be i n c i d e n t over the whole length of WX f o r angles of 
incidence between 0 and +ai where = [—) -8 . For 
angles of incidence between a = a]_ and a = t a n ~ - ^ ^ - y } the 
le n g t h of WX over which the p a r t i c l e can be incident i s given 
by (L+-€̂  - ^ ̂ 0^,(^+0^^ . Tills i s the case shown i n f i g u r e 4.6. 
For angles of incidence > the distance i s 

2L - y (te«o< + iSn^9tc(;^ , which f a l l s t o zero at oi - ^-i. 

i n the small angle approximation. 

Consider now negative angles of incidence. For angles 
of incidence between 0 and t a n ~ l (j^) "the length of WX over 
which p a r t i c l e s can be accepted i s For values of a 
between t a n ~ ^ ( ~ ) and ĉ j_ - ̂  + t^'(^) the distance i s 

LL+-t) - y tan ot and f o r angles > dz the distance i s 

2L - y t a n {a ̂  Q) - j t a n a which f a l l s to zero at 

"2 = ^/2 + V y . 

The t o t a l p r o b a b i l i t y of acceptance f o r a p a r t i c l e 
of momentum p w i t h magnetic d e f l e c t i o n Q < tan~-^( 
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i s t h e r e f o r e given "by: 
f 

{ZL-^l\^<^\i>*l&^6L)l]U 4. 15*1-' C^-^) 

4- ^ (L^-*_) - ^ tcxMoi ] dot 

The c a l c u l a t i o n lias been repeated f o r magnetic 
d e f l e c t i o n s i n the range 0 t o 2 t a n " ^ ( ̂ ^^^ • ^^le 
i n t e g r a l s have been evaluated both a n a l y t i c a l l y and numerically 
and also a check has been made by determining P(p) w i t h a scale 
model. A c o r r e c t i o n f a c t o r defined as P!(p) has been 

PTP:; ) 
c a l c u l a t e d and the r e s u l t i s shown i n f i g u r e 4.9-

(b) S c a t t e r i n g bias 
A p a r t i c l e t r a v e r s i n g the spectrograph s u f f e r s an 

angular d e f l e c t i o n due t o m u l t i p l e s c a t t e r i n g as w e l l as a 
d e f l e c t i o n due t o the magnetic f i e l d . The e f f e c t of the 
p r o j e c t i o n of t h i s s c a t t e r i n g angle on the.plane i n which the 
magnetic d e f l e c t i o n takes place i s to produce an e r r o r i n the 
momentum estimate and also t o s c a t t e r some p a r t i c l e s out of 
the l i m i t s defined f o r acceptance and sc a t t e r other p a r t i c l e s 
i n . The e f f e c t i n the plane p a r a l l e l to the magnetic f i e l d 
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i s s i m i l a r and the r e s u l t a n t e f f e c t i s t o introduce a bias 
against p a r t i c l e s of low momentum. 

The p r o b a b i l i t y t h a t a p a r t i c l e of momentum p w i l l be 
scattered through a s p a t i a l angle a i n the i n t e r v a l a t o 
a + da i s given t o s u f f i c i e n t accuracy by the expression given 
by Rossi and Greisen (1941)J 

where = - ^ j g , =̂ JM<.V and t i s measured i n r a d i a t i o n 

l engths. For pr o j e c t e d angles, ^ , the r e l a t i o n i s 

I n d e r i v i n g the spectram of p a r t i c l e s incident on the appar
atus an attempt has been made t o allow f o r the e f f e c t s of bias 
as f o l l o w s . An assumed in c i d e n t spectrum i s taken and t h i s 
i s f i r s t corrected f o r bias due to p a r t i c l e s being scattered 
out of the geiger telescope i n the plane 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 spectrum i s then broadened i n 
the usual manner t o account f o r the projected component of the 
s c a t t e r i n g i n the plane i n which the magnetic d e f l e c t i o n takes 
place. F i n a l l y the c o r r e c t i o n s due t o magnetic bias and 
'noise' of measurement are applied. The r e s u l t i n g momentum 
d i s t r i b u t i o n i s then compared w i t h the measured d i s t r i b u t i o n . 

The c o r r e c t i o n due t o s c a t t e r i n g i n the plane p a r a l l e l t o the 
magnetic f i e l d T ' 

The geometry of acceptance i n t h i s plane i s shown i n 
f i g u r e 4.7, where X = 5..6 cm., x = 1.4 cm. and y = 86.5 cm. 
To s i m p l i f y the c a l c u l a t i o n i t i s assumed t h a t a l l the 
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Pigure 4.7 S c a t t e r i n g bias 
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s c a t t e r i n g m a t e r i a l i n the arrays of flash-tubes B,C and the 
geiger counters GB> ^̂ 0 i s concentrated at ST at the centre of 
the magnetic f i e l d . The s c a t t e r i n g i n the array of flash-tubes 
A and the geiger counters Gj^ i s ignored. The j u s t i f i c a t i o n f o r 
t h i s s i m p l i f i c a t i o n i s t h a t the r.m.s. angle of s c a t t e r i n 
A, GA i s J2 times smaller than the same angle f o r B,C,GB,GQ. 

Consider a p a r t i c l e i n c i d e n t on the s c a t t e r i n g m a t e r i a l 
at a distance b from 0. Suppose the p a r t i c l e has momentum p 
and t h a t i t s projected r.m.s. angle of s c a t t e r i n g i n ST i s <0y . 
The p r o b a b i l i t y t h a t i t w i l l be scattered so tha t i t remains i n 
the s o l i d angle defined by the geiger telescope i s 

For angles of incidence > tan~-^ ̂ /y 

For a given value of b the p r o b a b i l i t y f o r a l l angles of 

incidence i s 
f > 

T 
To obtain the t o t a l p r o b a b i l i t y of acceptance, P(p) t h i s 

i n t e g r a l must also be taken over b. 
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The m u l t i p l e s c a t t e r i n g d i s t r i b u t i o n P(^) d0 cannot be 

int e g r a t e d a n a l y t i c a l l y so i t has been evaluated numerically 
using e r r o r f u n c t i o n t a b l e s . The c o r r e c t i o n f a c t o r t o be 
applied t o p a r t i c l e s of momentum p i s defined as ̂ ||^ ̂  and 
i t s v a r i a t i o n v/ith momentum -is shown i n f i g u r e 4.9. 

4.6 The t r i a l spectrum 
The t r i a l spectrum has been obtained by ta k i n g the knovm 

sea-level spectrum and from t h i s p r e d i c t i n g the shape of 
the spectrum at 37.7 m.w.e. To a good approximation i t can 
be assumed t h a t p a r t i c l e s which reach 37.7 m.w.e. w i t h momentum 
between 1 GeV/c and 8 GeV/c have l o s t a constant momentum p^ i n 
the rock. However f o r momenta below 1 GeV/c the v a r i a t i o n of 
the r a t e of momentum l o s s , w i t h p must be taken i n t o 
account and also the e f f e c t s of m u l t i p l e s c a t t e r i n g i n the 
rock. A f u r t h e r possible c o r r e c t i o n i s f o r the e f f e c t of 
yi - e decay. The magnitude of these e f f e c t s w i l l now be 
considered. 

(a) - e decay 
The p r o b a b i l i t y of y - e decay can be shown t o be 

fth] (Janossy, 1950) 

Here p i s the momentum at 37.7 m.w.e. and Po i s the 

momentum loss i n the rock. The other symbols have t h e i r 

usual meanings. With p = 100 MeV/c the p r o b a b i l i t y of 

decay i s 0.003i thus the e f f e c t i s n e g l i g i b l e i n the present 

experiment. 



-36-
(b) The v a r i a t i o n of ̂  w i t h p f o r p < 1 GeV/n 

Suppose the ground l e v e l spectrum i s given by 

Pg i s such t h a t the mesons reach 37.7 m.w.e. 
w i t h p < 1 GeV/q then they w i l l be spread over a wider momentum 
c e l l because- of the increase i n ̂  as p decreases below 1 GeV/c 
The e f f e c t of t h i s i s t o produce a peak i n the spectrum at low 
momentum. Suppose they are spread over a momentum c e l l w i t h 
l i m i t s p to p + dp at 37.7 m.w.e. 

Ay 

Now (t^) = K where K i s a constant and 

(all = ^ ^' (RQssi and Greisen, 194l) 

The v a r i a t i o n of the f a c t o r '^^J \ w i t h p i s shown i n 
f i g u r e 4.9. ^ / J 

(c) S c a t t e r i n g i n the rock 

P a r t i c l e s which are in c i d e n t v e r t i c a l l y at sea-level 
s u f f e r m u l t i p l e s c a t t e r i n g i n t r a v e r s i n g the rock and are 
scattered away from the v e r t i c a l . Hov/ever some p a r t i c l e s 
are scatt e r e d i n t o the v e r t i c a l from the i n c l i n e d f l u x at 
sea - l e v e l . To reach the cave w i t h a c e r t a i n momentum an 
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i n c l i n e d p a r t i c l e must have a higher momentum at sea-level 
t h a n a v e r t i c a l p a r t i c l e which reaches the cave w i t h t h a t 
momentum. Thus as the f l u x of such i n c l i n e d p a r t i c l e s i s 
less than the f l u x of v e r t i c a l p a r t i c l e s i t i s seen tha t more 
p a r t i c l e s w i l l be scattered away from the v e r t i c a l than w i l l 
be scattered back from i n c l i n e d angles. The e f f e c t of t h i s 
i s t o produce a redu c t i o n i n the near v e r t i c a l spectrum at low 
momentum. 

The maximum angle t h a t an accepted p a r t i c l e t r a j e c t o r y 
can make w i t h the v e r t i c a l i n the plane perpendicular to the 
magnetic f i e l d i s ± 9.2° while the maximum angle i n the 
perpendicular plane i s ± 4.5°- The problem then i s t o 
c a l c u l a t e the spectrum of p a r t i c l e s i n t h i s s o l i d angle. 

I f p i s the momentum of a p a r t i c l e at 37.7 m.w.e., 
which has l o s t momentum Pq i n the rock, then i t s mean square 
pr o j e c t e d angle of s c a t t e r i n t r a v e r s i n g the rock i s given by 

E, 

where = MeY/c / radn. length and Eg = 21 MeV^ from 

t h i s equation <p> 2.58 ^"^^^^ â*̂ -lians. 

The m a j o r i t y of the s c a t t e r i n g arises as the p a r t i c l e 
slows down and to a f a i r approximation i t can be assumed t h a t 
i t a l l takes place at the roof of the cave. Figure 4.8 
gives a diagrammatic r e p r e s e n t a t i o n . Tg i s the t r a j e c t o r y 
of an i n c i d e n t p a r t i c l e and i t i s required t o f i n d the 



Figure 4.8 S c a t t e r i n g i n the rock 
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p r o b a b i l i t y t h a t i t w i l l be scattered i n t o the area defined 
by the rectangle ABCD corresponding t o the acceptance of the 
spectrograph. Suppose cr = h tan-Cp;^ , the p r o b a b i l i t y t h a t 
the p a r t i c l e w i l l be scattered i n t o the element of area dx dy i s 
given by 

The p r o b a b i l i t y t h a t i t w i l l be scattered i n t o the rectangle 

ABCD 

2T<r J J 

I f p i s the momentum of a p a r t i c l e at 37*7 m.w.e. which i s 
in c i d e n t at an angle 9 t o the v e r t i c a l at sea-level then 
i t s momentum at sea-level i s given b y - ^ " ^ ' [ ' . The r a t e of 
such p a r t i c l e s across an area of 1 cm. at S i s 

Where N ( -^+1>} i s the v e r t i c a l spectrum at sea-level and 

n i s the zenith-angle dependence of the sea-level r a d i a t i o n 

of momentum 1> (Budini and Moliere, 1952). The t o t a l 

f l u x of p a r t i c l e s of momentum p i n the required s o l i d angle 

i s given by 

hr^" J J 

.vhere the sum i s also taken over a l l a and 9. The l i m i t s i n 
the i n t e g r a l s are f o r b > h tan 9 > a. Taking t h i s 
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i n t o account the equation has been in t e g r a t e d numerically. A 
c o r r e c t i o n f a c t o r defined as the f l u x of p a r t i c l e s of momentum 
p crossing 1 cm.2 at S, t a k i n g s c a t t e r i n g i n t o account, t o the 
f l u x w i t h no s c a t t e r i n g has been calculated and the r e s u l t i s 
shown i n f i g u r e 4.9. 

(d) The sea-level spectrum 
When t h i s experiment was commenced the most accurate 

measurements of the sea-level spectin;m were those of Owen 
and V/ilson (1955) > r e f e r r e d t o as the 0 spectrum, and Garo, 
Parry and Rathgeber (1951), r e f e r r e d t o as the C specti^im. 
Owen and Wilson measured the momenta of 60,000 p a r t i c l e s w i t h 
a spectrograph of m.d.m. 31 GeV/c; using the same apparatus 
Rodgers (1956) increased the m.d.m. t o 240 GeV/c and measured 
4,566 p a r t i c l e s . Caro, Parry and Rathgeber measured the 
momenta of 6,056 p a r t i c l e s w i t h a .spectrograph of m.d.m. 
100 GeV/c. I n f i g u r e 4.10 these two spectra are shov/n and 
i t i s seen t h a t there i s a discrepancy between them. Below 
7 GeV/c the C spectrum l i e s above the 0 spectrum while above 
1. GeV/c the G spectrum f a l l s o f f more r a p i d l y than the 0 
spectrum. More' recent work by Pine et a l . (1959) and the 
author on the sea-level spectrum have shov«i good agreement 
w i t h the 0 spectrum and not w i t h the C spectrum and there i s 
good evidence t h a t the 0 spectrum i s i n e r r o r . For complete
ness a l l the c a l c u l a t i o n s t h a t f o l l o w have been made f o r both 
the 0 spectrum and the C spectrum. 
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I n the region of i n t e r e s t i n the present experiment the 

sea-level spectrum has a continuously increasing slope i n the 
range 6 - 2 0 GeV/c and cannot be represented by any simple 
a n a l y t i c f u n c t i o n . The t r i a l spectrum at 37-7 m.w.e. was there
f o r e derived numerically from the curves of f i g u r e 4.10 the 
f o l l o w i n g steps being made i n the c a l c u l a t i o n . 

1. The spectrum at 37.7 m.w.e. was predicted assuming a 
constant momentum loss f o r a l l p a r t i c l e s . 

2. Corrections were applied to t h i s spectrum t o account 
f o r the v a r i a t i o n of ^ w i t h p at low momentum and s c a t t e r i n g 
i n the rock. This i s the predicted spectrum incident on the 
top of the spectrograph. 

3. A c o r r e c t i o n was applied t o account f o r experimental 
bias i n the spectrograph due t o s c a t t e r i n g i n the back plane. 
The r e s u l t i n g momentum spectrum was converted t o a d e f l e c t i o n 
spectrum using the r e l a t i o n \> h = 2.84 GOV/Q cm. and the 
d e f l e c t i o n spectrum was broadened v/ith the known experimental 
e r r o r s shown i n f i g u r e 4.4* I f i s the predicted d e f l e c t i o n 
spectrum then the broadened d e f l e c t i o n spectrum w i l l beS(ij)where 

This equation was solved by numerical i n t e g r a t i o n . 

4. F i n a l l y , the broadened spectrum was converted back t o a 
momentum spectrum and corrected f o r magnetic bias. On normalis
ing t o the number of measured p a r t i c l e s t h i s spectrum was com
pared w i t h the measured spectrum of p a r t i c l e s t r a v e r s i n g the 
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apparatus. 

4.7 Deduction of the spectrum at 37»7 m.w.e. 
The momentum loss i n the rock, po,wa3 used as a va r i a b l e 

parameter t o a l t e r the t r i a l spectrum u n t i l a good f i t w i t h the 

measured spectrum was obtained. To t e s t the goodness of f i t 

between the measured and predicted spectrum two methods were 

i n v e s t i g a t e d . 

(a) The r a t i o of the number of p a r t i c l e s expected i n the 
momentum i n t e r v a l 0.25 t o 4 G-eV/c t o t h a t expected i n the 
i n t e r v a l 4 GeV/c t o i n f i n i t y was calculated f o r various values 
of PQ. The measured r a t i o of 0.97 ± 0.06 then determined the 
value of po which gave the best f i t . The best values of Po 
determined by t h i s method f o r both the 0 spectrum and the C 
spectrum are shown i n t a b l e 4b. 

Sea-level spectrum PQ 

0 spectrum 6.6 ± 0.8 GeV/c 
G spectrum 7.6 ± 0.9 GeV/c 

Table_ 4b 
(b) The data was di v i d e d i n t o 12 c e l l s and the goodness of 
f i t between the measured spectrum and the predicted spectrum 
was found by the i- t e s t . This method i s superior to'the 
previous one as i t t e s t s the goodness of f i t over 12 c e l l s 
instead of tv/o c e l l s . Also by using a contingency t a b l e 
(Moroney 1954) t o c a l c u l a t e X allowance i s made f o r the f i n i t e 
s t a t i s t i c a l accuracy of the 0 spectrum and the G spectrum as 
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w e l l as t h a t of the present r e s u l t s . This was p a r t i c u l a r l y 
necessary i n the case of the G spectrum which contained fewer 
than 1,000 p a r t i c l e s i n the common region of the spectra, i . e . 
^ ^ 7 GeV/c at sea-level. ^In f i g u r e 4.11 )̂ '' i s p l o t t e d against 
Po f o r both the 0 spectrum and the C spectrum. For the 0 
spectrum the best f i t (minimum ) i s at Po = 6.4 GeV/c and 
the 16^ l e v e l of s i g n i f i c a n c e , corresponding t o the standard 
d e v i a t i o n l i m i t s of the best PQ, are at 5.4 GeV/c and 7.4 GeV/c. 
The r e s u l t s of the X ^ c a l c u l a t i o i i f o r both the 0 spectrum and 
the G spectrum are summarised i n the t a b l e 4c. 

Sea-level spectrum Most probable Degree of l6fo l i m i t s of 
momentum Significance £o 
l o s s , PQ 

0 spectrum 6.4 GeV/c 42fo 5-4 GeV/c 

G spectrum 7.3 &eV/c 53/0 5-6 GeV/c 
° 9.5 GeV/c 

Table 4c 

I t i s seen t h a t the best value of Pg determined by 

the r a t i o method and the )6 method are consistent. I n a l l 
1. 

l a t e r computations the values determined by the f~ method have 

been used. 
I n f i g u r e 4.12 the measured d e f l e c t i o n spectrum i s 

compared w i t h t h a t c a l c u l a t e d from the sea-level spectrum 
of Owen and Wilson w i t h po = 6.4 GeV/c, and i n f i g u r e 4.13 
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the analagous curve i s shovm f o r the sea-level spectrum 
of Garo et a l . w i t h po = 7.3 ^e^/c I n tab l e 4d the basic 
data of the underground spectrum measurements are given 
together w i t h the expected d i s t r i b u t i o n s g i v i n g the best f i t 
t o the observed d i s t r i b u t i o n s . 

The t r i a l spectrum of Owen and Wilson, w i t h 
Po = 6.4 GreV/Q, has been used t o give the best estimate from 
t h i s experiment of the v e r t i c a l spectrum of cosmic rays at 
37.7 m.w.e. and t h i s i s shown i n f i g u r e 4 .14. The spectrum 
of Owen and Wilson has been used because as explained previously, 
there i s reason t o believe t h a t the G spectrum i s i n e r r o r . 
The experimental points shovm i n f i g u r e 4*14 have been p l o t t e d 
at the same percentage distance from the unbroadened spectrum 
as the broadened points were from the measured spectrum. 

I t w i l l be shown i n the next section that po = 6.4 G-eV/c 

corresponds t o a mean energy loss of ̂ i-mesons which i s less than 

t h a t expected t h e o r e t i c a l l y . However the s i g n i f i c a n c e l e v e l 

of t h i s discrepancy i s not hi g h . Therefore f o r comparison 

the shape of the predicted spectrum at 37.7 m.w.e. i s also 

shown i n f i g u r e 4.14 f o r the sea-level 0 spectrum and the 

t h e o r e t i c a l l y expected value of po, 7.9 GeV/c. To obtain 

the absolute rates f o r po = 7.9 GeV/c the ordinates of 

f i g u r e 4.14 should be m u l t i p l i e d by 0 .77 . 
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Expected Number 
Momentum D e f l e c t i o n Observed 0-spectrum G-spectrum 
I n t e r v a l I n t e r v a l Number Pp = 6.4 GeV/g p^ = 7.3 GeV/p GeV/p, cm. 

. 25 - .50 11.36-5.68 29 

. 50- .75 5.68-3.78 34 

.75- 1.01 3-78-2.80 54 

1.01-1.35 2.80-2.10 58 

1.35-1.62 2.10-1.75 49 

1.62-2.03 1.75-1.40 66 

2.03-2.70 1.40-1.05 100 

2.70-4.05 1.05-0.70 119 

4.05-5.35 0.70-0.53 95 

5.35-8.10 0.53-0.35 119 
8.10-15.80 0.35-0.18 135 

15.80 - 0.18-0 152 

1,010 

30 27 

36 39 
44 42 

54 56 
40 46 
61 65 
91 98 

146 151 
99 98 

126 121 

137 130 

146 137 

010 1,010 

Table 4d 
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4.8 The r a t e of energy loss of i^-mesons i n the energy range 
3-12 GeV/c 
(a) The measured r a t e of energy loss 

Prom the best value of Po' already determined and a 
knowledge of the depth of the cave below sea-level, (37.7±0.6) 
m.w.e., the mean r a t e of energy loss of ^i-mesons can be c a l 
c ulated. The values obtained f o r both the 0 spectrum and the 
0 spectrum are shovm. i n t a b l e 4e. 

Mean Energy range 
Po GeV/e - f f MeV/gm.cm.-^ Energy GeV 

GeV 

0 spectrum (6.4±'1.0) (l.70±0.27) 

Table 4e 

5.6. 3.45-11.20 

G spectrum (7-^ll]^) '^'^''^^IQ'JP ^'05 3.90-11.65 

The mean value of obtained above i s t h a t of the 
l^-mesons when h a l f way through the rock between sea-level 
and the cave. The best estimate of t h i s energy i s given by 
^ plus the median energy, 2.4 GeV of p a r t i c l e s i n the 
measured spectrum between 0.25 GeV/c and the maximum detectable 
momentum, 8 GeV/c. The range of energy over which ^ i s an 
estimate of the energy l o s s i s also shown i n t a b l e 4e. 
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The measured r a t e of energy loss can now be compared 

w i t h theory. 

(b) The expected r a t e of energy loss of u-mesons 
The energy loss of y.-mesons has been considered by • 

George (1952) and B a r r e t t et a l . (1952). The equation of 
G-eorge contains two terms which should be omitted i n the 
l i g h t of l a t e r work; one term concerns the production of 
p e n e t r a t i n g secondaries by i^-mesons which has been shown to 
be much less important than o r i g i n a l l y thought (Braddi'ck and 
Leontic 1954), while the term due t o Gerenkov r a d i a t i o n i s 
already included i n the energy loss due t o i o n i s a t i o n . I t 
w i l l be u s e f u l t o review the energy loss equation. 

The knovm energy loss processes of high energy |i-mesons 
are l i s t e d below. 

( i ) l o n i s a t i o n 
( i i ) Cerenkov r a d i a t i o n 

( i i i ) Bremsstrahlung 
( i v ) E l e c t r o n p a i r production 
(v) Nuclear i n t e r a c t i o n 

( i ) l o n i s a t i o n 
A charged p a r t i c l e t r a v e r s i n g matter loses energy 

t o the electrons of the medium the coupling being v i a the 
Coulomb f i e l d s of the p a r t i c l e s . The electrons can be 
e i t h e r r a i s e d t o excited states i n t h e i r parent atom or can 
be ejected completely from the atom. I n e i t h e r case the 
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increment of energy i s talcen from the energy of the inc i d e n t 
p a r t i c l e . 

(a) Large energy t r a n s f e r s >/| • 

For large energy t r a n s f e r s the electrons of the medium 
can be considered as f r e e but f o r small energy transfer©- the 
t r a n s i t i o n p r o b a b i l i t y f o r the system formed by the primary 
p a r t i c l e and the atom as a whole must be considered. 

For a |i-meson of spin i and energy E^Bhabha 1938, 
Massey and Gorben.1939 give the p r o b a b i l i t y per gm. cm.~^ 
of producing an e l e c t r o n of energy ^ as 

where ̂  , are the mass and c l a s s i c a l radius of the 
N 

e l e c t r o n and i s the maximum tr a n s f e r a b l e energy to an 
e l e c t r o n . Using t h i s equation the mean.energy loss f o r 
energy t r a n s f e r s >r| i s given, by 

n 

(b) Small energy transfers<^^ 

The energy loss f o r energy t r a n s f e r s <1 , K[<II) has 
been ca l c u l a t e d by Bethe (l930, 1932, 1937). 

where I Cz) - 2 l^-Sev 

K(<a) =• { - ^ C ^ ^ f ^ ^ ) ) - P ' j MeV/gm.cm.-2 
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I n f i g u r e 4.15 K(<«]) and ^i>'\) are p l o t t e d as a 
f u n c t i o n of energy f o r /| = 10 KeV, f = 1.9 ^ . / c c . 

Z = 10 and A = 20. The energy range 10^ --10^2 

considered here as the v a r i a t i o n at high energy i s required 
i n Ghapter 7 where the r a t e of energy loss of high energy 
y-mesons i s determined from the sea-level i n t e g r a l spectrum 
and the d e p t h - i n t e n s i t y curve. The reason f o r the increase 
of K(>i|) w i t h energy i s due t o the increase i n the maximum 
t r a n s f e r a b l e energy which means t h a t there are more f i n a l 
energj states a v a i l a b l e t o the knock on el e c t r o n . 

The increase i n K^ri)with energy i s due to the r e l a t i v i s t i c 
increase i n the e l e c t r i c f i e l d perpendicular t o the d i r e c t i o n 
of motion by a f a c t o r J^j^u . However, Swann (1938) pointed out 
t h a t the above equation should be modified f o r condensed 
m a t e r i a l s since the increase i n the e l e c t r i c f i e l d at large 
impact parameters would tend t o be opposed by the p o l a r i z a t i o n 
of the medium. This e f f e c t was f i r s t q u a n t i t a t i v e l y i n 
v e s t i g a t e d by Fermi ( l 9 4 0 ) and l a t e r by Halpen and H a l l (1940), 

Wick (1940) and Sternheimer ( l 9 5 6 ) . According t o Halpern 
and H a l l the d e n s i t y c o r r e c t i o n A which must be subtracted from 

K ( < i ) i s given by 

f o r (i > ( i . e . p > 415 MeV/c f o r ii-mesons) where €. i s the 
equivalent d i e l e c t r i c constant of the medium. 

= 1.06 f o r rock w i t h f> = 1.90 gm./cc, Z=10, A=20. 
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£i = O ou(, [^[~) - I } MeV/gm.cm.-2 
When A i s subtracted from K(<fj) i t i s seen th a t the r e l a t i v i s t i c 
increase of energy loss i s exactly balanced out by the r e d u c t i o n 
due t o the dens i t y e f f e c t . Also shown i n f i g u r e 4.15 i s the 
t o t a l i o n i s a t i o n l oss of y-mesons when c o r r e c t i o n i s made f o r 
the d e n s i t y e f f e c t . Here the increase i n energy loss w i t h 
energy i s due e n t i r e l y to knock on electrons w i t h energy >10 KeV, 

( i i ) Gereiokov r a d i a t i o n 
I f a p a r t i c l e traverses a medium w i t h a v e l o c i t y 

g r e a t e r than the v e l o c i t y of l i g h t i n the medium then radiation 
i s emitted only on t h e surface of a cone of h a l f angle cos~l ( p ^ ] 

where n i s the r e f r a c t i v e index of the medium. This r a d i a t i o n 
r e s u l t s from the i n t e r a c t i o n of the e l e c t r i c f i e l d of the moving 
charged p a r t i c l e w i t h the atoms of the medium at la r g e impact 
parameters. The ext r a c t ion.of energy from the y-meson due to 
t h i s process t h e r e f o r e saturates at high energy and has already 
been included i n the term K(<r|) i n considering i o n i s a t i o n l o ss. 

( i i i ) Bremsstrahlung 
The cross section f o r the production of a photon of 

energy E t o E+«E by a lii-meson of energy E and spin s 
( G h r i s t y and Kusaka, 1941) i s 

Using t h i s r e s u l t the mean energy loss per MeV/gm. cm.~2 

i s given by 

z 1 - 5 . l ^ i j ^ - ) -x] MeV/gm. cm.-2 
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( i v ) P a i r production 

The cross section f o r the production of e l e c t r o n pairs 
by y-mesons has been c a l c u l a t e d by Bhabha (1935). The equations 
are more complicated than f o r bremsstrahlung and they give f o r 
the mean energy loss 

M = 1.6 . 10"^ E. MeV/ gm. cm."2 dx 

(c) Nuclear i n t e r a c t i o n 
Observations i n nuclear emulsions exposed underground 

(George and Evans, 1950) "have suggested t h a t the cross section 
f o r the production of s t a r s r e l e a s i n g energy i n the l i m i t s 
E fe E+-rte by a |^-meson of energy E i s of the form 

where <5J[̂  ~ 10~29 cm."^. ^he energy loss by nuclear i n t e r 

a c t i o n obtained from t h i s cross section i s 

dE =5.0. 10-7 2 MeV/ gm. cm."2 
dx 

I n f i g u r e 4.16 the r e l a t i v e importejice of these processes i s 
shown f o r the energy range 1 - 1,000 GeV. The t o t a l energy 
l o s s f o r t^-mesons i s the sum of the f i v e independent energy 
losses and t h i s i s also shown. 

I n f i g u r e 4.17 the experimental data of t a b l e 4e 
on the energy loss of ^i-mesons i n the energy range 3 - 1 2 GeV i s 
compared w i t h theory. From f i g u r e 4.16 i t i s seen tha t at 
20 GeV, i o n i s a t i o n loss c o n t r i b u t e s 97.6^ t o the t o t a l energy 
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l o s s . The point 0 r e f e r s t o the value of ̂  found using the 
0 spectrum at sea-level while C i s that f o r the G spectrum. 
Both points l i e helow the expected curve but the accuracy of 
determining i s n o t h i g h . I n t a b l e 4e the chance t h a t the 
two experimental points are consistent w i t h the t h e o r e t i c a l 

curve i s given. 
dE 
dx 
Experimental 
MeV/gm.cm.~^ 

0 spectrum (1.70 ± 0.2?) 
G spectrum (1.94 

dE P r o b a b i l i t y of 
dx experimental pta. 
Expected being colTsistent w i t h 

Mev/gm.cm.~^ the o r y " 

2.10 
2.10 37^ 

Table 4e 

I t must th e r e f o r e be concluded from t h i s experiment th a t 
i n the energy range 3 - 1 2 GeV the energy loss of ti-niesons i s 
due predominantly t o i o n i s a t i o n loss and t h a t there i s no s i g 
n i f i c a n t disagreement between experiment and theory. 

4.9 Gomparison w i t h other work on underground spectra 
Recently Dayon and Potapov (1959) have made an accurate 

measurement of the spectrum at a depth of 40 m.w.e., based 
on 26,000 events. They employed a magnetic spectrograph w i t h 
geiger counters at the det e c t i n g l e v e l s and achieved an m.d.m. 
of 14.9 G-eV/c. I n f i g u r e 4.18 t h e i r adopted spectrum (dashed 
l i n e ) i s compared w i t h the experimental, points obtained i n the 
present experiment. As they d i d not measure t h e i r depth accur
a t e l y no precise comparison can be made but i t can be seen tha t 
t h e r e i s no gross discrepancy. 
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G-eorge and S h r i k a n t i a (1956) exposed nuclear emulsions 

at a depth of 57 m.w.e. and derived a momentum spectrum from 
measurements on the m u l t i p l e s c a t t e r i n g of 317 p a r t i c l e s i n the 
emulsion. Comparison i s made w i t h the spectrum expected from 
an e x t r a p o l a t i o n of the sea-level spectrum of Owen and Wilson 
and the expected momentum loss i n the rock. The f i t w i t h t h i s 
spectrum i s not good but the authors conclude t h a t i t i s not 
i n s i g n i f i c a n t , disagreement w i t h expectation. 

Uash and Pointon (1950) measured the s c a t t e r i n g 
d i s t r i b u t i o n of p a r t i c l e s i n ty/o lead plates i n a cloud 
chamber i n the same l o c a t i o n as the present experiment. The 
nature of the method precluded an accurate determination of the 
spectrum and the conclusion was that f o r p < 1 GeV/c there 
was no evidence t o support a large divergence from the spectrum 
expected from an e x t r a p o l a t i o n of that of Owen and Wilson. 

4.10 Conclusions 
The momentum spectrum of cosmic rays at 37.7 m.w.e. 

has been measured. From a comparison of the sea-level spectrum 
and the spectrum a t 37.7 m.w.e. i t i s concluded t h a t the energy 
l o s s of y-mesons i n the range 3 - 1 2 GeV does not d i f f e r s i g 
n i f i c a n t l y from t h a t predicted by theory. Thus i t i s clear 
that- underground spectra at moderate depths derived from an 
e x t r a p o l a t i o n of the sea-level spectrum are accurate. I n 
p a r t i c u l a r i t i s apparent t h a t the low momentum end of the 
spectrum i s q u i t e accurately represented. I t i s t h i s region 
t h a t i s important i n the analysis of underground s c a t t e r i n g 
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experiments so i t can be concluded t h a t there i s no o b j e c t i o n 
t o the r e s u l t s of these experiments on the grounds of i n 
accurate spectra. 
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GHAPTER 5 

The Durham High Energy Spectrograph 
5.1 D e s c r i p t i o n of the spectrograph 

The spectrograph i s s i m i l a r i n design t o t h a t described 
by Hyams et a l . (1950), the main improvement over the former 
instrument being i t s inuch greater r a t e and the use of arrays of 
neon flas h - t u b e s r a t h e r than cloud chambers f o r measuring high 
momentum p a r t i c l e s . A scale diagram of the spectrograph i s 
shown i n f i g u r e s 5.1 and 5.2. The d e t a i l e d design was based 
on the performance of the prototype spectrograph. As the 
Durham instrument has already been described by Kisdnasamy 
(1958) only a b r i e f d e s c r i p t i o n of i t s mode of operation w i l l 
be.given here. 

The magnet i s a l a r g e electromagnet of the Blackett 
type and the spectrograph contains two types of detectors, 
geiger counters and neon flash-tubes. The geiger counters 
alone are used i n studying low momentum p a r t i c l e s while the 
fla s h - t u b e s are used i n conjunction w i t h the counters t o give 
a g r e a t e r p r e c i s i o n of measurement at high momentum. 

(a) The geiger counter system 
A p a r t i c l e t r a v e r s i n g the spectrograph i s r e g i s t e r e d 

by a f i v e f o l d coincidence from the geiger counters GB> 

GG-> G-CJ GD« Hence i f the counters through which the p a r t i c l e 
has passed can be i d e n t i f i e d the magnetic d e f l e c t i o n can be 
computed. I n the spectrograph of Hyams at a l . t h i s was done 
by hodoscoping the counters but i n the present apparatus the 
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Figure 5.1 The Durham Spectrograph. Front e l e v a t i o n . V e r t i c a l 
scale = 1/30 f u l l size except f o r geiger counters. H o r i z o n t a l 
scale = 1/10 f u l l s i z e . 
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Figure 5.2 The- Durham Spectrograph. Side e l e v a t i o n . V e r t i c a l 
scale = 1/30 f u l l size except f o r geiger counters. 
H o r i z o n t a l scale = l / l O f u l l s ize. 
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computation i s performed automatically by an e l e c t r i c a l 
analogue computer r e f e r r e d t o as a momentum analyser 

Erom f i g u r e 5.1 i t can be seen t h a t the computation 
r e q u i r e d i s (a'-b') - (c'-d') where a' i s the distance from 
the reference l i n e t o the centre of the geiger counter t h a t 
has been discharged i n GAJ etc. Thus i f each counter which 
discharges i n t r a y s other than GQ i s caused to produce a 
voltage pulse of magnitude p r o p o r t i o n a l to i t s distance from 
the reference l i n e then a voltage p r o p o r t i o n a l t o the magnetic 
d e f l e c t i o n can be generated by adding the appropriate voltages 
i n the correct phase. The f i n a l voltage pulse i s displayed on 
an oscilloscope and photographed. This technique assigns a 
p a r t i c l e t o a c e r t a i n d e f l e c t i o n category r a t h e r than deter
mining i t s d e f l e c t i o n uniquely, due t o the f i n i t e diameter of 
the geiger counters. For example, the t r a j e c t o r y shown i n . 
f i g u r e 5*1 would be assigned t o category -6. As the geiger 
counters are accurately located such th a t the perpendicular 
distance between the axes of adjacent counters i s 3.8 cm. the 
nominal d e f l e c t i o n of a category n p a r t i c l e i s n. 3.8 cm. 
I n , a l l there are 45 categories ranging from -22 to + 22. 

I f more than one p a r t i c l e traverses any of the geiger 
counter t r a y s ( o t h e r than GQ-) t h i s method breaks down but such 
events can be recognised e l e c t i r o n i c a l l y and e i t h e r marked or 
r e j e c t e d . I n t h i s manner Jones and Gardener ( p r i v a t e communic
a t i o n ) have measured 200,000 p a r t i c l e s t r a v e r s i n g the spectro
graph; the spectrum i n the range 0.5 - 15 GeV/c i s at present 
being evaluated. 
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(b) The neon fla s h - t u b e system 

The spectrograph contains f o u r arrays of flash-tubes 
A, B, C, D. The flash-tubes are of i n t e r n a l diameter 5.9 mm. 
and e x t e r n a l diameter 7.3 mm. Each tube i s f i l l e d w i t h neon 
at 3 atmospheres pressure and on the passage of a p a r t i c l e 
through the spectrograph a pulse, of time delay 6 ys, r i s e 
time 0.5 y-s, l e n g t h 5 bis and height 8 KV/cm., i s applied 
across each l a y e r of f l a s h - t u b e s . Under these conditions 
the mean lay e r e f f i c i e n c y of a l l the layers i s (60 ± l ) ^ . 
Each array contains 8 l a y e r s of tubes and the tubes are 
mounted i n accurately m i l l e d s l o t s such t h a t the separation 
of the centres of adjacent tubes i s 8 mm. The tubes are 
staggered i n such a way t h a t i t i s not possible f o r a 
p a r t i c l e t o traverse an array without producing a f l a s h . 

The arrays A, B and C,D are photographed through 
m i r r o r s ( f i g u r e 5-2). A t y p i c a l record obtained w i t h the 
f l a s h - t u b e s i s shown i n f i g u r e 5.3. 

The sequence of operation a f t e r a f i v e - f o l d coincidence 
i s 

( i ) The coincidence c i r c u i t i s paralysed 
( i i ) The voltage pulse i s applied t o the flash-tubes and the 

f l a s h e s are recorded 
( i i i ) A c o n t r o l motor i s set i n motion which causes two small 

reference bulbs attached t o each array of flash-tubes to 
glow; the clocks are i l l u m i n a t e d 

( i v ) The camera i s wound on and the p a r a l y s i s i s removed leaving 
the system ready f o r the next event to be recorded. 



Figure 5.3 T y p i c a l record - Durham Spectrograph 
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The extreme images on each of the records, f i g u r e 5.2, 

are due t o the reference bulbs. 

5.2 Measurement of the t r a j e c t o r i e s 
The arrays of flash-tubes are aligned by plumb l i n e s which 

pass through small holes i n templates attached t o each array. 
The plumb l i n e s cannot be photographed w i t h the flashes so i t 
i s only possible t o determine from the photographic record the 
proj e c t e d distance of the t r a j e c t o r y t o a f i x e d point on the 
f r o n t plane of the fl a s h - t u b e array. Referring t o f i g u r e 5.1 
i f a, b, c, d are the distances from the t r a j e c t o r y t o the 
f i x e d p o i n t s on the arrays and a.Q, bo, C Q J do are the distances 
from the f i x e d p o i n t s t o the plumb l i n e then the magnetic 
d e f l e c t i o n i s given by, A ^ {(!^^<^o)-C\,r^J)]-o'H2lic^c^)-(d^do)j 

The f a c t o r 0.972 reduces the measurements i n the bottom h a l f 
of the spectrograph t o the same arm as those measured i n the 
top . I n making the measurements a, b, c, d d i f f i c u l t i e s 
arose due t o d i s t o r t i o n produced by the m i r r o r s . This was 
overcome by p r o j e c t i n g the f i l m s onto a screen on which was 
drawn a complete diagram of the tube system f o r each array. 
The diagrams were drawn using photographs i n \»4iich a l l the 
tubes had f l a s h e d , these having been taken when the tubes were 
i r r a d i a t e d by a Y -ray source and a succession of high 
voltage pulses applied. The diagrams also gave the positions 
of the reference bulbs so t h a t each photograph taken during 
the a c t u a l experiment could be aligned. The reference scale 
coincided w i t h the centre of the f o u r t h l a y e r of tubes from 
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the top f o r each array. I n t h i s way a l l the measurements 
were made i n u n i t s of 8 mm. The scale diagrams f o r the top 
and bottom halves of' the spectrograph were drawn on screens 
constructed from separate sheets of hardboard, painted white. 

Reprojection took place'through a system of mirrors 
so t h a t the image was formed on the surface of a t a b l e whence 
the measurements could be made i n comfort. 

5.3 The determination of At 

The magnetic d e f l e c t i o n of a p a r t i c l e t r a v e r s i n g the 

spectrograph can be w r i t t e n A - Ao f^io^-\>) ~ o <]TzC<^-<i')^ 

where ^ 0^~^O o-l7zCc^-a,) ^̂ ^̂  ^ constant f o r a l l 

t r a j e c t o r i e s . Prom each record onlj the q u a n t i t i e s a, b, c, 

d were determined and i t was necessary t o keep a continuous 

check on the alignment of the systems t o make sure t h a t the 

q u a n t i t y A© remained constant. 

ao, bo, Co, do were measured d i r e c t l y on the spectro
graph t o high accuracy and these gave A^ - (65.04 - O.O3) u n i t s 
of 8 mm. An experimental check was also made by operating 
the spectrograph w i t h zero magnetic f i e l d . The frequency 
d i s t r i b u t i o n of (a-b) - 0.972 (c-d) f o r the 311 measured 
t r a j e c t o r i e s i s shown i n f i g u r e 5.4. The mean of t h i s 
d i s t r i b u t i o n gives A^= (64.94 ± O.I3) u n i t s of 8 mm. The 
f i n i t e w idth of the d i s t r i b u t i o n i s due t o - m u l t i p l e s c a t t e r i n g 
i n the spectrograph and e r r o r s of measurement. The agreement 
between these q u a n t i t i e s i s regarded as s a t i s f a c t o r y . The 
value of used i n the computations was the former since t h i s 
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Eigure 5.4 Zero magnetic f i e l d d i s t r i b u t i o n 



-59-
i s more accurate. 
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CHAPTER 6 

The momentum spectrum of cosmic rays at sea-level 
6.1 I n t r o d u c t i o n 

There have been several measurements of the sea-
l e v e l spectrum w i t h magnet cloud chambers f o r momenta less 
than 15 G-eY/c but the most recent and s t a t i s t i c a l l y accurate 
are those of Owen and Wilson (1954) and Caro et a l . ( I 9 5 l ) . 
The various spectra d i f f e r from one another and i n p a r t i c u l a r 
the Owen and Wilson spectrum i s s i g n i f i c a n t l y d i f f e r e n t from 
t h a t of Oaro et a l . A y^-test shows t h a t the p r o b a b i l i t y 
of t h e i r being consistent i s less than ifo. The work to be 
described here forms the f i r s t part of an extended programme 
at Durham t o measure the sea-level spectrum i n the range 
0.5 - 1,000 GeV/c t o high accuracy. 

The sea-level spectrum can be regarded as one of the 
constants of the cosmic r a d i a t i o n and from i t various r e s u l t s 
of i n t e r e s t can be derived. S t a r t i n g w i t h a primary cosmic 
ray spectrum at the top of the atmosphere, a model f o r meson 
production and the d i f f u s i o n equation f o r the cosmic ray 
beam i n the atmosphere, the sea-level spectrum of y-mesons 
can be predicted and compared w i t h experiment. I t i s clear 
t h a t i n - t h i s way in f o r m a t i o n can be gained which can be 
c o r r e l a t e d w i t h other measurements such as extensive a i r 
showers and the c h a r a c t e r i s t i c s of high energy i n t e r a c t i o n s 
i n nuclear emulsions exposed at the top of the atmosphere. 
Also by comparing the i n t e g r a l spectrum of ̂ -mesons w i t h the 
d e p t h - i n t e n s i t y curve i n f o r m a t i o n can be gained on the 
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range-energy r e l a t i o n f o r high energy y-mesons. The p o s i t i v e -
negative r a t i o and i t s v a r i a t i o n w i t h momentum i s also of 
i n t e r e s t . From t h i s .information can he gained on the mul
t i p l i c i t y of meson production i n high energy c o l l i s i o n s . 

6.2 The experimental technique 
During the course of the experiment t o be described the 

magnet current was s t a b i l i s e d at i t s maximum value, 63 amps., 
g i v i n g j"H<il 6.22. 10^ gauss cm. • Thus f o r the arm separating 
the A and B flash-tube measuring l e v e l s the r e l a t i o n between 
magnetic d e f l e c t i o n and momentum i s p A =42.95 w i t h A i n 
u n i t s of 8 mm. and p i n G-eV/c. 

The c o l l e c t i o n of the experimental data was divided 
i n t o two par t s . I n the f i r s t part a l l events which produced 
a f i v e - f o l d coincidence were used to t r i g g e r the flash-tubes 
so t h a t p a r t i c l e s were recorded w i t h momentum greater than 
0.39 GeV/c* This experiment was perfomed t o give a check on 
the spectrum at low momentum v/hich w i l l be found from the 
geiger counter data. 

I n the second part only p a r t i c l e s were recorded w i t h 
momenta greater than 3*44 G-eV/c. This was achieved by the 
use of a momentum s e l e c t o r constructed by Mr.D.G.Jones. As 
mentioned e a r l i e r the momentum analyser i n d i c a t e s to which def
l e c t i o n category a p a r t i c l e belongs by producing a voltage pulse 
.of height c h a r a c t e r i s t i c of t h i s category. Thus to select 
p a r t i c l e s of a p a r t i c u l a r momentum band i t i s necessary t o 
have a gate which w i l l only l e t through pulses c h a r a c t e r i s t i c 
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of t h i s band. The basic data obtained w i t h a l l f i v e - f o l d 
coincidences and w i t h the momentum sel e c t o r are shown i n 
ta b l e s 6a and 6b. 

6.3 The t r i a l spectrum 
I n evaluating the spectrum i t i s convenient to have 

some form of t r i a l spectrum which i s of the form of the 
expected sea-level spectrum and then vary some parameter u n t i l 
a good f i t w i t h the measured data i s obtained. At the moment 
s u i t a b l e t r i a l spectra can be obtained f o r p < 20 GeV/c and 
p >20 GeV/c but there i s no s u i t a b l e a n a l y t i c a l f u n c t i o n f o r 
the whole momentum range. The reason f o r t h i s i s tha t f o r 
p < 20 GeV/c i o n i s a t i o n loss and \i-e decay i n the atmosphere 
are dominant f a c t o r s , while f o r p >20 GeV/^ n-meson i n t e r 
a c t i o n becomes important while i o n i s a t i o n loss and i^-e decay 
can be neglected. Accordingly the evaluation of the spectrum 
has been s p l i t i n t o two p a r t s , i . e . p<20 GeV/c and p > 20 GeV/c. 

( i ) The t r i a l spectrum f o r p < 20 GeVA 

The form of t h i s spectrum has already been given by 

Owen and Wilson (1954). Suppose the y-mesons are a l l produced 

at t he 100 gm. cm.~2 l e v e l i n the atmosphere w i t h a spectrum of 

the f o m (^l^+l't) . Here p-j; i s the momentum loss of a i^-meson 

i n t r a v e r s i n g the atmosphere from the production l e v e l t o sea-

l e v e l and p i s i t s momentum at sea-level. The sea-level 

spectrum i s given by Q̂  + K ) ^ P('^)V) where i the 

p r o b a b i l i t y of a y.-meson reaching sea-level w i t h momentum p, 

i s glTen by j,^^^^^ - [̂ f Cl+ ^) " " 
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Momentum H+ H T o t a l 
I n t e r v a l 
GeY/c 

N~ W+ N" 

.39-.5 1 3 2 2 8 

.5 -.75 17 12 24 17 70 

.75-1 30 21 30 22 103 

1-1.5 69 51 89 73 282 

1.5-2 64 53 83 60 260 

2-3 108 74 101 67 350 
3-3.98 56 61 71 53 241 

3.98-5 49 30 57 43 179 
5-5.96 34 22 29 27 112 

5.96-7.04 26 17 47 • 27 117 

7.04-7.95 20 16 21 12 69 
7.95-10 21 26 34 19 100 

10-13 18 17 25 25 85 
13-20 26 18 29 13 86 
20-30 19 10 15 13 57 
30-40 2 5 6 • 7 20 
40-59.6 2 1 6 1 10 

59.6-79.5 1 0 2 0 3 
79.5-100 2 2 2 0 6 

100-154 0 0 2 1 3 
154-204 1 0 0 0 1 

204 1 0 0 0 1 

567 439 • 675 482 2,163 

Table 6a The basic data obtained w i t h a l l 5 f o l d coincidences 
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Momentum U+ IT Total 
I n t e r v a l 

GeVc 

.3 .44-4.1 32 13 45 

4 . 1 - 5.4 107 53 160 
5.4-7 .2 180 107 287 

7 . 2 - 9.55 231 139 370 

9.55-12.3 198 • 114 312 

12 .3-17 .2 171 134 305 

17.2-20 56 47 103 

20-30 123 79 202 

30-40 49 35 84 

40 -59.6 24 30 54 

59.6-79.5 17 10 27 

79.5-100 8 3 11 

100-154 10 4 14 

154-204 4 5 9 
204 5 8 13 

1,215 781 1,996 

Table 6b The basic data obtained w i t h the momentum selector 
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Here t o i s the t o t a l mass thickness of the atmosphere, PQ 

i s t h e i o n i s a t i o n loss through the whole atmosphere, h the 
scale height of the atmosphere and T , \i the l i f e t i m e and mass 
of the y-meson. 

( i i ) The t r i a l spectrum f o r p > 20 GeV/n 
The form of t h i s spectrum i s based on a model proposed 

by G-reisen (1948). Suppose the primary r a d i a t i o n i s absorbed 
e x p o n e n t i a l l y i n the atmosphere w i t h a mean f r e e path A g i v i n g 
r i s e t o a n-meson production spectrum of the form '̂ . Also 
assume t h a t the n-mesons are absorbed exponentially w i t h a mean 
f r e e path X. The- increase i n number of n-mesons, dn, i n a 
depth dx gm. cm."^ at a distance x gm. cm.~^ from the top of 
the atmosphere can be w r i t t e n 

where B- , H = 6.4b. 10-* cm. and the other symbols have 
t h e i r usual meaning. I n the above equation the f i r s t term 
represents the number produced i n dx, the second the number 
l o s t by i n t e r a c t i o n and t h e t h i r d the number l o s t by decay. 
By i n t e g r a t i o n the number of n-mesons of momentum p at 
atmospheric depth x i s : 

Prom t h i s equation the number of y-mesons of momentum p at 
a given depth can be derived, assuming t h a t a n-meson on 
decaying gives a f r a c t i o n r of i t s momentum t o the i^-meson. 
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The number of y-mesons produced i n the element dx at atmos

pheric depth X i s given by 

I n t e g r a t i n g gives % t h ' ' ) = ' ^— <• (.1-^ 

S u b s t i t u t i n g numerical values i n the equation gives the 
expected form of the high energy sea-level ii-meson spectrum, 
N ( p ) , as ^ 1 

^̂ ^̂' 7 TTl̂  
11 

where p i s i n G-eV/o. 

6.4 Experimental bias 
(a) S c a t t e r i n g bias 

The bias imposed by m u l t i p l e s c a t t e r i n g of p a r t i c l e s 
i n the back plane of the spectrograph has been calculated i n 
a manner s i m i l a r t o t h a t f o r the prototype spectrograph. The 
magnitude of t h i s bias i s 0.97 at 0..59 G-eV/c, the minimum 
detectable momentum of the spectrograph f o r the conditions of 
the present measurements. As t h i s bias w i l l decrease w i t h 
i n c r e a s i n g momentum i t i s concluded t h a t the e f f e c t i s n e g l i g i b l e 

(b) Magnetic bias 
The magnetic bias f o r no momentum s e l e c t i o n i s determined 

by the geometry of the geiger counter s e l e c t i o n system. The 
v a r i a t i o n of the bias w i t h momentum i s shown i n f i g u r e 6.1. 

The magnetic bias f o r the experiment i n which the 
momentum s e l e c t o r was used i s a f u n c t i o n both of the geometry 
of the geiger counter system and the momentum selector i t s e l f . 
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Pigure 6.1 Magnetic bias f o r no momentum s e l e c t i o n 
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An attempt was made t o select a l l p a r t i c l e s which traversed 
categories +1, 0 and - 1 . However because of the properties 
of the s e l e c t o r i t was found t h a t although the momentum 
s e l e c t o r was 1005^ e f f i c i e n t f o r category 0 events the e f f i c i e n c y 
f o r categories +1 and -1 was l e s s . A c t u a l l y t h i s i s an i d e a l 
c h a r a c t e r i s t i c as i t means t h a t high momentum p a r t i c l e s , of 
which there are few, are a l l accepted while low momentum p a r t i c l e s 
are accepted w i t h decreasing e f f i c i e n c y . This enables the 
hig h momentum spectrum t o be established w i t h reasonable 
s t a t i s t i c a l p r e c i s i o n without having t o measure a very large 
number of low momentum p a r t i c l e s . 

The acceptance f u n c t i o n f o r any momentum category has 
been considered by Lloyd and Taylor ( p r i v a t e communication). 
This i s shown i n f i g u r e 6.2 f o r the case of detecting l e v e l s 
G-_ ,̂ Gg, GQ., GQ, G]) which are- i n f i n i t e i n extent. To obtain 
the acceptance f u n c t i o n f o r a category n under the conditions 
of operation of the spectrograph the mean of t h i s curve should 
be moved t o n 3.8 cm. and then weighted according t o the 
p r o b a b i l i t i e s of acceptance given i n f i g u r e 6.1. The d e f l e c t i o n s 
given i n f i g u r e 6.2 are f o r the geiger counter arm of 192.9 cm. 

The acceptance f u n c t i o n of the momentum selector was 
c a l i b r a t e d at the beginning of each run and checked at the end 
to make sure t h a t i t s c h a r a c t e r i s t i c had not a l t e r e d . The 
c a l i b r a t i o n was performed by feeding i n a r t i f i c i a l pulses of 
v a r i a b l e h eight at a constant r a t e and determining the r a t e 
of pulses t r a n s m i t t e d by the selec t o r . A t y p i c a l c a l i b r a t i o n 
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Pigure 6.2 The acceptance f u n c t i o n f o r category 0 
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curve i s shown i n f i g u r e 6 .3 . I n order t o determine the 
r e l a t i v e numbers of p a r t i c l e s in"categories + 1 , 0, - 1 passed 
by the momentum s e l e c t o r from the c a l i b r a t i o n curve i t i s 
re q u i r e d t o know the d i s t r i b u t i o n of pulse heights about the 
i d e a l value which occur f o r a p a r t i c u l a r category. I t i s 
found t h a t t h i s d i s t r i b u t i o n can be represented by a f u n c t i o n 
which i s f l a t t o a distance 0.15 category from the i d e a l value 
and then f a l l s l i n e a r l y t o zero at 0.25 category. These 
f u n c t i o n s centred about.+1 , 0, - 1 are also shown i n f i g u r e 6 .3 . 

The d i s t r i b u t i o n of pulse heights about the i d e a l value arises 
from inaccuracies i n the networks which produce the pulses 
c h a r a c t e r i s t i c of each geiger counter. The r e l a t i v e probab
i l i t i e s of. category"+ 1 , 0, - 1 events being passed by the 
momentum sel e c t o r i s determined by m u l t i p l y i n g the ordinates 
of the two curves together and taki n g the r a t i o s of the areas 
of the dashed curves. 

During the experiment v/ith the momentum selector events 
were gathered during t e n separate runs. As the momentum 
s e l e c t o r c h a r a c t e r i s t i c varied s l i g h t l y from run t o run the 
procedure described was repeated f o r each one and f i n a l l y a 
f i g u r e f o r the r a t i o +1 : 0 : - 1 was calculated which was 
repr e s e n t a t i v e of the t o t a l number of events gathered during 
the t e n runs. The momentum selector c h a r a c t e r i s t i c shown i n 
f i g u r e 6.3 i s asymmetric so tha t f o r a given magnetic f i e l d 
d i r e c t i o n there i s a greater p r o b a b i l i t y of recording p a r t i c l e s 
of one sign r a t h e r than the other. This e f f e c t was balanced 
out somewhat by reversing the magnetic f i e l d f o r some of the 
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runs but as more p a r t i c l e s were gathered on one d i r e c t i o n 
of the f i e l d than the other the f i n a l data were biassed 
against p a r t i c l e s of negative sign. The weighted acceptance 
f u n c t i o n s f o r p o s i t i v e and negative p a r t i c l e s obtained w i t h the 
momentum sel e c t o r are shown i n f i g u r e 6 .4 . This curve has been 
found using f i g u r e 6 . 1 , f i g u r e 6 . 2 and the data obtained from 
the momentum s e l e c t o r c a l i b r a t i o n s . 

6.5 The er r o r s of momentum determination 
There i s an u n c e r t a i n t y i n the measured magnetic 

d e f l e c t i o n due t o s c a t t e r i n g i n the spectrograph and also due 
to the l o c a t i o n e r r o r associated w i t h the flash-tubes. The 
magnitude of these e f f e c t s has been determined from the d i s 
t r i b u t i o n of the separation of the t r a j e c t o r i e s at the centre 
of the magnetic f i e l d i n e x a c t l y the same way as f o r the proto
type spectrograph i n chapter 4 . The r e s u l t f o r the s c a t t e r i n g 
constant i s (5.65 ± 0 . 0 6 ) 7 ° compared w i t h the expected value of 
5.6^. Also the l o c a t i o n e r r o r at each l e v e l i s found to be 
( 1 . 1 0 ± 0.07) mm. corresponding t o an u n c e r t a i n t y i n A of 
2.17 mm. and a maximum detectable momentum of 1 5 8 G O V / Q . 

The l o c a t i o n e r r o r at each l e v e l of ( 1 . 1 0 ± O.O7) mm. 
has been obtained by making independent measurements on the 
t r a j e c t o r y at each of the l e v e l s A, B, 0 , D. Considerably 
increased accuracy of l o c a t i o n i s expected when more r e f i n e d 
measurements are made i n which g r e a t l y enlarged r e p l i c a s of the 
arrays are used. Such measurements, which are i n progress at 
the present time, should lead t o an m.d.m. approaching 1 0 0 0 GeV/c 
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6.6 The evalu a t i o n of the spectrum 
(a) Momenta < 20 GeV/c 

As mentioned e a r l i e r both Owen and Wilson (1954) and 
Oaro et a l . ( l 9 5 l ) have measured the spectrum accurately i n 
t h i s - r e g i o n . The 0 spectrum i s based on ̂  60,000 events and 
the C spectrum on 6,000. A comparison between the present 
data and these spectra has been made by c a l c u l a t i n g the expected 
number of events occurring i n the momentum c e l l s shown i n 
t a b l e 6a. The goodness of f i t between the observed d i s t r i b u t i o n 
and the expected one has been made using the X t e s t and the 
r e s u l t i s shown below. 

Comparison spectrum Significance l e v e l 
0 spectrum 90% 
C spectrum 15% 

From t h i s i t i s concluded t h a t the- present data are i n 
good agreement w i t h the 0 spectrum and not i n s i g n i f i c a n t 
disagreement v/ith the C spectrum. Pine et a l . (1959) on the 
other hand, working at Cornell Universityjhave measured the 
spectrum accurately i n t h i s region and conclude t h a t t h e i r data 
are i n good agreement w i t h the 0 spectrum but d e f i n i t e l y i n 
disagreement w i t h the C spectrum. 

I n t a b l e 6c the observed and expected d i s t r i b u t i o n of 
p a r t i c l e s f o r the 0 spectrum i s shown together w i t h the rates 
at which the experimental points should be p l o t t e d . Following 
Owen and Wilson the rates have been normalised t o the r a t e 
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Momentum 
I n t e r v a l 

Observed Expected Rate at|>cm. 2 
sec.-l sterad - 1 

GeV/c M Z C MeV/c-1 X 10-b 

.39 - .5 .46 8 . 9 2.40 35.0 

.5 - .75 .63 70 69 2.73 12.0 

. 7 5 - 1 .86 103 117 2.29 9.9 

1-1.5. 1.25 282 264 2.30 6.0 

1.5-2 1.75 260 242 1.76 6.2 

2-3 2.5 350 270 1.05 5.3 

3-3.98 3.49 241 244 ^ .69 6.4 

3.98-5: 4.49 179 182 .47 7.5 

5-5.96 5.48 112 122 .31 9.5 

5.96-7.04 6.50 117 100 .30 9.6 

7.04-7.95 7.50 69 68 .202 12.0 

7.95-10 8.98 100 98 .133 10.0 

10-13 11.5 85 86 .080 10.8 

13-20 16.5 86 91 • .032 10.8 

2,062 2,062 

Table 6c Evaluation of the spectrum i n the range 0.39-20 GeV/c 
from the basic data obtained w i t h no momentum s e l e c t i o n . The 
'expected' column i s f o r the Owen and Wilson comparion spectrum. 
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g i v e n \)j Ros s i (1948) o f 2 . 4 5 - 10"^ cm.~2 sec ."^ s t e r a d . ^ 
MeV/c""^ a t 1 G B V / Q . T h i s i s necessary s i n c e a b s o l u t e r a t e s 
were n o t d e t e r m i n e d i n t h e e x p e r i m e n t . 

I n t a b l e 6d t h e observed and expec ted d i s t r i b u t i o n o f 

p a r t i c l e s f o r t h e 0 spec t rum f o r p < 20 G O V / Q i s shown i f o r t h e 

r e s u l t s o b t a i n e d w i t h t h e momentum s e l e c t o r . The iC t e s t g i v e s 

a goodness o f f i t c o r r e s p o n d i n g t o t h e 33'/° s i g n i f i c a n c e l e v e l . 

I t i s conc luded t h a t t h e r e i s s a t i s f a c t o r y agreement : in t h i s 

o v e r l a p r e g i o n . 

( b ) Momenta > 20 GeV/c 

I t has been s t a t e d e a r l i e r t h a t t h e expected f o r m o f 

t h e spec t rum f o r p > 2 0 G O V / Q i s ^ ^ i ^ ^ ^ ) ^ where p i s i n 

GeV/c . JPor compar i son w i t h t h e observed d a t a t h e expec ted 

d i s t r i b u t i o n o f p a r t i c l e s f o r s e v e r a l v a l u e s o f Ywere 

c a l c u l a t e d . The s teps i n t h e c a l c u l a t i o n were 

( i ) The compar i son spec t rum was c o r r e c t e d f o r magne t ic b i a s . 

( i i ) The r e s u l t i n g spec t rum was c o n v e r t e d i n t o a d e f l e c t i o n 
spec t rum and t h i s was broadened w i t h the known u n c e r t a i n t y 
i n t h e m a g n e t i c d e f l e c t i o n . To do t h i s t h e e r r o r s were 
assumed t o be Gauss ian , t h e j u s t i f i c a t i o n b e i n g t h a t t h e 
d i s t r i b u t i o n o f t h e s e p a r a t i o n o f t he t r a j e c t o r i e s a t the 
c e n t r e o f t h e magne t i c f i e l d was w e l l f i t t e d by t h i s 
d i s t r i b u t i o n . 

( i i i ) The expec ted d i s t r i b u t i o n o f p a r t i c l e s was t h e n computed 
and compared w i t h o b s e r v a t i o n . 

F o r each v a l u e o f Y t h e g o o d n e s s - o f - f i t betv/een t h e 

obse rved and expec ted d i s t r i b u t i o n s was s t u d i e d u s i n g t h e 

Y-^- tes t and i n f i g u r e 6.5 X ' i s p l o t t e d a g a i n s t i f . From 
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Momentum Observed Expected Rate a t U cm . -^ S.D.fo 
I n t e r v a l f sec . - -L s t e rad -J -

&gVc GeV/c M e V / c - 1 X 1 0 = ^ 

5 . 4 - 7 . 2 • 6 .3 287 298 .264 5.9 

7 . 2 - 9 . 5 5 8.4 370 331 .174 5 . 1 

9 . 5 5 - 1 2 . 3 1 0 . 9 312 313 .090 5.7 

1 2 . 3 - 1 7 . 2 14 .8 305 ' 318 . 0 4 1 5.7 

1 7 . 2 - 2 0 18 .6 103 117 .023 9 .8 

1,377 1.377 

T a b l e 6d The momentum s e l e c t o r o v e r l a p d a t a . The 
' e x p e c t e d ' column i s f o r t h e Owen and W i l s o n 
compar i son spec t rum 
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Momentum 
I n t e r v a l 

GeV/c 
GeV/c 

Observed Expected Rate a t cm. ^ g^-^^ 
sec.--^ s t e i^ad - l 

MeV/c-^ --• -

20-30 25 259 257 1 . 2 1 . 10-8 6 

30-40 35 104 92 6 . 2 1 . 10-9 10 

4 0 - 5 9 . 6 4 9 . 8 64 80 1 .60 . 10-9 12.5 

5 9 . 6 - 7 9 . 5 69 .6 30 31 7 . 4 9 . 10-10 18 

7 9 . 5 - 1 0 0 89 .6 17 16 4 . 1 4 . 10-10 24 

100-154 127 17 18 1 .36 . 10-10 24 

154-204 179 .10 8 5 . 7 5 . 10 -11 31 

204 358 14 13 7 . 0 8 . 10-12 26 

515 515 

T a b l e 6e E v a l u a t i o n o f t h e spec t rum f o r p > 2 0 G-eV/c. 
T h e ' e x p e c t e d ' c o l u m n i s f o r t h e compar ison spectrum 



l O 

i6' 

o 
Ul 

E 

lO ' 
111 
I -

t o 

F i g u r e 6 .6 The s e a - l e v e l spec t rum 

• ' * * 

lO too 



- 7 6 -

f r o m r u n t o r u n . A c c o r d i n g l y t h e p o s i t i v e - n e g a t i v e r a t i o was 

c a l c u l a t e d u s i n g t h e acceptance f u n c t i o n s f o r p o s i t i v e and 

n e g a t i v e p a r t i c l e s shown i n f i g u r e 6 . 4 . 

I n t a b l e 6 f t h e c a l c u l a t i o n s on t h e p o s i t i v e - n e g a t i v e 

r a t i o a re summarised and i n f i g u r e 6.7 •"the r a t i o i s p l o t t e d as 

a f u n c t i o n o f momentum. A l s o shown are t h e r e s u l t s o f o t h e r 

w o r k e r s . I t i s conc luded t h a t t h e p r e sen t measurements are 

n o t i n d i sagreement w i t h o t h e r work bu t t h e s t a t i s t i c a l accuracy 

i s n o t good enough t o e s t a b l i s h t he f o r m o f t he v a r i a t i o n o f t h e 

r a t i o w i t h momentum. 

6 .8 Comparison w i t h o t h e r work on t h e s e a - l e v e l spec t rum 

I n f i g u r e 6 .8 t h e spec t rum o b t a i n e d f r o m t h e p re sen t 

e x p e r i m e n t i s compared w i t h t h a t o f Garo e t a l . ( l 9 5 l ) j 

Rodgers ( l 9 5 6 ) and P ine e t a l . ( 1 9 5 9 ) . For p < 2 0 GeV/c t h e 

p r e s e n t work and t h a t o f P ine e t a l . i s i n good agreement w i t h 

t h e Owen and W i l s o n spec t rum b u t n o t w i t h t h a t o f Caro e t a l . 

I t i s conc luded t h a t t he bes t e s t i m a t e o f t h e s e a - l e v e l spectinam 

i n t h i s momentum r a n g e i s t h a t o f Owen and V / i l s o n and t h a t t h e 

Caro e t a l . spec t rum i s p o s s i b l y i n e r r o r . For p > 2 0 GeV/c 

t h e e x p e r i m e n t a l p o i n t s o f Rodgers are i n good agreement w i t h 

t h e p r e s e n t d a t a up t o t h e maximum d e t e c t a b l e momentum o f 

158 GeV/c w h i l e above t h i s t h e y l i e above an e x t r a p o l a t i o n 

o f t h e b e s t e s t i m a t e o f t h e spec t rum f r o m t h e p resen t w o r k . 

However i t s h o u l d be p o i n t e d out t h a t b o t h o f t h e l a s t p o i n t s 

o f Rodgers a re above h i s m . d . m . o f 240 GeV/^. The e x p e r i m e n t a l 

p o i n t s o f P ine a t a l . a r e i n good agreement w i t h t he p resen t 
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No momentum s e l e c t i o n 

Momentum 
I n t e r v a l 
OeVo 

. 3 9 - 2 

2-5 

5-10 

10-30 

Median 
Momentum 

1.3 

3 . 1 

7.3 

15 .9 

1.33 ± 0 .10 

1.35 ± 0 .10 

1.39 ± 0.14 

1.37 ± 0 .17 

Momentum s e l e c t i o n 

Momentum 
I n t e r v a l 

GeV/c 

3 . 4 4 - 9 . 5 5 

9 . 5 5 - 3 0 

30-100 

Median 
Momentum 

^ c 

6 .8 

14 .8 

40 .7 

1.27 ± 0 .09 

1.37 ± 0 .09 

1.29 ± 0.18 

T a b l e 6 f The p o s i t i v e - n e g a t i v e r a t i o 
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work up t o 40 GeV/c and above t h i s t h e y l i e s l i g h t l y be low 
t h e c u r v e . However nowhere are t h e y s i g n i f i c a n t l y d i f f e r e n t 
f r o m t h e p r e sen t w o r k . 

The r e l a t i v e s t a t i s t i c a l w e i g h t s o f t h e v a r i o u s e x p e r 

i m e n t s , i n t h e h i g h energy r e g i o n , can be seen f r o m t a b l e 6 g . 

Workers m . d . m . No. o f events w i t h 
.GeV7c ' p >20 GeV/o 

Caro e t a l . (1951 100 I 6 7 

Rodgers ( l 9 5 6 ) 240 905 

P ine e t a l . (1959) 175 230 

P resen t expe r imen t 158 515 

Tab le 6g 

Shower b i a s 

I t has been sugges ted t h a t some o f t h e d i f f e r e n c e s 

between v a r i o u s measurements o f t he s e a - l e v e l spectrum are 

due t o b i a s e f f e c t s a r i s i n g f r o m e x t e n s i v e showers . The 

g e n e r a l p rob lem o f shower b i a s w i l l now be d i s c u s s e d . 

The |j,-mesons observed a t s e a - l e v e l are t h e r e s u l t o f 

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

n e a r t h e t o p o f t h e a tmosphere . I n t h i s i n t e r a c t i o n 

a p p r o x i m a t e l y equa l numbers o f n+ , n~ and TI° mesons are 

p r o d u c e d . The n° mesons decay i n t o two Tf' r a y s w h i c h 
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i n i t i a t e an e l e c t r o n - p h o t o n cascade. At l o w e n e r g i e s t h i s 

cascade i s r a p i d l y absorbed b u t a t h i g h e n e r g i e s i t reaches 

s e a - l e v e l and c o n s t i t u t e s t h e observed e x t e n s i v e a i r showers. 

I n a d d i t i o n t h e showers c o n t a i n a s m a l l pe rcen tage o f y-mesons 

d e r i v e d f r o m t h e n-mesons produced i n t h e n u c l e o n cascade and 

an even s m a l l e r pe rcen tage o f n u c l e o n s . Thus a t h i g h ^t-meson 

e n e r g i e s a t s e a - l e v e l t h e r e i s a p o s s i b i l i t y t h a t t h e i^-mesons 

a re accompanied by e l e c t r o n s . The p r o b a b i l i t y o f accompani-ment 

wou ld be expec ted t o i n c r e a s e w i t h ene rgy . As e x p l a i n e d 

e a r l i e r t h e momentum a n a l y s e r can o n l y i n d i c a t e t h e momentum 

o f s i n g l e unaccompanied p a r t i c l e s t r a v e r s i n g t h e s p e c t r o g r a p h 

so a h i g h momentum b i a s may be p r e s e n t i n t h e b a s i c d a t a 

o b t a i n e d w i t h t he momentum s e l e c t o r . - T h i s i s n o t so i n t he 

d a t a o b t a i n e d f r o m a l l f i v e - f o l d c o i n c i d e n c e s as i n t h i s case 

t h e ti-mesons can be i d e n t i f i e d as l o n g as n o t t o o many p a r t i c l e s 

t r a v e r s e any g i v e n f l a s h - t u b e a r r a y . 

The expec ted magni tude o f t he e f f e c t can be e s t i m a t e d . 

Assuming t h e F e r m i t h e o r y o f meson p r o d u c t i o n , where t h e 

number o f n-mesons produced by a p r i m a r y o f energy Ep i s 
P l A 

g i v e n by 2 .10 ^ Ep ^ where Ep i s i n eV, t h e average ene rgy , E , 
5 A 

o f t h e s e c o n d a r i e s can be d e r i v e d , E = 50 E . f o r s e c o n d a r i e t 

o f energy 10''""^eV t h i s g i v e s a m u l t i p l i c i t y o f 2 4 . Assuming 

t h a t o n l y n+ , n-, n° mesons are produced i n t h e c o l l i s i o n the 

number o f UQ mesons produced i s 8 . A l s o assuming t h a t the 

• c o l l i s i o n t a k e s p l a c e a t t h e 100 gm. cm.-2 l e v e l and u s i n g 

t h e cascade development curves o f G r e i s e n (1956) t he average 

number o f e l e c t r o n s t h a t r each s e a - l e v e l i s 8 . As these 
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w i l l be spread over t h e a rea o f a c i r c l e o f r a d i u s 8 0 m e t r e s , 
Brennan e t a l . ( 1 9 5 8 ) , t h e chance of an e l e c t r o n s t r i k i n g one 
o f t h e g e i g e r c o u n t e r t r a y s i s n e g l i g i b l e . 

A s i m i l a r c a l c u l a t i o n f o r a ^^-meson energy o f 8.10-^-^ eV 

shows t h a t ~ 5 1 0 e l e c t r o n s a re expec ted t o reach s e a - l e v e l . 

U s i n g t h e s t r u c t u r e f u n c t i o n g i v e n by Brennan e t a l . t h i s 

c o r r e s p o n d s t o an e l e c t r o n d e n s i t y o f -v 1 per s q . met re a t 

t h e c o r e . 

B a r r e t t e t a l . ( 1 9 5 2 ) w o r k i n g a t 1 6 0 0 m . w . e . below sea-

l e v e l have observed t h e c o i n c i d e n c e between y-mesons under 

g r o u n d and e l e c t r o n s a t s e a - l e v e l . T h e i r o b s e r v a t i o n s are 

n o t i n c o n s i s t e n t w i t h t h e s e app rox ima te c a l c u l a t i o n s . The 

e f f e c t o f a i r showers on t h e p re sen t measurements can now be 

assessed . The a rea o f Gj^, Gp i s 0 . 5 7 s q . met res and t h a t o f 

GB> GQ 0 . 1 1 s q . m e t r e s . As t h e energy o f shower e l e c t r o n s 

a t s e a - l e v e l i s i n t h e r e g i o n o f t h e c r i t i c a l energy ( - ^ 9 8 MeV) 

and s i n c e G^ i s s h i e l d e d by 5 • 5 . cm. Pb and GQ by the yoke o f 

t h e magnet no b i a s i s expec ted up t o t h e m . d . m . , 1 5 8 GeV/'c o f 

t h e p r e s e n t measurements . 

6 . 9 C o n c l u s i o n s 

The d i f f e r e n t i a l spec t rum o f cosmic r a y s a t s e a - l e v e l 

has been measured up t o a momentum o f 1 5 8 GeV/c. Below 

2 0 GeV/c i t can be r e p r e s e n t e d by t h e f o r m [15+K;)'^*^ f'O^jt') 

where t h e symbols a re d e f i n e d i n s e c t i o n 3 o f t h i s c h a p t e r . 

Between 2 0 GeV/c and 1 5 8 GOV/Q i t can be r e p r e s e n t e d by 

I +• where p i s i n GeV/c-
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CHAPTER 7 

The r a n g e - e n e r g y r e l a t i o n o f h i g h energy kt-mesons 

7 . 1 I n t r o d u c t i o n 

D i r e c t i n f o r m a t i o n on t h e range-energy r e l a t i o n f o r 

h i g h energy y-mesons can be o b t a i n e d f r o m a compar ison o f t h e 

i n t e g r a l spec t rum a t s e a - l e v e l w i t h t h e d e p t h - i n t e n s i t y c u r v e 

That p r o t o n s a re n e g l i g i b l e i n t h e cosmic r a y beam at sea-

l e v e l has been e s t a b l i s h e d by M y l r o i and W i l s o n ( l 9 5 l ) and 

an e s t i m a t e o f t h e f l u x of •n-mesons can be made f r o m t h e 

e q u a t i o n s f o r t h e n-meson and y.-mesons f l u x developed i n 

c h a p t e r 6 , s e c t i o n 6 . 3 . The r e s u l t o f t h i s c a l c u l a t i o n i s 

t h a t a t 100 G-eV/c t h e n-meson f l u x i s ^ 0.1?^ o f t h e y-meson 

f l u x and a t 1,000 GeV/c i t i s ^ Yfo. 

7 .2 The d e p t h - i n t e n s i t y cu rve 

Many w o r k e r s have measured t h e r a t e o f cosmic r a y s 

u n d e r g r o u n d and George ( l 9 5 2 ) has c o l l e c t e d t h e d a t a f o r a 

wide range o f d e p t h s . B a r r e t t e t a l . (1952) have a l s o made 

a s i m i l a r su rvey f o r dep ths g r e a t e r t h a n 100 m . w . e . I n 

f i g u r e 7 . 1 t h e e x p e r i m e n t a l p o i n t s g i v e n by George a re shown. 

I n o r d e r t o draw a smooth cu rve t h r o u g h t h e p o i n t s George 

and B a r r e t t e t a l . c o r r e c t e d t h e r a t e s f o r t h e angu l a r 

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

and a l s o c o r r e c t e d t h e r a t e s f o r showers . I n f i g u r e 7 . 2 t h e 

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

lj.-mesons w i t h d e p t h i s shown. The curve o f George has been 

t a k e n f o r dep ths between s e a - l e v e l and 100 m . w . e . and f o r 
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g r e a t e r dep ths the cu rve o f B a r r e t t a t a l . has been used . 
A t g r e a t d e p t h s B a r r e t t a t a l . had a t t h e i r d i s p o s a l some 
a c c u r a t e r e s u l t s o f B o l l i n g e r ( 1 9 5 1 ) . A t t he moment t h e 
d e p t h - i n t e n s i t y cu rve c a n be c o n s i d e r e d w e l l e s t a b l i s h e d 
dov/n t o 1900 m . w . e . be low s e a - l e v e l below v^hich t h e r e i s 
o n l y t h e i n a c c u r a t e measurement o f M i y a z a k i a t 3>000 m . w . e . 

7 .3 The i n t e g r a l spec t rum 

The i n t e g r a l spec t rum o f f i g u r e 7.3 i s d e r i v e d d i r e c t l y 

by n u m e r i c a l i n t e g r a t i o n o f t h e d i f f e r e n t i a l spec t rum shown 

i n f i g u r e 6 . 6 . I t s h o u l d be n o t e d t h a t o n l y t h e l a s t p o i n t 

a t h i g h momentum i s s t a t i s t i c a l l y independent o f t h e r e s t . 

7 .4 The t h e o r e t i c a l r ange -ene rgy r e l a t i o n 

The r a t e o f energy l o s s o f (^-mesons due t o i o n i s a t i o n , 

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

and n u c l e a r i n t e r a c t i o n has a l r e a d y been consitered i n chap te r 4 . 

Summing a l l t h e t e rms g i v e s 

g » l-Sx-f o-o-iu JUB:^ + o\^{^^[^c^ ~ x ] ^ ^ '̂ ^̂  ^elfj^^oJ". 

where E i s i n MeV and E -^ - p 

From t h i s e q u a t i o n t h e r ange -ene rgy r e l a t i o n can be c a l c u l a t e d : 

f I H 

E 

The i n t e g r a t i o n has been p e r f o r m e d n u m e r i c a l l y and 

f i g u r e 7 .4 shows t h e r ange -ene rgy r e l a t i o n o b t a i n e d . For 

y-meson e n e r g i e s g r e a t e r t h a n 1 Ge¥ momentum and energy are 
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interchangeable as the rest energy of the y-meson i s small 
compared with the t o t a l energy. 

The v a l i d i t y of the range-energy r e l a t i o n derived i n 
t h i s manner using the mean energy loss f o r bremsstrahlung has 
been checked by Bollinger (1951) i n a Monte Carlo calculation. 
He concluded that f o r energies up to 10-'-̂  eV the range-energy 
r e l a t i o n derived i n the above way was accurate. This result 
can be accounted f o r i n contrast to the behaviour of electrons 
because' of the r e l a t i v e importance of direct pair production. 
Whenever bremsstrahlung i s an important,process of energy loss 
f o r y.-mesons, direct pair production i s equally important. The 
l a t t e r involves more numerous transfers of comparatively low 
energy than does bremsstrahlung, hence fluctuations are not 
large i n pair production losses. These losses prevent any 
mesons from experiencing ranges much larger than those which 
correspond to the mean rate of energy loss. For electrons on 
the other hand the fluctuations i n range are considerable since 
direct pair production i s not responsible f o r much of the 
energy loss. 

7.5 Comparison of the i n t e g r a l spectrum and the depth-intensity 
curve 
From the i n t e g r a l spectrum and the range-energy r e l a t i o n 

the expected rates at various depths underground have been 
calculated and these are shown in figure 7.5. The rates 
underground have been normalised so that' the predicted rate 
af 10 m.w.e. below sea-level i s the same as the rate given 
by George at t h i s depth. Allowing f o r the fac t that the 
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experimental rates measured underground are distributed some
what about t h i s curve the f i t i s good. In particular f o r 
depths less than 100 m.w.e. the f i t i s excellent and there 
i s no indic a t i o n of an energy loss d i f f e r e n t from that 
expected t h e o r e t i c a l l y . From a comparison of the spectrum 
at 37'7 m.w.e. below sea-level with the sea-level spectrum 
discussed i n chapter 4 i t was found that the best f i t between 
the two spectra occurred f o r an energy loss which was less 
than the expected loss. However the result was not s t a t i s t i c a l l y 
inconsistent with the expected loss and i t i s nov/ concluded that 
i n t h i s energy region the energy loss i s i n accord with theory. 

Por depths greater than 100 m.w.e. a trend i s noticed i n 
so f a r as the points between 100 m.w.e. and 300 m.w.e. 1±e oust 
below the curve while the two points at a depth greater than 
300 m.w.e l i e j u s t above i t . Extrapolating the integral 
spectrum gives the dashed curve which l i e s above the i n t e n s i t y -
depth curve. I t i s found that a d i f f e r e n t i a l spectrum of the 
form (l"*" f o r p > 20 GeV/g at sea-level would give good 
agreement between the sea-level i n t e g r a l spectrum and the 
depth-intensitj^ curve down to 2,000 m.w.e. using the range-
energy r e l a t i o n calculated above. Prom the X"̂* ^ plot shov/n 
i n f i g u r e 6.5 i t i s found that the chance that the present data 
i s consistent with an exponent of 2.6 i s 5^'' Thus the present 
results are not e n t i r e l y inconsistent v/ith such an exponent. 
However, i t should be pointed out that an extrapolation of the 
sea-level spectrum to momenta much greater than the maximum 
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detectable momentum i s not j u s t i f i a b l e and i n fact the sea-
le v e l spectrum may increase i n exponent f o r p > 158 GeV/c. 
Measurements at momenta greater than 150 GeV/c are required 
to resolve t h i s question and these are at present i n progress 
at Durham. 

7.6 Comparison with other work 
Rodgers (1956) has compared his sea-level spectrum 

with the depth-intensity curve and reported an indication 
of larger energy losses than indicated by theory f o r energies 
>50 GeV. However Rodgers took the theoretical energy loss 
of |i-mesons of a l l energies to be 2.2 MeV/ gm. cm.~̂  and t h i s 
i s now known to be i n error. A azeanalysis of his results 
using the range-energy r e l a t i o n of figure 7.4 shows that 
the energy loss of y-mesons i s consistent with theory up to 
150 GeV and above t h i s value h i s las t two experimental points 
l i e above the depth-intensity curve. The last two points 
on his sea-level spectrum are above his m.d.m. of 240 GeV/c 
and hence l i t t l e weight can be attached to them. The results 
of Rodgers are thus i n good agreement with the present work. 

Pine et a l . (1959) have also compared t h e i r integral 
spectrum with the depth-intensity curve and conclude that the 
range-energy r e l a t i o n of (i-mesons i s consistent with theory 
up to an energy of I5O GeY. The extrapolation of t h e i r 
i n t e g r a l spectrum also indicates increased energy losses at 
high energy. 
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7.7 Conclusions 
Both the present experiment and those of Rodgers 

and Pine et a l . show that the range-energy r e l a t i o n f o r 
l^-mesons i s consistent with theory up to the maximum 
momentum that has been r e l i a b l y measured experimentally. 
An extrapolation of a l l three spectra to higher momenta 
shov/s that the sea-level spectrum, the depth-intensity curve and 
the t h e o r e t i c a l range-energy r e l a t i o n of (x-mesons are not 
consistent with one another. Whether t h i s i s due to an 
increase i n energy loss over the theoretical.loss f o r 
energies > 150 G-eV or whether i t i s due to a change i n 
slope of the sea-level spectrum f o r energies >150 GeV 
cannot be decided from the present experimsntal evidence. 
More experimental data at high energy are required to 
resolve t h i s point. 
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