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Summary. - -  The inelastic scattering of high-energy muons from emulsion 
nuclei was measured with the use of a monoenergetie beam of 2.5 GeV/e 
and 5.0 GeV/c muons produced at  the Brookhaven Alternat ing Gradient  
Synchrotron. I lford G-5 stacks were exposed perpendicularly to the 
heam and Ilford K-5 stacks were exposed parallel  to the  beam. Area 
scanning resulted in a to ta l  of 135 events with four-momentum transfers 
greater  than 26 HeV/e. The observed scattering dis tr ibut ion which 
extends up to 10 degrees, or a momentum transfer  of about  900 l~eV/c, 
is in good agreement with the predictions of the electromagnetic theory 
assuming single-photon exchange. There were also observed four events 
with scattering angles greater  than  10 degrees which are not  inconsistent 
with the theory.  Pion product ion was observed with che major  contri- 
but ion coming from the ~, ~ resonance. The cross-sections for Shis 
process were found to be (3.64- 0.7) and (5.1 4- 0.5) microbarn for muon 
momenta  of 2.5 and 5.0 GeV/c, respectively. Events  involving much 
lo~'er energy exchanges were found to have much larger cross-sections 
and were consistent with (( giant  resonance )~ photodisintegrat ion ob- 
servations. 

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

~ n y  e x p e r i m e n t s  concer]~ing i ne l a s t i c  m u o n  s c a t t e r i n g  h a v e  been  dif-  

f icul t  t o  i n t e r p r e t  due  to  low in~,ensity of  the, m u o n  be,~m ,~n(t i~s poss ib le  
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contamination with pions and other particles. When a very pure rouen beam 
of high intensity (1.2) was produce4 at the Brookhaven Alternating Gradient 
Synchrotron it became possible to carry out inelastic much scattering experi- 
ments with a much higher degree of precision. I t  became possible to study 
the interactions in detail, identifying secondary and scattered particles and 
to measure their distributions of particle momentum and angle. 

Although the previous experimental Work on elastic scattering of muons 
is not related directly to the present experiment concerning inelastic scattering, 
it has been considered in order to allow a comparison of the relative magnitudes 
of the two processes. A comparison with inelastic electron scattering experi- 
ments is considered also since, with the exception of the mass difference of 
the electron and the much, the interaction is most likely the same. 

Extensive work has been 4one on the multiple scattering of cosmic ray 
muons. The small intensity of particles required the use of thick scattering 
materials which, along with the problems of particle and momentum deter- 
mination, made the interpretation of the results difiicult. A satisfactory theory 
must both account for the multiple scattering from atomic nuclei, with dis- 
tributed nuclear charge shielded by orbital electrons, and the less frequent 
larger angle scattering taking place within the nucleus. The Moli~re theory (3) 
treated the nucleus as a point charge modified by the shielding effect of the 
atomic electrons. This theory was correct at small scattering angles but  could 
be expected to over-estimate the cross-section at larger scattering angles. 
The Olbert theory (4) accounted for the finite nuclear size by  limiting the single 
sca~ering to the maximum angle 0 = 2/R, where A is the de Broglie wave 
length of the incoming muon and R is the radius of the target nucleus. The 
Olbert theory, however, underestimates the cross-sections at large angles. 
The distribution of charge within the nucleus is accounted for in the Cooper 
and Rainwater (5) theory. This theory has been found to be most nearly 
correct and predicts at larger scattering angles results somewhat between 
those of ~oli~re and Olbert. 

Much of the early experimental work gave results which agreed with theory 
at the smaller scattering angles but  with an excess of scatterings at larger 
angles. Instead of following the Cooper and Rainwater theory as expected, 
the distribution for larger angles better fitted the ~oli~re theory and, hence, 

(1) BNL Internal Report, PD-47 (1962). 
(2) T. YAMANOUCHI, R.  W.  ELLSWORTH, A. C. MELISSINOS, J .  H.  TINLOT, L. M. 

L~DER~AN, M. J .  TANNENBAUM, R.  COOL, A. W. MASCHKE ~nd  L.  MARSHALL: B u l l .  

Am. Phys. See., 10, 79 (1965). 
(3) G. MOLI]~RE: Zeits..tYatur., 3 a, 78 (1948). 
(4) S. OLB~RT: Phys. Rev., 87, 319 (1952). 
(5) L.  •. CooPE~ and J. RXX~WA~ER: Phys. Rev., 97, 492 (1955). 



IN,ELASTIC =llUON INTERACTIONS IN NUCLEAR ]~MULSION AT 2 . ~  AN]) 5 . 0  G e V / C  5 2 5  

was considered anomalous.  A good s u m m a r y  of the  cosmic-r,~y results has 
been given b y  WOLFENDALE (6). 

The advent  of intense accelerator  pion beams offered the  oppor tun i ty  of 
construct ing high-energy muon  beams  with which more acct~rate exper iments  
could be performed.  The first result  was t h a t  of ~ASEK et al. (~) who observed 

the scat*ering of 2 GeV/c muons  f rom lead and  carbon.  Their  results followed 
very  closely the Cooper and  Ra inwate r  theory  up to m o m e n t u m  transfers  

of ~ 2 6 0  3[eu and  the  carbon d~ta agreed wi*h the  Drel l -Schwartz  (s) theory  

up to m o m e n t u m  transfers  of ~ 400 MeV/c. The results f rom the lead ta rge t  

a t  large angles were 90 sta.ndard deviat ions away  f rom the dis t r ibut ion pre- 
dicted by  the  ~[oli~i'e *heory. Using the results of the carbon da ta  they  placed 
an upper  l imit  on an anomalous  cross-section for m o m e n t u m  transfers  up to 
400 3feV/c of 

da 
dQ ...... < 1.5.10 -'-'9 cm~/sr - nuc leon .  

Following I)RELL (s), a l imi t  was placed on the  muon  form factor  of 

1/A ~2 0.58 f e r m i .  

Similar  results were ob ta ined  a t  ( !ERN b y  C~TICON st al. (~). Exper iments  
carried out in emulsion by  K ~ [  et al. (10) and  OREA~ et al. (11) confirm the 
same result.  

~ o s t  of the recent  exper iments  are in good agreement  with results which 
can be calculated for a nucleus hav ing  an ex tended  charge dis tr ibut ion.  
At higher m o m e n t u m  transfers  the  charge 4istribu~ion of the nucleus becomes 
less impor t an t  and  the shape of the  individual  nucleons becomes apparent .  

The elastic scat ter ing of muons  f rom protons  was first measured  by I~ASEK 
St al. (12) using a 1.2 GeY/c muon  beam.  Angular  tests for elast ici ty were made  
:~nd agreement  was found with the Ir  cross-section to m o m e n t u m  

transfers  of 850 ~l'~eu when using the  p ro ton  form factors  of Hofs tad ter .  
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A very  recent  exper iment  carried out  at  Brookhaven by  TINLO~ et al. (13) has 
ex tended  this result  to momen tum transfers of 1 GeW/c. 

The inelastic scattering of electrons from protons has been studied by  
PANOFSKr and ALLTOI~ (14) and b y  OHLSEN (15) in a noncoincidence experi- 
ment .  When corrections due to pure electromagnetic  processes were made  

the  measured distr ibution of scat tered electrons agreed well with the theory  
of Fubini ,  2qambu and War (le). 

A more recent  exper iment  of the same kind has been done b y  H A ~)  (17I, 
who found  good agreement  with the theory  of Fubini  et aL (16) except  at  the  
highest momen tum transfer~ ~2= 12 fermi -~, where the resonant  peak was 

shif ted to higher values of photon energy. 
An eleotroproduction exper iment  in which the final s tate  7: ~ was observed 

m coincidence with the scat tered eleetron~ has been performed by  J o p p a  
et al. (18) and the  results were found to be slightly lower than  the  predict ion 

of the  t heo ry  of Salin (19). 
The inelastic scattering of muons has been measure4 using cosmic-ray 

muon~ underground.  GEORGE and EVANS (2o) exposed emulsions at  various 
depths below the  surface of the  E a r t h  sufficient *o eliminate, by  absorption, 
*he nucleonic component  of the cosmic radiation.  In  scanning 843 em 3 of 
emulsion, 265 stars of three  or more prongs were found, result ing in a cal- 
culated much  cross-section of (4.6~=0.05).10 -~~ em nucleon -1. Stars with light 
tracks were t e rmed  showers and the  cross-section corresponding ~o these events  
was (1.7=~0.3).10-3~ -~. The shower particles were not  identified 

bu t  asslmled to  be most ly  pions. 
Observations in emulsions of the  inelastic scattering of 2.5 Geu  muons 

f rom the  Brookhaven  accelerator have been made b y  BACHnU~E~ (~1). 
At  5.0 GeY/c similar exper iments  have been made b y  KInK (22) and JAIN 
et al. (23,~). The to ta l  muon cross-sections observed in the  above exper iments  
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are in qual i ta t ive agreement  with those obtaf imd in t im underground cosmic- 

ray  exper iments .  

2. - E x p e r i m e n t a l  p r o c e d u r e .  

Stacks of I l ford  G-5 and  K-5 emulsions were exposed %o t h e  muon beam 
at  the  Brookhaven  Al te rna t ing  Gradient  Synchrotron.  The exper imenta l  ar- 

r angement  for the  exposm'e is shown in Fig. 1. The beam,  p repared  b y  COOL 

300eV p r o t o n  beo-m 

, .,~.~:~_ 4~. . : -~  ~ -  [~_~'. " _:.= "~_: d e f t e c t / r  gl rr o.gnet 

t.>~.,c~rn o f  p l on5  c2nd muor l5  ~ ' - - - ~ ~ L - _ / J  ~'{,..' - - ~ . _  

c o n c r e t e  p ion  o b s o r b e n  

Fig. I. - F, xperiment~al arrai~gement for muon beam scattering i1~ emulsion. 

ct al. (2), w~s produced b y  allowing abou t  :10~, of the  pions to decay into 

muons  and  then  filtering out  the  ~emaining pions in a concrete absorber.  
As shown in Fig. 1, the  intense beam of muons  

and  pions was filtered th rough  32 feet  of con- 
crete. Based  upon known interact ion cross- 
sections, the  pion con tamina t ion  af ter  the  
tilter was found (~) to be less t h a n  one pa r t  

out  of 107 . The part icles were then  subjected 
to m o m e n t u m  analysis  in a deflecting magne t  

to produce a monochromat i c  beam.  I l ford  
G-5 emulsion~ were exposed to muons  of 

2.5 GeV/c and  5 GV/c a t  an in tens i ty  of 

10 t muons /cm 2 with  the  plane of the  emulsion 

perpendicular  to the  beam.  At  the  same t ime,  

K-5 emulsions w e ~  exposed to muons  of 
5 GeV/c with an in tens i ty  of 4.105 muons /cm 2 

and  with t lm plane of the  emulsion parallel  

$o the  beam.  The m o m e n t u m  spread of the  
beam was calculated to be 10 % and  the  meas-  

ured ant,qtlar spread is shown in Fig. 2. 
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Fig. 2. - Angular distribution of 
muons in beam. 
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The emulsions were processed a t  the  Brookhaven  facilities using s t andard  
techniques.  A 1 m m  grid was prinr on the  b o t t o m  of each pellicle to  
faci l i ta te  the  recording and relocat ion of events .  

The emulsions were scanned with  s t andard  binocular  microscopes equipped  
wi th  20 • oil immers ion  object ives and  10 • or 15 x oculars. All s tars  were 

recorded and  a n y  s$ar wi th  a beam t r ack  passing th rough  the  center  was listed 
b y  the  scanner  as a possible muon  interact ion.  Only events  wi th  a t  least  one 

da rk  or grey  t r ack  were found by  this mer 

The ma jo r  scanning effort  was appl ied r the  5 Geu  exposure  where 

8.4 cm 3 of the  perpendicular  exposure and  2.7 cm 3 of the  paral le l  exposure  
were scanned. The effective m u c h  t rack  length examined  was 9.5.10 Gcm. 

Of the  pla$es exposed to  2.5 Geu  muons~ 3.3 cm 3 of the  perpendicular  places 
were scanned or an effective t r ack  length of 3.27.108 am. 

Wi th  ve ry  high t r ack  dens i ty  there  is nonnegligible probabi l i ty  for a b e a m  
t r ack  to  coincide wi th  a background  star. A s tudy  of t racks  f rom radioac t ive  
t ho r ium decay in which b e a m  t racks  were coincident wi th  s topping alpha- 
part icles resul ted in an es t ima ted  probabi l i ty  of 0.01 for a beam t r ack  to be 

coincident  wi th  a background  scar. 

11.0 

o 

10.0 

L / 
/ 

" X X ~ ' ~  x f 

9.0 L 3 j 
300 200 100 0 

depth from surface In processed emulsion (pm) 

Fig. 3. - Measurement of angles for muon scattering event in emulsion: �9 evenb beam 
track; • nearby beam track. 

~ e a s u r e m e n t s  of the  az imutha l  and  dip angles of all secondary t racks  were 

made  on a Kor i s tka  measur ing  microscope. To obta in  the  scat ter ing angle 

of the  b e a m  t r ack  on the  plates  wi th  the  .perpendicular exposure,  x and y 
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displacements  were measured  as a funct ion of depth  using a filar micrometer .  
Since the  shr inkage of the  emulsion results in a curva ture  of the  b e a m  tracks,  
measuramen t s  were made  on a nea rby  b e a m  as well as the  event  beam.  
B y  assuming the  nea rby  b e a m  to be  undevia ted ,  soat~erings of the  even  b e a m  
could be obser~'ed with  an  accuracy  of 0.3 ~ The resul ts  of a typ ica l  meas-  
u remen t  is shown in Fig. 3. Grain  densi ty  measu remen t s  were made  on all 

grey and  l ight secondary t racks.  Corrections were made  for dip angle and 

var ia t ion  of grain densi ty  wi th  depth  in the  emulsion. The gu, ain densit ies of 

m i n i m u m  t racks  were measured  and  the  ra t io  g/g~,, computed.  Mult iple scat- 
te r ing  measurements  were made  on all g rey  and  l ight  t racks  using the  me thod  

of Fowler.  The measu remen t s  were made  on a scat~ering stage consr 

at  Berkeley  which is bui l t  on a set of precision ways to  which the t r ack  is 
ro ta ted  into a l ignment  and  t rans la ted  in a s t ra ight  line. 3[easurements  were 
made of the  mult iple  Coulomb scat ter ing using a filar mic romete r  which could 

be read  to an accuracy  of 0.02 ~s The iden t i ty  of the  t r ack  is made using 
the S%ernheimer energy loss relat ion and  the  measurements  of re lat ive grain 
densi ty  and  m o m e n t u m .  

3 .  - R e s u l t s .  

dary  particles.  The high probabi l i ty  
of a beam t rack  being in coincidence 

with a background  star, men t ioned  
previously~ suggests t h a t  there  would 
be a considerable percentage  of false 
events  with a scat ter ing angle < 0.3 ~ 

(the precision with which scat ter ing 
angles can be determined).  Approx- 

imate ly  2 000 background  stars wel~ 

All s tars  wi th  at  least  one grey or black t r ack  were recorded. I f  a ill.non 
beam t r ack  passed th rough  the  center  of the  star, the  s ta r  was listed as a 
possible muon  event .  Table  I lists all 

such events  wi th  two or more  secon- m"~ .  [ i x  

\ 

o .~ F \  \ \  

Go ~ \ \ 

,~ l o  - \\\,~'\,~\\' 

l.'ig. 4. - Experimental and theoretical ine- 
lastic scattering cross-sections for mucus : 
x 2.5 GeV/c; �9 5.0 Geg/c; - - - -  ine- 
lastic scattering by transverse photons; 
. . . . . . . .  elastic scattering from point nu- 
cleons; elastic scattering from 

extended nucleons. 

]0 - ; 
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t o (GeV 2 ) 
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TABLE I. -- ~ r ~ n  interactions.  Events  wi th  two or more prongs.  

Eventl Muon ]Type of in-ll E ent[ Muon 
No. !deft.angleiteraetion (d) No. deft.angle 

degrees [~b + % + %  _ _  degrees 
I 

1 < 0.3 / 3 + 2 + 2  41 < 0.3 
2 < 0.3 [ 2 + 1 + 1  42 0.6 
3 >10 .0  1 6 + 3 + 2  43 1.1 
4 0.6 3 + 1 + 0 44 1.3 

6 .9 3 + 1 + 1 46 .2 
7 0.3 1 + 1 + 1  47 < 0.3 
8 (a) 1 + 2 + 0  48 0.8 
9 0.3 3 + I +  1 49 2.5 

10 < 0.3 2 + 1 + 0 50 1.1 
11 1.3 7 + 2 + 0  51 < 0.3 
12 2.2 2 + 0 + 1 52 < 0.3 
13 (a) 2 + 0 + 0  53 < 0.3 
14 5 . 5  2 + 1  + 0  54 0.9 
15 < 0.3 2 + 0 + 1 55 0.4 
16 4.2 3 + 0 + 0 56 1.8 
17 < 0.3 2 +  1 + 0  57 < 0.3 
18 < 0.3 3 + 1 + 0 58 0.4 
19 2.8 5 + 1 + O 59 0.5 

20 0.8 5 + 3 + 0 60 <(v) 0 
21 1.1 2 + 1 + 0 61 .3 

62 0.4 22 > 10.0 2 + 1 + 0 
23 < 0.3 2 + 0 + 0  63 < 0.3 
24 0.6 2 + 1 + 0 64 (*) 
25 < 0.3 3 + 2 + 0 65 (*) 
26 < 0.3 1 + 0 + 1 66 1.2 
27 4.4 2 + 2 + 1 67 < 0.3 
28 (a) 4 + 0 + 0 68 0.8 
29 1.0 6 + 2 + 0 69 > 1O 
30 < 0.3 1 + 1 + 0 70 3.4 
31 1.2 4 + 1 + 0 71 0.4 
32 0.4 1 + 2 + 0  72 < 0.3 
33 < 0.3 2 + 0 + 0  73 4.3 
34 1.0 2 + I + 0 74 2.8 
35 6.8 5 + 2 + 4  75 < 0.3 
36 7.1 2 + 1 + 1 76 4.2 
37 0.3 1 + I + 0 77 (b) 
38 < 0.3 1 + I + 0  78 2.6 
39 < 0.3 1 + 1 + 0 79 1.3 
40 9.1 4 + 2 + 0  80 < 0.3 

Type of in. 
~eraction (d 
% + % + %  

2 + 0 + 0  
2 + 0 + 0  
1 + 1 + 0  
3 + 0 + 0  

3 + 1 + 2  
2 + 0 + 0  
6 + 3 + 2  
4 + 1 + 0  
1 + 1 + 0  
3 + 1 + 0  
2 + 1 + 0  
3 + 0 + 0  
4 + 0 + 0  
1 + 1 + 0  
3 + 0 + 1  
6 + 1 + 0  

1 0 + 1 + 0  
3 + 1 + 0  
2 + 1 + 0  
2 + 0 + 0  
3 + 0 + 0  
7 + 0 + 0  
2 + 0 + 0  
5 + 0 + 0  
5 + 0 + 0  
3 + 1 + 0  
5 + 0 + 0  
9 + 4 + 2  
4 + 0 + 0  
7 + 1 + 0  
3 + 0 + 1  
2 + 0 + 1  
7 + 1 + 0  
2 + 1 + 0 ;  
3 + 0 + 0  
6 + 1 + 1  
3 + I + 0  
1 + 1 + 1  
4 + 0 + 0  

Event 
:No. 

81 
82 
83 
84 
85 
86 
87 
88 
89 
9O 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
I01 
102 
103 
104 
105 
106 
107 
108 
109 
110 
112 
111 
113 
114 
115 
I16 
117 
118 
119 
120 

~M'uon 
eft. angl 
degrees 

0.8 
< 0.3 

0.4 
1.9 

< 0.3 
< 0.3 

3.9 
2.7 

7 
< 0.3 

0.6 
< O.3 

0.3 
(*) 

0.9 
3.2 
0.8 

< 0.3 
(*) 

< 0.3 
(*) 

0.8 
< 0.3 

0.8 
< 0.3 

0.3 
0.9 
4 
0.8 

< 0.3 
< 0.3 
< O.3 
< 0.3 
< 0.3 
> 1 0  

0.4 
0.3 
0.6 
1.4 
4.8 

Type of in- 
teraction (d) 
nb + % + % 

3 + 1 + 1  
3 + 1 + 0  
5 + 0 + 0  
4 + 1 + 0  
1 + 1 + 0  
3 + 0 + 0  
4 + 1 + 0  
7 + 1 + 1  
1 + 1 + 0  
2 + 1 + 0  
2 + 0 + 0  
2 + 1 + 0  
5 + 1 + 0  
7 + 0 + 0  
2 + 0 + 0  
2 + 0 + 0  
2 + 0 + 0  
3 + 0 + 0  
2 + 1 + 0  
2 + 3 + 0  
3 + 1 + 0  
1 + 1 + 0  
3 + 1 + 0  
1 + 1 + 0  
7 + 1 + 0  
1 + 1 + 0  
4 + 0 + 0  
6 + 0 + 0  
2 + 1 + 0  
4 + 2 + 0  
2 + 0 + 0  
2 + 0 + 0  
4 + 0 + 0  
2 + 0 + 0  

1 3 + 4 + 1  
4 + 0 + 0  
4 + 0 + 2  
2 + 0 + 0  
5 + 1 + 3  
5 + 3 + 0  

(a) Near surface of emulsion. 
(b) Two outgoing ~racks. 
(c) Two possible beam tracks. 
(d) n o = number of black tracks; n o = number of grey tracks; ns ~ ntmlbcr of light or showcr 

tracks. 
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found.  Since the  e s t im~ted  p robab i l i t y  for  a coincidence is 0.01, t he  expec t ed  

n u m b e r  of false even t s  wi th  s c a t ~ r i n g  angles less t h a n  0.3 ~ is 20. The  n u m -  

bers of dark,  g rey  a nd  l ight  t r acks  :~re l isted for  each  event .  L igh t  t r acks  

were defined as those  h a v i n g  gra in  densit ies of less t h a n  1.5 t imes  m i n i m u m .  

All t r acks  ident if ied as pions were l is ted as l ight  t racks .  

TABLE lI .  -- A n g u l a r  distr,ibutio~t o/ scattered muons .  

i [ Angular interval 0.3~176 I 1 ~  ~ , 2 ~ =" 3 ~ 

I 
I 1-prong stars i 25 l 12 7 
stars with 2 or more proltgs 31 14 6 

Total ' 56 ! 26 13 

3 ~  ~ 4 ~  ~ 5" - -10  ~176 ~ 

o o 
3 6 

3 6 

0 0 
5 4 

5 4 

The angu la r  d i s t r ibu t ion  of all s~:attered muons  is g iven  in Table  I I .  I t  is 

to  be no t ed  t h a t  t he  one -p rong  even ts  wh ich  involve  smal l  ene rgy  t ransfers  

are l imi ted  to  sca t t e r ing  angles of less t h a n  th ree  degrees. The  differential  

cross-sect ion for  inelast ic  m u o n  sca t t e r ing  is p resen ted  as a f lmc t ion  of four-  

m o m e n t u m  t r ans fe r  in Fig.  4. I t  i~ to  be n o t e d  t h a t  t he  expe r imen ta l  points  

on Fig.  4 represent  i n t e r ac t ions  due  to  b o t h  2.5 a n d  5.0 GeY/c muons .  W i t h i n  

s ta t i s t ica l  errors,  t he  inelast ic  n inon  cross-sect ion in this  e x p e r i m e n t  appears  

to  be i n d e p e n d e n t  of t he  i ncoming  ene rgy  a n d  to  depend  on ly  on the  four-  

m o n m n t m n  t ransfer .  The  ind ica ted  errors  include s ta t i s t ica l  errors  as well 

as the  e r ror  assoc ia ted  w i t h  the  e s t ima te  of t he  fou l ' -monlen tun t  t ransfer .  

The  angul;~r a n d  ene rgy  d is t r ibu t ions  of  t im single s econda ry  p ro ton  even t s  

are shown in Fig. 5 a nd  6. The  angu la r  d i s t r ibu t ion  shows a m a x i m l u n  a r o u n d  

4 !Ii c 
<6 

~4 . . . . .  

f o y L  - -  I 12 

20 70 120 170 
taboratory angle in degf'ees 

Fig. 5. - Energy spectrum of rote-prong events 
(total of 26 eveltts). 

-a6~ 

z 
/4 - - - - -  

/ 

0 2 4 6 8 10 
kinetic energy in MeV 

Fig. 6. - Angular distributimt of one- 
i prmtg events (total of 45 events). 
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90 ~ while the  energy is peaked  around 5 3~eu similar  $o observat ions  of the  
(~ g iant  ~ photodis in tegra t ion  resonance (~5,26). I n  Fig. 7, the  m o m e n t u m  dis- 

t r ibn t ion  of protons wi th  m o m e n t a  grea ter  t h a n  200 lVfeu shows no significanr 

._(9 ql 

~4~ ~ 4 

c 2C0 400 600 70 120 
t,:bo,~,'~tc,"y ,q~omenturn (Me ~ ' / - ~ ,  ,, , laborotory cz,~gle m degrees 

Fig. 7. - Momentum distribution of 
protons with momentum greater than 

200 MeV/e (total of 25 events). 

Fig. 

170 

8. - Angular distribution of single 
protons (total of 38 events). 

peak ing  a t  higher m o m e n t u m  values. The angular  dis t r ibut ion of all grey 

and  l ight  p ro ton  secondaries in l~ig. 8 indicates a b road  max im~ra  a t  90 ~ 

} 

o $ 4 ~  ~,, 

E 0 80 ~ -  ' 160 240 20 
laboratory momentum (MeW'c) 

Fig. 9. - 3fomentum distribution of 
emitted pions (total of 20 events). 

I . . . . . . . . .  . . . . . . .  [ ]  _ .  

70 120 170 
laboratory angle in degrees 

Fig. 1O. - Angular distribution of emit- 
ted pions (total of 19 events). 

The m o m e n t u n l  and angub~r dis t r ibut ion of all identified secondary pions is 

shown in Fig. 9 an4  10. The peak  of the  pion m o m e n t u m  dis t r ibut ion is found 

(s~) E. HA]~WARD: Rev. Mod. Phys., 35, 324 (1963). 
(26) L. COHEN, A. K. MANN, B. J. PATTON, K. ]~EIBEL, W. E. STEPHENS and E. J. 

~V1NIIOLD: Phys. Rev., 104, 108 (1956). 

ov 
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at about  [00 5[eV/c in contras t  to  240 3[eu found for pho toproduc t ion  f rom 
protons.  However  the p!on m o m e n t u m  peak  has been found to occur at  lower 
m o m e n t u m  values for heavier  nuclei (~7). The general  fea ture  of the  angular  
distr ibutions ot emi t t ed  part icles is tha'~ the  secondaries are preferably  emi t ted  
at right angles to the muon  beanI. 

4.  - D i s c u s s i o n  a n d  c o n c l u s i o n s .  

The success of describing eh~stic el,, 'ctron-nucleon or muou-nucleon scat- 

ter ing in t e rms  of two form factors  has  led to the  speculation t h a t  a similar 
procedure should be useful in inelastic 

scattering.  The F e y n m a n  di,~gram for 
the one-photon exchange is shown in 
Fig. 11a. A close correspondence is ex- 

pected between this process involving 
v i r tua l  photons  and  the  corresponding 
process involving re~fi photons,  Fig. 11b. 

The cross-section is fac tored into ~ 

k inemat ica l  par t ,  with propert ies  of 
gauge invariance and the vector nature 

of the photon,  and  a dynamica l  pa r t  

@ /> 
', ~ / ~ /  

/ P \ / ,' I' ' " \ P  

o Jb 

Fig. 11. - Angular diagrams for muoa 
scattering process. 

which is due to the  nucleon vertex and includes all of the compl ica ted ine- 
lastic processes of dis integrat ion and part icle  product ion.  I t  is felt  t h a t  

q u a n t u m  elec t rodynamics  can be tes ted  to 

final state D, /nctdent muon 
proton l P 

/ : 

L I ,  : 
, I  / 

/ 

Fig. 12. - Ar~gles used in analysis 
of data. 

high values of m o m e n t u m  t ransfer  by  ob- 
serving inelast ic  scattering.  The theory  h,'~s 
been discussed in detai l  by  tt:~ND (28) and  

in a slightly different fo rm b y  DRELL (,,9). 
The paradzteters used in this theory  are deft- 
ned in Fig. 12. I n  the  figure p~ ~md p.~ are 

the  m o m e n t a  of the incident  and  scat tered 

ninon. The m o m e n t u m  of the  final s tate  

nucleon is p ' .  E and E '  are the correspon- 

ding to ta l  energies of the  incident  and scat- 
te red  muon.  

QT) E. P. t~E(,m;~;: Proc. Phys. Noc., A 69, 110 (1956). 
Qs) L. HAND and R. WILsox: Stanford Lirmar Accelerator Report 25 (1963). 
(~9) ,~. ]). I)RELL and J. D. WALEUKA: Ann. Phys., 28, 18 (1964). 
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T h e  cross-section will involve the quantities: 

(4.1) 

(4.2) 

(4.3) 

energy transfer q0 = E -- E ' ,  

momenSum transfer q = P l - - P 2 ,  

four-momenSum transfer q -= (qo, q) �9 

The square of the four-momentum transfer t is defined in terms of expres- 
sion (A.5) in Appendix A: 

(4.4) t ~ q~ ~_ 2 E E ' ( t  - -  cos0 )  + m2(cosO(E/E'+ E'/E)--2). 

The angle 0 as shown in Fig. 12 is the scattering angle of the lepton while m 
is the mass of the lepton. In this experiment m 2 is small compare4 to E E '  

so that  the second term in (4.4) can be neglected. In addition, taking E'  from 
expression (4.1) it follows that  

(4.5) t ~  2E-' ( 1 - - ~ ) ( 1 - -  cos0). 

Finally, in this experiment, qo << E and 0 is sufficiently small so that  

(4.6) t ~ E20 2 =:- to .  

The approximate four-momentum transfer, expression (4.6), is quite accurate 
for small angles but results in an ore:estimate at larger ones. For scattering 
angles loss than 10 ~ and energy transfers less than 0.5 GeV, the inaccuracy of this 
approximation is less than 12 %. I-Iowever, in an extreme case for an energy 
transfer of 2 GeY, the square of the four-momentum transfer, t, could be 
overestimated by 40 %. In calculating the experimental cross-sections shown 
in Fig. 4, the over-estimate of to is likely to be of importance only for the 
last Swo points. For example, the last poinS in Fig. 4 has as its upper limit 
in to, the maximum value permitted for a much-nucleon collision. An over- 
esSimaSe of to would tend to move this point to the righS but produces little 
effect upon agreement with the solid curve. 

As-shown in Appendices B and C the inelastic differential cross-section 
assuming single-photon exchange in She region of small momentum and energy 
transfers, q < qo < E, can be written in terms of to: 

d2c~ ~ I m ~. < q2 < q~, 

(4.7) dtodqo ~ qoto (7~(qo) , 

where ar(qo) is the corresponding cross-section observe4 for real photons. 
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In  the other  case, where q ~ qo the cross-section from expression (B.7) for 
transverse v i~u~l  photons is given by  

(1.8) d2a ~ Ka(q 2, K)  
dt dqo ~ t "~ 

t[owever, it is not clea,r just  what  the effect of the scalar or longitudinal photons 
should be. This is an effect which nmxt be determined experimental ly.  The 
only approach present ly av~filable is to  a t t empt  to  account  for the  known 
existing cross-section due to t ransverse photons and to a t t r ibute  addit ional  
effects to the longitudinal  p,~rt. 

The fou~,momentum transfer  was de termined with expression 4.6 for each 
of the muon interact ions listed in Table I I .  The results were plot ted in Fig. 4 
where the cross-section is shown as a funct ion of to. The-solid curve through 
the points represents the theoreti( 'al results obta ined f rom expression (B.7) 
in Appendix B. I t  was necessary to make a number  of impor tan t  assumptions 
in order to carry out  the calculation. First~ as indicated before, only transverse 
photon interactions were considered and the cross-section a,  in (B.7) was taken  

to be tha t  for real  photons.  The general energy dependence of a r was obtained 
front the work of WALKER, (an) while the peak values for single pica product ion 
were t~ken to be, 

y + p  ~ = O + p  

y ~-n -~r:~ + u 

h + l l  ~7 :~  + p 

270 microbarn ,  

270 microbarn 

230 microbarn ,  

300 mic robarn .  

The cross-sections and their  energy dependence are in good agreement with 
the experiments  of CASTAGNOLI et al. (:~) who studied the int~.ractions produced 
by  1100 ~ e V  br,~msstrahlung radi}~tion in emuls'ons. In  addition~ the assump- 
t ion tha t  emulsion nnclei can be t rea ted  as free protons and neutrons was found 
to be quite good. The contributions due to  multiple pion product ion were 
un impor tan t  in the  energy range of this exper iment  and the energy e:;change 
of the much  was assumed to  be given by  the energy of the vil~u,~l photon.  
Finally, with the above assumptions a numeric}fl integrat ion of eq. (B.7) was 
performed to obtaill the solid curve in Fig. 4. 

(3o) ~. L. WALK~R: Proceedings o] the Con]erenee on Photon Interactions in the 
GeV.Energy Range, Cambridge, Mass., (Jan. 26-30, 1963). 

(31) (!. CASTAGNOLI, ]~I. ~IIICIINIK, (~. (~tllGO and R. RINZlVILLO: ~VUOVO Cimento, 
16, 683 (1960).  
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The dashed  curve  in Fig.  4 was a d d e d  in order  ~o m a k e  a compar i son  wi th  

elast ic  m u c h - n u c l e o n  scat ter ing.  The  curve  was o b t a i n e d  f r o m  the  g o s e n b l u t h  

fo rmula  wi th  t he  nuc leon  f o r m  fac tors  g iven  b y  I~ERSIAN and  ]~OFSTADTER (8~-). 

AS seen in t he  figure, t he  inelast ic  sca t t e r ing  becomes  comparab le  to  the  elast ic 

for  f o u r - m o m e n t u m  t ransfers  in  excess of 600 1KeV. 

The p r o t o n  ene rgy  s p e c t r u m  of the  one -p rong  even t s  shown in Fig.  5 is 

s imilar  to  t h a t  observed  for  g i an t  resonance  in te rac t ions  and  v e r y  different  

f r o m  the  s p e c t r u m  for  the  two  or more  p r o n g  stars  shown in  Fig.  7. I~ is also 

observed  t h a t  while t he  t o t a l  cross-sect ion for  s ta r  p r o d u c t i o n  by m u o n s  as 

l is ted in Tab le  I I I  is g rea te r  a t  5 G e u  t h a n  at  2.5 Geu the  t o t a l  cross-sect ion 

TABL~ I I I .  - Muon cross-sections in emulsion. 

Muons 

F 
Cross-sections per nucleon in mierobarn 

i i (units of 10 -80 cm ~ 
i Volume of, - - 

emulsion Much f lux!  r ~ "" ) [ 
'tracks per  < meson p oauc~mn ~ 

.. scanned / cm ~ events (~ giant stars with 
cm 8 , ' I , _Jresonance ~> three or more 

i i experi- t h e o - ]  events [ prongs ; 
I ! 
i mental retical 

2.5 GeV/c 3.3 1.0. l0 s 3.6 • 0.7 2.9 19.0 I 2.2 4- 0.6 

5.0 GeV/c 11.1 8.6.106 5.14-0.5 4.3 21.0 3.64-0.4 

Underground 
cosmic-ray 4.6 ~ 0.05 

i 
muons (20) 

for one-prong  events  does no t  change  wi th  inc iden t  m u o n  energy.  This was 

also observed  in the  gamma-r ,~y exper iments  of CASTAG•OLI (81) and  indicates  

a low-energy  nuclear  d i s in tegra t ion  process.  Therefore  i t  is fel t  t h a t  t he  

m a j o r i t y  of  the  one-prong  even t s  are g ian t - resonance  events  and  are  due  to  

v i r t ua l  p h o t o n  energies of less t h a n  40 1KeV. I t  is to  be observed  in  Table  I I  

t h a t  t he  m u o n  scat ter ings  associa ted  wi th  the  one-prong  stars are smal l  and  

conf ined to  less t h a n  three  degrees. This indicates  a different ial  cross-sect ion 

decreas ing  r ap id ly  wi th  f o u r - m o m e n t u m - t r a n s f e r  and  is cons is ten t  wi th  eq. (4.8). 

(82) ~n. HERMAN and. ~R. HOFSTADTER: High-Energy Electron Scattering Tables 
(Stanford, 1960). 
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Tlle cross-sections for inuon interactions were obtained with the aid of the 

experimental  data  on prong distributions for stars given in Fig. 13. As dis- 

cussed before, nearly all of the one-prong stars were due to vi r tual  photons 
of energy in the vicinity of the 
(, giant  resonance )~ (15 to 25 5ICY). 

The great major i ty  of such interac- 

tions involve the emission of neu- 

trons alone, and could not be found 

in this experiment.  On the other 

hand, (~ meson product ion ,) results 

from interactions by  virtual pho- 

tons of energy over 150 5~eV. I t  

is to be remembered in this exper- 

iment tha t  in many  of the (( meson 

product ion ,~ events, the meson is 

reabsorbe4 in the emulsion nu- 

cleus. For  instance, charged pious 

were emit ted  in only 17 o;, of these 

events. Since the above two types 

of interaction are ra ther  distinct, 

their partial  cross-sections have 

been determined separately. 

The solid curves shown in 

Fig. 13 represent the prong distri- 

but ion for all muon interactions 

found in this experiment,  The 

number of prongs does not include 

the incident or scattered mnon so 

tha t  direct comparison can be made 

4~ 
30 

20 

I F ' t"- I  I I I 

(3 

50- d 

z,O b) 

30 -  

10 

. . . .  I -  , ,K- ]  VN~ 
0 2 4 6 8 10 >11 

no. o f  p rongs  

Fig. 13. - Prong distributions of a) 2.5 OeV/c 
aad [b) 5.0 GeV/c muoI~ stars. - - - -  0bserve4 

histogram; - - -  corrected histogram. 

with observations of real photonuclear  stars. First, corrections of the dat~ 

had to be made for scanning efficiency and, as described before, the probabil i ty 

tha t  a muon beam t rack would pass through the center of a cosmic r ay  or 

background star. These corrections were small and are shown for stars with 

2 by the dashed his togram in Fig. 13. I n  order to separaSe the (~ giant  reso- 

nance ~) and (~ meson product ion ~ s~ars, methods were employed which were 
similar to those used by  GEORGE ('~7), ~ETEt~SON and Roos  (33), and C.~STA- 

~ O L I  et al. (3~) for photonuolear s~ars produced by  bremsstrahlung radiation. 

in  their experiments carried out f rom 300 ~o 1100 5{eV, ir was found tha t  

about 90 o/,,o of the ] -prong stars were associated with (( giant  resonance ~> reac- 

tions and, within statistical error, r were none with two or more prongs. 

(83) V. Z. PETERSO.'r and C. E. Roos: Phys. Rev., 105,  1620 (1957) .  

3 5  - l l  N u o v o  C i m e n t o  A .  
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Since the much virtual photon spectrum is quite similar to a bremsstrahlung 
spectrum, the same separation methods were used in the present experiments. 
The weighted average separation factors obtained from the above three brems- 
strahlung experiments calls for 18 % of the observed one-prong events to rep- 
resent the sum of zero- and one-prong stars to be associated with (( meson 
production ~) events. The error associated with this factor is hard to estimate 
but  its effect upon the cross-section for ~( meson production )) events is somewhat 
less than tha t  due to the statistics for this experiment. Finally, the complete 
dashed histograms in Fig. 13, with all of the above corrections, represent the 
prong distribution for events of the ~( meson production ~) type. 

The cross-sections for (~ meson production ~) events obtained from the dashed 
histograms in Fig. I3 are given in column 4 of Table I I I .  The theoretical 
values given in column 5 of the Table were obtained by a numerical integration 
with the muon virtual photon spectrum of Kessler and Kessler (~) and the 
real photon cross-sections described above. While there is good agreement 
with the energy dependence of the cross-sections~ the theoretical values are 

about 15 % too low. 
The cross-sections for ~( giant resonance ~ events given in column 6 of 

Table I I I  can only be considered as crude estimates. The number of one-prong 
events associated with the ~, giant resonance ~) was directly obtained as indi- 
cated above. Then an estimate had to be made for the number of zero-prong 
events. For this purpose the photonuclear cross-sections of emulsion nuclei 
had to be obtained. While this information was available for some of the 
nuclei, rather uncertain estimates and extrapolations had to be made for 
others. A numerical integration (was then made of the cross-sections times 
photon spectrum over the (~ giant resonance ~ region and it was estimated that  
the ratio of zero-prong stars to one-prong stars was 5.2. This approximate 
ratio then made it possible to obtain the cross-sections given in column 6 of 

Table I [ I .  
I t  is possible to compare the cross-sections determined in this experiment 

with similar cosmic-ray observations. For instance, GEORGE e ta l .  (20), as 
described in Sect. 1 of this paper, examined stars of 3 or more prongs produced 
by cosmic-ray mucus undergrouud. The average energy in their experiment 
was about 2 GeV and the corresponding cross-section was determined to be 
(~.64-0.05).10 -3o cm 2. This observation, as shown in Table III ,  is in reason- 

able agreement with the cross-sections determined in the present experiment. 

I t  is to be noted that  the moderately strong energy dependence of the cross- 
section shown in column 7 indicates that  the high-energy tail of the cosmic-ray 
mucus will tend to make their average cross-section even higher than the 

present observations at 5 Geu 

(34) D. KESSLER and P. K~SSL~R: ~OVO Cimer#to, 4, 601 (1956). 
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APPE I~ D IX A 

The four m o m e n t u m  t ransfer  is defined to be 

((A.]) q2 = ( A p ) 2 _  (AE)~.. 

The cosine law ('all be used to re la te  the  change in m o m e n t u m  to the  scat-  
t e r ing  angle: 

(A.2) 

(A.3) 

(A.~) 

(A.5) 

( APF- : tP /"  + ]P':~--- 2 [P]lP']cosO , 

q~ : 2 E E ' - -  2 IPI  I P ' t e o s O -  2m"- , 

}P] --- E"---  ,n ~ ~ E - -  �89 , 

q: ~ ~ E E ' ( ]  - -  cos 0) + m2(cos 0 (~IE  + E I E )  - -  2 ) .  

The m i n i m u m  value of q2 occurs for 0 ~ 0: 

(A.6) q~.~- = m2q2olEE ', 

where q0 = E - -  E ' .  

for E > ) m .  

A P P E N D I X  B 

HAND (.~s) expresses the  inelast ic  differential  cross-section in te rms of the  
real  pho ton  cross-section: 

(B.~) 
d~o - 

d/3 d E '  -- F ,  ......... (0, q2, K)a~ ......... (q5 K)  + I'.r q2, K)a,r K ) ,  
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wh ere 

(B.2) 

(B.3) 

I't .......... _ K E '  [2 ~- ctg0/2 ] 
4:~q~E ~ J  ' 

K E '  ctg-" 0[2 
/~seal~r - -  4~-q~iE 1 + q~/q~ 

where K is expressed by 

(B.4) K = E - - E ' - - q 2 / 2 M .  

at .......... (q2= 0) is the cross-section measured with real photons, a~r the 
scalar photoproduct ion cross-section, cannot be measured with  real photons.  
The / " s  have the dimensions: number  of vir tual  photons/MeV-sr. 

F rom expression (A.5): 

(B.5) 

(B.6) 

t = q2 = 2~E'(1 - -  cos 0),  

dt = 2BE '  sin0 dO. 

For  small-angle scattering, the second term in the brackets of expression (B.2) 
dominates~ and the cross-section becomes 

d2a ~ E'Ka t (q  ~, Is ~ E'  Ka, (q2 ,K)  
(B.7) dtdqo - - ~  Et( t -~ q~) -~ ~ E t ( t+q~)  

APPENDIX C 

Drell writes the differential inelastic cross-section as 

d2~ =~Z~E '~cos 20/2 ~ 2 ['ll2(q, q" P) + 2"W(q 2, q" P) tg2 0/2] , 
(C.1) d.Q dE~ -- q4M~ 

where 

(C.2) q . P / M t  = E - -  E ' =  qo �9 

Relat ing the  mat r ix  elements for the scalar and transverse terms, the  fo~m 
factors are expressed us 

(q.p)2 
(C.3) W~(q 2, q .P)  - (2~)2Z ~ a(q .P /M, )  + 0(q2), 

M~q ~ ~(q.PIM,) 
(C.4) W2(q 2, q'P)  = ~q.]p)~ (2u)2Z ~ ~- O(q 4) , 
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Using  t he  r e l a t i ons  

I d ~ '  - - T d t / E E '  fo~' q > ~ ,  
(C.5) I cos~0/2 ~ 1 for ~mall  angtes .  

The  cross-sect ion can  be expressed  in  the  fo rm 

(('.6) - 1 E' [1 + q] ] 
d t d E  I ~ t E qo 2 E E ' A  " 

R I A S S U N T 0  (') 

Si 5 misurato lo seatteriag aaelastieo di muoai di alta eaergia sui nuclei dell'emul- 
sione faceado uso di ua  faseio moaoenergetico di muorLi di 2.5 GeV/c e 5.0 GeV/c pro- 
(lotto ael sincrotrone a gradiente alternato di Brookhavert. Si sono esposti pacchi di 
llford G-5 perpeadicolarmente al fascio e pacchi di Ilford K-5 parallelamerLte al fascio. 
L'esplorazione di supcrficie diede un totale di 135 eveati con quadrimomeato trasferito 
maggiore di 26 ~[eV/c. La dis~ribuzioae di seatteriag osservata the si estende sino a 
10 gradi, o ad ua momeato trasferito di circa 900 MeV/c, ~ ia buoa accordo con lc 
predizioai della teoria elettromagactica ~mlla ipotesi di scambio di ua  solo fotone. Furono 
osscrvati anche quattro eveati  coa aagoli di scatteriag maggiori di 10 gradi che non 
discordaIlo eo~ la teorla. Si ~: riscoatrata produzioae di pioni cui il cor~tributo maggiore 
derivava dalla risor~ar~za :~, ~'3 Si 6 trovato che le sezioni d'ur~o per questo processo 
soao (3.6 • e (5.1 • 0.5) mierobara per muolli di 2.5 e 5.0 GeV/c, rispettivamente. 
Si ~ trovato che gli eventi  che comportano scambi di energia molto mirmri hanno sezioni 
d 'urto molto maggiori e concordaao con le osservazioni della fotodisintegrazione della 

risoaaaza gigante ~>. 

(*) Traduzlone a cura della Redazione. 


