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i o LlbO 0031139b 2 Very High Energy IiIachi.nes 

The following 3.8 a t r a n s c r i p t i o n  of some i n f o m a l  re7::.<!.'::. -. 

L made a t  t h e  r eques t  of t h e  Ilidwestern Accelerator goup .  I"-. , .. ; 

desLno of t h a t  groua  was t o  e s t a b l i s h  some bas i s  f o r  co,z-;r.:?".; ; 
I 

the poss ib le  r e l a t i v e  meri ts  of a proton accelarr, tor as:', r:? 

o1ect ; ronaxelera tor  a t  very  high e n e r z .  ITo n(; ' t . :qt  S.3 ':.1,- 

here t o  decide which type  of  machine i s  t;hs mro ires.'.?.-.!,.;.r. - 
The answer t o  t h a t  ques t ion rill depend on n a ~ ~  cl . rcun~ ";.;:A:-,?- 

beyond t h e  spec i a l  howledge of t h e  theoris t ; ,  an voZL a:: r , ~  , - . .  

specla1  i n t e r e s t s  of tho  zroup responsible f o r  t h e  c'ovolc~-:-~-::~". 

o r  the machine. f i e  remarks presented here are concernor", 

with some of tho  possible uses  t o  which such acchilmrr a,-:- 

. . be put ,  and n i t h  some guesses a s  t o  the perfor.xe.nce c.;? "1:: 

:rnchln&s nhen 30 used. 

Pop the sake of rit 'finiteness, most of 'i;?::o :.:?.:c7i,73.~.721 C: 

c~n.C,ernd a ~ o u n d  :: c;~(:1~rnto??s operatih,n a t  ~ 2 7  a:?:::? L., --r . o.C' .'::3 i?- -: 

or i.i?~~lr. I n  t1213 r a ~ i o n ,  there  I s  avnilnblr? .":.'i;rl c3-r :,".c 

2 .37  oxps,-ic:!~:o n ilrriuilted mount of inform ti:?^ cc;:?c.c!?.->-.-: 

tho t h a t  can  occur. Such axper?~~~n"-P.'.';. .t-:.? c:..:::!:::'.:.., 

hna boon us06 chenevar possible. IIoveven, i.[; ':P:? ,:?,:PL 

nacczznry t o  sx t r spo l a t e  from low e n c r e i ~ ~  .'.;:. ;-.:'-? r - . ' - : :  

. . 
. . ?  .. r.cd 'co ar,;ro ;iso of out-and-out ~ ~ o o s e s  5.n sr:.'?.r::--. .. .. , . .. 

: c.- . .,.. ic e z t h t l k a s  of cross sec thor~s  !::?c:.? i n  t!;.:?.'.;ic::; ' .  

, ,:,..-... '- .., - .rci~g nnach kl er ror .  . On tho othor iw.;l.G., .rrq- :!-?:::~:,.:.::., 



0 
' JZ .SP~~  on purely kLnerct ibal  considerat ions shou:l,d be qu i t e  

;-e!.in52c, 

me 2Tscussion i s  -ccmncemlad h i t h  four moreh or- less  

3:1.st:3.nct sub jscts , nainolj: 1) Rir~imatical  consid3rat ions,  

2 Z::tSm:iCes o f  cross s e c t i o r ~ e ,  3 )  The accelerator a s  ti 

soupce, nnd 4 )  The natuI;e oC the: info!.aatlon to iw :;ni.urrc.? 

f ~ o m  expYrrimants. Each of these  is taken up irk order. 

1) Kinenat.ica1 Conniderations 
C 

Inst8fsr as Rny roect ions X t  rzag produce are concernor:, 

,~hc ,  offo..tiv.vo energy of the bct8.m f s  t h e  cenCer 0: mass energy.. 

Therefore, f o r  a givcn t spe  of' p a ' t i c l e  o f  -1vtn labora tory  

o ~ o r ~ , ,  we W s t  calcula te  t h e  enorm i n  the  cerjter of mass 

sgstern, 7!0 ConflideY! the c o l l i s i o n  between, nn litcident 
: f- 

pr-r t lcc l  ool mas8 1.11 and energ3 El with a t a r g e t  p a r t i c l e  

of ii?%s El, with energy E2. KJ.netXc energies of t h e  two 
6 

r ;~rrt , iclea aye donoted by TI a n d  *:? respectively; and the 
a 4 

rr?-o%?.tc. 52- 1, and n2. 1% worli ~ 1 1 t h  nat i l ra l  un5ts .  c = 1. 3. 

TI(., t o t a l  energy ava i lab le  i n  the  cen te r  of mass system is 
w+-s 

~ S v c n  by 

.. . , . :-,- : '.a,? eeon from t i l l s  equation t ha t  f o r  enor'r~ios much .. . 

. . .' . -  ..'.r, <+,;,,. . . , . . . ,  . . .  ..-st .?nor ;y of tne par t ic lo?i ,  the  avei labk+ 

.. ~ 

. , :  * - -  -r : . ; ,? .,-o;.nrt,ional t o  the sq1.rnTo roo t  of the  



inc. ' i thnhnergy, so  at  very h igh energy, the  @ln _ _ * .  .. - .,. .. ( . . - . . 

six:: 'of a mchlne  is r a t h e r  slow. The G I  e ene r ,~  3 .---, 
, .A;;.. .,., ?.ncreclsed L f  the  t a rge t  p a r t i c l e  has w.n ~ppraciw.Tr~l.~ . ..;..,, .. 

i n  e d b a c t i o n  opposite t o  tho boam direc%lon. For o n :  

i n  tho c o l l l a i o n  of  a very h i &  energy p o r t i c l o  wlt!.? a 

nuclous, the  nuclcnr p a r t i c l e s  w i l l  have an averfizo 1?:7.~1 

e n e r , ~  arouzlcl 25 L o r .  The maximm s n o r , ~  avalLab1.e !.n 3uc'? 
* 

a colLis2on w i l l  then be obtalned when t h e  nucleon i s  1m~~1.r; 

lam, an 

- L 

!d the increaae i n  t h e  nv 

LEI 01 5ne oraer  CI r;he geometric mean of tho e n e r ~ i e s  o f  

tho two pa r t i c  

h 
I?\% ava i lab le  kZnetic enorgy Tr In the C11 system is 

3 

tnh,;!.?.",fl below, 30th for a photon-nucleon co: l l is lo~$~hotc- ,  

1:enz1 Rni? fop  a nucl ~c loon  co l l i s ion .  The quant2dg 

rn -3 i s  the maximm k m e ~ ~ c  energy when t h e  te.rgc2; ~nyf7.c 

~ucleon)  has a k i n e t i c  energy ( l a b )  of 25 ftIov. 2 

m e  given in termci of the r e s t  energy M of tho nucl . -- 
b e , ~  energy 

( l n h !  -". nh n t  on-nu c 1e on - n~ae2oon-~iu',~.~4r::s::~ -.--*-=-. *..,..m,,- ~,.- 

T 1 mr.j:.,. , . I . .  j,T 



It I-.? of soma in ta res t  t o  remark on the energg arrailablcr 

in a c.c!:l.',sion betveon a photon and an elecwon or  between 

,V:?3 32ac)i~ona. Then we find 

vhore m i s  the electron mass. This r esu l t  obtains .for 

onorgies larger  than m. 

WQ see tha t  it is very hard indeed t o  obtain a large 

effect ive energy i n  such a col l i s ion  between l i gh t  jpwnrtlclos. 

In  order t o  have E1 1 Bev, we mst have E i  = lo3 Bev. In 

, t h i n  case, tmge t  motion w i l l  add appreciably t o  the energy 

only i f  the ki.ne%ic energy of the ta rge t  electron i s  con- 

siderably greater thap  m. 

On the bas3-f.a of Eq. ( 1 1 ,  it is  possible t o  eattiblish 

'tho tllresholdn for tho production of varioua part ic lee i n  a 

collision between two part ic les .  In evory case 'we will. 

anoum t b t  the ta rge t  i s  a nucleon. We zive the threshold 

!:l.nctic energy (TI) when the target  i s  a t  r e s t  and the 

threshold klnet lc  energy (TI6) when the target  nucl-eon i s  

css~rnod t o  have 25 Ilev kinet ic  energy. The binding energy 

nS the nucleon i n  the nucleus is neglected. Results for  

two intorest ing casea, the production of nucleon paFrs and 
a 

or K-meson are given In ths following table:  n 



The determination of the threshold fo r  a pion beam has been 

based on the assumption that the pion is absorbed i n  the 

process. Then these figures are compared, it must be kept 
t r\ 

i n  mind that  the shape of the excitation cumre near thxeshold 

. w i l l  be different for  different processes. A t  threshold, 

one m y  expect the excitation c w e  t o  be proportional t o  

nucleon pairs  

3 s f  
(~''d;] a where n i s  the number of part icles  i n  the f i n a l  

K-meson 

s t a t e  and E i  i s  the ('21) threshold energy. Therefore, it 

may be necessary to use an e n e r g  conalderably above threshold 

t o  detect the mang par t ic le  process, such as the nucleon-m~clnon 

T?/LT 
* 

3.02 

2.07' 

4.6 

T ~ ~ I  

0.66 

0.51 

1.2 

T~/I.I  

pro6uctian of a nucleon pair (n = 4). I f  it i s  necesaary t o  

T~*/LI 

0.54 

0.35 

0.8 

photon 

pion 

nucleon 

go as high as  E1t: 2E: t o  obtain an appreciable cross aectlon, 

then the laboratory energy isair greater than the estimate 

4 

3.85 

6 

given i n  the table, El: 4E or  TI t: 27. It w i l l  probably - 
M 



f- 
not be necessary Lu to  energies a s  hLgh as twlce thresholA 

In  the GI system to  detect the process, but it crust be ke~+;  

i n  d n d  thah ~1ie'r.ever the required factor ,  lit 5.s s:1.:~.2~??. :': 

going over in to  Y::, laboratory system. 

Another purely kinematical rom*k that my h~ of -r5-  - 
fi in teres t  concenns the angular spread of tho prc!3zc:':n 0.; a. 

very high enorgy collision. If the an@* d."ca%:-:?.::,~.:':.".c- 5:-. 

the (21 systez i s  isotropic,  the isrst mean squmn ox.g~.tl,xr- 

spread i s  givon by 
. - 

" 

a t  high energy whea the target  is a t  res t .  Id  i s  t o  bc m.:;: 
f i  

L I 

. that only the t w g e t  m,iss enters  t h i s  exprosn?.nn, !IT.@ nnp-.~: 

shows tlmt tl?e products of a vexy high e n e r g  ree@?;j.cn Y?.?.'. 

ba closely correlated l n  angle 80 that  there 'no s?-23  

dif ficu?lt y i n  separating l ight  from heavy paxt:Lc?.ec. 



2 )  Estimates of Cross Sect ions 

We consider here t h e  cross s ec t i on  f o r  the  p~oI.oc'uction o:.: 

c e r t a i n  species of p a r t i c l e s  by photons, electrons?, OP p-;.o:r-:. 

It i s  assumed t h a t  t h e  energy i s  we l l  above thrc,shot,d s o  th:: 

the e x c i t a t i o n  func t ion  i s  reasonably f l a t .  Tho estlrrr,tn L.r, 

meant t o  include mult iple  production i n  a l l  orders  of .kho 

pn r t i cu l a r  species  under consideration. The r o s u l t s  era ~ : ? e -  

sented in t h e  following t a b l e  1 n . u n i t s  of the  geometrical 

cross  sec t ion  of the  t a r g e t  nucleus, 

6 3- 

5""" 6 0  A 3  rnb . 

I 

neutron -2 x 10 4~3ni I h r $ x l o 4 ~ ' I  t 

Species 
Produced Photon Beam Elect ron Boam Protan Beam 

I I L L 
& 10-4A3 -4Afi I l a  K meson 1 t37x i x 10 

photon 

e l ec t ron  

pion 

proton 

/ :3,x * x l o  ant inucleon $ x lo'2 

d i r e c t  

L 
$10 - 3 ~  

L 

8 x 10 -3A" 

- ?- + a  A A% 
1 0  

d i r e c t  

L 
L 

131X 10 -3 A J 

L 
L 

137x .: x 1 0 " ~  

$ 

1 

5 7  x $  

1 - - 
Z 

d i r e c t  



FP' . . susc eskliriates have been obtained as  foliows: 

FOP photon production by electrons,  we give the  M[;h 

energy t o t a l  bremstrnhl cross section f o r  a nucleus of chn?-;- 

Z and .mass number A 

The photoproduation cross section f o r  plons has been 

estiijated i n  two d i f fe rent  ways. F i r s t ,  we e x t r a p o l ~ t e d  fron 

1 Bev on the assumption tha t  the  t o t a l  cross section is 

roughly proportional t o  a t  h i ~ h  energy where a i s  

the photon energy i n  the  laboratory system. The law is  

obtained as  follows. i7e denote the Ci:! photon energy by cd '. 
The photoelectric cross section f o r  production of electrons 

from atoms is proportional t o  l/w9 i n  the  extreme r e l a t i v i s t i c  

case. ilowever, the pion current operator i s  proportional 

t o  the momentum, while the e lectron cument i s  essent ia l ly  

independent of momentum. This means that the pion cross 

section shoult? be 6Jv2 times the electron cross section a t  

high ene rg .  In other words, it shoul2 be proportional t o  

O f .  IIowevoF, since the  photon energy i n  the CT.1 system l e  

proportional t o  the square root of the laboratory energy, uve 

ob%in R cross section proportional t o  . 
At 500 :.lev, the  cross section f o r  photo production of n 

-a 
sin,nle pion from hyZro~en i s  decreasing f a s t e r  than Cd 9 

and h%s a value of about 0.1 m b  (GI!? work reported a t  Rochester, 

9 Vie have assumed tha t  tills may be extrapolated t o  t!ic 

value of 0.01 mb a t  1 3ev, and from there we assume t h a t  tlzo , - 
rE lnw s e t s  in. Fxtrapolation t o  30 9ev zives 3.06 mb = l C - - ' r  

r,, un', 



Compton wave len,rth of t h e  K meson t o  t h a t  of t h e  pion. T h u s .  

t h e  cross  s ec t i on  shoulc: be smaller  i n  t h e  r a t i o  of t h e  s q ~ t 3 - q  

of the rnasaes, o r  about of the  pion cross  section. 

The production of hyperons i s  assumed t o  be corpelaked 

d3.~octlg with I: meson production, so  t h a t  i t s  cross  s ec t i on  2s 

the same a s  the  K meson cross  section. 

To est imate the  cross  s ec t i on  f o r  photoproduction of 

antinucleons, two methods have aga in  been used. F i r s t ,  we 
I 

n izh t  pmss  t h a t  t h e  c ross  aec t lon  i s  ( r ~ o ) ~  smalle? tbnn 

the  cross s e t t i o n  f o r  e l ec t ron  p a i r  production. However, in  

the  e l ec t ron  case, the  r e c o i l  momentum i s  taken up by the  

coulomb In t e r ac t i on  n i t h  t h e  nucleus, while the nucleon pn3.y 
:. P 

i s  subject  t o  a c ' i rect  nuclear Lntcraction. This can be 

expectec! t o  introduce a f ac to r  137 i n  the  cross  s ec t i on  o r  
A 

hydrogen i f  the s p e c i f i c  nuclear  couplin,n constant is  of t b a  

order  of unity,  Th.s leads  t o  II cross  s ec t i on  of 2 x 10'' 1~3 

f o r  nucleon p a i r  production by photons incldent  on a nucleon, 

An a l t e r n a t i v e  method f o r  e s t i ~ ~ a t i n ~  the cross  sec t ion  

i s  t o  assume t h a t  the  process occurs through t h e  absorpt ion 

of photopions. I n  o ther  words, the  process is s i d l n r  t3 th-. 

photonucleon process. In t h i s  case, w e  assumo t h a t  vlrtua?. 

pairs occupy a re,-ion of the  s i z e  of a nucleon Conptan wove, 

length i n  the  nucleon proper f i e l c .  Then tho c ross  sec t ion  
I 

shcule be about Fo of the  photonucleon cross  sect ion.  Thlfl 

leads t o  a v ~ h e  of 19'4 mb i n  very zood agreement nith OLZ 

f' previous estimate,  



c The est imates of production of n u c l e ~ ~  pnr t fc los  b j r  -i;l-s 

e l ec t ron  beam a r e  simply based on t h e  assumption. that  t h e  proceun 

occurs throuch v i r t u a l  photon erilssion. IIence, each cross  
L. 

sec t ion  should be about r37 of the cross  sec t ion  f o r  procluct5.0n 

of t h e  same p a r t i c l e  by photons. 

A l l  of t h e  cross  s ec t i on  f o r  processes clue t o  the  proton 

boex a m  based on the  observat ion t h a t  cross  sec t ions  f o s  

nuclear  processes a t  h i ~ h  enerTy are of t h e  order of $ the 

geometrical cross sect ion.  I n  p a r t i c u l a r ,  t h e  pion productior~ 

cross  s ec t i on  i s  taken t o  be jus t  of t h i s  order. 

The production of photons w i l l  occur t h r o u ~ h  the  c?ecey c..? 

h O t s ,  so  t h i s  c ross  s ec t i on  shoule be of t h e  same order a s  

the  pion production cross section. 

:. p. The production of neutrons may again be t aken  t o  be of 

t h e  order  of $reeom. 
. 

The es t imates  of K meson on6 hyperon proeuction have besc  
. . 

based an the  same argument used L e f o r e , ' t h t  t hey  will be niml ler  

t h s n  the pion cross s ec t i on  by a f a c t o r  equal  t h e  square cf 

the  mass r a t i o .  

The production of ant inucleons a l s o  has been assumed t o  

be smaller than t h e  pion uross  sec t ion  by the  square of the  

r a t i o  of t h e  plon t o  t h e  nucleon mass, s ince  t i i s  would be 

expected t o  be the  geometrical f a c t o r  t o  b e t a k e n  i n t o  accoun+.,, 



P 3) The Accelerator as a Source 

I? this sectLon we oonsider the various poss lb le  typcs 

of ~ Q R X  ~ M c h  may be produced e i t h e r  d i r e c t l y  o r  i nd i r ec t l y  

bg t h o  accelex*ator f o r  t h e  purpose of perfomin: experiment?. 

VJo my hope t o  ex t r ac t  the  primary beam and use  it d b s c t l y ,  

o r  we m y  i n s e r t  a t a r g e t  i n  the  a c c e l e m t o r  and proluce 2 h c ? -  

of uscondary pai'ticles. These may be photons, pions, K masor??, 

nucleons, antinucleona, o r  hyperons. The f u n d ~ t m e n t ~ ~  eXporh!n- fc  

would then  be perform~dwith the  secondary bearn. Our guess an 

t o  the' r e l a t i v e  intensity of  a given type of secondary benln 

w i l l  be baaed on t h e  cross  sec t ion  es t imates  of Sect ion 2. 

This requires  ttzaL t b e  e n e r c r  i n  t h e  primary horn be f a r  nbo-vn 

the  threshold f o r  protucttion of  e a c h  type of pa r t i c l e .  
; r. 

Our comparison of e loc t ron  and proton acce le rn tors  m i l l  

be made on t h e  basis  of equal primary currents  f o r  t h e  t ro .. 
machines. 

vie consider f i r s t  the  use of e l ec t ron  accelera tors .  It 

may b e  posslblo t o  e x t r a c t  t h e  e l ec t ron  b e ~ m  and use i t  cIil?c.rctl:r, 
C 

but  it i s  by no moans c e r t a i n  (see  Section 4 )  tha: tilts would 

have any advantage over the  use of a secondary photon be0.a 

produced a t  a t a r g e t  ins lde  the  accelera tor .  The productLon 

of bremstrahl i s  very e f f i c i e n t ,  so t h e  photonbeam mag b~ 

p~oduced wi th  high f lux.  !lowever, the  photon energy Cia- 

t r i b u t i o n  i s  expected t o  have the u s u a l o "  dependence on z:;?sz::-, 

' herefore ,  the  r e a l l y  h izh  8RnOFgy p a r t  of the  photon be&* u q l l l  

cons t i t u t e  a small f ' ract ibn,  poss lb le ly  of t h e  t o t a l .  ?,lace 



r / 
elec t rons  a re  into e f f i c i e n t  by a fact.or of ,& than photon:.: 

f o r  the productlon of p a r t i c l e s ,  it w i l l  58 assumet t h a t  %!in 

b r e m t r a h l  beam Is used t o  produce t h e  desiret! ( t e r t i a r y )  

beam of p a r t i c l e s .  .That i s ,  we assume t h a t  t h e  b k e m s t r ~ b l  

beam Is in tercepted b~ a t a r g e t  which a c t s  as a mc?iator  0:' 

pions, K mesons, e tc .  I n  t h i s  case, the  cross  sect ions 1.31 ".I:?? 

fXret column of the  t a b l e  i n  Section 2 a r e  applicable,  

Because the  cross  sec t ions  a r e  a l l  small i n  nm,mitu,?e,, 

it i s  expected t h a t  a r a t h e r  t h i ck  r ad i a to r  must bc usc~cl t o  

obta in  e f f i c i e n t  conversion, It a l s o  means that the  proc?uct:1,-5 

of cascade shourel*~ m i l l  occur much more r e a d i l y  t h m  n l l i  i;!?..,: 

production of tho des i ree  bean. Thus, t h e  beam wfll bb hu?30~~~?::1~.~:: 

contaminated by low energy e lec t rons ,  photons, photonuclconr , 
f-. and.photopions. Some reduct ion i n  the  contamination CRF. !,a 

a t t a i n e d  by u s i n s  a t h i c k  source. This procedure 17ftl3. hayo t ! ~  . 
obvious disadvantage t h a t  the  source of the  experimental 50:~:s 

w i l l  be l a rge ,  so t h a t  ~ e o m e t r i c a l  conditions invo lv~c?  i n  tho 

analys is  of t h e  beam w i l l  be poor. 

It i s  c l e a r  t h a t  the  proton acce l e r a to r  m i l l  be coi?sl?err.hl.~ 

l o s s  e f f i c i e n t  as a source of  photons o r  electrons.  Ilovrever, 

it  i s  t o  he kept  i n  mind t h a t  t h e  photon i n t e n s i t y  (due t ~ ? T T o T - ~  

w l l l  not  be n e g l i ~ i b l e ,  and  it may be h i ~ h  enough t o  mnka 

photo experiments possible.  The protons a r e  much more ef-PI.c:r.~:' 

f o r  the  production of nuclear  p a r t i c l e s  than a r e  photon.?, 

f i r t l~ermore ,  the  contamination problem w 1 1 1  not >e near ly  c.3 



se r ious  i n  t h i s  case, Therefore, th inner  r ad i a to r s  m y  be 

,used, and t h e  geometrical conditions a r e  thereby expected 

:o b o  much be t te r .  

Tne r e l a t i v e  e f f i c iency  f o r  production o r  high energy 

nuclear p a r t i c l e s  of d i f f e r en t  kinda v r l l l  be about t h e  same 

f o r  the e l ec t ron  and t h e  proton acce le ra to r  accord in^ t o  our 

considerat ions of Sect ion 2, and may be estimated frorn the 

cross s ec t i on  table.  
\ The only exception would occur f o r  proton production i f  

t h e  proton beam can be ex t rac ted  and used d i rec t ly .  The use 

of the  cross sec t ion  t ab l e  is  possible only when th3 primary 

enerzy is wel l  above thresholC, clnC even then t h e r e  may be 

l a rge  e r r o r s  i n  the  est imates.  

The enercv spectrum of the  s e c o n d a e  o r  t e r t i a r y  beam 

p~oduced by the  acce l e r a to r  i s  expectec! t o  be continuous. 

A t  vory hir;h energy, mult iple  production processes w i l l  

occi~,lr :y ' i th b l rh  frequency. Tais w i l l  accentuate t h e  low energy 

end of the  spectrum of the  p a r t i c l e s  bein:: p~oeuce6.  There- 

fo re ,  one expects o r a the r  low e f f i c i ency  f o r  t h e  production 

of a secondnry beam of h i fa  e n e r g  with n s t rong  increase  

I n  i n t e n s i t y  toward the low ener.gy end. 



& I 

P The other method for  e s t i~aa t ing  t h i s  cross section is baced 

on the  r e su l t s  of >. P. Ueopge f o r  t h e  cross section f o r  pro- 

euction of pions by very high e n e r z  muons. For an averace 

muon energy of 14 3ev, he f inds  a cross section i n  emla ion  

of 6 x lo3 mb which i s  about -2 x 10-'6 porn. Fresumably, 

t M s  cross aectlon i s  due t o  electrompgnetic offects ,  Cln 

c0.n expect that  tho photon croaa sect ion would be about, 137 t:'.~.>*: 

master .  This  loads t o  a f igure  of the  same order at! the 02:- 

trapolated cross section obtained by the  f irst  method. 

For photon energies below 500 :lev, the  nuclear cross seat ic9 

appears t o  be goomotrical, an& this i s  taken t o  mean t h n t  t11.e 

photopions aro absorbed within the nucleus with a conseque3?. 

c;llission of nucleons. A t  much hi@er energies, s o  ex.pc!; 

. A that tho pions w i l l  produce piona as wel l  as nucleons, ~ n c '  :k-" 

about half  of the emitted pa r t i c l e s  a r e  pions while the other . 
half are nucleons. In this case, the  cross aection f o r  pro- 

duction of pions of a11 e n e r ~ l e s  may be about ~ / 2  ti es  the  

cmns section of hydrogen, and the  photonucleon cross section 

sanul:l bo about the  same. Thoae a r e  t h e  e s t i m t e s  eioen 12 ti?;: 

tablo. Under these ~ssumptiom, the  photoproBuctSon of oc,q" 

h.t~;h energy pions n i l 1  have a cross section somewhahat am?.:?.:.: 
,, .. 

i n  sra,yitude, and it would be expected t o  be proportionnl C;r> r\ 

The crooo scctlon f o r  photoproduction of K mesons fiass ;.:::.:I. 

obtained by assumln~ t h a t  the mchanlsm i s  about tho sane cs 

thet f o r  pion and nucleon production, but t h a t  the s l e a  of' t:?f3 

K moscn cloud i n  tho nucleon is smaller i n  tho r a t l o  of tl"!: 



4 )  The Nature an8 Interpretat ion of Fxperimants 

It may be worthrrhile t o  make a fen remarks concer>ain:: 

the poss ib i l i ty  of investigating the l imi ts  of our kno~laq?p 

, of ,quantum electrodynamics of the electron-positron syst.in 1~7 

moms' of very high energy collision. Dovietions from t h e  

prosont theories d z h t  be expectee to  show up i n  a col l is io! .~ 
. . Sstneen l i g h t  particles w i t K  a r e l a t i v e  ( C i l )  wave length son<:,:,,:: 

smzller than the c l a s s i ca l  radius of the  electron. ThXs rnu:i.r! 

41 
require a CI! energy around 300 :Iev o r  larger. Since we would 

be deal ins  with a collision between l i g h t  pa r t i c l e s ,  the  

corresponding laboratory e n e r a  would be larger  than 100 Sev. 

:faahines designed t o  operate a t  so high an enerSg are  not bo!.xg 

contemplated a t  the  present time, so we need give th i s  problem 

no immediate consideration. However, i t  may be worthwhile t o  

c a l l  a t ten t ion  t o  the f a c t  t h a t  accurate quanti tat ive taeasnren-2%~ 

would be required for  t h i s  purpose, and t h a t  these would be 

especially d i f f i c u l t  i n  the presence of the cascade showers tha t  

would be produced a t  such enerzies. 

In  considering the  application of a high ener;y machine %to 

the  physics of heavy par t ic lea  ( tha t  is ,  heavier than e1ectrol.l~) 

rve may divide the problem in to  two par ts :  A, Questions of 

p-lrticle physics whlch are  e s sen t i a l ly  qual i ta t ive ,  and 

3. Quantitative measurements of cross sections. Each o r  t!?.esn 

i s  described i n  turn. 

" The momentum in the system i s  %I%' f o r  tho extrone reln4;.'.--!.::::.- 

case and we have taken x t a  he & the  c l a s s i c a l  e l a c t ~ o n  mciJ>.~.n, 



A, Part ic le  Physics 

The purpose of experiments of this t g ~ e  i s  t c  pradc'za ar? 

iC;cilt3.Ty various par t ic les ,  t o  measure b ranch ln~  r ~ t i 0 3  2nd 

~ ~ ~ L t i p l i c i t i e s  and t o  establ ish correlations bekeen the ra::ioi!., 

spaciea. An external bean i s  usueilly preferred fo r  the ~iorlr 

becrruse it allows a greater control  of the enerzy and easlgr 

r o l ~ ~ c t i o n  of the contamination of the beam. There a ro ,  of 

couyse, cer ta in  emla ion  expeAments tha t  can be done interni.'LT: , 

Tmept fo r  these special  experimsnts, me may assum tha t  the 

work i s  t o  be done externally. Then it w i l l  e i ther  he necesscry 

t o  extract  the primary beam from the accelerator or t o  make use 

of a secondaqy beam t o  investi-te the pa r t i c l e  production* In  

the l a t t e r  case, t ho  bremstrahl beam *om an electron accelerator 
, I-. 

would be used, whilo i n  the proton accelerator it would probably 

* .  be best t o  use a secondary pion beam. 

Our concern here w i l l  be the re la t ive  eff ic iencies  of tho 

two t s e s  of machlne f o r  t he  production of the par t ic les  t o  be 

stud!.ed. The comparison w i l l  be made f o r  electron and proton 

nccelorrrtors operating a t  the same primary current. 

Vie consider the production of R mesons, hyperons, and 

antinr~cleons. According t o  our table of cross sections, the 
3 d h e c t  proton beam may be expected t o  produce about 10 times as 

m u y  of these particlea as  would a photon beam hnvingthe same 

flux. The photon f lux  capable of producing the &sired par t ic les  

w i l l  probai)ly be colnparable t o  the  electron flux i f  the maxima 

energy i s  qui te  large (say7 30 Bev) compared t o  threshol2. 
r\ 



:.t ?.o?:a- mximm energy, t h e  in tense  low energy component of t h . 3  

-,'!.oton h e m  w i l l ,  of course, be use less .  Yhen t h e  secondam 

%.TI .T.g t o  be used, it i s  necessary t o  take i n t o  account tho 

?o:f.?tlve e f f i c iency  f o r  t h e  production of pions by protons 

C O F R ) R I ' C ~  t o  the  production of photons by e lec t rons ,  which i s  
I 

~ . h n u t  r;b f o r  a Pb radia t ion,  Therefore, t h e  use o r  .tho pion 

beam f:cr a proton acce le ra to r  would requ i re  a .  conslderai>ly I I?~;?  

rad i a to r  ( t o  obtalxl comparabla f l u i  ) with  a corrcopmC:nc?.~ 

ruch poorer geomtry. The e f f e c t i v e  pion flux might be estimated 

at 10-;, t o  10'~ the  photon f l u x  s o  t h e  a d v a n t a p  of t h e  procon 

cr~colarrator f o r  p a r t i c l e  production would he reducoci t o  a f n - c t x  

10C o r  evon t o  10. It has been assumed here  that, a pion 

a h o ~ ~ t  tho same cross  sec t ion  f o r K  meson o r  ant lnucleon pro- 

d~ .~c t ion  as has tho nucleon. 

It. 13 s , q i n  intportant t o  not ice  t h a t  the re  ~5.11 he assacintcri 

~3.t:: t h o  production of the  interest in^ p a r t i c l e s  a largo nlirrbnn 

of contaminants i f  r e  use the  photon o r  e l ec t ron  beam. The 

n ~ n b e r  o? photons and e lec t rons  w i l l  be enormous, anC the phoyo- 

pxc!uct ion of pions w i l l  be aome t e n  times more e f f i c i e n t  tl.~aa 

flza production of K mesons. Furthermore, t h e  throshole f o r  II r i m ~ - ' 7  

:>roductior~ is .~L;;hei*, a6 the nwbci* of l o r  enerzy pions ~ 1 1 1  bc 

ovr?r, groatez* i n  proportion t o  the  number of K moons. 

R. Cross Section :.Teasurements 

I n  order t o  j u d p  the  worth of ex t r ac t i ng  t h e  e l ec t ron  b-?e.rrl 

t o  u s e  it extcrnrtll-y, it is of some I n t e r e s t  t o  compere the  

/1 r-lrt, i-:o nncrits of the e l ec t ron  anZ photon beams f o r  d i r e c t  1. nc 



2:. q~i?.nf;l.kative moasurenents. We expect t h a t  alectron cross 

::.rc:;Lon, aJ.11 be amaller than the photon cross sec'clons by a 
1 

Z n c t c , ~  s f  1-17 TIC oloctron energy is unique, while the photon 

s ~ ~ , c t , ? - r r n  2s coa'c~zL?ous. On the  other  hand, the  photon i s  absorbed 

5:- t i z ~  prcCuttLon ;Jroeess, while the electron i a  not. Tliis man.n 

".'.,'- J.' . 'LO !Srwm.tlcs of the  photon experiment ape much n l t r p i a ~  

.a,.. , ,, ;, A. 
..I;,.. L ~ . ~ S O  of .the oleetron experiment. For ex%mple, Zn the 

. - ' - C . L r - . - * . r . - , , n h ~  
,: . .  ...8-~..~..,..,,,on of n pion from a nucleon, the  momentum of each 

st' ; ,~cI  .!.;'lroo pwtLclsn can be determilned by measuring the  e n e r n  

..... - ...,.. : I;Im r'?ractLon of tI1a pLon, while i n  the corresponding e!.cc:::i3,:::: 

.- . ,.;I: .- ui,k a 3 i>rvc)cesu, TOUP gurn t i t iea  must be measured even i f  VJ:! 

-In-Lt.iaI electron e n e r g  i s  given, 

It nay be somsmhihat m r e  d i f f i c u l t  t o  make absolute c-iw:?- 

;zcr;2on -wp.,apemefito ~ 9 t h  the  photon beam bcesusz, of' ca?-:l.biq.;l?.,-? 

?l.?fici:ltios. However, the  theore t ica l  interprcl;n.tl~n eC -?tie 

~ h c t o a  oxperhent w i l l  usual ly  be much simpler bec@.xs~ &i; 3.i.ul5?.->?:- 

t:m ~.,Zz~trorc"c~aa-lstic interact ion directly.  W e ~ u ~ ~ i b l y , ~  the e?,?r:L-s? 

intccrccts by mazs of v i r t u a l  photons, so tha t  the  e%octru~:si~p?F;C~: 

.".~.";ci~~otlon biztars Lntndirectly in the  form of an indll;pa% ovep 

I.. 3, * viA;ual photci'i s r~c~t rum.  In  order t o  obtailn the proper ?,~e.?.~??.?s 

i'~.cto:*3 cccuiiring 3.n tlds i n t e p a l , .  i t  may be necessary t o  ass3ai3 

- .. -*-, ::- ; r2nciflc model of the system being investigated. In 

.... _ .). 
:. ,,.., x z e ,  t h o  Zn$erpretatfon of the experiment w i l l  be d%rf5.cu?:? 

czB m5st indirect .  

: ? r e  coi~sidar nov the informatLon t o  be ga?.nos!. f ~ o z  

P ?. J... . - rr ,. ..,:.f. ..*... o f  $~: j topr~cesses  ( e i the r  pb.otons or o?loc.";??nc? 1 , ?:i: :?Z.!77i' 



t h a t  t h e i r  great  advantaze over nuclear  proconses lPes i n  tI..? 

f a c t  that they involve a weak i n t e r a c t i o n  which therefore  cs?.!;.c?- 

a minimal disturbance of the  system being probsd. O f  c o u ~ ~ : ? ,  :"crd 

the  sam reason the  cross  sec t ions  a r e  ao small that .it, w ~ l i . 1  33 

d i f f i c u l t  t o  measure thom accurately.  Ebverthnloas, it ie %r. 

advantaze from the point  of view of t h e o r e t i c a l  int~rpreta.~~3::.? 

t o  deal  wi th  an  undisturbed system. 

Another advantaze of the  electromagnetic process i s  t h a t  

we have s o w  - a p r i o r i  knowledge of the  e lec t romamet ic  intes-ac?;lc;~ 

wi th  any system. To the  extent  t h a t  this in t e r ac t fon  i s  k i o t ~ n ,  

t h e  cross sec t ions  f o r  photoprocesaes provide i n f o r m t i o n  coil- 

c e r n i n ~  the  s t ruc tu re  o f  t h e  system, o r  more precisely, concni-nLn- 

, P the  s t ruc tu re  of the  wave function. Unfortunately, the e lec t ro -  

magnetic i n t e r ac t i on  i s  not known completely because i t  i s  

influenced by the  s t rong i n t e r a c t i o n  between the heavy pe.rbtT.c'on, 

According t o  our present  understanding of  heavy p a r t i c l e  in tsy-  

ac t ions ,  we may expect an e l e c t r i c  current  ( i n t e r a c t i o n  currei":i; ) 

t o  flow between the  l n t e r a c t i n ~  heavy pa r t i c l e s .  This curreil"r 

can onl-J be deduced from a complete theory of heavy p a r t i c l e  

in terac t ions .  Therefore, the  interpretation of photoprocessos 

w i l l  be ambiguous u n t l l  more de ta i l ed  h o w l e d ~ e  (concernil: tkr 

i n t e r ac t i on  cur ren t s )  i s  avai lable.  The experiments w o u l d  

probably be used as a aource of information concerning inter-?-,-'?-- 

currents  and thereby as a n  i n d i r e c t  means f o r  studying the II+-JI'~.- 

p a r t i c l e  in te rac t ions .  It w i l l  a c t u a l l y  be a d i f f i c u l t  uneccr- 

f' t ak ing  t o  u n t a n ~ l a  t h e  e f f e c t s  of the  known ( f r e e  p a r t i c l o )  



Experiments performed 6 i rec t ly  with a heavy p a r t l c l r  kz?r  

ai l1 cer ta inly give the most d i rec t  information concorrdn~ hc?.;-;. 

p . r t t c l e  interactions. The in te rpre ta t ion  rill be somewlaat 

dependent upon questions of structure, although any ana1ysl.s 1~ 

terms of s t ructure  w i l l  be l e s s  d i r ec t  than i n  the case of tbc 

photoprocesaes s i n c e  the  syetem i s  profoundly disturbed by t h o  

strong h terac t io i l .  The analysis w i l l  a l s o  be confused by 

r multiple production of heavy par t ic les .  O f  course, a study 

of the  multiple production processes may i n  i t s e l f  shed an . 
e n t i r e l y  new light on the nature of the  interaction. 

This report wae prepared with the aic; of support from 

the  AEC. 
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RGS ( f i lE~)  1 

RGZ-2 

1) Kinematical Considerations 

Insofar  a s  any react ions  it may produce a r e  concerned, the 

e f f ec t i ve  energy of tke  beam i s  the  center  of mass energy. Therefore, 

f o r  a  given type of p a r t i c l e  of given labora tory  energy, we r u s t  

ca lcu la te  the  energy i n  the  center  of mass system. We consider 

the c o l l i s i o n  between an incident  p a r t i c l e  of mass M1 and Energy El 

with a  t a rge t  p a r t i c l e  of Mass M2 with energy E2. Kinetic  energies 

of the two p a r t i c l e s  a r e  denoted by T1 and T2 respect ively ,  and the 

momenta by P1 and P2. We work with na tura l  un i t s ,  c _ 1. The t o t a l  

energy ava i lab le  i n  the  center  of mass system i s  given by 

It can be seen from t h i s  equation t h a t  f o r  energies much grea te r  

than the  r e s t  energy of t h e  p a r t i c l e s ,  t h e  avai lable  t o t a l  energy 

El i s  proportional t o  the  square roo t  of the  inc ident  energy, so 

a t  very high energy, the  gain with increasing s i z e  of a machine i s  

r a the r  slow. The CM energy i s  sonewhat increased If the  t a r g e t  

p a r t i c l e  has an appreciable momentum i n  a  d i r e c t i o n  opposite t o  t h e  

beam direc t ion.  For example, i n  t h e  c o l l i s i o n  of a  very high energy 

p a r t i c l e  n l t h  a  nucleus, the  nuclear p a r t i c l e s  w i l l  have an average 

k i n e t i c  energy around 25 Mev. The maximum energy avai lable  i n  such 

a c o l l i s i o n  w i l l  then be obtained when the  nucleon i s  moving against  

t h e  beam, and the  increase i n  the  ava i lab le  energy i s  of the  order 

of the geometric mean of the  energies of the  two pa r t i c l e s .  

The avai lable  k ine t i c  energy T' i n  the  CEI system i s  tabulated 

below, both f o r  a  photon-nucleon c o l l i s i o n  (photon beam) and f o r  a 

nucleon-nucleon co l l i s i on .  The quant i ty  T I *  i s  the  max?nnm k ine t i c  

energy when the  t a r g e t  p a r t i c l e  (nucleon) has a  k ihe t i c  energy ( lab)  



RGS (MURA) 1 

RGS-2 

1 )  Kinematical Considerations 

Insofar  a s  any react ions  it may produce a r e  concerned, the 

e f f ec t i ve  energy of tke  beam i s  the  center  of mass energy. Therefore, 

fo r  a given type of p a r t i c l e  of given labora tory  energy, we r u s t  

ca lcu la te  the  energy i n  the  center  of mass system. We consider 

the c o l l i s i o n  between an incident  p a r t i c l e  of mass and Energy El 

with a  t a rge t  p a r t i c l e  of Mass M2 with energy E2. Kinetic  energies 

of the two p a r t i c l e s  a re  denoted by T1 and T2 respect ively ,  and the  

momenta by P1 and P2. We work with na tura l  un i t s ,  c  = 1. The t o t a l  

energy ava i lab le  i n  the center  of mass system i s  given by 

It can be seen from t h i s  equation t h a t  f o r  energies much grea te r  

than the  r e s t  energy of t h e  p a r t i c l e s ,  the  avai lable  t o t a l  energy 

El i s  proportional t o  t h e  square roo t  of  the  inc ident  energy, so 

a t  very high energy, the  gain with increasing s i z e  of a  machine i s  

r a the r  slow. The CTI energy i s  sonevihat increased ii the  t a r g e t  

p a r t i c l e  has an appreciable monentum i n  a d i r e c t i o n  opposite t o  the  

bean di rec t ion.  For example, i n  the  c o l l i s i o n  of a  very high energy 

p a r t i c l e  with a  nucleus, the  nuclear p a r t i c l e s  r o i l 1  have an average 

k i n e t i c  energy around 25 Mev. The maximum energy avai lable  i n  such 

a c o l l i s i o n  17111 then be obtained when t h e  nucleon I s  moving against  

t h e  beam, and the  increase i n  the  ava i lab le  energy i s  of the  order 

of the geometric mean of the  energies of the  two par t i c les .  

The avai lable  k ine t i c  energy T' i n  the  C I I  system i s  tabulated 

balow, both f o r  a  photon-nucleon c o l l i s i o n  (photon beam) and f o r  a 

nucleon-nucleon co l l i s i on .  The quant i ty  TI* i s  the  mar- k i ne t i c  

energy when the  t a r g e t  p a r t i c l e  (nucleon) has a  k lne t i c  energy ( lab]  
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P 
of 25 Hev. The energies are given i n  terms of the r e s t  energy H 

of the nucleon. 

Beam energy 
b) Photon - &eon NU(.aepD-nucleon 

T1*D T 'fi' T'*/EI 

- It i s  of some in te res t  t o  remark on the energy available i n  a col l i -  

s ion between a photon an8 an electron o r  between two electrons. Then me 

f i M  

E' = -, (2) 

where m i s  the electron mass. This r esu l t  obtains fo r  energies larger  

than m. 

We see t ha t  it i s  very hard indeed t o  obtain a large effect ive 

energy i n  such a col l i s ion  between l i gh t  par t ic les .  I n  order t o  have 

Et I 1 Bev, we must have + lo3 Bev. In t h i s  case, target  motion will 

add appreciably t o  the energg only  If the kinet ic  energy of the ta rge t  

electron i s  considerably greater than m. 

On the basis of Eq. (11, It i s  possible t o  er tabl i sh  the threshold 

fo r  the production of various par t ic les  i n  a col l i s ion  between two par- - t lo les .  I n  every case we w i l l  assume tha t  the ta rge t  i s  a nucleon. We 

give the threshold kinet ic  energy (TI) when the ta rge t  i s  a t  r e s t  and 

the threshold k ine t ic  energy (TI*) when the target  nucleon i s  assumed t o  



have 25LIev Mnetic energy. The binding energy of the nucleon i n  the 

P mreleus i s  neglected. Results fo r  two interesting cases, the produc- 

t ion  of nucleon pairs and of a K-meson are given i n  the fo l lming table: 

The determination of the threshold fo r  a pion beam has been based on 

the assumption tha t  the pion i s  absorbed i n  the process. When these 
P 

figures are compared, it must be kept i n  mind tha t  the shape of the 

excitation curve near threshold w i l l  be different  fo r  different pro- 

cesses. A t  threshold, one may expect the excitation curve t o  be pro- 

por t ioml  t o  (Ef -E i  where n i s  the number of particles i n  the 

f i n a l  s t a te  and E 1  is the (CM) threshold energy. Therefore, it may be 
0 

necessary t o  use an energy considerably above threshold t o  detect the 

many par t ic le  process, such as the nucleon-nucleon production of a 

nucleon pair  (n 2 4). I f  it i s  necessary t o  go as high as E l  s2E;  t o  

obtain an appreciable cross section, then the laboratory energy i s  f a r  

greater than the estimate glven i n  the table, EIYbE or  T 1 k  27. It 
R- 

w i l l  probably not be necessary t o  go t o  energies as highi' as twice 

threshold i n  the Cm system t o  detect the process, but it must be kept 

h 
i n  mind that,  whatever the required factor, it i s  squared i n  going over 

in to  the laboratory system. 

Another purely kinematical remark that  may be of some interest  

concerns the angular spread of the products of a very high energy 
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collision. If the angular distribution i n  the CM system i s  isotropic, 
P 

the mean square angular spread i s  given bg 

a t  high energy vhen the target i s  a t  rest .  It i s  t o  be noticed that  

only the target mass enters t h i s  expression. The resul t  shows tha t  

the products of a very high energy reaction w i l l  be closely correlated 

i n  angle so tha t  there m a y  be some d i f f i cu l ty  i n  separating l ight  

from heavy particles. 
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2) Estimates of Cross Sections 

We consider here the cross section for the production of certain 

species of particles by photons, electrons, or protons. It is assumed 

that the energy is well a%ve threshold so that the excitation function 

is reasonably flat. The estimate is meant to include multiple produc- 

tion in all orders of the particular species under consideration. The 

results are presented in the following table in units of the geometri- 

cal cross section of the target nucleus, 

6 geom - 60 m b 

Species 
Froduced Photon Electron Beam Proton Ek&g- 

photon I direct 

electron I - 
pion 

proton 

neutron 

22 A'2/3 

direct 

x lo-%1/3 2 10-3~ 1/3 

1. 10-3, 
1/3 

2 

& x ~o'~A 1/3 

K meson 

hyperon 

antinucleon 

L 

x10 -4 A 1/3 2 

x10 -4 A 1/3 
2 

x l O  -5  A 1/3 

These estimates have been obtained as followS: 

For photon production by electrons, we give the high energy total 

bremstrahl caoss section for a nucleus of 6harge Z and mass number A. 

The photoproduction cross section for pions has been estimated 

in two different ways. First, we extrapolated from 1 Bev on the 

assumption that the total cross section is roughly proportional to 

at high energy where 6l is the photon energy in the laboratory 

system. The law is obtained as follows. We denote the CM photon 

energy by a'. The photoelectric cross section for production of 

electrons from atoms is Proportional to I/@' in the extreme relativistic 

X 3 direct x 10- A 
5 -a 113 

~ 1 x 1 0  A 
2 

x l x l o  -kA1/3 
2 

X l X 1 0  3 - 

J 
2 
J b  
2 0 

2o 
L 
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case. However, the pion current operator is proportional to the 

mor 
. . 

P momentum, while the electron current is essentially independent of 

nentum. This means that the pion cross section should be ut2 

Times the electron cross section at high energy. In other words, it 

should be proportional to 3 ' .  However, since the photon energy in the CX 

system is proportional to the square root of the laboratory energy, we 

obtain a cross section proportional to J . 
At 500 Mev, the cross section for photo production of a single 

pion from hydrogen is decreasing faster than w'~, and has a value of 

about 0.1 mb (CIT work reported at Rochester, 195%). We have assumed 

that this way this may be extrapolated to the value of 0.01 mb at 1 Bev, 

and from there we assume that the \r5 law sets in. Extrapolation to 

30 Bev gives 0.06 mb - 10-3ege0m. 
The other method for estimating this cross section is based on the - results of E. P. George for the cross section for production of pions 

by very high energy muons. For an average muon energy of 14 Bev, he 

finds a cross section in emulsion of 6 x mb which is about $ x 10-~6 
w m  . 

Presumably, this cross section is due to electromagnetic effects. We 

can expect that the photon cross section would be about 137 times greater. 

This leads to a figure of the same order as the extrapolated cross 

section obtained by the first method. 

For photon energies below 500 Mev, the nuclear cross section appears 

to be geometrical, and this is taken to mean that the photopions are 

absorbed within the nucleus with a consequent emission of nucleons. 

At much higher energies, we may expect that the pions will produce 

pions as well as nucleons, and that about half of the emitted particles 

are pions while the other half are nucleons. In this case, the cross - section for production of pions of all energies may be about A/2 times 

the cross section of hydrogen, and the photonucleon cross section would be 

about the same* Those are the estimates given in the table. under 



RGS (MURiZ) -8- 

these assumptions, the photoproduction of very high energy pions will 
? 

have a cross section somewhat smaller in magnitude, and it would be 

2/3 expected to be proportional to A . 
The cross section for photoproduction of K mesons has been ob- 

tained by assuming that the mechanism is about the same as that for 

pion and nucleon production, but that the size of the K meson cloud 

in the nucleon is smaller in the ratio of the Compton wave length 

of the K meson to that of the pion. Thus, the cross section should 

be smaller in the ratio of the square of the masses, or about 1/10 

of the pion moss section. 

The production of hyperons is assumed to be correlated directly 

with K meson production, so that its cross section is the same as 

the K meson cross section. 

To estimate the cross section for photoproduction of antinucleons, 
r- 

two methods have again been used. First, we might guess that the 

cross section is (j-&j12 times smaller than the cross section for 

electron pair production. However, in the electron case, the recoil 

momen~um is taken bp by the coulomb interaction with the nucleus, 

while the nucleon pair is subject b3 a direct- nuclear interaction. This 

can be expected to introduce a factor 137 in the cross section of 

hydrogen if the specific nuclear coupling constant is of the order of 
-4 unity. This leads to across section of 2 x 10 mb for nucleon pair 

production by photons incident on a nucleon. 

An alternative method for estimating the cross section is to 

assume that the process occurs through the absorption of photopions. 

In other words, the process is similar to the photonucleon process. 

C 
In this case, we assume that virtual pairs occupy a region of the size 

of a nucleon Compton wave length in the nucleon proper field. Then the 

cross section should be about f6 of the photonucleon cross section. 

This leads to a value of mb in very good agreement with oub 
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previous estimate. 
r- 

The estimaterof production of nuclear particles by the electron 

beam are simply based on the assumption that the process occurs through 

virtual photon emission. Hence, each cross section should be about 

1/137 of the cross section for production of the same particle by photons. 

All of the cross section for processes due to the proton beam are 

based on the observation that cross sections for nuclear processes at 

high energy are of the order of 1/2 the gebmetrical cross section. In 

particular, the pion production cross section is taken to be just of 

this order. 

The production of photons will occur through the decay of r o's, 

so this cross section should be of the same order as the pion production 

cross section. 

The production of neutrons may again be taken to be of the order 
C 

of a geom. 
Z 
The estimates of K meson and hyperon production have been based 

on the same argument used before, that they will be smaller than the 

pion cross section by a factor equal the square of the mass ratio. 

The production of antinucleons also has been assumed to be 

smaller than the pion cross section by the square of the ratio of the 

pion to the nucleon mass, since this would be expected to be the 

geometrical factor to be taken into account. 
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3)  The Accelerator a s  a  Source 

I n  t h i s  sec t ion me consider the  various possible types of  beam 

which may be produced e i t h e r  d i r e c t l y  or  i n d i r e c t l y  by t h e  accelor- 

a t o r  f o r  the  purpose of performing experiments. We may hope t o  

e x t r a c t  the  primary beam and use it d i r e c t l y ,  o r  we may I n s e r t  a  

t a r ~ e t i n  the acce le ra to r  and produce a  beam of  secondary pa r t i c l e s .  

These may be photons, pions, K mesons, nucleons, antinucleons, or  

hyperons. The fundamental experiments mould then be performed with 

t h e  secondary beam. Our guess a s  t o  the  r e l a t i v e  i n t e n s i t y  of a  

given type of secondary beam w i l l  be based on the  cross sec t ion  

est imates of Sect ion 2. This requires  t h a t  the  energy i n  the  

primary beam be f a r  above t h e  threshold f o r  production of each type 

of  pa r t i c l e .  

Our conparison of e l ec t ron  and proton acce le ra to rs  1 4 1 i l l  be - 
made on the  bas i s  of equal primary currents  f o r  t h e  two machines. 

. . 
We consider f irst  the  use of e l ec t ron  accelera tors ,  It may 

be possible t o  e x t r a c t  the  e lec t ron  beam and use it d i r ec t l y ,  but it 

i s  by no means c e r t a i n  (see  Sect ion 4) t h a t  t h i s  would have any ad- 

vantage over the  use of a  secondary photon beam produced a t  a  t a rge t  

i n s ide  the  accelera tor .  The production of bremstrahl. i s  very  

e f f i c i e n t ,  s o  the  photon beam may be produced with high flux. Eon- 

ever,  t h e  photon energy d i s t r i b u t i o n  is  expected t o  have the  usua l  

~ ' l  dependenco on energy. Therefore, the  r e a l l y  high energy p a r t  

of the  photon beam wi l .1  cons t i t u t e  a small f rac t ion ,  poss ib le  1/10 

of  the  t o t a l .  Since e lec t rons  a r e  l e s s  e f f i c i e n t  by a  f ac to r  of 1/137 

than photons f o r  t h e  production of p a r t i c l e s ,  i t  w i l l  be assumed t h a t  

t h e  bremstrahl beam i s  used t o  produce the  des i red  ( t e r t i a r y )  beam of 

pa r t i c l e s .  That is ,  ve assume t h a t  the  bremstrahl beam i s  intercepted 

by a t a r g e t  which a c t s  a s  a r ad i a to r  of  pions, K mesons, etc .  I n  t h i s  

case, the cross  sec t ions  i n  the  first column of t h e  t a b l e  i n  Sect ion 2 

a r e  applicable.  
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Because the  cross  sec t ions  a r e  a11 small i n  magnitude, it i s  

expected that a r a the r  t h i ck  rad ia to r  must be used t o  obta in  e f f i -  

c i e n t  conversion. It a l so  means t h a t  the  production of cascade 

showers w i l l  occur much more r ead i ly  than w i l l  t he  production of  

t h e  desired beam. Thus, the  beam w i l l  be thoroughly contaminated 

by low energy e lec t rons ,  photons, photonucleons, and photopions. 

Some reduction i n  t h e  contamination can be a t t a ined  by using a th ick  

source. This procedure w i l l  have the  obvious disadvantage t h a t  the  

source of the  experimental beam w i l l  be l a rge ,  so  t h a t  geometrical 

condit ions involved i n  the  analys is  of the  beam w i l l  be poor. 

It i s  c l e a r  t h a t  the  proton accelera tor  w i l l  be considerably l e s s  

e f f i c i e n t  a s  a source of photons or  electrons.  However, it i s  t o  be 

kept  i n  mind t h a t  the  photon i n t e n s i t y  (due t o  co I s )  w i l l  not be 

negl ig ib le ,  and it may be high enough t o  make photo experiments possi- 

ble.  The pltetons are  much more e f f  l c i e n t  f o r  t h e  production of nuclear 

p a r t i c l e s  than a re  photons. Furthermore, the  contamination problem 

w i l l  not be near ly  a s  ser ious  I n  t h i s  case. Therefore, thinner  radia-  

t o r s  may be used, hnd the  geometrical conditions a r e  thereby expected 

t o  be much bet ter .  

The r e l a t i v e  e f f i c iency  f o r  production of high energy nuclear 

p a r t i c l e s  of d i f f e r e n t  kinds w i l l  be about the  same f o r  the  e lec t ron  

and the  proton accelera tor  according t o  our cor.siderations of Section 

2, and may be estimated from the  cross  s ec t i on  table .  

The only exception would occur f o r  proton production i f  t h e  

proton beam can be ext rac ted  and used d i r e c t l y .  The use of t h e  

cross  sec t ion  t a b l e  i s  possible only when t h e  primary energy i s  mll  

above threshold, and even then the re  may be l a rge  e r r o r s  i n  the  
P 

estimates.  

The energy spectrum of the  secondary o r  t e r t i a r y  beam produced 

by the  acce le ra to r  i s  expected t o  be continuous. A t  very high energy, 
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multiple production processes w i l l  accur vdth high frequency. This 

v i l l  accentuate the l m  energy end of tho spectrum of the pa r t i c l e s  

being produced. Thereforo, one expects a ra ther  lov? eff ic iency fo r  

the production of a secondary beam of high energy with a strong in- 

crease i n  in t ens i ty  toward tho lorn energy end. 
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4) The Mature and Interpretation of Experiments 
f i  It may be worthwhile to make a fern remarks concerning the 

possibility of fmestigating the limits of our knowledge of quantum 

electrodynamics of the electron-positron system by means of very 

hi& energy collision. Deviations from the present theories might 

be expected to show up in a collision between light particles with 

a relative (CM) wave length somewhat smaller than the classical 

radius of the electron. This would require a CM energy around 300 

Mev* or larger. Since we would be dealing with a collision between 

light particles, the corresponding laboratory energy would be larger 

than 100 Bev, Machines designed to operate at so high an energy 

are not being contemplated at the present tlme, so we need eive this 

problem no Mediate consideration. Hornever, it may be worthwhile 

to call attention to the fact that accurate quantitative measure- 

ments would be required for this purpose, and that these would be 

especially difficult In the presence of the cascade showers that 

would be produced at such energies. 

In considering the application of a high energy-machine to the 

physics of heavy particles (that is, heavier than electrons) we may 

divide the problem into two parts: A. Questions of particle physics 

which are essentially qualitative, and B, Quantitative measurements 

of cross sections. Each of these Is described In turn. 

A * The momentum in the CM system is 2 E' for the extreme relativistic 
case and we have taloen to be J, the classical electron radius. 1 2 
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A. -.is 
+ ,he purpose of experiments of t h i s  type i s  t o  produce and 

lden t i fy  various p a r t i c l e s ,  t o  measure branching r a t i o s  and rnulti- 

p l i c i t i e s  and t o  e s t a b l i s h  cor re la t ions  between t h e  various species.  

An ex te rna l  beam i s  usua l ly  preferred  f o r  the  work because it allows 

3. greater  control  of t h e  energy and e a s i e r  reduction of the  contamina- 

t ion  of the  beam. There are ,  of course, c e r t a i n  emulsion experiments 

tha t  can be done in te rna l ly .  Except f o r  these  specia l  experiments, 

we may assume t h a t  the  work i s  t o  be done external ly .  Then it w i l l  

e i t h e r  be necessary t o  ex t r ac t  the  primary beam from the  accelera tor  

o r  t o  make use  of a eecondary beam t o  inves t iga te  t h e  p a r t i c l e  pro- 

duction. I n  the  l a t t e r  case, t h e  bremstrahl becm from an e lec t ron  

acce le ra to r  would be used, while i n  t h e  proton accelera tor  i t  would 

probably be bes t  t o m e  a secondary pion beam. 
r Our concern here w i l l  be t h e  r e l a t i v e  e f f i c i e n c i e s  of the  two 

types of machine Tor t h9  production of t h e  p a r t i c l e s  t o  be studied. 

The comparison w i l l  be made f o r  e lec t ron  and proton acce le ra to rs  

operat ing a t  the  same primary current.  

We consider the  production of K mesons, hyperons, and ant i -  

nucleons. According t o  our t a b l e  of cross  sec t ions ,  the  d i r e c t  

proton beam may be expected t o  produce about lo3 tlmes as many of 

these  p a r t i c l e s  a s  would a photon beam having t h e  same f lux.  The 

photon flux capable of producing t h e  des i red  p a r t i c l e s  w i l l  probably 

be comparable t o  t h e  e l ec t ron  flux if the  maximum energy i s  qu i t e  

l a r g e  (say ~ 3 0  Bev) canpared t o  threshold. A t  lower maxirmrm energy, 

;he in tense  low energy component of t h e  photon beam m i l l ,  of course, 

,e useless.  When the  secondary beam i s  t o  be used, it i s  necessary 

;o take  i n t o  account the  r e l a t i v e  e f f i c iency  f o r  the  production of 

lions by protons compared t o  the  prodtaution of photons by e lec t rons ,  

h i c h  is  about f o r  a Pb radia t ion.  Therefore, the  use of t h e  pion 
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beam f o r  a proton accelera tor  would require  a considerably larger 

r ad i a to r  ( t o  obta in  comparable f l ux )  wi th  a correspondimly much 

poorer geometry. The e f f ec t i ve  pion flux might be e s t h a t e d  a t  

10-I t o  10'~ the  photon f l u x  so  the  advantage of the  proton accel-  

e r a t o r  f o r  p a r t i c l e  production mould be reduced t o  a f ac to r  100 o r  

even t o  10. It has been assumed here t h a t  a pion h a s & o ~ t  t h e  

same cross sec t ion  f o r  K meson o r  antinucleon production a s  has 

t h e  nucleon. 

It i s  again important t o  not ice  t h a t  the re  w i l l  be associated 

wi th  the  production of the i n t e r e s t i n g  p a r t i c l e s  a l a rge  number of 

contaminants i f  we use the  photon o r  e l ec t ron  beam. The number of 

photons and e lec t rons  tall be enormous, and the  photoproduction of 

pions w i l l  be same t e n  times more e f f i c i e n t  than the  production of  

K mesons. Furthermore, t h e  threshold f o r  K meson production Is 

higher,  so  the  nunber of low energy pions w i l l  be even greater  i n  

proportion t o  the  nunber of K mesons. 

B. - 
I n  order t o  judge t h e  rvorth of ex t rac t ing  t h e  e lec t ron  beam 

t o  use it external ly ,  it i s  of some i n t e r e s t  t o  compare the  r ek t ive  

mer i t s  of the  e l ec t ron  and photon beans f o r  d i r e c t  use i n  quanti- 

t a t i v e  measurements. Ye expect t h a t  e l ec t ron  cross  sec t ions  n i l 1  

be smaller than the ihoton cross  sec t ions  by a f a c t o r  of )57. The 
A 

e l ec t ron  energy i s  unique, while t h e  photon spectrum i s  continuous. 

On the  other  hand, the  photon i s  absorbed i n  the  production pro- 

cess ,  while t h e  e l ec t ron  i s  not. This means t h a t  t h e  kinematics 

of the  photon experiment a re  much simpler than those of t h e  elec-  

t r o n  experiment. For example, i n  the  photoproduction of a pion 

from a nucleon, the  momentun of each of the  three  p a r t i c l e s  can be 

determined by measuring the  energy and the  d i r e c t i o n  of the  pion, 
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while in the corresponding electron induced process, four quantities 

must be measured even if the initial electron energy is given. 

It may be somewhat more difficult to make absolute cross sec- 

tion measurements with the photon beam because of calibration 

difficulties. However, the theoretical interpretation of the photon 

experlment v.511 usually be much simpler because it involves the 

electromagnetic interaction directly. Presumably, the electron 

interacts by means of virtual photons, so that the electromagnetic 

interaction enters indirectly in the form of an integral over the 

virtual photon spectrum. In order to obtain the proper weight 

factors occurring in this integral, it may be necessary to assume 

a rather specific model of the system being investigated. In that 

case, the interpretation of the experiment mill be difficult and 

F most Indirect. 

If me consider now the inf'ormation to be gained from studies 

of photoprocesses (either photons or electrons), we find that 

their great advantage over nuclear processes lies in the fact that 

they involve a weak interaction whlch therefore causes a minimal 

disturbance of the system being probed. Of course, for the same 

reason the cross xections are so small that it will be difficult 

to measure them accurately. Nevertheless, it is an advantage from 

the point of view of theoretical interpretation to dealvrith an 

undisturbed systemb 

Another advantage of the electromagnetic process is that we 

have some a knowledge of the electromagnetic interaction with 

any system. To the extent that thls interection Is known, the cross 
C iections for photoprocesses provide information concerning th 

ltructure of the system, or more precisely, concerning the struc- 

ure of the wave function. Unfortunately, the electromagnetic interac 
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r tion is not kno~m completely because it is influenced by the strong 

interaction between the heavy particles. According to our present 

understanding of heavy particle interactions, ve mey expect an elec- 

tric current (interaction current) to flow between the interacting 

heavy particles. This current can only be deduced from a complete 

theory of heavy particle interactions. Therefore, the interpretation 

of photoprocesses will be ambiguous until more detailed knowledge 

(concerning the interaction currents) is available. The experiments 

would probably be used as a source of information concerning Inter- 

action currents and thereby as an indirect nenns for studying the heavy 

particle interactions. It ~vill actually be a difficult undertaking 

to untangle the effects of the known (free particle) currents and 

the interaction current. 

Experiments performed directly with a heavy particle beam rrfll 

certainly give the most direct information concerning heavy particle 

interactions. The interpretation will be some~vhat'dependent upon 

questions of structure, although any analysis in terms of strmcture 

will be less direct than in the case of the photoprocesses since 

the system Is profoundly disturbed by the strong interaction. The 

analysis will also be confused by mu3tlple production of heavy 

particles. Of course, a study of the multiple production processes 

may in itself shed an entirely new light on the nature of the 

interaction. 

This report was prepared with the aid of support f r m  the 

m. 

R. 0.  Sachs 


