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ABSTRACT 

Electron-proton e l h s t i c  s c a t t e r i n g  cross sec t ions  

have been measured a t  the  Stanford Linear Accelerator 

Center for four-momentum transfers squared (q 2 ) from 1.0 

t o  BeO (GeV/c)2m The e l e c t r i c  (G, ) 2nd maenetic (G 

form f a c t o r s  of the proton were not separated, s ince  

) &JP m 

angular d i s t r i b u t i o n s  were not measured a t  each q 2 . How- 
ever, val.ues for G 

r e l a t i o n s  between Gm and  Giy;r. 

f o r  t he  behavior of the  proton magnetic form f a c t o r  a t  

high values of q2 a r e  compared with t h e  data. 

were derived assuming var ious la? 
S e v w a l  t h e o r e t i c a l  models 
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Understanding t h e  i n t e r n a l  s t r u c t u r e s  of elementary p a r t i c l e s  is 

a fundamental problem of s t rong i n t e r a c t i o n  physics. More than f i f t e e n  

years have elapsed since t h e  e a r l y  experinents qf Hofstadter and co l la -  

bora tors  at Stanford’ shovcd the e f f e c t s  of the  s t r u c t u r e  of the  proton 

i n  e l a s t i c  electron-proton sca t te r ing .  

of nadronic structure i n  general  and nuclear s t r u c t u r e  i n  p a r t i c u l a r  has 

recetved the  the  a t t e n t i o n  of experimentalists and t h e o r i s t s  a l i k e .  The 

proton is t h e  easiest hadron to study, and many ava i lab le  techniques can 

shed UpJt nn its s:;ructure 

electron-proton s c a t t e r i n g  has proved t o  be p a r t i c u l a r l y  f r u i t f u l  s ince 

During t h i s  time the  problem 

O f  these technicpes, h i g h - e n e r u  e l a s t i c  

t he  quantum electrodynamic’s port ion of the  interac- t ion i s  understood. 

The momentun car r ied  by the vir tuml photon responsible f o r  t h e  

elastic s c a t t e r i n g  i s  reciprocal ly  rel-ated t o  i t s  wavelength and thus 

approximately rcciprocaLly r e l a t e d  -Lo the  c h a r a c t e r i s t i c  distance probed 

i n  the i n t e r a c t i o n ,  One of t h e  p r i n c i p a l  object ives  of our experimentai 

program vas t o  make use of the  high energy and high i n t e n s i t y  el.ecl;ron 

beam at the Stanford Linear Accelerator Center (SMC) t o  extend t h e  

kinematic range of the measurements of e l a s t i c  electron-proton cross 

sections,  and  thus  t o  search for s t r u c t u r e  e f f e c t s  at  t h e  shor tes t  possible  
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The qirtzntities E 

respect ively,  and 8 i s  the  laboratory s c a t t e r i n g  ang1-e of t h e  e lec t ron .  

and E a r e  the incident  and sca t t e red  e l ec t ron  energies,  
0 

Following the  i n i t i a l  s tud ie s  at Stanford, groups at Bonn, CEA, Cornell, 

DESY, Frasca t i ,  Orsay and Stanford measured e l a s t i c  e lectron-proton cross 

, 

sectiorrs t o  ever i n c r e a s h g  values of  q 2 ,. Measurements2 at EESY have 

extended the  knowledge of Gm(q 2 ) t o  q 2 = lO(GeV/c )  2 . Owing t o  grea te r  

experimental d i f f i c u l t y ,  G (q 2 ) has been measured3 a t  DESY only t o  EF 
q 2 = S(Gev/c) 2 

The program of e l a s t i c  e l ec t ron  pro ton-sca t te r ing  e,uperiments at 

‘ S U C  has measured GJp(q 2 ) to q2 = 2j(GeV/c) 2 and, with somzvhat less 

precis ion,  GD(q 2 ) t o  q 2 = 4(GeV/c) 2 . O w  mzaswenents of GFs( g 2 ) ha;re 

been published e a r l i e r  i n  l e t t e r  form. 4 We here descr ibe 5 t he  program 

of measurements of Gm including d e t a i l e d  descr ip t ions  of t he  i n s t m e n t a -  

t ion ,  d a t a  reduction, ar.d comparison of OLX results with other equivalent 

da ta  and with a wide var ie ty  of the  t h e o r e t i c a l  p red ic t ions .  

The cross sec t ion  for e l a s t i c  e lectron-proton s c a t t e r i n g  has been 

calculated by Rosenbluth 6 i n  t he  approximation of a single-photon ex- 

ch-ange process : 

where 

and 2 
Y 

( 3 )  

(4) 

I n  Eq, ( 2 ) ,  3i=c-1, the e lec t rbn  mass has been neglected, and M i s  the  

mass of t,he proton.  
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Tlie interpreta ' i ion of the f o r n  f a c t o r s  as Fourier t r s n s T o r u ~ , ~  02 

t he  s p a t i a l  d i s t r ibu t ions  of chsrge and magnetic moment 'of the  proton 

is appropriate dncn q 2 i s  small enough so t h a t  t h e  r e l a t i v i s t i c  correc- 

t i o n s  a r e  small. 

advantzge of s t r a i g h t f  o m e r d  in te rpre ta t ion ,  they have t h e  disadvantage 

Although experiments i n  t h i s  region of q2 have the  

of being in sens i t i ve  t o  d e t a i l s  of t he  structure of t h e  proton at s m d l  

d is tances .  

q 

been advanced i n  recent  years cCm be t e s t ed  only i n  t h i s  region. 

The physical  i n t e rp re t a t ion  of the d a t a  at high Val-ues of 
-. -. 

2 i s  more d i f f i c u l t ;  however esny of the  t h e o r e t i c a l  models vhich have 

The Rosenbluth formula (Eq. (2 ) )  r e l a t e s  one c ross  sec t ion  t o  two 

form fac tors ,  and i n  order to determine experimentally both Gm(q 2 ) and 

%(q 2 ) as funct ions of g 2 the  customary procedure i s  t o  measure the  

cross sec t ions  as funct ions of s c a t t e r i n g  angle a t  each value of g 2 . 
This procedure leads to t he  "Nosenbluth p lo t "  i n  which the  s t ruc ture-  

dependent part of t h e  cross sec t ion  i s  p lo t ted  as a funct ion of t a n  2 0 / 2  

for a constant value of g 2 . Thus Eq. (2) becomes 

with a slope: 

2 
m S = ~ T G  

and an in te rcept  at t a n  2 0 / 2  = 0 :  

2 2 
GEP -k 'Gm 

I =  - 
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By neasuring the  s l o p  and the  in te rcept ,  one can separate  G and EP 

Gm. Unfortunately the  separnt ion becomes Kore d i f f i c u l t  as q 2 increases  

because 1) t h e  c ross  s?c t ions  becoroe s m l l e r ,  and  2) the  f a c t o r  7 i n  t h e  

numerator of I enhances t h e  cont r ibu t ion  of G EP' r e l a t i v e  t o  G M P  

The following r e l a t ionsh ip  i s  ca l l ed  "form f a c t o r  sca l ing"  ( t o  

d i s t ingu i sh  it from "scaling" i n  deep i n e l a s t i c  e l ec t ron  s c a t t e r i n g ) :  

where JL i s  the  rragnctic moment of t h e  proton. Form f a c t o r  s ca l ing  i s  

true by d e f i n i t i o n  i n  t he  l i m i t  of q 2 = 0, and has been found experi-  

1(GeV/c)2. More recent  experiments3' i nd ica t e  t h a t  f o r  values of q 2 

up t o  3(GeV/c) 2 , form f a c t o r  s ca l ing  i s  v io l a t ed  and t h a t  G (q ) de- 

creases  f a s t e r  with q 2 than $Q(q 2 ). These experiments support a two 

t o  th ree  standard devia t ion  v io l a t ion  of sca l ing .  The SLAC da ta  4 a r e  

consisteii t  with form f a c t o r  s ca l ing  a t  q 2 of 2.5 and  j.D(GeV/c) 2 t o  

2 
meiitalQ 8 t o  32 tixis to withla  &~i?t 5 percent for q values t o  

2 
EP 

within the  measurement e r r o r s  of about 40 percent;  however they dizfer 

by only about le? standard deviat ions from t h e  r e s u l t s  shoving a vio- 

l a t i o n  of form f a c t o r  sca l ing .  By s u b s t i t u t i n g  Eq. (8) i n t o  Eq. ( 2 ) ,  

we have: 

which i s  the  r e l a t i o n  u-sed i n  the  present  sthdy t o  e x t r a c t  vzlues of 

Gbp(q ). The supcrscr ipt ,  S, deno'ies that GhIe i s  derived under t*he s 2  

~ S S ~ l ~ . - ~ > ~ ~ - ~ . C ~ ? - i  sj" fCJL'.> fZ!:tO-;? scn l - f r z  

H o f  stadter and  h i s  collaborators'' T o m d  enqxLrically t h a t  the 

-form factors c c u l d  be s h p l y  expressed by a r e l a t i o n  which i s  now 



-5 - 

, 

referred to as the  “dipole” formula: 

- 
- GDipole 

1 

(1 + q2/0071) 2 

2 
where $ has t h e  u n i t s  of (GeV/c) . 
form f a c t o r  scalfng ru le .  

This re la t ionship  incorporates t h e  
->- 

Although the e x i s t i n g  d a t a  show s t a t i s t i c a l l y  

s i g n i f i c a n t  deviatrions form Eqo (lo), it renains  a usefu l  approximation 

of the  form factors over a wide range of q . 2 

2 Most of  the  d a t a  of the present experiment were taken f o r  q 

2 values l a r g e r  than 4(GeV/c) 

taken at each g value, it was not  possible  t o  check the vali-dity of 

Eq. (8). 

be analyzed f u r t h e r  

but, as angular d i s t r i b u t i o n s  were not 

2 

I n  t h i s  paper the  correctness of form f a c t o r  sca l ing  w i l l  not 

I1 o I’HE ELWmDmNTPJ; EQTJIP1NEIIT2 

11.1 Brief Description 

The data which vie report  were taken over a period of abc l t  two 5r s 

at  t h e  Stanford Linear Accelerator Center (SLAC) by a col lzborat ion of 

phys ic i s t s  from the Nassachusetts I n s t i t u t e  of Technology, Cal i forn ia  

I n s t i t u t e  of Technoloa,  and SLAC. Views of the  experimental arrange- 

ment a r e  given i n  Fig. 1. The e lec t ron  beam from the  l i n e a r  acce lera tor  

passed through a l i q u i d  hydrogen target and the  sca t te red  p a r t i c l e s  were 

analyzed with the  SUC ~ - G ~ v / c  magnetic spectroaetcr .  The t o t a l  charge 

incident  upon the t a r g e t  i n  each run was measui-ed by secondary-emission 

olon.i-t~xs (SE.I) a t o r o i d  induct,?.or! zoni t r i r  . T ~ Z S C  monitors were 

regu] 2.1-7 -- j-nterc$.ibrated us.’ijig a Fa.yc,fiq cup lJz-[:t-jcles wilich -Y 
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passed through the  spectrometer were detected by a system of s c i n t i l l a -  

t i o n  counter hodoscops,  dE/dx counters and a t o t a l  absorption shower 

counter. The s c i n t i l l a t i o n  counters through which 8 p a r t i c l e  passed were 

i d e n t i f i e d  i n  the  e l e c t r o n i c s  by a coincidence technique which set f l i p -  

f l o p s  i n  a buf fer  a r ray .  

the  pulse-heights i n  the  dE/dx and shower coumters, and recorded the  

A_rl on-line computer scanned the buffers,  read 

information on uiagnetTc tape f o r  la ter  o f f - l i n e  analysis .  The computer 

a l s o  performed extensive equipnent tests and on-line calculat ions.  

A s  these were t h e  first measurements performed with the  8-GeV/c 

spectrometer, we included de ta i led  check runs to inves t igz te  the  o p t i c s  

of the  device and, i n  par t icu lar ,  to measure t h e  v a r i a t i o n  of the  s o l i d  

angle acceptance f o r  d i f f e r e n t  momentum s e t t i n g s .  (For f u r t h e r  d e t a i l s ,  

see Section ~v.1)~ ITe a l s o  measured cross sect ions as a funct ion of 

beam spot s ize ,  beam current  in tens i ty ,  and pulse r e p e t i t i o n  r a t e  i n  

order  t o  inves t iga te  density changes i n  t h e  l i q u i d  hydrogen ( see  Section 

Iv.2). 

I n  -the balance 01 t h i s  sectS.oii we give a nore d e t a i l s d  descr ipt ion 

of the experiment and the  apparatus.  I n  Sect ion I11 we discuss  the  

d e t a i l s  of the  d a t a  ana-lysi-s. 

11.2 The Beam 

The beam t r a n s p o r t  system consisted of bending magnets and quad- 

rupoles which provided a momentm-analyzed and focussed beam at the  

t a r g e t .  The maximum phase space through t h e  system i n  both horizontal  

and v e r t i c a l  d i r e c t i o n s  was roughly equivalent t o  0.3 cm beam spot 

_ _  ~ ,. 
4 r a d j . 1 1 ~  tj riles 10- 

the  o p t i c s  of the t ranspor t  system i s  given i n  Fig. 2. 

rad.i.2-n angul2.r divereznce. 4- s3-::a?-! -7; -4 d-:-ai.rini-; of 

The beam from 
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11 t h a  acce lera tor  

magnet (lW) and then through momentum-defining s l i ts  (S) 

inaged t h e  collim-ztor onto t h e  sl i ts ,  

define a t o t a l  momentum pass band (Ap/p) i n  t h e  range from 0.1 t o  2.5$. 

The beam was then t ransmit ted through the  second bendins magnet (€242) 

and with quadrupoles refocused onto the  t a r g e t .  

achrozat ic ,  t h a t  is, after leaving the  last magnetic element, t he  momentum 

and t ransverse  pos i t i on  d i s t r i b u t i o n  within the  beam were uncori-elated. 

The acce lera tor  delivered up t o  360 pulses  of beam per second, 

Tias collimcttcd and passed through the  f i y s t  ber?ding 

Quadru2oles 

The s l i ts  could be adjusted to 

The  focussing was 

with a pulse  length which varied betreen LOO and l.5psecm 

measurements, time-averaged cur ren ts  of up t o  1 O p A  were used, although 

t h e  i n t e n s i t y  had t o  be reduced by Ebout a factor of from 10 t o  30 for 

During these  

, >  

2 t he  low-q data. 

The t o t a l  ,momentum spread 'in t he  inc ident  beam w a s  r e s t r i c t e d  

between t y p i c a l l y  0.1 and 0,2$ so t h a t  a k i n e m t i c  s e p a r a t i o n  could be 

maintained between the  e l a s t i c  electron-proton scatte-ring peak and 

i n e l a s t i c  threshold.  

quired s ince the  cross sec t ion  varied rap id ly  with energy. 

magnetic measu-cement and precis ion su-rveying of the  beam t ranspor t  system 

provi-ded a moolentmi and hence energy c a l i b r a t i o n  t o  an accuracy of between 

50.1 xnd 20.276, 

of a f l i p - c o i l  magnetometer i n  a reference magnet i d e n t i c a l  t o  and 

connected 5.n s e r i e s  with t h e  bending magnets. 

system x.rouLd reproduce a given mornentwa t o  within +0.02$. 

Precise  linos.rledge of t h e  inc ident  e n e r a  was re- 

Extensive 

The incident  momentum was determined from t he  reading 

It i s  believed t h a t  t h e  

r-7, LI-P mel.jiT.ed beaa eriteysd the c x p 3 ~ 2  

in a hez-,,y s h i e l d i n g  i:a11. By ad justwent of iig~s"v:ca:: 
. .  

and by nionitoring the pos i t ion  of t he  bcain cJn two zinc-sulfide-cozted 
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screens (S1 m-d S2 i n  Fig.  l), t h e  pos i t ion  of the beam a t  the  target 

was aligned t o  within about 1 t~m and the  incident  beau d i r ec t ion  deter-  

mined t o  b e t t e r  than O.lmrad, The beam spot s i z e  at the  t a r g e t  was 

approximately e l l i p t i c a l  i n  shape with v e r t i c a l  and hor izonta l  widths 

about about 3 and  6 mm, respect ively.  

To minimize backgTounds a r i s i n g  from d isposa l  of the  main beam, t h e  

beam traversed the  experimental area t o  a beam dump located about 70 m 

behind t h e  target area. 

11.3 Beam Cu.rrent Monitors 

Tiie nain eii.rrent monitor f o r  this experineat w a 5  a. toi-iod induc- 

t i o n  device12. 

was located i n  t h e  incident  beamLLne such t h a t  t h e  beam pnssed through 

i t s  11-inch diareter  aper ture .  A windi-ng on t h e  torofd vas loaded with 

It consisted of a ferr i te  toroidal-shaped core which 

a capacitor,  recul-t ine i n  a c i r c u i t  resonant a t  5.3 Hz. 

pulses exci ted resomnt  o s c i l l a t i o n s  Ln t h i s  c i r c u i t .  The resonant 

signa!_ appea.rj.ng across *he tmroi-d termi.na1-s w,S a.r@-i.fj.ed. a..nd. t.h.e wi-ive- 

Electron beam 

form sanpled at one of i t s  subsequent maxima. 

proportionall  to t h e  beam charge. The c i r c u i t r y  was designed t o  have 

extremely low nofse, high s t a b i l i t y ,  and adequate r e l i a b i l i t y ,  

This sazipled voltage was 

The toro5.d monitor w a s  remotely reset, started, stopped and read 

by t h e  on-l inc conputer. The to ro id  core contained an addi t iona l  wind- 

i n g  through which a knom amount of charge could be transmltted,  aimula- 

t i n g  a beam pulse, f o r  the  purpose of absolute ca l ib ra t ion ,  

A t  re@ar intervals i n  the  data-taking, t he  USLAC Faraday cup 13 
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The zbsolutc e f i i c i m c y  02 t h ~  Fai.ad&y cup vas taken t o  be 100,O -"0.2$. 13 

The toroid moilitor i J a S  ea l ibraked  with respect  t o  t h e  Faraday cup t o  

within a f e w  t e n t h s  of one percent. 

to ro id  for t h e  beam levels of t h i s  experiment w a s  found to be b e t t e r  

than -fOO5$. 

?'he long-term s t a b i l i t y  of t h e  

A s  an add i t iona l  check on beam monitoring, we used tvo secondary- 

emission monitors posi t ioned after t h e  l i q u i d  hydrogen t a r g e t ,  

order  t o  obta in  the b e s t  s t a b i l i t y ,  s eve ra l  designs 1 4  €or t h i s  type of 

monitor were used. A t  best ,  t he  responses of these devices would vary 

by a few percent depending up011 t h e  h i s to ry  of t h e i r  i r r a d i a t i o n  and 

also depending upon the  energy of t h e  incident  bean. 

In 

Although they were 

useSul f o r  short-term checks of the  to ro id  monitors, these  devices ~7ere 

not found to be s u i t a b l e  as.m,in monitors i n  t h e  experiment. 

11.4 Liquid Hydrogen Target 

Five condensation- type" 1iquj.d hydrogen targe-t  c k l s  of d i f f e r e n t  

s ize  ( v e r t i c a l  cy l inders  8 t o  32 em diameter with 25 to p t h i ck  s t a in -  

less s t e e l  valls) :;zre used during t h i s  experiment. Pure hydrogen gas 

at  a pressure of 13 p s i g  w a s  cooled a i d  l i q u i f i e d  by contact with a 

l a rge  r e se rvo i r  of l i q u i d  hydrogen at 20.4 K and atmospheric pressure.  

The 3.iquid hydrogen then passed into t h e  thin-~ral . led t a r g e t  c e l l  - which 

0 

was cooled by a copper heat  exchanger coupled t o  the hydrogen r e se rvo i ro  

The pressure of t h e  hydrogen gas kept t h e  temperature of t h e  l i q u i d  hydro- 

gen i n  t h e  t a r g e t  cs3.1 aboilt 2.3 IC below i t s  b o i l i n g  point .  
0 

I n  Fig.  3 \re shorr the hydrogen t a r g e t  c e l l ,  the " d u m y "  (empty) cell 
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for a s o l i d  t a r g e t .  Any one 02 these three could be mowd remotely i n t o  

t h e  e lec t ron  beam. 

Relati\-e t a r g e t  temperature changes were measured by carbon r e s i s -  

tors and hydrogen mpor pressure therno:r,eters16 immersed ' i n  the  l i q u i d  

hydrogen of the  t a r g e t  c e l l .  The absolute c a l i b r a t i o n  of the  thermo- 

meters vas  made by reducing t h e  pressure on the  t a r g e t  c e l l  un t i l  t h e  

l i q u i d  just began to b o i l .  From pressure-temperatu.rc t a b l e s  for l iqu id  

hydrogenl7 we establ ished t h a t  t h e  mean cell temperature was 21.0 0 K, 

corresponding to a l i q u i d  hydrogen density of 0007033 gem- 3 . lqe estima- 

t e d  t h a t  the  absolute accuracy of the  densi ty  determination w-as -+1.5$. 

11.5 The ~ - G Z V / C  Nagnetic Spectrometer 

The Spectrorneter F a c i l i t y  at SLAC consists of t h r e e  rmgnetic 

spectroreters ,  capzble of analyzing par t lc les  up to Eomenta of 1.6 GeV/c, 

8 GeV/c and 20 GcV/c, respect ively.  18,19,20 AU rotate on concentric 

rails about a common vert j -cal  axls and t a r g e t  posi t ion.  

of kinematics and  expected c,ross sec t ions  suggested t h a t  it was most 

The v a r i a t i o n  

P 

f e a s i b l e  t o  cover the  range of s c a t t e r i n g  angles from 0 0 to 180' with 
- .. 

th ree  instruments. 

measurenents (0 

The 20-GeV/c spectrometer i s  used for m a l l  angle 

t o  20°, w i t h  about 100 microsteradians of s o l l d  angle), 0 

t h e  8-GeV/c spectroaeter  f o r  intermediate angles (ao t o  loo', with about 

-DO microsteradians of s o l i d  angle)  and  the  1.6-GeV/c spectrometer for 

backward zngles (23 0 0 t o  165 , with about 3 rnil.listeradiczns of s o l i d  angle).  

The kinematics of  most h i g h - e n e r a  physics rcac t ions  i n  which a 

s ingle  particle i s  detected i n  the  f i n a l -  s t a t e  i ~ @ y  thxt if  good ciotrentwn 

t o  determine th? s c a t t e r i n g  angle a t  which the par ' i ic le  i s  produced o r  
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sca t t e red  t o  an accui-acy b e t t e r  than t h a t  deflned by t h e  angnlar accept- 

ance of t h e  spectrometer. On the  o the r  hind, n o r m l l y  one i s  not i n t e r -  

ested i n  knowing t h e  prec ise  pos i t i on  i n  the  t a r g e t  where the  r eac t ion  

took place.  Therefore, a l l  th ree  spectrometers were designed t o  focus 

point- to-point  from t a r g e t  t o  image plane i n  the  v e r t i c a l  (bend) plane 

and l ine- to-poin t  i n  t h e  hor izonta l  plane. 

mit ted p a r t i c l e  i s  dispersed i n  the  v e r t i c a l  plane while t h e  production 

The momentum of a t r ans -  

angle r e l a t i v e  t o  t h e  c e n t r a l  o r b i t  of‘ the spectrometer i s  dispersed i n  

t h e  ho r i zon ta l  pl.ane. 

The 8-&v/c spectrometer was chosen f o r  t h i s  experiment because 

it combined a l a r g e  s o l i d  angle acceptmce with t h e  momentum and 

angular ranges necessary t o  adequately de tec t  those e l ec t rons  which 

e l .as t ica l ly  s c a t t e r e d  at l a rge  g . 2 

The spectrometer i s  composed of t h ree  quadrupoles (Q81, Q82 and 

~ 8 3 )  which provide t h e  required focussing,  and two rectangular,  n=O, 

15 
0 bending ULagnets (B81 and B82) which provide t h e  momentum dispers ion.  

The arrangement of t h e  magnets and t he  f i r s t - o r d e r  f o c a l  p rope r t i e s  are 

shown i n  Figs.  ha and 4b. 

acceptance of g rea t e r  than 0.n rni l l i s temdian ,  an acceptnmce of 20 

centimeters i n  t a r g e t  length projected perpendicular t o  t h e  c e n t r a l  ray, 

and a momentum acceptance of 52%. 

The s p c t r o m e t e r  has a maximum solid angle 

Tile measured f i r s t - o r d e r  dispers ions 

at 8 &V/c are 4.37 cm per  mi l l i rad ian  i n  production angle, and 2.91. ern 

per  percent  i n  momentum. 

acceptances a r e  1-3~6 and 39.0 o i i l l i r a d i a n s  respec t ive ly .  

the l a rge  chronat ic  aberrat ions,  t h e  rnomenturn f o c a l  plane i s  t ipped at  

an a.n$l.c cf ljOr( 

i s  kept perpendicular t o  i h e  ccnt;Bnl r z ~ p  bec:,~s.-. It; Fs riot ?,?i’ec’ic:d 

The t o t a l  hor izonta l  and v e r t i c a l  angular 

Because of 

0 t o  t h e  c c n t r a l  ray. The production-angle f o c a l  plane 
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s t rongly  by the  second-ox-der abe r r s t ioas .  It i s  sepzrated f ron the 

center  02 the  txorm-kur;z f o c a l  plane by 0.5 meter t o  allow separate  ,ingle 

and momentun measurements by two hodoscopes, one ly ing  i n  each foca l  

plane. 

design values of t h e  first- and second-ouder coe f f i c i en t s  a r e  +O.O?$ i n  

I n  these  two  f o c a l  planes, t he  reso lu t ions  calculated from the  

nomentun (assuming a v e r t i c a l  beam s i z e  at the  t a r g e t  of 2fI.15 em) and 

L-O.2 mil l i r ad ian  i n  hor izonta l  production angle. The main spectrometer 

paraxc ters  are tzbula tcd  i n  Table I. Further  discussion of t he  o p t i c a l  

p rope r t i e s  02 t he  spectrometer as w e l l  as t h e  results of deta i led  tests 

of the op t i c s  and aeasurements of t he  acceptance apertures  w i l l  he given 

i n  Section IV.1. 

The energy r e s o h i i o n  requirement w a s  determined by t h e  kinematics 

for  separat ing e l a s t i c  electron->roton s c a t t e r i n g  from the  threshold 

f o r  t h e  production of a s ing le  pion. This separation, S, i s  approximately 

given by : 

S r n  
‘JI - = -  

Eo 

where rn 

reso lu t ion  vas for E 

i s  the  pion massa The most c r i t i c a l  requirement for momentum 
51 

= 20 GeV (at t h e  mxxinium S I X  machine energy) when 
0 

S/p = 0.75. To be ce r t a in  of achieving a clean separation, t he  de tec tors  

were b u i l t  with a rnomenfmn reso lu t ion  of 0.1-5 i n  Ap/p. From e l a s t i c  

e lectron-proton s c a t t e r i n g  kinematics t h e  required reso lu t ion  (AQ) t o  

match a given rnomntwri reso lu t ion  i s  given by: 

A s  seen i n  Fig. 5a, t h e  smallest  value of 1?4 for e l a s t i c  e-p s c a t t e r i n g  



with Eo = 20 GeV (assuxing Ap/p = 0.1$) i s  about 0.3 nd l l i r ad ian .  

t o  be consisteni; w i th  the design reso lu t ion  of the  momentm hodoscope, 

Thus, 

t h e  O-hodoscope w a s  b u i l t  with a f i r s t - o r d e r  o p t i c s  reso lu t ion  of 0.3 

mill i radian.  - -  

_ -  
. -  

_ -  _ _ -  --- - - _  - _ -  - -  - _  _ _ _ _ -  - -  . -  

The complete spectrometer assembly, including t h e  magnets, carriage,  

de t ec to r  boom and sh ie ld ing  is  shown i n  Fig. 6. The'magnets were mounted 

on t h e  car r iage  In  such a way that they could be aligned r e l a t i v e  t o  

one another  with s u f f i c i e n t  accuracy to insure  t h e  reso lu t ions  mentioned 

above. The de tec to r s  were mounted on a boom extending out beyond Q83. 

The i r o n  and concrete de tec tor  sh ie ld ing  was ca r r i ed  on a se t  of two 

scpa,rate shieldfpg carr iages  which opened and closed around t h e  de tec tors  

l i k e  a c l an  she l l .  

The loca t ions  of each magnet e l e m a t  and de tec tor  pos i t ions  were 

determined by o p t i c a l  surveying and were monitored during the  ex-eriment 

by a posi teon sensi-ng system 21 . This syste[a consis ted of d i l f e r e n t i a l  

magnetic transformers clamped t o  the magnetic components with two p a r a l l e l  

s t r e t ched  wires passing through them fi-rmly held from the de tec io r  and 

- _  

- . - - I_-__ I 

target ends of t he  support s t ruc tu re .  

whj-ch would induce voltages i n  the transformers w i z m  t he  transformers 

The vires ca r r i ed  a 10 k l z  current  
- -  

~- - 
- _  - - 

. were displaced. The induced voltnges were read j n t o  the--on-li:ne conip ter  
, - _  - - -  - - -  - - - _  - -  - - - _  

from four t r a n s f o m e r s  located on each fjisgnet. Fro; t h e  inforn?ati;ri;-.- - 

t h e  computer ca lcu la ted  the  th ree  coordinat,es 02 t h e  center  of each magnet 

(x, y a n d  z )  and t h e  three  ro t a t ions  (pi tch,  r o l l  w-d yav) and-compared 

t h e  va lues  with al.lo.rred val-ues, The pos i t ion  s t a b i l j - t y  was checked over - - _  

several weeks and fdund to be sati.sfactory, represent ing  pos i t i on  changes 

which would a f f e c t  the noxentm resol-ution by less  t h m  0.025 Ln Ap/p. 
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The propert ies  of the  magnets a r e  given i n  Table 11. Magnet 

currents  were se t  by the  on-line computer, allowing the remote s e t t i n g  

of the  momentwn f o r  the  coniplete spectrometer o r  f o r  an individurzl mgnet .  

The current  i n  each set of magnet c o i l s  was r e d  by t h e  computer using 

a standard c a l i b r a t e d  shunt and a precis ion d i g i t a l  voltmeter and t h e  

readicgs were compared with t h e  calculated se t t ings .  

t h e  magnet power supplies and accuracy of the  c o q u t e r  control  and 

The s t a b i l i t y  of 

readout systern allowed a reproducibi l i ty  i n  t h e  s e t t i n g  of t h e  spectro- 

meter rnolnentum t o  an accuracy of b e t t e r  than -1-0.025 i n  Ap/p. 

absolute c a l i b r a t i o n  of p, from magnetic measurements and using e las t ic  

2-2 s c a t t e r i n g  k h c m t i c s ,  agrccd u i t h  t h e  czlibrcction of the beam 

switchyard momentum within about kOo13$. 

The 

The hor izonta l  s c a t t e r i n g  angle s e t t i n g  of t h e  spectrometer w a s  

set  manually by a chain, sprocket, and s h a f t  encoder system t o  a precis ion 

of about 0.001 ‘degree, ”lie absolute accuracy of the  angle systern with 

respect  t o  a defined incident  beamline was b e t t e r  than  N.15 mill i radian.  

The ac tu i l  n n ~ c r ? t m  resolrbion of t h e  complete optical syster?, t:zs 

degraded by sevzral .  f a c t o r s  : 

1) The beam spot s i z e  at  the  t a r g e t .  A change i n  the  vertical .  

bearn height a t  t h e  t a r g e t  of 3.0 ~rn  w i l l  cause an apparent shift i n  p 

---__I_- 

by about 0.1% at  t h e  f o c a l  plane. We employed a total v e r t i c a l  spot 

s i z e  of about 3 mm and v e r t i c a l  excursions of the beam pos i t ion  were 

monitored t o  within about 20.5 mm. 

2 )  The q u a l i t y  of t h e  incident  beam. The aigular divergence of --_____ 

t h e  primary beam was less than S.1 mil l i rad ian  arid thus  had only a 

dent beam was m i n t a i n e d  t o  within 20 1 ~ n i l l i r a d i a n  during da%a taking 
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The e f f e c t  of t h e  norrimturn 

t h e  percentage spread Ap/p 

AP 1 

reso!-ution of t h e  incidenk beam (mo/Eo) 

for e l a s t i c  e-p s c a t t e r i n g  i s  given by: 

mo P n 

on 

This v a r i a t i o n  i s  shown i n  Fig. 5b which ind ica tes  t h a t  t h e  h l g  1 hes t  

reso lu t ion  of the  beam svitchyard system (mo/E0 = 0.1%) was r a r e l y  

required, and f o r  l a r g e r  s c a t t e r i n g  angles the momentun-defining slits 

could be widened t o  increase the  beam current while preserving an accept- 

ab le  resolut ion.  

3)  blul t iple  sca t te r ing .  According t o  Eq. (E) multiple s c a t t e r -  

i n g  i n  t h e  target mater ia l  broadened t h e  apparent Ap/p of t h e  sca t te red  

becam. The e f f e c t  on Ap/p of multiple s c a t t e r i n g  of the lover  mnmentm 

scattered e lec t ron  vas l a r g e r  than t h a t  of the incident  e lectron.  For 

example, f o r  el-as’~ic e-p cross  sec t ion  measuyements taken wi.th an 0,02 

radfa t ion  1-ength c y l i n d r i c a l  t a r g e t  at q 2 = l?(GeV/c) 2 , and a s c a t t e r i n g  

0 angle of 1.9.7 , t h e  multiple s c a t t e r i n g  of the  incident  (16 GeV) and 

sca t te red  (8 GeV)  e lec t rons  contributed to t h e  percentage spread Ap/p 

by O,O27$ and  0.054$, respectively.  

4) Second-order aberrat ions i n  the opt ics .  A s  seen later -- - - 
(Section IV.1) these  e f f e c t s  are small. 

5 )  kergy- loss  processes. The e f f e c t  of e lec t ron  energy-loss by 

rad ia t ion  was to broaden the moroentum spectrum of t h e  sca t te red  el-ec- 

t rons.  (Radiative correct ions w i l l  be discussed i n  d e t a i l  i n  Section 

111.3) ~ j i e  increesc i n  e n e r a  spread fro11 Lz;rld;3,::. : ; + - ; , ~ , ~ ~ ~ , . : ~ . : - ! z  i.n -tb? t a r z e t  3 

._ 

material  w,zs negl igibly small i n  these e;qeriinen-Ls 
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6 )  Target length.  For a t a r g e t  of f i n i t e  length there  vas a -____- 

"depth of f i e l d "  e f f e c t  a r i s i n g  from second-order aberrat ions associated 

with the  change i n  apparent t a r g e t  length for varying s c a t t e r i n g  angle. 

For a 20 cm long ta rge t ,  t h i s  e f f e c t  caused Ap/p t o  increase by a f a c t o r  

of about 1.5 as t h e  spectrometer moved from 90' t o  13 e 
0 

7) V e r t i c a l  acceptance The f i n i t e  v e r t i c a l  angiLar acceptance 

of A29.5 mil l i rad ians  from t,he t a r g e t  made a negl ig ib le  contr ibut ion t o  

t h z  nzomentum resolxition at  t h e  angles of these measurements (grea te r  

than l2'). 

11.6 The Cctectj.on System 

l%e loca t ions  of the  sca t te red  p a r t i c l e s  at t h e  8- and  p-focal 

planes were determined with t v o  arrays of s c i n t i l l a t i o n  counters. 

Electrons were ident i f ied ,  and pions and background r a d i a t i o n  r e  jccted 

by a complex array of p a r t i c l e  discrimination counters. Information 

from the  de tec tors  was p a r t i a l l y  processed e l e c t r o n i c a l l y  and then  re- 

corded i n  b u f f e r  s torage before being read i n t o  the on-line computer. 

This sec t ion  w i l . 1  describe the  detectors ,  Section 11.7 w i l l  give d e t a i l s  

of t h e  electronics ,  arid the computer system w i l l  be out l ined i n  Section 

11.8. 

From t h e  design values of the 0- and p-dispersions and from t h e  

desired resolut ions i n  B and p it was f o m d  t h a t  the required hor izonta l  

reso lu t ion  was 1.3 em and  t h e  required v e r t i c a l  reso lu t ion  was 0.3 em. 

The f i n a l  design f o r  the  hodoscopes i s  shown i n  Fig. 7. The 8-array 

I 
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was displaced La'ieral1.y by a ha l f  of a counter v id th  with respect  t o  

t h e  f r o n t  bank. Thus, each 0-bin ?,as defined by the  overlap region of 

a counter i n  the  f r o n t  and a counter i n  the  r e a r  bank, The p-array w a s  

s imi l a r ly  arranged i n  two banks, r e l a t i v e l y  displaced v e r t i c a l l y  by 

half of a counter width and containing 20 and 21 s c i n t i l l a t i o n  counters, 

respec t ive ly ,  

84 cm long, and each t h e t a  counter w a s  2.51 ctn wide, 0.63 cm th i ck  and 

17.5 cm tall.  

Each momentum counter vas 0.63 crn tall, l,9 em th i ck  and 

The two hodoscopes were bracketed by f r o n t  and r e a r  t r i g g e r  

counters, each of which contained f i v e  overlapping s c i n t i l l a t o r s .  A 

coincidence between these  t r i g g e r  counter s c i n t i l l a t o r  a r r ays  set a 

f l a g  b i t  which tras read i n t o  the  conputer and provided the  information 

used i n  evaluat ing counter e f f i c i e n c i e s .  Since t h e  t r i g g e r  counters 

were s l i g h t l y  l a r g e r  than the  hodoscopes, p a r t i c l e s  could miss t he  two 

hodoscope ar rays  and s t i l l  make a coincidence between the  f r o n t  and rear 

t r i g g e r  counters. 

The apparatus f o r  p a r t i c l e  i d e n t i f i c a t i o n  rras designed t o  separate  

e lec t rons  from background pions i n  both e l a s t i c  and i n e l a s t i c  s c a t t e r -  

ing  measurements For e l a s t i c  e lectron-proton sca t t e r ing ,  the  d i s c r i -  

mination between e lec t rons  and pions was most c r i t i c a l  at high values 

of four-mozentun t r a n s f e r  where the  e l ec t ron  count r a t e  became extreme- 

l y  low. 

system, d t h o u g h  only two main items were required for t h i s  experiment. 

These par ts ,  shown schematically i n  Fig. 7, were: 

The apparatus f o r  fi-e i d e n t i f i c a t i o n  was a f a i r l y  e laborate  

of an incident  pion escaped. It had an electyon de tec t ion  e f f ic iency  
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assured t o  be loo$, and it misident i f ied p i o m  as e l ec t rons  i n  only a 

few percent  of t h e  pion events.  

Three dE/dx counters.  2) These counters were placed a f t e r  a 1 

radiation length lead  r ad ia to r  and served t o  determine the  pulse-height 

d i f fe rences  between a mininu- ioniz ing  pion and a shovering e lec t ron .  

When used i n  conjunction with the  t o t a l  absorpt ion counter, pions were 

r e j ec t ed  with a p robab i l i t y  of only about 1 i n  10 4 of misident i fying 

a pion as an e lec t ron .  

of iden t i fy ing  e l ec t rons  was reduced t o  about 80%. 

A t  t h i s  l e v e l  of pion r e j ec t ion ,  the  efTiciency 

The t o t a l  absorpt ion c o m t e r  consis ted of 16 a l t e r n a t i n g  l aye r s  

of lead (I r ad ia t ion  length  t h i c k )  and u l t r a v i o l e t  t ransmi t t ing  l u c i t e  

(1.9 em th i ck ) .  

s l a b  of l u c i t e  was viewed by four  two-inch diameter photormil.tiplier 

tubes. The energy deposited by a showering el-ectron was sariipled by 

measuring Cerenkov l i g h t  i n  the  l u c i t e ,  The amount of lead i.n t h i s  

It was followed by 15 rad ia t ion  lengths  of lead. Each 

countei. absorbed most of an electromagnetic shower, b u t  was not 

suf f ic ien t -  f o r  t he  development and d i s s ipa t ion  of a pion cascade 

shower.22 The width of t h e  pulse-height spectrum of el-ectron showers 

w a s  approxinately inversely proport ional  t o  the  sqcare root  of t h e  

e l ec t ron  momentum. Thus, f o r  h i g h - e n e r a  p a r t i c l e s  it was poss ib le  t o  

obta in  a clean separa t ion  between the  e l ec t ron  and pion s ignals ,  except 

f o r  t h e  few percent  of t he  pions which had s u f f i c i e n t  pulse height t o  

under l ie  t he  electron peak. 

The three dE/dx counters were made from 1.3 ern t h i c k  p l a s t i c  



8 nt in imwx-  ion iz ing  payticles . P- pion had a p robab i l i t y  of a?>out 0 o9 

of not  i n t e r a c t i n g  i n  absorber of t h i s  s i z e ,  Hovever, due t o  Landau 

s t raggl ing ,  t h e r e  w a s  a probabi l i ty  of a few percent t h a t  a pion s i g n a l  

could resemble t h e  energy loss  corresponding t c  two o r  th ree  minimum 

ioniz ing  p a r t i c l e s  I n  the  present  arrzigement, t h ree  dE/dx counters 

were used so t h a t  t h e  probabi l i ty  of t h i s  occurring i n  a l l  th ree  

co-mters  tias reduced t o  l e s s  than 0.5%. 

were not used i n  t h e  f i n a i  ana lys i s  of the e l a s t i c  e l ec t ron  s c a t t e r i n g  

Although t h e  dE/dx counters 

data reported here, they were used very e f f e c t i v e l y  i n  the  diagnost ic  

phase of the  experiment. 

A two inch t h i c k  l e a d  mask was i n s t a l l e d  around the  outs ide edges 

of t h e  two hodoscope ar rays  and just  behind the  r e a r  t r i g g e r  counters.  

(see Fig, 7). T h i s  mask g rea t ly  reduced the  p robab i l i t y  t h a t  a p a r t i c l e  

t h a t  did not t r ave r se  the  hodoscope assembly could deposi t  enough energy 

i n  t h e  t o t a l  absorpt ion shower counter t o  f i r e  the t o t a l  absoyption 

counter thyeshold discr iminator .  

11.7 The Elec t ronic  Arrangement 

The e l ec t ron ic  ins t runenta t ion  was used t o  s e l e c t  events  from the  

de t ec to r s  and t o  record the  information i n  b u f f e r  s torage.  

coraind, t h i s  data was t r ans fe r r ed  t o  computer s torage  i n  the  2.8 msec 

Under computer 

time i n t e r v a l  between acce le ra to r  pulses.  A schematic of t he  e l ec t ron ic s  

is  given i n  Fig.  8, 

An output pulse from the  total absorption counter was fed i n t o  a 

l og ic ,  The discriminated odtp i t s  from t h e  10 iriggcr counters were f e d  
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i n t o  separate  OR c i r c u i t s  f o r  the  f r o n t  and r e a r  t r i g g e r  systems. 

A coincidence be'iwsen any f r o n t  m d  any rear t r i g g e r  counter generated 

a s i g n a l  ("TRIG") f o r  t h e  l o g i c  c i r c u i t r y .  

were both fed i n t o  a n  ATSD and an OR c i r c u i t .  

generated i n t e r r u p t s  for events t o  be s tored i n  t h e  computer and com- 

pr i sed  the  princLpal t r i gge r ing  log ic .  

t r iggered  the  AJ c i r c u i t  a l s o  t r iggered  t h e  OR c i r c u i t ,  t h e  Am c i r c u i t  

appears t o  be 1ogical.ly redundant. 

evaluat ion of deadtime e f f ec t s ,  as explained later. 

The TRIG and TA pulses  

Outputs from these  u n i t s  

Since every p a r t i c l e  which 

However, it ms use fu l  f o r  t h e  

Signals  from t h e  53 0-counters and 41 p-counters were f e d  i n t o  

E D  e lec t ron ic  modules (which consis ted of an input discriminator,  a 

coincidence c i r c u i t  and output discr iminator) ,  each of which was followed 

by an element of bu f fe r  s torage.  

w a s  approxinately 30 nseco 

10 t r i g g e r  counter discr iminators  and t h e  pulses  TA, TRIG, AMI, and  

OR. A t o t a l  of 110 E D  modules were used i n  t h i s  experiment. 

The p r inc ipa l  t r i g g e r  s ignal ,  developed as out l ined  above, was 

fanned out to supply the  second input t o  t he  coincrdence c i r c u i t  of 

each DCD, 

of the  de tec t ion  array,  were interrogated fol lowii ig  t h e  arrival of a 

"candidate event" se lec ted  by t h e  t r i g g e r  log ic .  

- 
- - 

The resolving t i m e  of t he  E D  c i r c u i t  

A l s o  fed  through E D ' S  to buffers  were t h e  

I n  t h i s  manner a11 8- and p-counters, and t h e  o ther  counters 

. The outputs of t h e  t o t a l  absorption counter and of the  dX/dx 

counters were pulse-height analyzed and the  digit3.zed outputs a l s o  

held i n  buf fer  storage.  

The c o q u L e r  could read In the  information f r o 3  t h e  buffers for 



-21- 

t h e  buf fer  s torage locations during one beam pulse. Scalers  attached 

t o  the input and  oatput of the  k i l l  c i r c u i t  were used to d e t e r d n e  the 

number of potentLal t r i g g e r s  re jec ted  by t h i s  c i r c u i t  and thus t o  

provide a computer deadtime correction. The incident  beam i n t e n s i t y  

was adjusted t o  keep t h e  l o s s e s  due t o  the  k i l l  c i r c u i t  below about 

15% 

A beam gate  dcveloyed from an acce lera tor  pre t r igger  pulse 

ensured t h a t  v i r tva l ly  all accepted events occurred within a time 

window of 5 p e e  associated with t h e  beam. 

For t h i s  t r i g g e r i n g  logic,  there  were three  c lasses  of events: 

Class : 1 2 3  

TRIG pulse: Yes Yes No 

TA pu-lse: Yes No Y e s  

Class 1: 

d a t a  were contained i n  t h i s  class. The threshold leve l  of the TA 

discriminator vas s e t  low f o r  most of t h e  d a t a  tak ing  to e n s u e  pro- 

Approximately 9% of t h e  e l n s t i c  electron-proton s c a t t e r i n g  

ducing an output pulse f o r  a l l  e l a s t i c a l l y  sca t te red  e lec t rons .  A t  

t h i s  selectcd threshold level,  many plons would also t r i g g e r  the d i s c r i -  

minator and so were included i n  Class 1, Class 2: 'These events were 

e i t h e r  from low pulse-height events i n  the  TA counter of e lec t ronic  

inef f ic ienc ies .  The deadtime contr ibut ion of the  TA counter was 

negl igible  a t  the  counti.ng r a t e s  of t h i s  experiment. Class 3: Some 

of these e w n t s  irere sca t te red  e lec t rons  whlch arrived during the  

deadtime (1 to 3%) of the t r i g g e r  counterso 
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11.8 The On-line Con?puter 

An SDS-93OO computer was employed on-l ine f o r  d a t a  logging and 

reduct ion and f o r  con t ro l  of t h e  experiment. 

s i z e ,  32k words of core storage,  a 1.n psec cycle time, and vas Large 

enough t o  provide f l e x i b l e  and exixnsive corkrol  of t h e  experiment and 

analysis of t h e  s tored  events.  

e s p e c i a l l y  developed for t h e  SUC Spectrometer Fac i l i t y ,  have been 

It had a 24-bi-b word 

The d e t a i l s  of t h e  system, which was 

reported elseirhere. 23 

The p r i r i r y  func t ion  of the  conputer was to record on magnetic 

tape  a l l  t h e  information for l a t e r  o f f - l i n e  ana!.ysj-s of t h e  da ta .  

For each sca t t e red  p a r t i c l e  which passed through the  detector  system, 

the computer required 12 words t o  s t o r e  such informstion as the  contents 

of the buf fe r  s torage loca t ions  aid the  d ig i t i zed  outputs of the  pulse-  

height  analyzers.  A t  t h e  beginning and end of each run the computer 

read and logged addi. t iona1 miscel.laneous d a t a  such as s c a l e r  values, 

beam-current monitor outputs, and the  t a r g e t  and spectroneter  magnet 

conditions.. 

ed t h e  experimental equipment and d a t a ,  perforxied s implif ied cross 

When otherwise unoccupied during runs the computer monitor- 

s ec t ion  ca l cu la t ions  on-line, and u-pdated graphical  djsplays.  

11.9 Choice of Running Conditions 

2 For a given q t h e  C ~ G S S  s ec t ion  for e l a s t i c  electron-proton 

s c a t t e r i n g  i i icreases with decreaslng e l ec t ron  s c a t t e r i n g  angle The 
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kincpmtic f a c t o r  was e i t h e r  the mximm monentum s e t t i n g  of the  spcctro- 

meter or t he  rriaximm ava i lab le  acce lera tor  energy. 

The momentum s e t t h g  gf t h e  spectrometer w a s  a d j u s t e d  so t h a t  t h e  

peak from e l a s t i c  e-p events appeared i n  the  center  of the p-8 hodoscope 

areato 

axes of the  p-and 0-counters f rom the  e f f e c t  of t he  e l a s t i c  s c a t t e r i n g  

kinematics. The threshold s e t t i n g  f o r  the  TA counter discr iminator  

The peak lay along a l i n e  which was t i l t e d  with respect  t o  t h e  

was adjusted s o  t h a t  it f i r e d  f o r  all t he  e l a s t i c a l l y  sca t t e red  elec-  

t rons  and for an approximately equal number of pions. 

beam i n t e n s i t y  ms adjusted so t h a t  t h e  k i l l - c i r c u i t  losses (mentioned 

The incident  

i n  Sect ion 11.7) were about 15.58 or l e s s ,  and the  counting rate i n  t h e  

f ron t  t r i g g e r  counter a r r ay  vas about 2 counts or less per 1.5 psec 

b e m  pulse.  

The measured cross sec t ions  var ied between 3 X and 2 X 10- 39 
2 

CUI /sr and the s t a t i s t i c a l  accuracy from about 0.3% t o  about 33%. 

most kinematic conditlons,  runs were made using the  dumy (enipty) t a r g e t  

c e l l  i n  order to cor rec t  for non-hydrogen-scattered events  i n  t h e  f u l l  

target d a t a ,  

w a s  t yp ica l ly  2 t o  4$0 

A t  

The subt rac t ion  froin the  f u l l - t a r g e t  da ta  f o r  these  events 

111. MTA ANALYSIS 

The d a t a  ana lys i s  vas divided i n t o  t vo  main parts: 

1) The se l ec t ion  of s ca t t e r ed  e lec t ron  events  f r o n  t h e  de tec tor  

s igna l s  arnd the  reconstruct ion of the  loca t ions  i n  t h e  8-p arrays.  

2 )  The calcu2.ation of cross sec t ion  values from t he  selected raw 

&"t,L" z,,:::? tJl.3 e-J2b7.L1:::,t,:.Gn Of ';)-e yL,-l~.;;J_.c:~:~l-:+; ';-r.'L'a'"; ., y:?e;-e toxyjcs T,,,+lL 
i 
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be discussed i n  t h i s  sec t ion .  

111.1 Event Se lec t ion  

For each s c a t t e r e d  event which r&s recorded on magnetic tape 

we had the following i n f o r m t i o n :  

1) Elec t ronic  l o g i c  condition: Whether t he  event f i r e d  (a) the  

fast trigger counters (TRIG) and/or (b) t h e  t o t a l  absorption shower 

counter (TA). 

2) IloZoscope pa t te rns :  fcnowledgc of the counters xrhich f i r e d  i n  

the  e-p hodoscope arrays. 

3)  The sr-e dlscr iminator :  Pulse-height information from t h e  - 
t o t a l  absorpt ion counter and the  th ree  dE/dx counters. 

I n  o f f - l i n e  analysis one could r e j e c t  about one-half of t he  d a t a  

logged on magnetic tape (and r e j e c t  only a f e w  percent of the  e lec t ron  

events)  by requiring that each event bc acconqmqied by a T H I G  output and 

have a TA pulse height  which exceeded a preselected minitmm value. 

are t h e  evznt c l a s ses  1 a d  2, mentioned e a r l i e r  i n  Sect ion IIe7. 

These 

- 
The c l e a r e s t  fnd ica t lon  t h a t  a s in@-e-part ic le  t r a c k  passed through 

a hod.oscope was t h a t  two counters f i red ,  one i n  each of t h e  two banks, 

Although t h e  loca t ion  of such a t r a c k  is unaabiguous.ly defined, t h e  

presence of s ingle’  zdd i t iona l  comters which f i r e d  due t o  a background 

event 01‘ delta ray tended t o  confuse the pat te rn .  

p rogrm we studied t h e  b i t  pa t t e rns  from the  buffer storage fo r  the 

e- and p-hodoscopes and put each e m n t  i n t o  one of the following cate- 

Thus, i n  t h e  ana lys i s  

gories: 



2 )  Fcnbiguous event: A t  l e a s t  one hodoscope had two or more 

s ingle-par t ic le  t r a c k s  

s c a t t e r e d  e lec t rons  which produced a d e l t a  ray i n  or near the  hodoscopes. 

These vere usual ly  caused by e l a s t i c a l l y  

3 )  Bad event: A t  l e a s t  one hodoscope had no evidence for the  

passage of a s i n g l e  p a r t i c l e  through it. 

The e f f e c t s  of imposing c e r t a i n  requirements on the  d a t a  are 

i l l u s t r a t e d  i n  Fig. 9, which show t h e  TA spectrum on a l o g a r i t h i c  

sca le  for a run at q2 = 2,3(GeV/~)~ and 8 = 12.6 , where E ’  = 7.9 GeV 

and E = 6,6 GeV. Graph 9a sho:is t h e  pulse-height d i s t r i b u t i o n  of a l l  

t h e  raw data  whichwere logged onto the magnetic tape.  

0 

0 

Logged d a t a  re- 

quired t h e  presence of a TA pulse t h a t  f i r e d  the  associated TA-discriminator, 

a T R I G  pulse, or both. ‘The e lec t ron  peak i s  clear ,  but  t h e r e  i s  notice- 

ab le  contaaination on the  low-energy s ide  of the  peak. Graph 9b shows 

t h e  spectrum when only a TA piil.se i s  required (i .ee when the  raw data 

were reanalyzed t o  select; only those events which had a TA pulse t h a t  

f i r e d  the  associated TA-discriminator) 

. 

Very low pulse heights are much 

reduced but t h e  shoulder at channels 30-50 i s  l i t t l e  changed. Graph 

9c shows the  spec”iruin when only a THIG s i g n a l  i s  required. The very 

low pulse heights  are l i t t l e  chznged, but  the  shoulder i s  markedly 

reduced, 

i n  both of the  hodoscopes. 

Graph 9e shows t h e  s p e c t r m  when all th ree  requirements a r e  included. 

Some of the events above channel 80 were double events, and others  were 

s i n g l e  events which arr ived i n  coincidence with an acc identa l  i n  the 

TA c o i n j r r .  They W ~ Z Y E  no t  be.ck:,-,rou_nc? r,v:niz i n  either case. The 

Graph 9d shows the  spectiwn when only a good event i s  required 

The background events a r e  much reduced. 
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e l e c t r o n  peak ims close t o  Gaussian i n  shape and there  was evidence 03 

a s m a l l  m o u n t  of contmina t ion  only on the 1017-energy s ide  of the  peak. 

There was a l a r g e  range over which one could vary t h e  minimum 

accepta3le TA pulse height  a d  e l iminate  only the  very low pulse-height 

events.  These lat ter events were s tudied i n  d e t a i l  and, since we could 

f ind  no evidence f o r  the  presence of e l a s t i c a l l y  sca t te red  electrons 

among them, they were discarded. 

about 26,000 events  i n  Fig. 9a, only about 12,000 were selected as 

good e lec t rons  f o r  Fig. ge, and of these  about 80 were eliminated by 

t h e  requirement for a spec i f ied  minimum pulse height from the  TA counter. 

For t h i s  t y p i c a l  spectrum, out of 

111.2 Track Location 

There were many p o s s i b i l i t i e s  for p a t t e r n s  which could appear i n  

t h e  hodoscope axays. I n  Table I11 we show t h e  d i f f e r e n t  types of 

p a t t e r n s  which t h e  computer was prograrmed to recognize. For con- 

venience, we show a 20-element hodoscope. 

t h e  t h r e e  categories  (good, ambiguous and bad events) which were out- 

l i n e d  i n  Section II1,l. 

The pa t te rns  a r e  arranged i n  

The hodoscope s i g n a l s  were routed t o  t h e  b u f f e r  storage so t h a t  

overlapping couaters which f i r e d  appeared as adjacent s e t  bits i n  the  

buffer .  

number of s e t  b i t s .  

The exact assignment of a b i n  loca t ion  depended upon the  

If an odd nuxber of adjacent b i t s  w a s  se t ,  the  

program selected t h e  center  b i t  t o  define t h e  b i n  number, For an even 

number of adjacent s e t  b i t s ,  the  b i n  nwnber w8s randordy chosen as t h e  

b i t  t o  the l e f t  o r  r i gh t  of -the\ midrl1.c of the  se t  I n  Table 
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an  arrov, or a double arro1.r where randomizing vas used. 

Several  types of pa t t e rns  were used to be c e r t a i n  t h a t  events were 

not acc ident ly  l o s t  o r  gained. %'he number of adjacent  set b i t s  w a s  

allowed t o  extend beyond the  number expected from t h e  hodoscope des ign  

(pa t te rns  4, 5 ,  and ll), 

accompanied a t r a c k  with multi-adjacent b i t s ,  t h e  s ing le  %-as assumed t o  

be due t o  background (pa t t en i s  6, 8 and 9 ) .  

E x t r a  s ing le  b i t s  were expected, If they 
- 

However, i f '  only s ing le  b i t s  

were present  (pa t t e rns  1, 7 and LO), they could have been &e to an 

i n e f f i c i e n t  hodoscope counter and were saved for f u r t h e r  inves t iga t ion .  

Some pa t t e rns  which contained exixa s ing le  set  bits were so rare t h a t  

t he re  were t o o  few events to e m l u a t e  them with ce r t a in ty ,  As they 

could only have a negl ig ib le  e f f e c t  on t h e  f i n a l  cross  sec t ion  values 

they were included i n  pa t t e rns  such as 6, 8 and 9.  

A l l  configurations,  however exotic,  f e l l  i n t o  one of t he  pa t t e rns  of 

An in-tensive study of t h e  TA pulse-heig5t spec t r a  for Table 111. 

events of d i f f e r e n t  p a t t e r n s  and whether o r  not accompanied by a TRJG 

signal,  together  with mapping of t he  loca t ion  of the p a t t e r n s  i n  t h e  

8-p plane, i rd i ca t ed  that this schene was nore e labora te  than was 

ul t imate ly  required.  

decoding the  eveiits t o  b e t t e r  than 11s it i t s  necessary to check t h e  

de ta i l s  t o  subs t an t i a l ly  b e t t e r  accuracyo I n  re t rospec t ,  t he re  was no 

Hovever i n  aiming for an overall accuracy i n  

need to dis t inguish  between events with patterns 2 t o  6, as they repre- 

sented a clean saniple of vnmbiguous, loca tab le  t r acks .  

checked f o r  having a TRIG output and a n  acceptnblc TA pulse  height,  

they contrihuted approxitmtely %$ of the final sel.ccted data, 

When they were 
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To s e l e c t  froffi events  which rmy heve had a b i t  unset due t o  a 

s ingle  i n e f f i c i e n t  counter o r  t o  t h i n  gaps between adjacent hodoscope 

counters (pa t t e rns  1 and 7 ) - i t  w a s  necessary t o  study the  TA counter 

s p e c t r m .  The TA spectrum showed a clean e l ec t ron  peak only f o r  t h e  

events which had a T R I G  output and a good t r a c k  i n  one hodoscope. These 

events were e i t h e r  populated uniforuily throughout t he  B-p plane 

(as expected if  caused by gaps) or were loca ted  i n  regions containing 

known i n e f f i c i e n t  counters.  Thus, by demanding the  T R I G  output, it 

was poss ib le  t o  add se l ec t ed  events from pa t t e rns  1 and 7 i n t o  the  

set  of f i n a l  se lec ted  data.  

Pa-ttern 8 provided most of the ambiguous events, and most of these  

events had no contafiination due t o  e x t r a  s ing le  set bits. The double 

t r acks  were r a r e l y  due to two e l ec t rons  i n  the  system, which would have 

given a l a rge  TA pulse  height,  bu t  were mainly caused by an e l ec t ron  

acconpanied by a d e l t a  ray. 

The bad event class included t r acks  which had only the  edge b i t ( s )  -______ 
set (pa t t e rn  13). 

ou ter  ha!-f-width of t h e  outs ide counters of t he  hodoscope. 

This  corresponded t o  a p a r t i c l e  which t raversed the  

A s  we 

decided t o  r e s t r i c t  our data to those events f e l l i n g  within the  region 

of overlapping countci-s, these  e v m t s  were re jec ted .  Some of t he  blank 

hodoscope events (pa%tern E) might have been due t o  a sca t te red  p a r t i c l e  

which passed through two adjacent i n e f f i c i e n t  counters i n  a hodoscope . 
This type of event w a s  r a r e  except f o r  one shor t  period of running, 

- _ ~ -  

vhen there t a s  a d e t e r i o r a t i o n  i n  some of the  p-counters which caused 
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The da ta  used i n  the  cross  sec t ion  ca.lcula-tions were selected 

f rou  events which w r e  accoEipanied by a T R I G  output,  

with no TRIG output were also analyzed so t h a t  a correct ion cou-ld be 

applied f o r  t h e  t r i g g e r  counter deadtime which, at the  rates used for 

data  taking, was t y p i c a l l y  1 t o  376. 

However, events 

The TA pulse-height spec t ra  f o r  

t he  events with no TRIG output a r e  sh0i.m i n  Fig. 10. 

spectrum i s  heavily contanhated  with background, whereas se l ec t ion  of 

good event patterns only revealed a c l ea r ly  v i s i b l e  e lec t ron  peak. 

good events with TA pulse heights  within the  expected region of the 

The r a w  d a t a  

The 

e l ec t ron  peak were se lec ted  to provide the  required correct ion fac tor .  

Tiim from a study of the  s ignature  of the  events i n  the  hodoscopes 

we were able to ass ign  loca t ions  i n  t h e  8-p array for the  good events 

and t o  ca lcu la te  correction f a c t o r s  t o  alloiJ f o r  the anbiguous evefits, 

f o r  counter inefficiencies, and f o r  the  deaetimc of the  fast t r i g g e r  

counter system. (See Section 111.4) 
8 

111.3 Radiative Corrections 

I n  Fig. 11 we show t he  d i s t r i b u t i o n  of the  selected events on a 

plane defined by the  0- and p-hodoscope arrays.  

t o  the  elastic electron-proton sca t t e r ing  events can be seen clearly 

The peak corresponding 

on the  0-p pl-ane, 'together with the rad ia t ive  t a i l  which extends t o  

lower %lues of momen-bua. 

matically forbidden f o r  e l a s t i c  e-p sca t te r ing ,  and can be a t t r i b u t e d  

t o  sca t t e r ing  i n  the walls of the target c e l l  o r  t o  misdirected e lec t rons  

The counts zbove the  elastic peak are kine- 

which r p ~ y - ~ L J d : ) ~ - ~  fl-oq ~ ~ ~ ~ - ~ w t > ~  LTL thi? ~12-L.:: - ; - - - e  :t:bLc <et 

f r o n  Lhe 0-p p l m e  w r e  s m m d  onto a one-dimensional p l o t  of missing 
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energy. This was defined with respect  t o  t h e  energy for e l a s t i c  e-p 

s c a t t e r i n g  f o r  each 6 - in t e rva l  on t h e  plane, and a l l o w d  f o r  t he  

e n e r a  l o s s  i n  the  t a r g e t  and windows. 

have been at the  zero v d u e  of missing energy, although it was 

general ly  displaced by about 5 MeV, corresponding t o  a difference i n  

the  momentum ca l ib ra t ions  of t he  spectrometer and b e a i  switchyard of 

less than 0.15%. 

The e l a s t i c  peak should 

The number of  counts i n  each ( e  . p  .)  b in  was divided by the  solid 
1 J  

angle AQij ( see  See-tion IV.1) f o r  t h a t  bin.  

energy p l o t  T ~ S  then proport ional  to t he  doubly-d i f fe ren t ia l  cross 

sec t ion  (d o/dQ dp), as shown i n  Fig. 12. 

The ordinate  o r  the  missing- 

2 

The r ad ia t ive  degradation of the  e l a s t i c  peak had two sources : 

1) 

process. 

2) 

r e s u l t i n g  

The emission of r ad ia t ion  during the  a c t u a l  s c a t t e r i n g  

Bremsstrahlung by the  inc ident  and sca t t e red  e lec t rons  

i n  s t r agg l ing  i n  the  t a r g e t  p a t e r i a l .  
e 

The lo s s  of e l ec t ron  e n e q g  from these  racliative processes caused some 

e la s t i ca . l l y  s ca t t e red  e l ec t rons  t o  f a l l  ou'zside t h e  momentum acceptance 

of the  spectrometer. 

t h e  kincwtLc var iables ,  t h e  reso lu t ion  func t ion  of t he  equipment, t h e  

amount of ms te r i a l  i n  t h e  f l i g h t - p a t h  of t h e  inc ident  and sca t t e red  

electrons,  znd t he  missing energy invcrva l  AE used. 

The f r a c t i o n  of  events detected depended upon 

The d a t a  from dunmy-target runs, after su i t ab le  normalization, 

w a s  subtracted frorn the  8-p plane data f o r  f u l l  t a r g e t  runs p r i m  t o  

L T  bne apL)LIL.--i-o~i o n  wy mdi,zi;Ft-e cc,::~cJU~cr-- .*q ;'.5+ 13 17.3 L ! I Q ~ - C ~ : - , ~  . ... 

the region "C" of the  8-plane vhich wis used for t h e  cross sec t ion  
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cal-culations . The regfcn "A", correspoiidri.ng t o  motnenta exceeding the  

val-ues f o r  e l a s t i c  e-p sca t te r ing ,  vas not used, Any events i n  t h i s  

region represented e r r o r s  i n  t h e  dummy t a r g e t  subtract ion procedure, 

or  a small amount of p o l e t i p  or aperture  s c a t t e r i n g  i n  the spectrometer. 

The boundary between regions "B" and "C" was chosen so as t o  r e j e c t  any 

events from i n e l a s t i c  sca t te r ing .  To t e s t  f o r  edge-effects i n  t h e  

hodoscopes, the  events i n  t h e  outer  2, 4 or 6 8- and p-hodoscope 

counters were removed from region "C", and t h e  cross sec t ion  calcula- 

t i o n s  repeated. Although the r e s u l t s  were consis tent  with each other  

within t h e  s t a t i s t i c a l  accuracy of the  data ,  we decided t o  remove the  

d a t a  from the  2 outer counters i n  the  f i n a l  analysis .  

I 

The simplest way t o  cor rec t  t h e  data f o r  rad ia t ive  losses  was t o  

use an i n t e g r a l  correct ion method. 

a point  AE belov t h e  momentum of t h e  e l a s t i c  pea.k, and then a l l  t h e  

events above t h i s  cut  were summed. Thus, we define: - 
A cut  vas applied t o  the  d a t a  at --- x.---- 

-2 a n  
AI, dndp' n(m) = 

region "c" 

The average cross  section can be r e l a t e d  t o  t h i s  quant i ty  n(AE) by 

including t h e  terms due t o  r a d i a t i v e  losses:  

The f a c t o r  6 allowed for the  rad ia t ive  losses  during t h e  s c a t t e r i n g  R 
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used both fornulac, assvrnirlg exponentiation of 6 and found d i f fe rences  

b e t w e n  values of e-6R of about 0.3$. For consistency, we have used the  

formula due t o  T s a i  24 for the  f i n a l  data values.' The quant i ty  exp(-6 ) 

was typ ica l ly  between 1.20 and 1.40 i n  these  measurements. 

i n  parentheses i n  Eq. (15) corrected f o r  s t r azg l ing  i n  the  t a r g e t  

material. I n  t h i s  term, 

R' 

R 
The term 

where 

and t (t ) is the  t o t a l  amount of mater ia l  i n  r ad ia t ion  lengths  before  

t h e  center  of t he  t a r g e t  ( a f t e r  t he  center  of t he  t a r g e t )  i n  t he  path 

of an average inc ident  ( s ca t t e red )  e lec t ron .  

b a  

For the  denominator of 

t he  term i n  parenthesis  i n  Eq. (13), we used t h e  fo rau la  8 
due t o  Eyges 26 

i n  which the  f r e e  parameter was chosen t o  f i t  t he  shape of t he  brems- 

s t rah lung  spectrum a t  low photon e m r g i e s .  The addi t ion  of t h i s  para- 

meter changed the  f i n a l  cross sec i ion  by about O.?$. 

f o r  s t r agg l ing  varj-cd betx.:een 1.10 and 1.30. The f a c t o r  R(AE) i n  Eq. 

(1-5) corrected f o r  t he  e f f e c t  t h a t  t he  emission of photons changed 

s l i g h t l y  the  e f f e c t i v e  inc ident  e n e r a  i n  the  in t e rac t ion :  

The cor rec t ion  
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where 

and rn i s  the  mass of t h e  electron,  and e* is t h e  f i n e  s t m c t u r e  
e 

-6 constant.  The t e r n  e i n  Eq, (17) stands f o r  the  product of t he  first 

two terms on the  r i g h t  hand s ide  of Eq. (15). For ca l cu la t iona l  con- 

venience the  dipole  cross  sec t ion  was used i n  the  evaluat ion of 
\ 

I n  s p i t e  of t h e  rapid va r i a t ion  of cross sec t ions  the  R(AE) correc t ion  

was t y p i c a l l y  0.5%. 

When the  width of the  e lec t ron  peak became s ign i f i can t  compared 

with t h e  intervalAJ3, then the  e f f e c t  of t h e  reso lu t ion  shape of t h e  

peak was inclu-ded, This was accomplished i n  the  c a l c d a t i o n  of the  

term 6 

pe&. 

which was an average value calculated over t h e  shape of the  R' 

The i n t e g r a l  calc17.lation of < dnldfl > was performed for d i f f e r e n t  

values of AE as shown i n  Fig. 14, from which the  f i n a l  r e s u l t  can be 

seen t o  be independent of over qu i t e  a l a rge  in t e rva l .  

The radia%ive. correct ions were a l s o  applied t o  t h e  data using a 

d i f f e r e n t i a l  unfolding scheme.27 The b i n  a t  the highest  roomentun end 

of t h e  missing-energy s p e c t r m  in Fig. 12 was chosen t o  be j u s t  above 

t h e  region f o r  e l a s t i c  electron-proton sca t t e r ing ,  Thu-s, there  tms 

no contamination i n  t h i s  b i n  due t o  t h e  radfa t ive  t a i l  from bins  at; 
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the r ad ia t ive  losses by applying a correct ion similar i n  form to Eq, 

(151, where the  value f o r  AE i s  the half-width of t h e  miss ing-enera  

bir, s i ze .  The number of cou?nts added  t o  the  f i rs t  b i n  were then 
I 

used t o  compute subt rac t ions  from a l l  b ins  at lower momenta using the 

exact  shape of t he  radiative t a i l .  The second b i n  T ~ S  then corrected 

for  r ad ia t ive  losses, and i t s  r ad ia t ive  t a i l  subtracted from t h e  b ins  

at lover  monenta. 

missing-energy p l o t  u n t i l  t he  f i n a l  d i s t r i b u t i o n  of events  corresponded 

This procedure vas repeated f o r  each b i n  i n  t h e  

to e l a s t i c  e-p s c a t t e r i n g  with no radiatitz losses. 

t he  r e s u l t  of t h i s  proceduxe. The r a w  d a t a  are shown as a s o l i d  l i n e  

and the  unfolded d a t a  as a dashed l i n e .  

the ordina tes  of t h e  corrected d a t a  verc coniparable to the  ord ina te  

Figure 1-5 shows 

Beyond b i n  1 4  the  errors i n  

values, and t h e  f luc tua t ions  about zero arose from t h e  s t a t i s t i c a l  

f l uc tuz t ions  i n  t h e  data. Ca-re had t o  be taken with the  propagation 

of errors i n  t h i s  treatment of  t he  da ta .  

obtained from a swn of t h e  r a d i a t i v e ~ - c o r r e c t e d  spectrum. 

The value < dn/d.Q > was then 
a 

The shape 

of‘ t h e  corrected spectrum represents  t he  reso lu t ion  func t ion  of t h e  

equipment 

f o r  each of ’the 54 0-bins t o  allow for t h e  variation of the  r e sc lu t ion  

In  p r inc ip l e  one should generate a mfssing-energy histogram 

funct ion i n  t he  8-p plane. However, t h i s  wzs not possible  f o r  t h e  runs 

at lower s t z t i s t i c a l  accuracy. It was performed for a few high s t a t i s t i c s  

runs and t h e  cross  sec t ion  results were within O.5$ of t h e  ml-ue ob- 

ta ined using a s ing le  miss ing-enera  spectrum. 
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cross sec t ion  values agreed t o  within about l.OO$, and thus ve assign 

a relat ive error of t h i s  m o p t  as a consequence of the d i g i t a l  techni- 

ques of performing t h e  r a d i a t i v e  correct ions,  

methods over a wide range of q values, and from s tudies  of the  varia- 

t i o n  i n  the  pre2ict ions of t h e  d i f f e r e n t  t h e o r e t i c a l  formulae 24,e for  

€jR, we estimate t h a t  t h e  r a d i a t i v e  correct ions produce an absolute 

uncertainty of up to +1,5$ i n  the f i n a l  cross  sec t ion  values. 

Eiy comparing the two 
2 

A sua11 correction. f a c t o r  tras applied t o  < dn/dQ > t o  allow for 

t h e  rapid v a r i a t i o n  of cross  sec t ion  across  t h e  detectors .  The l a r g e  

iimber of events at  sumiil angles r i d e  t h e  e f f e c t i v e  s c a t t e r i n g  angle 

smaller than t h e  spectrometer angle. This e f f e c t  vas calculated 

(assuming the  Rosenbluth var ia t ion  of cross sec t ion  and using the  dipole 

expresslon f o r  t h e  proton form f a c t o r s )  and t h e  cross sec t ion  values 

were reduced about 0.5$ t o  correspond t o  rneasurenents taken at  t h e  

exact angle of t h e  c e n t r a l  ray of t h e  spectrometer. 

111.4 Calculation of Cross Sections and Errors 

The ci*Oss sec t ion  values viere calculated from 

where : 



e 
N 

NP 

TC i i  

i s  the  number of e lec t rons  isicident t o  t h e  ta rge t ,  obtained from 

t h e  toro id  charge monitor which had an absolute  gain of 1.000. 

i s  the  number of protons/cm2 i n  the  l i q u i d  hydrogen t a rge t .  

t a r g e t  length vas kno~in t o  b e t t e r  than O.3$ and a hydrogen densi ty  

of 0.07035 g/cm3 vas used. 

t a r g e t  heat ing by t h e  beam, f o r  reasons described below (see Section 

\ 

The 

It was not necessary t o  cor rec t  for 

m.2) 0 

i s  a mul t ip l ica t ion  of seve ra l  cor rec t ion  f a c t o r s  t o  allow for: 

E v x k s  l o s t  due t o  the  deadtime of t he  fast t r i g g e r  system. 

Events lost by adjacent  i n e f f i c i e n t  hodoscope counters. 

Electron events which had arrbiguous hodoscope pa t t e rns  and 

fo r  which 8-p assignments could not be made. 

The computer ( d a t a  reading) deadtime as ca lcu la ted  from the  

k i l l  c i r c u i t  s ca l e r s .  

Losses due t o  infrequent  uagnetic tape logg ingor  reading 

e r ro r s .  

The effici.ency of t h e  t o t a l  absorption shower counter for detec t ing  

e lec t rons  m s  assumed t o  be loo$. 
In  Table I V  we list t he  f a c t o r s  which d i r e c t l y  a f fec ted  the  cross  

Their contr ibut ions a r e  shorn f o r  a t y p i c a l  d a t a  run. sec t ion  vzlues. 

The unce r t a in t i e s  i n  these  f a c t o r s  have been separated i n t o  those which 

were ~ r e l a t i v e  (random) e r r o r s  and those vhich were o v e r a l l  normaliza- 

t i o n  e r r o r s -  

empty-target subtract ion,  r e l a t i v e  density of t he  hydrogen t a r g e t  (+loo$), 

unce r t a in t i e s  i n  t h e  r ad ia t ive  correct ions (?-l.O$), f luc tua t ion  i n  beam- 

The r e l a t i v e  e r r o r s  mainly arose from counting statistics, 

. .  C ~ l : ~ ~ ; L ~ : ~ L ,  : ~ : j : ! > - ~ ; ~ ~ - j . y ~ , ~  u (kg e3$) zvnd ~::?~ci-~,~~iri~v j 1: tilL? sp2ctro;cter sol5.c 
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angle ( ~ ~ ~ d p ) .  

The o v c r a l l  normalization e r r o r  i n  our d a t a  w 2 s  estimated t o  be 

*4.0$, 

(see Sectiorr IS.1 for f u r t h e r  d e t a i l s ) ,  t he  densi ty  of t he  l i q u i d  hydro- 

gen (?lo?$), t h e  l ack  of t he  accuracy of the  r ad ia t ive  correct ions (*l.5$), 

This included the  uncer ta in ty  i n  the  absolutc  so l id  aagle (k3.08) 

m c e r t a i n t y  i n  the  procedure for event s e l ec t ion  (kl.O$), c a l i b r a t i o n  

of the  incident  energy m d  s c a t t e r i n g  angle (+0.8$), beam-current monitor 

normalization (to.?$), and t a r g e t  length  (+0.3$). 

IV.  SPECIAL TEST RUNS 

Before present ing f i n a l  resu-lts, we w i l l  mention some sj?ecial 

t es t  runs which were performed t o  c l a r i f y  c e r t a i n  aspects  of t h e  da ta .  

I V . l  Test of t h e  Optics of t h e  Spectrometer 

The op t i c s  of t he  8-GeV/c spectroEeter were designed using t h e  

28 TRANSPORT conputcr program developed at SLAC , This program used 

first- and second-order matrix a lgebra f o r m l i s m  and produced a trans- 

formation equation r e l a t i n g  the  output coordinates of a p a r t i c l e  t r a j e c -  

t o r y  at the  foca l  planes t o  t h e  input vaxiables.  We define our var iab les  

i n  a right-handed coordinate system, The var iab les  x, 6, y, 0, 6 are 

measured with respect t o  t h e  c e n t r a l  t r a j e c t o r y  of t h e  spectrometer. 

Thus, x measures deviat ions from the c e n t r a l  t r a j e c t o l y  i n  the horizon- 

t a l  plane, y measures deviat ions from the  c e n t r a l  t r a j e c t o r y  i n  t h e  

v e r t i c a l  plzne, and z measures d is tances  from t h e  t a r g e t  center  along 

the  direct.ion of t he  c e n t r a l  trajectory of the spectrometer. The 
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angle 03 t h e  e lec t ron) ,  t h e  v s r t i c a l  angle i s  Q = dy/dz, and the  f r ac -  
P - Po 

t i o n a l  dev i i t i on  of t h e  nomenturn i s  6 = TMSPORY! is  based on 

Po a 

t h e  approximations tam3 2 0 and tan0 2 6, sometimes ca l led  t h e  pa rax ia l  

approximation. Variables  evaluated at  t h e  t a r g e t  pos i t i on  a r e  denoted 

with a "o" subscr ip t ,  Note t h a t  6 and 6 are t h e  same. 
0 

The f i n a l  o p t i c s  of t h e  spectrometer was ca l ib ra t ed  with t h e  SLAC 

e lec t ron  beam. The spectrometer vas s e t  a t  zero degrees and an e l ec t ron  

beam of a prescr ibed energy vas t ransmit ted throuch a system of th ree  

small bending magnets and i n t o  the  spectrometer. The three-magnet 

system vas designed t o  s t e e r  t h e  beam to d i f f e r e n t  hor izonta l  entrance 

displacements (xo) and to prescribed hor izonta l  and v e r t f c a l  entrance 

angles (eo and Qo) . 
along t h e  beam l i n e  near t h e  f o c a l  pos i t i on  of t he  spectroaeter ,  were 

Zinc-sulphide-coated screens , appropriately placed 

used to measure t h e  pos i t i on  of t he  beam as it was t ransmit ted through 

t h e  spectrometer. The spectrometer w a s  s e t  to seve ra l  s l - ight ly  d i f f e r -  

ent. momenta and t h e  meas1,rement;s repeated * Fron these Ln_eas1_l_rempnt.s 

t h e  o p t i c s  of t he  system was checked and t he  varicus first- and second- 

order op t i c s  matrix elements and the  solid angle acceptances were calcu- 

l a t e d .  

of 3, 6, 8 and 9 GeV/c. 

This p r o p a x  of measurements was made for inc ident  beam momenta 

I n  Table V we list t h e  first- and second-order matrix elements 

as measured f o r  t h e  s p e c t r o w t e r  s e t  at a momentum of 8 GeV/c, 

have not been ab le  t o  get  de t a i l ed  egreement between t h e  measured para- 

meters, and t h e  t h e o r e t i c a l  parameters calcul.ated using TRANSPORT and 

Ye 

i n s t a l l a t i o n  i n  the spectroneter .  Ve suspect that differences arise .. 



. -. 

- 39- 

from f r inge - f i e ld  e f f e c t s  b e t w e n  mgne t s  due to t h e i r  proximity to 

one another, and froin the  presence of t h e  nearby s t ee l  of t h e  spectro-  

meter carr iage.  A ~ S F Q B T  model i n  which we ad jus t  t h e  magnet pro- 

p e r t i e s  of t h e  quadrupoles from the  magnetically measured values by a 

few percent, hovever, reproduces s a t i s f a c t o r i l y  t h e  observed matrix 

elements. I n  addi t ion,  as noted below, t h i s  same model, when used with 

a Monte Carlo ray- t rac ing  program, reproduces the  aeasured sol id-angle  

acceptance. The matrix elements varied s l i g h t l y  with t h e  spectrometer 

momentun. 

a l l w h g  t h e  quadrupole nagnet p rc=z r t i e s  z l s o  to be s l i g h t l y  rzomen+;m 

dependent. Table V I  summarizes t h e  momentum dependence for some of t he  

The TRANSPORT model accounts f o r  t h i s  momentum dependence by 

f i r s t - o r d e r  matrix elements. 

The s o l i d  angle of the  spectrometer was defined by a nunber of 

flanges and the s i d e s  of some of t h e  mcuum boxes. A computer program 

FBS used to ca lcu la t e  t he  s o l i d  angle (&I. .) for each 8 .  and p .  bin 
LJ 1 J 

i n  the hodoscopes, The program used the  op t i c s  c o e f f i c i e n t s  provided 

by t h e  TRANSPORT model mentioned above and, using accurate  information 

concerning the  shapes a d  dimensions of t h e  apertuyes i n  t h e  spectroneter ,  

t raced  rays from t3e t a r g e t  to t h e  de tec tor  region. I n  t h i s  manner, an 

in t eg ra t ion  was performed over the  angular acceptance of the  (ij)th 5 i n  

and over t h e  length  of t he  t a rge t .  

P a r t  of t he  o p t i c s  t es t  vas devoted to mapping out t h e  envelope 

of acceptance of t h e  8-p plane f o r  given incident  beam va lues  of x 

and tj0. Thir teen d i f f e ren t  values of x and 6 were chosen, a d  t h e  

inc.idcnk beam d i r e c t j o n  (0 ,O ) T.ES ~ z r i e d  wrLi1 tk beam spot d i s -  

appear:; a t  i h e  f o c e l  p l a e s .  

0 

0 0 

0 0  

A fe,: exzjb;lLL 22 ‘dl :x L.zk2S-xed 2 ~ c - 2 2 -  
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ance plots a re  shmm i n  Fig. 16. These shapes were a l s o  calculated w i t h  

t he  so l id -mgle  program and t h e  r e s u l t s  shown as the  so l id  curves i n  

Fig. 160 The agreement. i s  extremely good and provi i ss  an ind ica t ion  

of t h e  level of accuracy vhich can be expected from t he  solid-angle 

ca lcu la t ions  . 
The so l id  angle can be defined qu i t e  accurately by using sl i ts  i n  

f r o n t  of t he  spectrometer t o  reduce t h e  v e r t i c a l  angle acceptance ( a 0  ) 

from the  t a rge t .  For values A0 l e s s  than 15 mill i radians,  the s o l i d  

angle was ,  i n  pr inc ip le ,  completely determined by the  sl i ts .  Test runs 

0 

0 

were performed i n  which t h e  va r i a t ion  of e l a s t i c  electron-proton s c a t t e r -  

ing  cross sec t ions  w a s  measured for seve ra l  s l i t  s e t t l n g s .  

t h e  s o l i d  angle was l imi ted  by sl i ts ,  and not by the  vacuum chamber 

ins ide  t h e  spectrometer, t he  measured c ross  sec t ions  showed no dependence 

As long as 

on s l i t  s e t t i ngs .  Hoi.revsr, %hen the  s l i t s  were opened and t h e  s o l i d  

angle was l imited by t h e  aper ture  s tops within t h e  spectrometer, we 

measured cross  sec t ions  which were about s i x  percent l a r g e r  than those 

obt.~.inefi p a & i & ! ~  closed 1.1its; Itj is di f f ic i f i t  tn  C7,ecigc c l 2 - k ~  

so t h a t  no "edge effects ' '  a r e  present .  

subt rac t ions  f o r  t h e  d a t a  at  small s l i t  s e t t i n g s  did not c leanly sub t r ac t  

from t h e  f u l l - t a r g e t  d a t a ,  

cross  sec t ions  were measured f o r  both open slil;s and pa lh i a l ly  closed 

slits, A t  other  i a l u e s  of q , t he  d a t a  were f o r  open slits only. We 

For example, t h e  empty-target 

A t  some values of q2 i n  t h i s  experiment, 

2 

could devise no way t o  t e l l  whether cross  sec t ions  msasured with open 

sl i ts  were 6$ t o o  high or whether c ross  sec t ions  measured with p a r t i a l l y  
I 
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conf iawzt ions .  

slits only, we mult ipl ied t h e  experimental c ross  sec t ions  by a so l id-  

- angle cor rec t ion  f a c t o r  whose magnitude vas 0.97. 

d a t a  we have assigned an uncertainty of +3.O$ t o  the  absolute  value of 

the  so l id  angle of t he  spectrometer. 

For those  lues of q 2 a t  which the  da ta  were f o r  cpen 

A s  a result of these  

IV.2 Target Heating Tes ts  

Tests were performed to determine the  ex ten t  of densi ty  changes 
- 

i n  the  l i q u i d  hydrogen caused by the  h igh- in tens i ty  e l ec t ron  beam. The 

density changes were nonitored by measuring t h e  differences i n  t he  count 

rates from the  t a r g e t  as we varied parameters such as beam spot-s ize  

at the  t a rge t ,  beam-pulse r e p e t i t i o n  rate and beam in t ens i ty .  

change of about 7% r e s u l t s  from raj-sing t h e  t enpe ra tme  of the  l i q u i d  

hydrogen i n  t h e . t a r g e t  c e l l  t o  i t s  bo i l ing  point .  The tests revealed 

t h a t  for extremely small beam-spot s i z e s  (about 1 tn~n i n  diameter) a n d  

f o r  average beam cur ren ts  near LOpA it was possible  t o  induce densi ty  

changes of up t o  205. To be c e r t a i n  of keeping dens i ty  changes below 

1% during the  da ta  tak ing  w? maintained fa i r ly  l a rge  spot s i z e s  (3 mm 

s ide  v e r t i c a l l y  by 6 rn wide hor izonta l ly)  and general ly  r an  a t  average 

currents  near Id. 

A densi ty  

For t he  d a t a  a t  q 2 values g rea t e r  than 3(GeV/c) 2 the  counting 

r a t e s  became so low t h a t  we preferred t o  r a i s e  t h e  beam current  t o  about 

lo@, 

data runs at  lower values of average i n t e n s i t y  (obtained by reducing t h e  

To check for beam heat ing e f f e c t s  i n  these  da ta ,  we repeated the  
c 



as noted zbove, we could produce a densi ty  change when running with 

extremely small beam spots  at high r e p e t i t i o n  rates, we found t h a t  

when we ran  with fa i r ly  la rge  spot s i z e s  and varied the  pulse r e p e t i t i o n  0 

rates wz could f i n d  no evidence f o r  t a r g e t  heating e f f e c t s  i n  these  d a t a .  

Further  discussion of t h i s  point  nay be found i n  t h e  t h e s i s  of P. N. 

K i r k ? .  

I n  Table V I I ,  we list t h e  f i n a l  e l a s t i c  e lectron-proton s c a t t e r i n g  

cross sec t ion  values. Only the  r e l a t i v e  e r r o r s  are shown, 1Je estimate 

t h e  normalization uncertainty i n  our measurements t o  be 54%. Table VI1 

a l s o  contains the  r a t i o  of  t he  cross  sec t ions  t o  t h e  “dipole” c ross  

sec t ion  values.  The dipole  cross sec t ion  f o r m d a  assmes t h e  Rosenblukh 

formula, t he  dipole  model f o r  t he  m g n e t l c  form f a c t o r  of the  proton 
ti 

and the  form f a c t o r  s ca l ing  r e l a t ion ,  GEp - - . - M p  . These cross sec t ron  
U 

r a t i o s  a r e  p lo t ted  i n  Fig. 17 along with t h e  published electron-proton 

e l a s t l z  scattering cress s e c t  i nns  frm nther l a b o r a t m i  cs29 for 

q2 > o.~(G~v/c)~. There i s  reasonable agrement  between the  measure- 

ments from d i f f e r e n t  labora tor ies .  

Table V I 1  contains the values of G S /p calculated a t  each q 2 value 
M p  

using t h e  Rosenbluth f o m d a  and assuming form fac’ior scal ing.  A s  

mentioned e a r l i e r ,  t h e  experimental v a l i d i t y  of form f a c t o r  s ca l ing  i s  

s t i l l  open t o  q ~ e s t i o n ~ ’ ~ ’ ~  i n  the  region of q2 ,below 4(GeV/c) 2 Thus, 

t he re  i s  no s a t i s f a c t o r y  m y  t o  est imate  the  uncer ta in ty  i n  G 

viola%ion of t h e  form factor sca l ing  law at  higher q values. 

G~~ = 

fypm a M P  
2 If 

t,!?_:n ths i z l u e s  of G / I  i.fi Y L ~ L ?  7,~;: ::>:)-;!.z il-.crc..s2 by I@ 
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0 

2 
a t  9 = 5 ( G e v / ~ ) ~ ,  aEd by 1.1$ a t  q2 = 2O(GeV/c) 2 

2 2 2 
I n  Fig. 18 we p l o t  t he  quant i ty  (Gm/p)(l S t- q /0.71) versus g 

which ind ica tes  t he re  e x i s t s  a s t a t i s t i c a l l y  s ign i f i can t  deviat ion 

from t he  dipole formula. The f igu re  shows t h a t  G s 2  (q ) may be dropping 

faster than l/q 4 a t  high q 2 . 
M e  

VI CONPAFiISON WITH THEOREX'ICAL MODELS 

I n  recent  years t he re  has been an increasing nuxber of t h e o r e t i c a l  

models for t he  form f a c t o r s  of t he  nucleon, of widely d i f f e r i n g  func- 

\ t i o n a l  forms. 
s 2  

I n  t h i s  s ec t ion  we compare our experimental r e s u l t s  for G ( q  ) = w 
s 2  Gm(q )/p with the  pred ic t ions  of various models. Table VI11 summarizes 

the  chi-square values f o r  t he  models, and Figs.  19, 20, and  21 show 

how sone of t he  models agree with our d a t a .  The experimental e r r o r  

ba r s  do not include t h e  4% normalization e r r o r  i n  our measurements. 

For convenience, t he  comparison of t h e  measurements and t h e o q  are made 

w i t i i  respect t o  the  ."dipoie" tnodei. Thus, t he  so l id  l i n e  a t  1.00 on 

the  ordinate  of Figs .  19, 20, and 21 represents  t he  dipole  predict ion.  

Clearly, t h i s  i s  s t a t i s t i c a l l y  inconsfs tent  with t h e  data, which tend 

t o  f a l l  of f a s t e r  than l/q 4 at high q 2 . S t a t i s t i c a l  adjustmcnt of t he  

coe f f i c i en t  of g 2 i n  t h e  dipole model t o  give a bes t  f i t  with our 

d a t a  y i e l d s  
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V I . l  Connection with Proton-Proton Sca t te r ing  

I n  1964, Orear3' observed t h a t  the  d i f f e r e n t i a l  cross  sec t ion  fo r  

? e l a s t i c  proton-proton sca t t e r ing  decreased rapidly f o r  l a rge  angles 

i n  the  center-of-mass system, according to :  

where pI i s  the  t ransverse momentum t r a n s f e r  i n  GeV/c. Wu and Yang 31. 

suggested t h a t  t h i s  might be caused by t h e  s p a t i a l  extent  of t he  proton, 

and t h a t  t he  rapid decrease r e f l ec t ed  t h e  d i f f i c u l t y  i n  acce lera t ing  I 

d i f f e ren t  p a r t s  of t he  proton without breaking it up. 

grounds they argued t h a t  the .pro ton  cross sec t ion  should be proport ional  

t o  t h e  four th  power of t h e  form fac tor ,  t h a t  t h e  var iab le  q2 i n  e l a s t i c  

e-p sca t t e r ing  should correspond t o  the  var iable  ppI 

On i n t u i t i v e  

2 i n  e l a s t i c  p-p 

sca t te r ing ,  and hence t h a t  

t h e  quant i ty  x 

i s  from p-p sca t te r ing .  

i s  an adjus tab le  parameter, and the  constant O.GO(GeV/c) 

This r e l a t i o n  i s  relevant f o r  la rge  q values 
1 

2 

only, and it i s  not c l e a r  whether t he  da ta  of t h i s  experiment have indeed 

reached the  asymptotic region. Equation ( 2 ) ,  with x1 = 0.719, i s  shown 
d 

i n  Fig. 19. 

More recent  work by Chou and Yang32 suggested t h a t  i f  the  nucleon 

i s  composed of an i n f i n i t e  number of cons t i tuent  pa r t i c l e s ,  then the  

f r o n t  of t h e  nucleon might sh ie ld  t h e  rear during an in te rac t ion .  Chou 

and Yacg de r ived  an expression f o r  t he  form f a c t o r s  which contains  an 
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infinite series in which each t e r m  involves some power of  t he  i n f i n i t e -  

energy proton-proton s c a t t e r i n g  amplitude There i s  only one free 

parameter, vhich i s  t h e  normalization constant.  The first term i n  

the series corresponds t o  the  previous Wu and Y a n ~  r e s u l t .  I n  Fig. 19 

we shou t h e  fit of t h e  leading terms i n  t h e i r  expression, 

E'"'] = 0079 exp(-6.30 q 2 ) 4- 0.1999 exp(-210'7 q 2 ) 
I 

4- OoO1 exp(-O.T@ q 2 ) -!- 0.0001 exp(-0.227 ' 2  q ) (21) 

which i s  i n  better agreement with the  da ta ,  

Further  inves t iga t ion  of t h e  Wu-Yang conjecture has revealed t h a t  . 

t h e  exponential  decrease i s  the  most rapid decrease permitted f o r  

asymptotic form factorsS3. Eeasuring t h e  form f a c t o r s  i n  t h i s  region 

i s  one way t o  distinguish whether t h e  proton i s  an  i n f i n i t e l y  composite 

p a r t i c l e  or  has f i n i t e  coo~pos i t iod4 .  h a t i  and c ~ l l a b o r c z t o r s ~ ~  have 

shown t h a t  t he  pers is tence of the  dipole  behavior i n t o  t h e  asymptotic 

region i-TOuld favor  the  f i n i t e l y  coaposite model. 

t he  p a r t i c l e  t he  more rap id ly  i t s  form f a c t o r s  decrease toward t h e  

l i m i t i n g  exponentlal. 

The more composite 

P i n s b  and Trefi13' predicted an asymptotic model for t he  proton 

form f a c t o r s  on the  basis of Rezge cuts :  

The values x - 0.288(GeV/~)-~ a d  x2 = 1-.333(GeV/c)-l provide t h e  

b e s t  fit t o  the  data, 

t o  t k x  d:.,',?_ 0 

1 -  
The general  shape does not Frovide a good fit 



Simi lar ly  a nodel due t o  G r e ~ o ~ ~  bssed on p-p s c a t t e r k g  d a t a  

has the  form 

It gives a bad f i t  to our data ,  bu t  t he  q 2 behavior i s  similar to 

t h e  observed behavior at l a rge  q 2 

D r e l l ,  Finn and Goldhaber 38 calculated t h e  asymptotic behavior 

of t h e  form f a c t o r s  f o r  a f l n i t e l y  composite system, Their non- 

r e l a t i v i s t i c  model l ed  t o  an exponential  decrease i n  the  form factors L 

with a f rac t iona , l  poww of q 2 i n  the  exponent: 
f- 

where N i s  an in teger  grea te r  than zero m d  P(q 2 ) represents  a poly- 

nomial i n  l /q,  or an o s c i l l a t o l y  f a c t o r  i n  q, o r  a product of both. 

simple form of Eq, (24), as sho1.m i n  Fig. 19, is: 

A 

"4 where the  pnrameters f o r  a best f i t  a r e  

respect ively,  

The model of Fr ied and G a i ~ s e r ~ ~  P i t s  

I n  t h e i r  model, 2 of q~ of t h i s  experiment. 

(5 1 

= 22.5 and x = 0,042 GeV/c 2 

t he  data 1,731-1 at t h e  values 

the rzpid decrease i n  t h e  

p-p sca t t e r ing  i s  due to the  exchange of v i r t u a l  "soft" neutral  vector 

nesons, This leads t o  an expression of the form: 
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2 
rjliere F(q ) representx t h e '  " sof t"  part of the  exchange, and i s  given 

by: 

2 2 where T = 9 /h?, and M i s  t h e  proton rest mass. 

Eq. (26) represents  t h e  exchaxge of t h e  "hard" neu t r a l  vector  mesons. 

The quant i ty  H(q ) i n  

It cannot be ca lcu la ted  i n  the  ccntext oI" t h i s  model, but  i s  assumed 

t o  be of t he  form: 

H(q2)  = (1 -?- q2/x2)-I 

I n  Eqs. (26) and (28), the parameters for a b e s t  fit are x1 = 1.364 

and "2 = 0.37l(GeV/~)~ and t h e  curve i s  shown i n  Fig. 19. 
\ 

V102 Vector Meson Zkchange 

Several  models of t he  proton f o r i  factors are in t e rp re t ed  i n  

terms of t h e  exchange of vector mesonso 

from t he  disperslon re!.atLon xkZch, for spcctral f 'mx t iom hzving 

negl ig ib le  widths, can be simply e-Tressed as 

Pole-fits were first derived 

where the sLmmation includes a l l  t h e  resonances and m. i s  t h e  mss of 
1 

t h  0 0  0 t h e  i resonance. For the  p , w , and 0 meson resonmces, i f  one 

assumes zero widths, one can wri te  the simplest  3-pole r e l a t i o n  as: 
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+ (1 - XI - x2) [I1 4- CI2/ (1 .02)y  

L 

If one pos tu la tes  an add i t iona l  vector meson of mass x then a 4' 
simple 4-pole model would be: 

-1 
+ x3 1 4- g2/(le02)j f (1 - xL - x2 - x3) + q2/xt]-1e (31) r 

The x.'s are f r e e  parameters, and the  expressions a re  chosen t o  con- 
1 

2 s t r a i n  t h e  fit so t h a t  G /p = 1 a t  g = 0 .  A s  seen i n  Fig. 20 these  MI? 

p o l e - f i t s  are r a the r  poor f i t s  t o  the  d a t a ,  

f i t  values of x1 = 5.3rfi and x 

8.8842, x2 = -7.381, x3 = l.O@ and x4 = l.lhl(GeV/c) 

i n  Eqs. (30 )  and (31) can only be applied t o  the  proton form fac to r .  

Atternpk hzve bccn ;;ai% to express po le - f i t s  so t h a t  they can be 

applied t o  both the neutron and proton form factor data, but t he  

f i t s  

The 3-pole f i t  has b e s t  
\ 

= -3.330; t he  It-pole fit has x = 

The expressions 

1 
2 

2 
2 

40 2 
Fiere poor f o r  q2 values about 1(Gcv/c) . 

obtained a b e t t e r  fit, shown i n  Fig. 20, by i n t r o d u c k g  4!- Wataghin 

f i n i t e  widths f o r  t h e  resonances: 

0 0  where t h e  m.'s and yi's a r e  the  masses and widths of t h e  p , w , 
1 



A 

. ,  

d 

- x2" The thrze teims i n  Eq, (32) conbine t o  produce a x 3 = 1 - x  1 
rapid decrease i n  the  form f a c t o r  G I@' 

Kreps and  Noffatk derived a formula which involves no f r e e  

parameters: 

where p , p a r e  t h e  magnetic moments of the  neutron and proton, 

respect ively,  This formula assuncs the  dipole  s t ruc tu re  f o r  t h e  

p-meson, and Krepps and Moffnt suggest t h a t  the p might possible  show 

a double-peaked misslng-mass s p e c t m  i n  an experiment with s u f f i c i e n t l y  

f ine  reso lu t ion .  

n P  

Eq. (33) f i t s  our da t a  poorly, 

developed a hybrid model i n  which the  form f a c t o r  is 

given by the  prcduct of two terms: 

The funct ion F(q 2 ) i s  derived from non- re l a t iv i s t i c  quantum mechanics 

under the  E?sswnption of Fermi s t a t i s t i c s  for the quarks i n  thz nucleon, 

where 

32 
F(q 2 = (1%' + ,By3 + 88y2 + Soy + 40) 

5(Y + 2 P  
(35 1 

and 
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. 

Meycr's f i t  involves one f ree  Farmeter ,  x and the bes t  f i t  value 1' 

(as shown i n  Fig,  20) i s  0.53l(GeV/c) 2 . 
44 

The work of Venezlano has l e d  t o  severa l  new and i n t e r e s t i n g  

models for t h e  proton Torm f a c t o r s .  These models assume t h a t  there  

exis ts  an i n f i n i t e  number of zFro-rqidth vector mesons ly ing  on a family 

of l i n e a r l y  r i s i n g  Reggc t r a j e c t o r i e s .  The family includes one parent 

- 

t r a j e c t o r y ,  denoted by a(q 2 ), and an i n f i n i t e  sequence of daughter 

t r a j e c t o r i e s  whose i n t e r c e p t s  a t  q 2 = 0 a r e  given by a(0) - n, where 

n i s  a d i f f e r e n t  p o s i t i v e  in teger  f o r  each daughter t r a j e c t o r y .  The 

daughter t r a j e c t o r i e s  a r e  assuxed t o  have t h e  same slope as the  parent. 

These models pred ic t  Regge recurrences of the  vector mesons, which have 

so far not been observed. 

To account f o r  all these vecior resonances, DiVecchia and Drago 45 , 

G m ( q  2 

46 and a l s o  Frampton , wrote 

r[ - a(q2j rE - a(ojJ 
c1 - a(o)l @ - a ( C q  

(37) - -  - - 

which i s  nortn.a!-lzed t o  uni ty  a t  q 2 = 0, I n  both Fodels, the  t r a j e c t o r y  

i s  asswed t o  be a l i n e a r  f ~ ~ n c t i o n  of g 2 .  . 
bq2 

2 
a ( q  ) = a - 

DiVecchia and Drago chose a = 0.5 and b = 0.854(Ge~/c) -~ ,  while 

Franpton used a = 0.5 and b = l.OO(GeV/c)- 2 . The constant c i n  Eq, (37) 

GIQ(q 2 )/p occur at t h e  ( t i - i x lTke )  value of q = -$, -crhere M i s  the  

was a f r e e  paramzier i n  Frampton's node1 with a bes t  f i t  value of 3.27. 

DiVecchia and Drngo set  c t o  3.5 by requir ing t h a t  t h e  first zero i n  
2 

nzicleor, l ' 3 - ~ ; ~  Tile C~J~TC:  f o r  YTZ~L~~OLI'S r o d ? l  is ~ I - G ,  7: . ll>-uG - ~ .  29. 



. . .4 7 Jengo snd RerSuai produced a Ve_reziano-tjipc f o r 3  f a c t o r  of t he  

form: 

2 where x and x 1 

order t o  ensure 

are adjus tzb lc  parameters, and x = 1 - x 

t h e  proper no r ra l i za t ion  f o r  G (O)/p.' They assumed 

- x2 in 3 

fire 

a l i n e a r  t r a j e c t o r y  with a = 0,483 and b = 0 . 8 8 5 ( ~ e ~ / c , ) - ~ .  

t o  the  d a t a  gives x 

The bes t  fit 

= 1.030, x2 = 0.503. 1 

VI.3 Other Models 

Since the  form f a c t o r s  are t h e  Fourier t r a n s f o r m  i n  the  B r e i t  

frame of t he  s p a t i a l  d i s t r ibu t ions  of charge and magnetism 48 , and 

s ince the  presence of dips4' i n  the charge form f a c t o r s  of 4 He and 

o ther  nuc le i  may be accouvlted f o r  by a r a t h e r  s u a 1 1  f l a t t e n i n g  out of 

t h e  charge densi ty  near t h e  center  of t he  nucleus, Morpurgo50 speculated 

t h a t  t h e  charge densi ty  p ( r )  of t he  proton might a l s o  e-xhibit such a 

depressLon a i d  suggesied a f ~ r u  ul" p ( ~ >  diicii  was iiie diffei-eiice "utweeii 

two e q o n e n t i a l s .  From th5.s expression, t he  Fourier transform 

3 
r a  arO 3 1  

became: 

(40) 

If a z-1 0, then Eq, (4)  reduces to a dipole  form f a c t o r ,  

we have d r a b 3  t h e  bes t  fit value of Morpurgo's form f a c t o r  which assmes 

I n  Fig. 21 

F 
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which mis derived frcm t h e i r  work on one-boson-exchmg po ten t i a l s  : 

2 2 
The b e s t  fit has xI = 0.393(GeV/c) , x2 = 1.818(~ev/~) , and x 3 = 

20.31(GeV/~)~. The x. 1 ' s  a r e  semi-phenomenological parameters r e l a t ed  

t o  t h e  masses of vector  mesons. 
1 

The model of Ma.cd2, based on the  s t a t i s t i c s  of meson emission 

predicted t h a t  as q2 increased the  form fac to r s  decreased due to t h e  

increasing p robab i l i t y  for s o f t  meson emission. 
/ 

This l e d  to a:n expression 

which may be rewr i t ten  

where x, and x a r e  f r e e  parameters. I n  Fig. 21 we show t he  b e s t  
I 2 

f i t  fo r  which x = 0.109 and x2 = 0.2-l2. 1 
Fu j i m u r a ,  Kobaj-ashi, and N e ~ i k i ~ ~  considered models tak ing  account 

of t he  Lorcntz contract ion of t h e  nuclear core. The model shoT,m i n  

Fig. 21 had t h e  form 

(43) 
1-1 (1 + 0.8% q') (1 -t- 0.368 id) 

with a best fit value x 1 = 0.938(G,V/~)-~. 

In  conclusiom, for the  models nentioned above, we l i s t  the  f i t s  

t o  our data i n  Table VIII. The values of t he  t o t a l  chi-square and t h e  

number of degrees of freedom a r e  noted f o r  each fit. One can see t h a t  

proton are understood ai; a funZancnt,al level. 
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TABLE CAPTIONS 

I. The main parawteys of t he  8-GeV/c m g n e t i c  spectrobeter .  

c 

11. Speci f ica t ion  of t h e  magnet elements of the  8-GeV/c spectrometer. 

The power requirements l i s t e d  i n  the  t a b l e  correspond t o  exc i t a t ion  

of t h e  spectrometer t o  a momentum of 8 GeV/c. 

111. Hodoscope pa t t e rns  i n  the  0- o r  p-arrays i n  the  8 GeV/c spectrometer 

(0 = set b i t s ,  - = unset b i t s ) .  

b i n  locat ions.  A dou-ble arrow rneitns t h a t  one o r  t h e  other  arrow 

was chosen randovly. 

- 
The arrows indica te  t h e  assigned 

\ 

Type x i s  any combination of pa t t e rns  2, 

3, 4 o r  5 .  

IV. The cor rec t ion  f a c t o r s  and e r r o r  contr ibut ions for a t y p i c a l  cross 

sec t ion  cz lcu lz t ion .  A s  noted i n  t h e  t ex t ,  t h e  cor rec t ion  f a c t o r  

l i s t e d  here f o r  r ad ia t ive  correct ions is  not t y p i c a l  but i s  t h e  

maximum correct ion.  

F i r s t -  and second-order matr3-x elements f o r  the 8 GeV/c spectrometer. v. 
V I .  The notat ion i s  described i n  t h e  tex t ,  Section I V . l .  For t h e  

f i r s t - o r d e r  matrix 21-ements the upper number i s  the  value measured 

for p = 8 GeV/c. The lower numbers i n  parentheses, are computed 
0 

from t he  TRANSPORT model of the  spectrometer. An a s t e r i s k  denotes 

t h a t  t he  model w a s  adjusted until .  t he  predicted matrix element 

equaled t he  measured matrix element. The nota t ion  (0 ) ind ica tes  

- t h a t  t h e  matrix elements a r e  i3en t i ca l ly  zero because i n  t h e  model 

t he re  i s  no poss ib i l i t y ,  i n  first; order, o r  mixing the  hor izonta l  

and v e r t i c a l  planes. 

st 

The errors a r e  somewhat hard t o  assess and 



means t h a t  a p a r t i c l e  with momentum l$ grea te r  than t h e  spectro- 

meter s e t t i n g  p-oves downward by 2.907 cm at the  momentum hodoscope. 

The terms dependent on y were not measured. WTSPORT predic t s  
0 

t h a t  (y/y,) = -0.928 (cm/cm) . 
A comparison betveen the measured and predicted momentum-dependence VI. 

of some of t h e  f i r s t - o r d e r  op t i c s  coe f f i c i en t s .  The values predicted 
\ 

by t h e  TRAl$SPOIi'l' computer prograin a r e  shown i n  parentheses. 

each momentum t h e  W&iSPORT model was adjusted u n t i l  t h e  predicted 

values for t h e  (x/x0), (x/eo) and (~/6~) matrix e l enea t s  equaled 

A t  . 

the measured values. 

V I I .  F i n a l  e lectron-proton e l a s t i c  s c a t t e r i n g  c ross  sect ions.  Only 

random e r r o r s  are shown. 

not included here, which we estiniate t o  be +4$. The &p m l u e s  

are ca lcu la ted  at each q value using the  Rosenbluth equation and 

There i s  an o v e r a l l  normalization e r ror ,  

2 

ass-cll;;lng GEP ~ Gw/p. = 0, L 1  b h e r l  -.- LL- bile - - - ? - - -  Vd-LUtjb - OP G d/l i  w-ofLd 

increase by 10.8$ at q 2 = 2(GeV/c) 2 , k.25 at; q2 = ?(GeV/c) 2 , and 

If G w 

2 2 l-l$ at g = 20(GeV/c) . Eqs. (9) and  (10) give the  dipole  cross  sect ion.  

VIII. Smmaries of t h e  various t h e o r e t i c a l  f i t s  mentioned i n  t h e  t ex t .  
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TABLE I 

Maximum Komenturn 9,O GeV/c 

Horizontal Beam Position 
Acceptance 

Horizontal Angle (6) 
Acceptance k7.8 mad 

€3 Dispersion (at 8 GcV/c) 

htector 8 Resolution 20.2 mad 

Vertical Angle (0) 
Acceptance 

Solid Angle 0 millisteradians 

Momentum (p)  Acceptance +2.0$ em/$ 

p Dispersion (at 8 GeV/c) 

-+lo cm 
- 

4.37 cm/mrad 
-- 

'29*5 mad 

- 

_LA 

2091 em/$ 

&teetor p Resolution 'O.O>$ - 
1 

- 

&Focal Planes 

13. '(O 

21.4 m 

0.5 m 
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TABLE I11 

. .  . 

P a t t e r n  Iksc r ip t ion  Example 
- 

Good Codes: 

1 

2 

3 

4 

5 

6 

7 

One B i t  

2 adjacent  

3 adjacent  

4 adjacent  

5 or  more adjacent  

One t r a c k  (type x) 
+ one or niere s ing le s  

2 s ingles  with one 
intervening blank 

~- 

Ambiguous Codes : 

8 2 t r a c k s  (type x) 
-1. ZCTG CT m n M h  UlVl  L c.-Imrr o;rl&S -=o---------c--=c=-- 

3 or more t r acks  (type x) 
-t- zero or more s ing le s  -00--00------000-~-- 

9 

10 Two o r  more s ing le s  
(excluding pa t t e rn  7) --o-------c----o---- 

(frequ-ency < 0 .  I-$) 000c00-00000--0----- 

11 10 or more s e t  b i t s  

Bad Codes: 

12 Blank 



TABLE IV 

Correction o r  Error (example) 

I 
Cur rent Monitor 
Target Length 
Tai-ge t Density 
Solid Angle 
Incident Energy and Scattering Angle 
Variation of Cross Section 
Radiative Corrections 

Trigger Efficiency 
Shover Counter Efficiency 
Hodoscope Counter Efficiency 
Ccmputer Dcadtim 
Magnetic Tape Losses 

Ambigu.ous Pattern Contribution 
Event Selection Procedure 

t 

TOTAL 

Counting St at i st i c s 

:orrection 
Factors 

1.000 

1.000 

1 .ooo 
1.000 

1.000 

0 9997 
1.700 

1.010 
1.000 

1.010 

1.020 

l.O@ 

1.030 
1.000 

i.942 

__-_ -  

Relative 
Errors 

s 
0 *5 
0.13 
1.0 

0 05 
0.0 

0 .o 
1.0 

0.0 

0.0 

0.2 

0.0 

0 .o 
0 -3 
0 -3 

1.7 

Variable 

Normalization 
Errors I 

$ 

0 *5 
0 =3 
1.5 
3 -0 
0.8 
0.0 

19.3 
0.0 

0 .o 
0.0 

0 .o 
0.0 

0.3 
1.0 

4.0 
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1. 

2. 

3. 

4. 

5 .  

6 .  

7. 

8. 

J 

FIGURE CA.ETIONS 

Side and t o p  views of the  experinental  arrangenent i n  k d  Station 

A. I 

Schematic of the magnetic t ranspor t  system for t h e  primary e l ec t ron  

beam between t h e  end of the  acce lera tor  and t h e  l i qu id  hydrogen 

t a r g e t  i n  End S ta t ion  A. 

Details of t h e  components a r e  described i n  t h e  t e x t .  

Schematic drawing of a t y p i c a l  l i q u i d  hydropn t a rge t ,  approximately 

to scale .  

Calculated t r a j e c t o r i e s  through the 8-GcV spectrometer for 

d i f f e r e n t  values of t h e  i n i t i a l  angles (e  and CP ) and  deviat ions 
0 0 

i n  momentum ( 6 ) .  

The re@-rerncnt of 0 .l$ reso3 ii.tion i n  the s c z t t e x d  momentvrn sets 

requirements on t h e  reso lu t ion  of the s c a t t e r i n g  angle, shown i n  

(a) (see Eq, (E)), and on the  reso lu t ion  of t h e  energy of the 

inc ident  electron beam, shown i n  (b) ( see  Eq. (13)). 

8-GeV/c Spectronizter Assembly. 

' 

Top a n d  s ide  views of  the cowiters and apertures ins ide  the 

detec tor  sh ie ld ing  following the spEctroneter. 

Simplif ied 1a.yout of t h e  fast e lec t ronics .  C i s  coincidence, - 
D i s  discriminator,  DCD i s  discriminator-coincidence-discriminator, 

LA i s  l i n e a r  adder, PS i s  pulse s t r e t che r .  

fo r  c lear ing  t h e  appropriate  e l ec t ron ic s  modules j u s t  p r i o r  to 

t he  arrival of the  beam pulse .XJT not shown, 

- -- 
Various r e s e t  l i n e s  - - 



go These seini-l-og p l o t s  illusti-a-be t h e  e f f e c t  of ~ ~ i r i o u s  cu t s  on the  

pulse-height spectrum from t he  t o t a l  absorpt lon counter. E = 

2 2 6.6 GeV and q = 2,5(CeV/c) . (a) Raw data as logged on tape.  

(b) The raw da ta  after the  requlrement of a pulse from t he  TA 

discriininator.  ( e )  The raw d a t a  a f t e r  t h e  requirement of a T R I G  

s igna l .  (d) The raw d a t a  a f t e r  t h e  requirement of 'a good code i n  

both t h e  p- aid @-hodoscopes. (e) The spectrum r e s u l t i n g  when 

t h e  t h r e e  requ.irernents b, e, arid d, are applied simultaneously. 

(a) S t a r t i n g  with t h e  spectrum i n  Fig. 9a events  were se lec ted  

which had no TRIG pulse.  

and &hodoscopes were required.  

10. 
._ 

(b) Then good codes i n  both t h e  p- - 
The r e s u l t i n g  7% pulse height  

spectrum i s  c h a r a c t e r i s t i c  of good e lec t ron  events and gives a 

measure of t he  dead t i m e  i n  t he  TRIG c i r c u i t s .  

A draving made from a photograph of an on-l ine two-dimenslonal 11. 

disp lay  showing t he  number of counts i n  t h e  8-p plane. The 

ex ten t  i n  t he  8-p plane represents one s e t t i n g  of t h e  spectro- 

meter, The e l a s t i c  pc&i i s  c l e a r l y  seen. The peak height  in -  
_-  

creases  toward smaller 8. The radiatii-e t a i l  extends toward 

lower p. 

12. An elastic s c a t t e r i n g  pezk p lo t t ed  i n  t e r m  of missing energy, 

t h e  d i f fe rence  between t h e  secondary energy expected a t  t h e  

observed angle assuming no r ad ia t ion  and t h e  a c t u a l l y  observed 

energy. l!$o r ad ia t ive  correctZons have been made. AE represents  

approx imte ly  the  nomntun acceptmnce of the equlp:r;_ent.. 



1.3. Schen2tj.c draiqing of  the  0-p plane showing the  region of the  

e l a s t i c  peak, Region A, above the  e l a s t i c  peak and kinematically 

forbidden, vas not used., Region C contained uany of the r a d i a t i v e l y  

degraded e lec t rons  and vas use'd i n  calculatri.ng t h e  cross sect ion.  

Region C w a s  Eade as l a r g e  as possible,  and the  boundary between 

regions B and C was chosen t o  r e j e c t  events from l n e l a s t i c  

sca t te r ing .  

e l a s t i c  peak and the  boundary betileen regions B and C. 

I n  Figs. 12 and 14 aE: i s  t h e  energy between t h e  

14. The result of the  i n t e g r a l  r a d i a t i v e  cor rec t ion  according t o  

Eq. (13) i s  s l ~ o m  as a funct ion of the e n e r a  i n t e r v a l  AE included 

below the  e l a s t i c  peak, 

The r e s u l t  of the d i f f e r e n t i a l  r a d i a t i v e  correct ion i n  which the  l5* 

measured s p e c - t m ,  the  s o l i d  line, i s  corrected b i n  by b.in to give 

the  corrected spectrun, the dashed l ine ;  vhose width i l l u s t r a t e s  

the  o v e r a l l  reso lu t ion  of the  experimmt. 

i s  6.57 PIeV. 

E x h  missing energy b i n  

16. Results of opt ics  t e s t s  i n  vhich t h e  primary e l e c t r o n  beam w a s  

directed up the  spzctrometer. For each graph t h e  parameters x 

and 6 were fixed. Then the  angles 6 and 0 vere varied u n t i l  the  

beam just vanished on €luorescent screens near the f o c a l  planes 

of the spectroneter.  Each point  represents  such a ueasurement. 

The so l id  curves are t h e  correspondins r e s u l t  of the  ray-t racing 

program used t o  ca lcu lc te  the the  so l id  angle acceptance as 

Ciscussed i n  the  tex t .  

0 

0 0 

5 



17. Some of the  world data for e l a s t i c  e-p s c a t t e r i n g  divided by t h e  

dipole  cross sec t ion  (Eqs. ( 9 )  and (lo)), 

from t he  present  experiment, shown as s o l i d  dots, do not include 

The e r r o r s  i n  the  poin ts  
- 

t h e  estimated o v e r a l l  normalization error of k4$. There i s  

reasonably good agreement between labora tor ies ,  and the re  a re  

deviat ions from the  dipole cross  sec t ionso  

S 2 2 s  18, The quant i ty  (Gbp/p) (1 + q /O .TI-) = G h d G &  from the  present 

2 experiment as a funct lon of q The estimated normalization 

e r r o r  of 24% is  not included. 

f a l l  f a s t e r  than l /q  at  high q $ 

The measured form f a c t o r  seems t o  
4 2 

19. Corcparison between seve ra l  t h e o r e t i c a l  models md the  data i n  

20. Comparison between several- t h e o r e t i c a l  models and t h e  da’ia i n  

Fig. 18. 

21. Com2arison between severa l  t h e o r e t i c a l  models and the  data i n  

Fig. 18. 
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