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The inelastic scattering of electrons by protons has been
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measured at incident electron energies up to 5 BeV/c and momentum
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transfers q =4(BeV/c) . Excitation of known nucleon resonances

at M=1238, 1512, 1688 and possibly 1920 MavhhaVe:been‘obaerved.

The calculations for the resonance at M=l238 MeV have been
compared with calculations by Adler based on’ the dlspersion theory
of Che@ Goldberger, Low and Nambu. ‘The agreement.ls good, Qualitative

models areﬁdiscussed for thé other resonances.
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INTRODUCTION

The inelastic scattering of electrons was shown to be a useful
technique for studying atomic structure by Franck and Hertz. By
studying the energy spectrum»of scattered electrons they were
able to measure the excitation spectfum of atoms. 1In the terminology
qf modern high energy physics, this would now be called missing
mass spectroscopy.

The‘application‘of this method to the study of the proton and

- 1its excited states was begun by Panofsky and Allton1 and was
 extended by Handz. These authors studied the excitation of the

pion-nucleon (nucleon excited state). at a mass of 1240 MeV and

with quantum numbers, I=3/2, J=3/2% up to a momentum transfer

q2-18 f-z (O.?(BeV/c)e);l Hand failed to find evidence of excitation

-of other resonances.

In this work, the eicitation-qf the 1240 MeV resonance 1is

studied 'up to a momentum transfer q?gQO fermif2 (3.6l(BeV/c)2>

'_-:and:the excitation of the resonances at masses'of.1512 MeV, 1690 MeV
. and-1920 MeV’aréiobéerved. These are compafed with such theoretical
: calculationé'as are avallable. There is good agfeement except

for the excitation of thé resonance at 1512 MeV which is too great

'to be understood.




KINEMATICS AND ONE PHOTON EXCHANGE

Throughout this paper we will uée a notation close to that
»!qf Héndz. Some of the_kinematiciqﬁqntipieg are clear from the
diagram of Fig. 1. At these momentum transfers, elastic scattering
is believed to proceed‘pfimérily by one photon exchange. It is
therefore reasonable téfaséqmeithét the'inélastic’8cattering also
- proceeds by one éhoton exchange. Then the cross section for inelastic
scattering.cén:be shown';to be separab}e2.
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The relation between K and M. 18 independent of the 4-momentum
> y

transfer q . At q2=0 (photoproduction), K is the laboratory photon
energy. For elecﬁroproduction it is therefore called the virtual

photon energy.

In the metric used here, the square of the 4-momentum transfer

1s positive for scattering:
2 .2 |
q =4E1Ef sin'(9/2) 2

If we use quantities in the centre of mass of the outgoing nucleon

system M* we find the fourth component of the 4-vector ¢

#2 |
¢ M_-M | G2 * '
94, = TouF q /2M 3

whereas, in the laboratory:

| M- -M 2 o

"VZThefno:maiizacion of the.|' factors is such :hét:

A4

o (0, K) = aY(K) | 5

_iii'- which is the photoproduction cross section at the photon éhergy K.
. The P factors have the ‘dimensions of the number of virtual pho;dns

i
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" and M)

| per BeV steradian.

The experimental aiﬁ 1s therefore to determine oT(qQ, K) and

. 2 . R .
od(q » K) over a range of values of q2 and K. (Or, equivalently,

i

" APPARATUS

1

. The experiment was done éoncprrently with the experiments on

“{felasticvelectron proton and quasielastic electron deuteron

" scattering previously reported”’" and used the same apparatus.

The electrons from the internal beam of the Cémbridge

L Eiectron Acceie:étor imping¢d pn a l;quid_hyd;ogen target; thé
';f _scattéred electrons passed through a quadrupole;spectroﬁeter onto ’
i'f“a scintillation‘counﬁer bank. A threshold Cergnkov*éounter aqd a
' ’-shower éounter;helped.t0"distinguish electrons:ffom.pions; Pions

-could be de#écfed by kﬁock 6ﬁ (v+e>scattering) ' |
 3 ‘£n thé Cereﬁkov counte;'and by 'charge exchange in_tﬁé'showér

- counter.

Figs. 2 and 3 are vertical and horizontal schemes bf the

'eXpefimental setup. Thé liquid hydrogen ﬁarget Qas contained in a

vertical cylinder of Mylar or Dupont H-film which was centered about

FB/M" inside the.equilibrium orbit of the circulating beam. At the



end of the acceleration cycle the r.f. was turned off and the

- electrons spiraled inward until they penetrated the target. The

£ncident flux was monitored by a quantameter and an ion chamber
which observed the forward Bremsstrahlung from the electron beam
hitting the target.
The scattered electrons passed through a single quadrupole
magnet with a:center'plug and were focussed along a horizontal
seynbitad am

line. Several long thin scintillator counters were arranged

parallel to this line thus making available several momentum

acceptance bins simultaneously. After these 'slat' counters, as the
A Y- y

were called, was a gas Cerenkov counter which was used as a thresh-
hold counter to distinguish electrons from heavier charged

' aciny et
particles. Finally, there were two large sernttTTEtUr counters,
B “the latter of which was used as a shower counter to distinguish
the high energy scattered electrons from low energy knock-on

electrons and pions.

Ah electron Was_eountedbwhen-the following conditions were met.

j:iCounters cl, 08’ aed either Csa’ c °r.csb’ C., had to register in -

~_Ta ~TB
coincidence which meant a charged ‘particle had crossed the median
plane of the'quadrupole magnet somewhere between Cs aﬁd-c7. Such
an event was called a fourfold count. A count from C9 was demanded

" in coincidence with this; such an event was called a fivefold. A



-

fold plds Cerenkov plus C

count from the Cerenkov counter in coincidénce with a fivefold,
opened a gate to thepulse height analyzer to receive the output

from the shower counter C If the signal from the shower counter

10°
was above the bias level set for it, then the coincidence of five-
10’ called a slat drive signal, was

thru C6’ registered in

produced. 1If a slat counter, i.e., counters 02

coincidence with the slat drive signal, an electron count was
registered in the appropriate momentum bin.

This apparatus has been described in great detail in Ref. (3)

- and (4). Some additional details offiﬁportance for the inelastic

spectrum follow.
Spectrometer Calibration

The magnetic field gradient and effective length of the

quadrupole magnet as a function of current were supplied to an

r&menunsel

-accuracy of-0{2% by Paul Coopér,'Jr. These we measured by a
long flip coil and by Hall probe measurements. = A graphical interpol-

"ation of these points was the basis for calculating the curve of

of scattered energy focussed at a distance of 63" from the face of the

magnet (the center of C“ in Fig. 3) vs. the current through the

.mégnet. This curve was recalibrated by noting the position of the



elastic peak as a function of the spectrometer - current. The

recalibrated curve shows that the magnet did not saturate as

- rapidly as the interpolation of Cooper‘'s data would suggest.

At the foca} point of 63", the average percentage change
in momentum is .718% per inch. o

Now the slat counte;s (C2 thru C6 in Fig-j) were 1.5" wide
in the direction of momenﬁum-reSolution'and'this corresponds to

about 1.1% for dp/p. However, because of their finite héight

(1/16") the slats detected particles outside this momentum bite.

So, in order to compute the momentum resolution properly, the

efficiency of the slat counters must be taken into account. The
method 1s as follows. Take a portion of the spectrum which is

relatively flat. Let N equal the number of bins in which counts

are accepted. Suppose there are really n counts per bin. Then

Nn is the ideal’total number. of counts: Let £ be the fractional

overlap on one side of a slat ‘into the next bin. Let S equal

the sum of the acﬁualbslat-cﬁunts; let T equal the total in peak, 1i.e.
' the number of events whicb_;figgered any or giizof the slats

Asimﬁltaneouslyﬂi




Then we have Nn(1+2f) = 88§

and

" hence

Nn +

2f = N(S - T)/(NT - S).

n2f = T

Then 1.08% times (1 + 2f) 1s the actual dp/p for the slats.

This method implies no more than about a 5% error in the

momentum bite per slat.

The counter bank tilt

The .small but finite angular acceptance of the spectrometer

led to a spread in the enefgy'of scattered electrons. During the
4 Ked wnihe horizontal y\omL__

» experiment the slats were Lao&tﬁeé—£ceurth€“perpendteuéaf—fe—ehe

epectrvmeter~axie o) that all the elastic events would appear in

one slat (neglecting resolution function and radiative tails for the

present)

The sane tilt of the counter bank also insu*ed that all

g inelastically scattered electrons of the same value of K appeared in' |

‘>~,.Jthe_same'slatJ "We see this from a kinematic calculatlon as

e;folloﬁs,

| E - K . 3E'
1 41.5 (1 - cos 8) o8
g'sin )
= - E de
' 1+ = (1 - cos 8)

3E'

M.

e

E . .
.= > e
M sin

1 +-ﬁ;(1'- ces Q)
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~ which 1s independent of E' and K for constant E.
Fig. 4 shows the calculated resolution of the spectrometer

 compared with the measured elastic scattering.

Pion Rejection

High engrgy_pions have a mean free path of about eight inches in
) lead and could, therefo%e, be counted in the spectrometer not only
by traversing the spectrometer according to the design, but also bf :
~penetrating the shielding and the central plug. The background of
these plons was very large.

Pions could count in the threshold Cerenkov counter by their

knock on electrons - particularly if they had penetrated the
absorber. Thgy could count in the shower counter by cahrge

exchange. It‘wasAimportant~to‘ensure that pions wefe not being

detected in this éxperiment.
3

In the elastic scattering experiment absolute cross sections

were measured.>'According1y, it was neéessary to detect small pulses
in the Cerenkov counter and shower counter to ensure their
efficiency. Ohly relative measurement were needed in this work

so that 6n1y events with large pulses in both the shower counter

: ii and Cerenkov counter were included.
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A lead filter of % Pb (3 radiation lengths) was.inserted in
the scattered beam near the target at each momentum setting of the
'spectrometer. With this thiokness, no more than 1% of the electrons
emerge with energiles greater than one half of tie incident energy;
since we only studied electrons from half the elastic scattered
energy upwards, this filter effectively removes the electrons. How;
ever, high energy pions are reduced by only 10%.

It was verified that this filter indeed leaves the pions by
-observing the background without the Cerenkov counter, ‘or shower
~counter, or at a momentum setting above the elastic peak where only
pions penetrating the shielding or scattering off the pole tips
could count. The background was hardly affected by the presence '
of the filter.l We were, therefore, able to show that the background
of pions was always less than 10% of the total counts and
usually close to zero. When we tried to observe excitation
of the mass 1512 MeV resonance at 6=90° and q2 = l(BeV/c)2 'tne
background as determined by the lead filter was too large and the

attempt was abandoned

e e s e e



~ energy E;' = Eg

Radiative Corrections

This has been called, in the past, the correction for wide angle

bremsstrahlung; We prefer to regard it as part of a general

‘radiative correction calculation.

Although the most thorough discussion of radiative processes
is that of BjorkenS, an easier procedure to follow is described by

6
Perez-y-Jorba . Experimentally we measure a cross section

o (Ei’ Ef) = dzoKdeEf) for finding a scattered electron of
meab-
energy Ef. We are interested in a hypothetical cross section which

we would measure if there were no radiative processes. Electrons
radiate both before and after scattering. Thus, ¢ (E{ » E.)
_ meas £

includes contributions from '°0(Ei’ Ef') (where Ef'> Ef) weighted

| By a radiation kernel KA(Ef" Ef) for radiatipn of a photon of

£ (radiation'afteinééattering);v Similarly, there

is a term in"~oo(E;, Ef)féf(Eiﬂ%_') which is due to radiation before

AScattering.' There is also the usual Schwinger.correction which

"~ ccrresponds to inelaStiq}éyehtsf:co(ﬁi{_Ef)_with radiation out of

~.the detector bin width a.

Accordiﬁg to theAPerez-y-Jorba trecipe thérefore,
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o / . s O . -
measured}Ei’ Et) ”'O(El Ef)-(l w.é)

Ei"AE-

J K(EgE ") o (B, Ef)d.Ei' | .
0

] . ) ]
+ | KA(Ef , Ef)- ao.(Ei, Ef )dEf

gf+AE_
where co(Ei, Ef) is the crOés section for scattering without
radiating; (1 - 6)'is the Schwinger correction term; KB is the
radiation kernel for radiation before scattering;,KA that for

" radiation after scattering. TheSe K's are calculated in the

"peaking approximatlon using the formula developed by L. N. Hand2

Here § is given by — ('6?. - ‘13> Q( S— - %) ;2)

E- |' 

| e 2 - (E.-E.')? ,, 2E, ., 2E.
_ : i o} 1 { q_ i 71! { 1 1 Z i
Ky m o = ey =14+ ———,;:——.—(n—.- = (n{l+ —
A 31, T Ei Ei _{i; “?‘ : | Ei Ei | m 2 M
i ;1‘. ' ' . ) - . -, 9
o | E_ . 2 : E ! “E. ) 2E. ' 2E
K, = —£,~'E"——%——— nd - 14 (?% —£. 1 é?n.l+ ——£>
B~ E.' w E.'-Eg 2 T m 2 M

Here A 1is the bin width at the detector.

We must also add a small (5%) addition to KA’ KB and 6 for

. ',.;.:;“' . .
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- the real physical radiators present in the experiment.

Ei’Ef) we

Thus to evaluate the corrected cross section UO(

must know OO(Ei, Eg) at all values of Ef' from E; up to the elastic

scattering value and co(Ei', Ef) at all values of El' from Ey

down to the elastic scattering value. The correction thus becomes

an yterative procedure.

This is made clear by reference to Fig..(5). This 1is a kinematic
diagram of the incident energy'versﬁéhthe scattered energy. Clearly,
all elastic scaﬁtering events lie on a line on this piot. Inelastié
events all lie to the left of this line - with smaller .Ef.

When we consider the determinat;on of the correction for a

point, Ei' E. in this plot, we see that the iine integrals of

f
Eq. (8) are the horizontal and vertical lines in this figure. Now, .
since we need to‘know oo(Ei, Ef) at every point on the line, we see

we must know. ameas(Ei’ Ef) atuall_points in the_shaded region

‘before we may start the iteration.

»oo(Ei’ Ef) is clearly known for elastic scattering by using the

form féctots'from Ref. (3); fof-inelastic scattering it may be

~determined 8c‘any:momentum transfer and K using data for 10wér~_

momentum transfers and lower K. For the evaluation we must
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interpolate between known points. This 1s done using Eq. (1) for

~the inelastic or elastic scattering énd interpolating the elastic
form factors according to Ref. (2) and the inelastic cross section

o according to the formula GMV?(q)eé where the value of / 1is

chosen from the two known points at the end of the interpolation

range. Thils procedure approximates the expected theoretical
géhaviour of the cross section.
The radiative corrections have been evaluated using different
bin sizes 4; aﬁé using slightly different radiation kernals KA’
K,. The resuits are insignificantly different.

B

Attempts were made to calculate the radiative correction

5

according to the recipe of Bjorken”. However, the results gave o

= 1.1 oﬁeas contrary to physical intuition and to the Perez-y-Jorba

calculation which gives coéz 0.9 The two methods should

s} .
_ meas
‘be equivalent (see Appendix I)_tﬁouéhfthét'of’Bjorkeﬁ is harder to

apply. We feellthat our attempts to calculate with the Bjorken recipe:

were subject -to an unknown source of error and should therefore be:

- ignored.



16. .
TREATMENT OF DATA

Two principal subtractions are to be made on the raw data
wviz., target wall scattering and the radiative corrections.
Subﬁréétioﬁ 6f deﬁected—bions,in the -scattereed beam was carried
out by the lead filter technique described above and waéualways small.
Electrons afising from charge symmetric processes (e.g., Dalitz bairs)
were subtracted off.by observing the positron cross section at
~various points along the spectfa. This subtraction was also small.
The subtracted counts had to be éorreqted for the shower counter
efficiency at the particular bia§ andvenergy‘of the electron. These
efficiencies were measured by observing the shower counter spectrum
for elastically scattered electrons at comparable. energies. |

Faisé kiéematic coincidences such as that diagrammed in Fig. (6)
were‘suppresséd by démandihg aiéignal ffom one Qf-the slat counters.

Thé—recipe followed then was:’

1. To obtain the counts from hydfogen alone after wall

léubtfaction. | |

2..:To subtract counts with the field réyersed;

3. '&o cdrrecf fof béckground pions using the lead filter. .

4. To normalize the inelastic counting rates to an absolute

cross section by comparing them with the elastic counting
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SR

G. The calculetion then proceeds as follows.

- L s

Mylar‘cup'of.the H-film (target wall scattering). Let QH equal the

quantameter charge due to bremsstrahlung in the hydrogen,

 1et Q,, be thegsame for the target wgll. let. G = == . be the
et Qy e same fi DT,

'fraction 6fqbremsetrehlgng'fet Hé.

rate ,
i

N
i

5. To correct fpr shower counter‘efficiehcy

6. To compute the radiative corrections

i

' Target Wall Background - . : *

The fraction of electrons scattered from the target wall varied':p“

using the beam clipper as described in Ref.. (3), from th‘t
deduce directly che fraction of bremsstrahlung from the hydrogen,’:l;‘
Let N be the number of counts for a given‘run, Q. the charge

collected by the quantameter and R=N/Q the counts pef unit charge.”?

More precisely, let- NH- equal the number of positrdn counts in -'f ;”

the reversed fieId»subtraetién} Né+ equal the number of positron counts’

in the reversed field runs. Let N t be similarly defined for the iat

\
.

%y

This G is oﬁtained from a knowledge of the shape of the
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target cup and measurements of the amount of bremsstrahlung as a
function of the amount of target exposed to the beam.

Note then that the raw counting rate R, is given by:

+ - +
N + NH + Nﬁ + NM

H
10

Roﬂ

ok +he samm . madeaed Croade Neina e ud vondl wen s

' The counting rate from the solid targeg{§inne~1s.also measured.

N, + N
M M 11

Ry = Qy

\\’V\"‘% Shoolad be e Sarme numben o v ”'/OJ\CSC\' Lo C'JO’\_Q.

And the reversed field for H, plus target wall

2
+ +
+ NH NM
RBo = T+ Q 12
H M

And the réversed field for the target wail alone is

_RMf ; NM+/QM : A. :. :; ;A 1',  1-‘: | .
Thejnumb§r Fhé§ ié wantea';s'

'.j RH-B'NH-/'.QH':‘ | : | | . 14
Solviﬁg for this iﬁ tefms 6% the measured quantities, we obtain

Ry »" % (_»[Ro'Roj - (1 G')» [:RM ) RM+]> 15



= 19

Consider the two limiting cases:

A) RM+=-O, RHE"%(RO'P’GJP}{)'R;/G 16
R R (L R LE LR 17

In practice there is not much differenée since Ro+ is always about
5% or less of Ro'

The co:rectibn is listed as a multiplicative correction and
inclﬁdes the correctiﬁn tbAﬁhe.monitoring as well as that due to
scatﬁer from the walls. This somewhat disguisesits real form
which we therefore now discuss. From Eq. (17) we note that
when G=0.9 (90% of the bfeﬁsstrahlung from hydrogen which is true -

. for E éS-BeV) and RM=R0’ we have 10%.ofthg scatters due to the

'lta;get walls. yet thg multipliéatiﬁé gof?ec:ion ié.near unity. The
ﬂ-¥ corre¢tion différs froﬁ unity when the fraction of events
. 7scattered fr6h>£ﬁe targetAQélls is %ifferent_from the fraction of

“ithe br§msst:ah1ung_from the walls.

Absolﬁté Normalization

- The data was taken in such a way that absolute cross sections

were obtained. In this paper we do not discuss the details of solid
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angle determination, monitoring,etc.'which are fully treated in
Ref. (3). For éonvenience, the data consisting of a set of values
of R were normalized to the elastic cross sections measured in Ref. (2)

[

by}the‘formula:

2 : ' R
d"o (g) inel 1 18
dQdEf elastic Rel AEf

(Ref. 2)

where AEf is the bin width.

The data are presented in Tables I,I1I, and IIIat incident
energies (Ei) of 2.358, 2.988 and 4.874 BeV respectively. The
laboratory scattering angle (9) is 310 in each case.

The column headed E contains the values of the scattered

| £ |
energy at which'éleétronS:Wére'detected. -This scattered energy,

E is -the central energy of the detection bin. The actual bin

f’
- widths were :.0157, .0146 and .0l44 times Ef 7for Tables I, II and
' III_’respectivel&. For eéch tablé,‘the third éntry for Ef is the

elastic scattered energy.

The column headed R contains the observed counting rate,
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electron events per quantameter count, for electrons scattered
- from the hydrcgen filled mylar cup.
The column‘headed ST contains the correction factor to be
applied because of target cup scattering. It is computed, using

Eqy. (15) and is equal to RH-/RO.
The column headed RAD contains the correction factor to be

applied because of radiative corrections. This is computed using

In

the Perez-y-Jorba recipe and is equal to Oo/cobserved'

practice, the data for Gobs was graphically smoothed and thus inter-

polated for equaily spaced values of Egs viz. BE . .020 BeV.

This value of AEf was about the same size as the bin width, and

was small enough to show the structure of the resonances. Then for
each of these values of Ef, the correction factor co/crObs was
~obtained and this factor was then interpolatgd (linearly) to the
“actual vglue‘dfi Ef thaéjaépearé_iﬁ tﬁq* Ef"”columh;

The column headed Go- coritains the final value of the non-

A : , 2 :
: . d~o
. radiative inelastic cross section ——=—— and is expressed
- - 2 - ) - . . . .
in 10'3 gm?/BeV - Steradian.

The column headed A “contains the percent—standard—deviatiocn

—ﬁeP—Po&sson~dis£:ihutions,“Lue;,m&%$§-, the statistical
/n peer?

"ii_ error{ These are listed separately from the systematic errors



80 that the shape of the spectrum can be easily seen.

The following systematic errors alsc appear. These, however,
~will not produce ‘spurious peaks.

For the radiative correqtions, we expect the error to
vary from 5% for the 1238 resonénce to abou£ 15% for the most-
inelastic regions. The error comes from the peaking approxi-
- mation used and we have estimated pessimistically the uncer-
tainty at the higher resonances since the correction depends on
previously corrected data and also on interpolated corrected
data.

An error of 5% is assigned to the type of energy bin width
" determination as discussed near Eq. (16-a) viz., the overlapping
of the slat counters. |

The uncertainty resulting from the‘hysteresis cf the magnet
is less than L%;

.-Thelréméining contrib@tion to the systematié'error is the
’unéertainty iﬁ the measured elastic cross section sections used to
'«normal;ze ;he inelastic dgta. These were given as 8%, 8.5%, and

.‘ ‘14%'f§ri~Ei= 2.358, 2.988, énd A4J874 _BeV, yielding for the -

tbtal'systemétic.errors lﬁ% tolle%, li% to 18% and 16% to 22%.



Normalizing factors (cf. Eq. (18)) were found to be

Sl
a g : 1
S8 ’ =t o '-7 E =A-.l .
conveniently expressed as  F ati, X FuE where WE =bE
. ~ . s el 7f
(o] { =
The values of F are LI'L, 6’21, and 279 respectively.
Ef Ef Ef

An additional error of at mdét.ié.i%"was introduced into the”
bin width by averaging over the five slats after a given energy
bin was ceﬁtered on each in turn, because the tilt of the slat
counters to the perpendicular to the magnet axis was neglected

and because the dispersion in energy was approximated by a

AEf .
constant, viz. = .00718 per inch.
' : £ AE-
This value of ETE per inch was the average for the
£ -

dispersion through a distance of six inches centered about the
central slat and was ‘the ;éme fqr efféctive lengths of the magnet
of 54, 53 and 52 inches.

That the effect of this'error §ﬁ thé resolution function is
‘negligible can'éasily be Seen‘by supefimpasing five resolution
g funcéiﬁns, each similar to fig.{h’and displaced.onéiaf;er the
.'othe: by .15%.
- Figureé(?L(?L”and@W'show the differential érqss sections as
functions of scattered energy for incident eneégiéé\of 2.358,

2.988 and 4.874 BeV respectively and scattering angles of %1°
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before radiative corrections have been made, i.e. only the -selid-
cua// - '
targe;ﬁcorrecticns have been applied. The radiative correction,

in the form (o _ -G . X .
( observed non-radiative) 1s represented by the

dotted line.

The G factor, as used in Eq. (16) for the target wall
scattering correction had the values 10.670, 0.760, and 0.8390
for the three incidenﬁ energies respectively. o

Other data, shown in Table IV were taken including the
M =1238 MeV resonance only both at 31° and at §0°. These are
presented as averages over the resonance; averaged over an

interval AK=150 MeV, centered on K=325 MeV.

Excitation of the 4M*=1238 resonance

The mosc obvious feature of the. scattered electron speétra,
'éf;ér the elastic‘éqattering itself, is‘the'peak at the mass .M*=1258
_‘Mev. This'is we11 knggn,nﬁésﬂbeen tﬁé“object cf previous studies

énd will ﬁdw.be discussed:.'Aitréatment based on}relativistic
dispéysioﬁléelﬁtions of thé photoproduction of this-resonance was

first presented by Chew, Goldberger, Low and Nambu7 (CGLN). This
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was later extended to electroproduction by Fublinil, Nambu and
WataginB (FNW) and further refined by Zagur;;and Adlerlo

The CGLN theory assumes that the (3, 3) resonance dominates
‘the dispersion integrals and the resonance pcsition is taken from
experiment. Then an effective réhgé relation is obtained for the
resonant P phase shift and the small S, D and non-resonant P phases
are derived. The theory was applied firstly to.;?;ucleon scattering
and then to photoprodﬁction. FNW, using a static model, extended the
theory to electroproduction.

'In its simple fofm, the theory had only a qualitative success.
A modified form was first used by Hande. Hand recognized that the
relation between pion nucleon scattering and photoproduction is
more definite than other features of the theory and took pion
nuc leon phases from the experiment. vTherebyf he achieved the first
good success of :he-thecry in fittinguthe total cross sections with
no free parameters. |

More recently thlerllbhas retained the Born terms and the
resdnant amplitude and neglectéd the contribution of the small pha§es
which calcuiétion Qas in any case open to éuestibn;: He obtained
goodvfits to differential éross section and poiariiatioﬁ data,

except near ©=0" where the small terms are important. Adler follows
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the treatment of Hohler and extends it to electroproduction. The
results are eéuivalent to those of Hand, but-he uses a better approxi;
" mation for electroproduction than the static modél of FNW and hié
results differ slightly at high momentum transfers.

The relatioﬁ between photoproduction and pion nucleon scattering
inhefent in CGLN and exploited by Hand, Hohler and now Zagury and
Adler, was foreshadowed in a theorem due to Fermi and Watson
that the phase of the photoproduction amplitude must be the same as
that of the pion nucleon scattering amplitude until inelastic channels
in the scattering open up. This holds pnly for the first (M.= 1238 MeV)
resonance; the higher resonances show great inelasticity and an eduivf
alent relation khas not been found.

The iscbar madeiAof Gourdin and Salinla, extended to photoproauc;‘
tion by Loubat:c)n13 is supe;f%;ially different. The results are,
however, eéui%alénﬁ, The mcdel ‘autcmatically satisfies the Fermi-
'W;tsonvthecrem and the pgraéeters.are fitted to pion nucleon
 :scattering. Likgwise,‘inelasticity‘limits its uéefulness‘to the

first resonance.
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An examination of the equations of FNW show that the
dominant part of the electroproduction amplitude is indeed the
resonant (3, 3) term. The pfincipai“variation is according to

the formula,‘
2,
T q 19

0. [GMV (qg)]e'

bk with'é slight fall off at highgr momentum traﬁsfers. (it is in the
details of this fall off that Adler and Zagpry improve on» FNW. )
Now GMV(qE) is not completely determined. Although GMp(ég)

is measured by the elaétic cross sections concomitant to this
experiment, 'GMn(qg)_is quite poorly known at high momentum
transfers. The best guess évailable is that the form factors are
well approximated by a "4 pole fit”lu. Some more recent

elastic elec;ron-prqtqn;dagals suggest that .GMp may be lower than
suggested by this 4-pole fit. o

' Figures (10), (11), and (12) show the absolute differential
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cross sectlions for the resonance M%=1238 MeV comparéd to
Adler's theory. (Adler and Zagury agree so it is only necessary
L to compare to one of them). The data lie 30% to 100% above the
calculated curve - a fact already noted by Hand2 at lower
momentum transfers. However, we consider agreement to this
accuracy at these high momentum transfers as a remarkable
triumph of theory.

There seems to be a shift in the position of the peak towards
higher values of M% from the 1220 MeV predicted by the theory
(the theoretical peak is not at the mass 1238 Mev). This shift
is about 2%% in M* and we believe it is largely real. The magnet
calibration was checked (to better than 0.5%) with elastic
‘scattering (M=938 MeV) and we believe the magnet's effective length
and fileld gra_dient to be reproducible to O0.4% and 0.3%*% respectively
és»functions of the ﬁégnééicﬁfrent.

We ¢ouid interpret the ;omparison of theofy‘and'experiment as
a méasu;e of ;<GﬁN(q2)>?,“_Fromiﬁha; we have.jgst said’(GMv(§2)>2

- must be raised by 30% and GMV(qz) by 154 to fit ;he &éta. Since *
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P

GMp(q2) is fixed, G, must be increased 30% from the L-pole fit.

Mn
The theories all predict that there is no electric quadrupole
excitation of the resonance, but there is evidence for a % - 5w‘
admixture of the electric quadrupole with the magnetic dipole
excltation. This evidence comes from the angular distributfon of
o . _
recoll protons in 7 photoproduction at resonance using
16 . . . .

polarized photons and the equivalent experiment with electron
scattering, the angular distribution of the protons in
coincidence with electrons scattered inelastically from protons
exciting the resonance.

Associated with the electric quadrupole excitation must
be some longitudinal excitation. This can be separated by an
angulat distribution method, .just as - G, and GM may be separated in -
. . _ : E =
elastic scattering.

. - | L

Hand already showed that 00/0 < 0. 3 at g —5 f . By use of
our measurements at 8-90° (Tab;e 1V), we can put upper limits on
o. as shown in'Table V. -We plot o, and o_ against q in Fig. (13)

0 0.

'-.end‘Fig{ (14) together w1th the' ;eory;'(cd=o and solid line for

-3

 cT). Our data is nowhere near precise enough to find the expected

value of 00 from the known electric quadrupole excitation.

- s s ne
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Generai Theory cf Rescnance Excitation

Although the theory of excitatiocn of the resonance at Fﬁ=1238 MaV

resonances. In pion nucleon

Lo

is good;, nc such theory exists for highe

[
(o),

scattering, inelastic channels are open =~ and there is considerable

inelasticity in the scattering amplitude. The Fermi-Watson theorem

Iy

does not then apply and a dispersion theory such as that of CGLN
cannot easily be justified.
Some general statements can, however, be made about the excita-

tion of resonances. These are well known in the realm of nuclear

19

physics and are extemsively used. We here refer to a review

G

[
s
it
jo g
o
&)
[
0
l.~
[0}
)
o

y3ics prcblem the approximation
is usually made ¢f no mnuciear recoll {for elementary particles this’
is the static model}. A multipocle expansion m2y then be carried

out in the laboratory reference frame. The results derived are

valid in the leng waveleagth limit gqr €« 1 where r 1is the inter-

action radius - which is pfeSumed to be of the order of the nuclear

radius, . _In.glemenﬁary particle physics the results derived

in the long wavéleﬁgtb limit are sometimes called threshold conditions
¥

and we are usually far from qr < 1.

" The calcelation of «_, involves the squared matrix element

Y
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g

01, (qr) Y, (8' g') ,(x) 2 '
.- j ¢ \iF) po /\E O 20

__l'a,’

where /q(r) 1s an interaction density which is non-zero only for
r‘<r0,and q 1s the 5'dimensiona1 momentum transfer.

The full calculation19 ylelds for magnetic transitions of

order f’(sometimes called abnormal parity transitions):

. r 2€
o, (47, K) = 4 <;§“> UY(K)

21
2 . .
Uo (q l‘ K) = 0
and for electric transitions of order"é? (often called normal
parity transitions) except monopole.
f’r(q , K)h \% o, (K)
L o, . 2f-2 ,
o 2 : 2 q_
- —_— | = 2
%l K = b Z Ix’ 2 @

Z & 2, o\
S 71 2 op (a5 K)

Bjorken and Waleckazq derive similar formulae for O including
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nuclear recoil. However, they find:

2
- 2 A q 2
oo (4, K) = Z+ 1 »D OT (¢, K) - 23

In the static model and long wavelength limit this is the same as Eq.

because qo’ = K for M" M and q2 = 0.

We note the kinematlcal relationship:

M’=\qlu.' | 24

This makes it immaterial which initial or final nucleon system

- reference frame we use for Eq. 21 and 22 provided K is measured in

H
i

the same frame. At q2 = 0

el g

»'}QTEq.1(23),depénds.dﬁ the iollowing‘théorems:(Ref.'2o)

© 1im Ll-/E/-‘- i ‘ 'Lz:_l -_ for{?2,
\qlﬁo SN ’ o el

*1»0

(21
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" what the theoretical ratio of-
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and

V4 S S
ﬂ?+ - ’q“l for £> 1. 26

: where "/4’ E/&_ and Izi"are the magnetic, electric and

-,longitqdinal multipola‘caafficients"respectively.

When 'qo' = 0, it can be shown that all the L vanish?1 thus

‘t

the '% behaviour for smalll'h lbreaks down and it is not known

‘g i
10n trans
5/ = <o/oT
For curiosity's sake, the ratios of o according

long/0

trans
to various prescriptions are given fdr three points of interest

in Table VI. Likewise, the behaviour of q02 and qo*2 as

n C
functions of q° is shown in Fig. 15.

The formulae given above for the long wavelength limit

(threshold condition) certainly do not apply to our case where

’“tt‘q| r~1 (and dPanﬁ even apply well for nuclear physics). One
‘ must'multiply the'Eq (21)and (22) by sdne arbitrary form factor.
“=‘.ifAt first sight, it 1s not clear that we have achieved anything by
.'tfall this manoevring, we started with an arbitrary function.
L'a (q ,_K) and still have an arbitrary function F (q » K)o

'-But the form factor is now axpected to be characteristic

of the nucleon size. 1f we refer back to Eq. (20)
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we may guess the interaction density to be equal to the nucleon

size. This may be approximated (Ref. (3)) by an exponential

é-)r which is the Fourier transform of the form factor:

2 1
. 1+ q/(0.72) J
according to, °
. | - 1 2 ' 2 B A
Ujo(qr) e &dr| = IF(q2)\ : 28
. For the magnetic dipole transition to M*~ 1238 Mev, for example;"
we find that |
~ 2 - 2
' =Ar .2 2 -
fjl (ar) e &’r | =g ‘F(q ) 29

The relevant form factor iS'clearly the magnetic vector form factor
G (q ) and we find therefore the recipe of Eq.. (19) which we
- found earlier was the dominant term in the FNW dispersion theory

| f"icalculation, but not includingthe kinematic factors included by

"’»Vv\Adler.

'For_the other resonances, the theory is less certain for many

 reasons. At'the start of this work,'resonances were known at M'=
1512 MeV (I =2, J=2 )and M"-1688 Mev (1-,.51,

2
> 5 J= 5 ) were
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ﬁeknown from pion nucleon scattering and photoproduction. Since then;
phase shift analyses of pion nucleon scat:t:ering18 have shown the |
existence of other resonances superimposed at these energies. The
4-‘disentanglement of their eepﬁributions to photoproduction has not
been performed and it would be harder for electroproduction (for
which there is less data).: We shall proceed to analyse the data
on the supposition of only:these two (eld) resonances j>plus a

- background. - and endeavor to derive what information we can.

As we shall see, no amount of contribution of the new resonances

'*'»e'caﬁ affect a\peeuliarity'of the excitetien-af M*=1512 Mev.
Another uncertaintybie what form factor to use for these
'Pﬁ‘fresonances. For a resonenee dominaeed“by_treqsverse excitation
the magnetic form factor 1e_e:bbeb1y aépropriate since theAmagnetic'ﬁ
N form factor is the name -given. ‘to the ﬁransverse elastic form factor.

‘e_But_‘j a transition to.a state of Ie% _shoﬁl&fiﬁ&bl&e‘ﬁGMS(qe) and

'f;-"'ijf__notG (q) Now,.
| (@) = o 2) 4 Gy (d)
.ﬂ'};iltif” QMS-q )T?' G, (q ~+ q

ﬁﬁé- G, (q ) -'lc (q )l

P bes :
'7‘iigiﬂ- ;3 therefore involves a subtraction of two numbers of the same

eA.i ‘30




. order of magnitude and is very poorly known. For the longitudinal

excitation to I = -él- state, probably GES(q

" and the electric form factors are hardly known at all at the

) becomes important

momentum transfers of interest here. For the sake of definiteness

_and for no other reason, we have-chosen to compare'our results
to GMv(qe) as for the M*=1238 MeV case. Table VII shows how

- the form factors Gy and Gy might change for two fits which

are not far from known dstai(but note that at q2~'l&(BeV/c)2 the

l-parameter fit (Eq. 27) does not fit the data to which this

~experiment is normalized. )

Breit-Wigner Fits and Multipole Fits

O(\‘“'\L soze.c-(i :
The problem ariseS'haaEmsebzés the resonant contribution

" reladive Xo
:-aaﬂ=haw=mueh=!srthe non-resonant contribution. For the first

‘*resonance there is enough understanding to know that i, of the

':rfﬂphotoproduction CcCross section at. the peak is non- resonant
| }c;We can see this most easily from the statement that the trans-

:J“ﬁi:ition ’ y + Pf+ P+ voi is entirely resonant, and,from Clebsch-Gordan :

if?coefficients is twice the resonant cross section in Y+Pon+1.

'.iiijV_i'ert these two cross sections are-experimentally equal, hence there
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is a non-resonant background in Y + P> n + nat equal to % of the

~total vy absorption cross section.

AThe non-resonant part falls somewhat faster with increasing
‘momentum transfer than the resonant part and probably is small
at q2=90 f-z. In the detailed compafison with theory made earlier
for the first resonance, the non-resonant background is, of course,
bincluded. |

The cFude separation of the resonances discussed below
is based on the assumption that the widths remainthe same as

the value at q2=0, end-is therefore somewhat arbitrary. 1In view
of these reservations, and those.diecussed earlier, we still J
endeavor to make some physical internretaticn of the data.

After tne radiative cocrectionsjwere carried out by the
\:_Perez-y-Jorba met:t_xhovd', tne‘ -'resjonanc part .of the scattering was
F{t’estimeced frcm_the shapes ofithe;reSOnances. 'In trfing to
ﬂZ ;determine whecner.cc notﬁa'cesonence exists, oniy the ccatistical_v"
v:niffifeffcrs in Figs:-(16), (17), end (18)‘ are significant because thec_-

“Qﬁradiative, solid carget, and shower efficiency corrections give

':fxsmooth cuxves._ The full widCh at half height was calculated
fa'priori,;fbr each of the four resonances, (N-(1238),_ N (1512),

t;jii?;]‘ N’(1688),'and ‘N’(1920) and for each of the three incident
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" energies, (2.358, 2.988 and 4.874 BeV) assuming widths of 130, 1&0,'1h5,

and 185 MeV respectively.

The scattered energies and widths at which these resonances

were expeéted to be observed were calculated from kinematics. To
these were added in quadrature the width of the elastic peak
a\i(i.e., at corresponding inéident energies) to obtain the expected -
J ‘experimenta1 width of each fesonance at each incident emergy. |
Half of the resonant contribution was then assumed to be
(\ “the difference between the cross section at the peak of the

:_resonance and the average of the cross section, a half-width

}?f’either side of the peak. These amplitudes are shown in Table VIII.
"Thé crudeness of this method introduces large uncertainties which
  {:;;£. have been estimatgd to bé anywhere from a factor of l% to a factor

‘- OF independin:g on how c}e_a;_l'y-thé resonance stands out. |

. 1f we assume g“resonant_strqctufe-pf the_fptnnf; ;w"

o dEAQ S 2 2/ oL
, .“ﬁ ~-_“.r'e:sornram: (Ef,j";;es): f_ R
- we find the. average from E. -5 to E +. 5. to be

es res -
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resonant C

”'fiThis permits us to use the peak amplitude in estimating the m“151P°13"

: ;))fits.

The non-resonant contribution towthe scattering was then assumed
" to be what was left after the contributions of the four resonances
giwere removed. Figs. (16), (17), and (18) show the inelastic spectrum -
zdafter radiative corrections (the points with the bars), the
13contribution of each resonance (smooth bell shaped curves), the
’3assumed non-resonant scattering (dotted line); and the reconstructed s
spectrum,.i e;, the sum of the assumed non-resonant and of a11> '
ifour resonances (single smooth line) i

| Fig (19) shows the’ total cross section for photoproduction’as

?icompiled from the data for-f:?jff SRR

Taprt e aw® s (110
*:rf;'ﬁ“;'v+-+-i*n¥f77 +.(yﬁr?)
2P+ 21t 4 21 4 (7)’6)

-0+ 3t + 277

*.strange"particles e
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For some purposes it is more convenient to use the cross section
L do
"~ integrated over the resonance, 1i.e., a0 _

- - - " 'over. resonance

- Accordingly the values of -

. 2 » .> - A .
r AC/h & < Ia o .
DA 4 res -

S are given in Table IX.

The values of qr ‘used in the multipole fits were obtained

l<'from the data in. Table VIII and the following formulas-

For N (1238) and N (1920), according to Eq (1) and the rule L

‘?,l stated ‘after Eq. (23)'

o SN | o o S
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The valuee for qp (1 s K) thus obtained are given in Table IX.
As a test of Eq. (21) and (22) the values of the logarithm of

g .
'.—Z——! are plotted:againat the logarithm of: ‘ﬁ2

»
for constant M .

. The reeults are shown in Fig. (20), (21) and (22).
By reason of the previously indicated arguments about change

in angular momenta, isotopic spin, and parity, we expect the

| excitation of the resonances to go as indicated by the dashed lines.

Comparison of these assignments with Fig. (20), (21) and

(22) shows rather remarkable agreement considering the
| approximations that entetéd-into the calculations. A possible

"fﬂ,'deviotiom_éxists at 1512 where the electric dipolé excitation

prediction does not'simultaneoosly fit theAphotoproduction and

:;;“electroproduction dota. The new resonances would be excited by
;g;ielectric monopole and dipole excitation. Possible reasons for
?the diacrepancy are the replacemant of. qo by K (uae °f Eq'i(aa)

Dinotoad of (23)) and use of GHV instead of GEs

| 'Conoluoioﬁs aod Speculations

" The excitation“of-the resonanoes at M"=1238 Mev agrees

‘z;“f];reasonably with theory and further work can identify details. A

:separation of oo and O by measurements of this type crby the distributio
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‘in the azimuthal angle § of the outgoing protons can give information
A jon thé elecﬁrie quadruﬁole'édmixtures as a function of momentum transfér.
| Similar separation at the higher resonances should confirm the |
>assumption that longitudinal transitions play an important role in

"~ .- the production of some of the resonances.

It is interesting to speculate on the excitation of higher
ﬂ resqnances. AAccdrding to present ideas, these should be of high
&:spin corresponding to Regge recurrences (rotational states) of the. 
"?nucleoﬁ and the- M*=1238 Mev state. They should then stand out

more scrongly in electroproduction than photoproduction because

%{of the factor (qr) t'in 6.. But this increase has its limits; the .

T

'irelativé énhancemenc in electroproduction should really be considered -
aé a_éuppression-of higherimnltipoles in photoproduction. When |
‘fér ; 1 the thr?qhqlgikehgviour'clegrly b;eaks_doﬁn. But a naive .
;fﬁse‘of Eq{(2§)?§ugge§;s g5;éldc1§e;éqhqnc¢ment.qf a factor of
lé07f6r.a J;%}:-fASOnancg_with;masé, }‘Bev forfgfmomenﬁum transfér,of
~ 10 (Bev/e)”. ' . L

The use of a high energy accelerator (e. g._SLAc) is: clearly 1ndicate<

.,j;this study both for reaching the high momentum transfer and for }»_M

'i7i;reduc1ng the radiative corrections.
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APPENDIX
} | : ;
T abe Gorrectionn,

. Bjorken writes.down é formula relating Umeas(Ei’ Ef) and
- O (Eys Eg):

U S S ~
(B ) - X dE, ' | dE." P(Ey, By 8g) O (Ey's Eg') P(Eg',Eg, bp)

[} Ef 4 ~ A-1

'f“ﬁhere P(E,E',b) is the probability of an electron of energy E
ig rhd1at1hg~to produce on of energy E' with radiator §.

Io'include‘internal radiative effects in the peaking approximation

a 2,2y .y o o o
byog = = (log (Aq_'/m ) =1) + £y gl log 2 o Am2

i1 £ are the chickneésﬁqf'the bhysical radiators.in the path
] . . - - . - ] :

. of the incident (£inal) .bea:m in rédigtion lengths.
" . Bjorken approximated:’

B p*(g’g'7j6)7255 [10g (/E') 1j; b -
bx?-'. "i "5‘ 395: “'B?P (9);'3'°i}'435;°3f3/3j

_}A;}‘

S e o
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A 18 the bin size as in the Perez y Jorba recipe.
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Also note that:
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' This shows that to first order in a the Perez y Jorba
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. : recipe is »e_'qu:l\.vale»nt to the Bjorken recipe.
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!

]

)+_ 0(62) - [1 + 66n + 0(5)-2]

+ 0(6%)
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We noteAhere that an additional calculation using the
'Pefez y>Jorba recipe with a bin size AE = .01 BeV gave the same
iesulﬁs as the calculation with AE = .02 BeV.

We also note that a calculation usiﬁg»Che Perez y Jorba
recipe with Bjo;ken‘s<radi;tion kernels instead of Haﬁd's give
'corrected‘cross sections which differ by less than 1% froﬁ the

quoted results. A comparison of the radiation kernels for the

two cases (Table A-I) show that the differences are

unimportant. At first sight, the_difference of the Bjorken
A; recipe in the first line seems inconsistent with éduation

A-8 and the sﬁgtement de;1ved therefrom. In Ed. (A¥8) the .

:apptoximntionfis made;vcfi'whicb is valid when E' is closeAtp?"f7

s
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Captions to Figures

A diagram to aid in understanding the kinematics of

inelastic ep scattering.
Layout of the experimental apparatus.

Arrangement Bf counters showing a sypical electron

trajectory.

Comparison of the calculated and measured resolution

function of the spectrometer.

A kinematic diagram relaﬁing the incidént and final

‘electron energies showing the region that must be

measured to make a radiative correction.

Illustration of a process that could produce a false

count 1f care is not taken.

Spectrum of 1nelaética11y scattered electrons fo: 9=319A r
and E=2.358 Bev (data of Table II). The dashed line
shows the ;édi,étivg.».gorrection applie&.
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Captions to Figures (cont.)

“j;'w\AFig. 21 The resonant N*=1512 MeV cross section plotted against g
| (q/l()2 showing the unusually high electroproduction -“ 

cross section.

Fig. 22 The resonant N"=1688 MeV cross section showing a fit
| to electric quadrupole excitation.
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