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Coincidence Measurements of Single-Pion Electroproduction 
near the A (1236) Resonance* 
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Differential cross sections for the reactions e-+ p + e-+p+rO and e-+p + e-+n+x+ have been mea- 
sured near the A(1236) resonance a t  four-momentum transfers of 0.05, 0.13, 0.25, and 0.4 ( G e v / ~ ) ~ .  A few 
measurements of the r+ angular distribution have been obtained at  a four-momentum transfer of 0.6 
(GeV/c)Z. Cross sections for the xO reaction are compared with dispersion-theory predictions a t  several 
pion-nucleon c.m. energies for each four-momentum transfer. A phenomenological analysis of the ao results 
leads to the determination of the magnetic dipole and electric quadrupole partial-wave amplitudes and the 
yNA transition form factor. Evidence is found for the existence of a significant scaler-transverse interference 
term in the cross section, which is tentatively associated with the resonant scaler quadrupole interaction. 
Cross sections for a+ electroproduction are compared with dispersion theories using the pion form factor as  
a free parameter. The results suggest a form factor similar to that of the proton. -1 fit to the form-factor 
results, using the p-dominance model, requires m,=560f 80 MeV. The rms pion charge radius is estimated 
to be <r2>t=0.86~k0.14 F. 

I. INTRODUCTION In  1959, Frazerl" pointed out that a measurement of 

T HE first measurements of high-energy inelastic 
electron scattering from hydrogen were performed 

by Panofsky and collaborators between 1956 and 1958.' 
~ a t e r  experiments, in which only the scattered electron 
has been detected, have explored the region of pion- 
nucleon c.m, energ>- from the single pion threshold to 
above the A(1236) resonance in considerable detail, a t  
four-momentum transfers below 0.8 (GeV, c ) ~ . ~ - ~  During 
the same period, other laboratories have investigated 
the excitation of the A(1236) and higher pion-nucleon 
resonances at  four-momentum transfers up to 3.6 
(Gev/~)~.j- '  In  addition, a limited number of measure- 
ments of the single pion electroproduction reaction 
e-+p -t e-+p+rO, in which the final-state proton has 
been detected in coincidence with the scattered elec- 
tron, have been obtained by several  group^.^^^^^ 
-- 
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the pion form factor-could be obtained by extrapolating 
angular distribution measurements of the reaction 
e-+p -+ e-+n+~+ to the one-pion-exchange (OPE) 
pole. So far, the experimental accuracy necessary for 
this extrapolation has not been achieved. However, 
Akerlof et al." have exploited the dominance of a 
longitudinal contribution to the cross section in the 
above reaction due to OPE to obtain a measurement 
of the pion form factor. Akerlof et al. made measure- 
ments at  several electron scattering angles in an effort 
to isolate the longitudinal contribution to the cross 
section, but, because of the difliculties associated with 
large-angle electron-scattering coincidence measure- 
ments, the separation was not possible and i t  was 
necessary to rely on the dispersion theory of Zagury12 
in order to estimate the pion form factor. The variation 
of the cross section with electron-scattering angle 
supported the hypothesis of a large longitudinal con- 
tribution to the cross section, but the values obtained 
for the pion form factor depended, almost entirely, 
upon the small-angle measurements. 

Until the precision required for an extrapolation to 
the pole can be achieved, measurements of the pion 
form factor based on electroproduction experiments 
must rely heavily upon theoretical estimates of back- 
grounds to the OPE contribution. Objections to the 
whole electroproduction approach can only be answered 
by a detailed comparison of available theories with 
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TABLE I .  Summary of kinematic regions covered by the coincidence measurements of inelastic electron-proton scattering. The asterisk 
indicates that angular distribution measurements have been made for the kinematic region listed in columns 1-6. 

- -- 

q2 ( G ~ V / C ) ~  K (GeV) TV (GeV) E (GeV) ee ("1 e e - + p + e - + ~ + T O  e-+p- te-+n+xf  

measurements of both no and the n+ reactions over a 
wide kinematic range. 

I n  the present paper, coincidence measurements of 
the angular distributions for the reactions e-+p--+ 
e-+p+nO and e-+p -+ e-+n+n+ are presented for 
pion-nucleon c.m. energies in the region of the A(1236) 
resonance a t  four-momentum transfers near 0.05, 0.13, 
0.25 and 0.4 ( G ~ V / C ) ~ .  A limited amount of n+ data 
have been obtained a t  a four-momentum transfer of 
0.6 (GeV/c)*. Summaries of the results have been 
published elsewhere.13J4 

I n  addition to permitting a detailed test of the 
theories, the no data have provided a good deal of 
reasonably model-independent dynamical information.15 
The assumption of the dominance of S and P pion- 
nucleon partial waves at  c.m. energies below 1350 MeV 

u 

has led to a determination of the resonant magnetic 
dipole amplitude and the electric quadrupole amplitude. 
The phenomenological description of the A as a particle 
excited by magnetic dipole radiation leads to the 
definition of a yNA form factor, which has been evalu- 
ated for four-momentum transfers up to 0.4 ( G ~ V / C ) ~ .  
The no data also provide some evidence for the existence 
of the resonant scalar quadrupole amplitude at  four- 
momentum transfers of 0.13 and 0.25 ( G ~ V / C ) ~ .  

The n+ data have been analyzed in terms of the pion 
form factor in a manner similar to that employed by 
Akerlof et al. Although the form-factor values have 
been derived from more extensive data, they are subject 
to the same systematic errors as those encountered by 
the Cornell group. However, the results, which are in 
satisfactory agreement with the earlier data, have been 
interpreted with both of the presently available theories 
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and have been assigned larger theoretical error to allow 
for differences in the dispersion models. 

A summary of the kinematic range of the coincidence 
data is given in Table I. The 7P data cover polar angles 
(measured relative to the three-momentum transfer to 
the pion-nucleon system) between 120" and 170" c.m., 
approximately, and azimuthal angles between 30" and 
170". The x+ data cover a slightly more limited range of 
azimuthal angle, for polar angles between zero and 
40" c.m. 

Electroproduction theory and related topics are dis- 
cussed in Sec. 11. The apparatus is described in Sec. 111, 
and experimental procedures associated with data 
collection and analysis are described in Secs. IV and V. 
Elastic cross-section values and noncoincidence inelastic 
scattering cross sections, which were measured periotli- 
cally during the course of the experiment, are sum- 
marized in Sec. VI. The results for the TO and r+ 
coincidence measurements are discussed in Secs. VII 
and VIII, respectively. Section I X  considers improve- 
ments in experimental techniques which might be in- 
corporated in future experiments and suggests direc- 
tions for extending the work presented here. The 
differential cross sections measured in this ex~eriment 
are too numerous to present here and will be made 
available elsewhere.lG 

11. ELECTROPRODUCTION THEORY AND 
RELATED TOPICS 

A. Kinematics 

The complete definition of a single-pion coincidence 
event requires the specification of five quantities (see 
Fig. 1). From the experimental standpoint, the most 
convenient are 

la For this supplementary material, orderNAPS Document 00500 
from ASIS iYational Auxiliary Publications Service, yo CCM 
Information Sciences, Inc., 22 West 34th Street, New York, New 
York 10001; remitting $1 for microfiche or $3 for photocopies. 
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(1) the incident beam energy E ;  
(2) the scattered electron energy E l ;  
(3) the electron scattering angle 0,t ; 
(4) the polar angle Or,, which the positive pion or 

proton makes with p, the three-momentum transfer to 
the pion-nucleon system ; and 

( 5 )  the azimuthal angle 4, between the electron 
scattering plane and the plane defined by 4 and the 
pion momentum 5. 

The theoretical analysis of the reaction is simpler 
when the first three of these are replaced by 

(1) q2, the square of the four-momentum transfer to 
the 7 - N  system (positive in the metric employed here) ; 

(2) 6V, the total energy in the a-:I' system; and 
(3) E, the polarization of the transverse components 

of the virtual photon. 

Electroproduction of pions is most easily understood 
as photoproduction by virtual photons. In  order to 
emphasize this correspondence, i t  is useful to introduce 
the variable K, the energy required by a real photon in 
the laboratory to produce the same pion-nucleon c.m. 
energy, 

K = qo-q2/2M, 

where qo (=E-El) is the energy transfer in the labora- 
tory, qZ (=4EE1 sin2$0,= /q /2-qo220)  is the invariant 
square of the four-momentum transfer, and M  is the 
proton mass. 

Expressions for other useful quantities, in the limit of 
zero electron mass, are listed below, 

scattered electron energy, 

El= (E- K)j[l+ ( 2 E / M )  sin2+0,]; 
(1) 

pion-nucleon c.m. energy, 

Starred quantities refer to the pion-nucleon c.m. 
system, e.g., 

energy transfer in the c.m. system, 

qo*= (Mqo- q2)/6f', 
three-momentum transfer in the c.m. system, 

q* = Mq,JW. 

B. Virtual Photon Polarization 

The only differences between the photoproduction 
and electroproduction of pions are that in the latter 
case the photon is virtual (q2#O) and has scalar and 
longitudinal components. These give rise to interactions 
which are not possible with real, purely transverse, 
photons. Because the interactions involving the scalar 
and longitudinal components are related by current 
c~nservation, '~ the nontransverse contributions to the 
cross section can be discussed be referring to either. 

"L. N. Hand and R. LL-ilson, SLAC Report No. 25, Part 2, 
1963 (unpublished). 

E L E C T R O N  
S C A T T E R I N G  
P L A N E  PROTON OR 

I N C I D E N T  
E L E C T R O N  

FIG.  1. Diagram illustrating the definition of laboratory frame 
vectors and angles in single pion electroproduction. The un- 
detected neutral is not shown. 

We will write down quantities in the scalar notation, 
but the alternative description often appears in the 
literature and should be kept in mind. 

I n  experiments where only the final electron is 
detected, the cross section can be separated into two 
distinct parts. I n  the notation of Hand2 

where 

rr=--- 2+-------- 
4n2 q2 E 

Here we is the electron solid angle in the laboratory and 
ro,!rr= E is the polarization of the transverse compo- 
nents of the electromagnetic field. At q2=0, the trans- 
verse cross section OT reduces to the total photoproduc- 
tion cross section for the same value of K. 

For high electron energies and small scattering angles, 
the transverse components of the electromagnetic field 
are almost con~pletely polarized in the electron-scatter- 
ing plane and the same types of experiments which can 
be done with polarized photon beams can be done with 
electron scattering. I n  situations where the scalar inter- 
actions do not co~nplicate the interpretation of the 
data, the fact that the virtual photon polarization is 
nearly complete, and its energy well determined, can be 
an asset. I n  the present series of measurements the 
polarization was approximately 0.98. The consequences 
of this are quite evident in the distinct azimuthal asym- 
metries in the data presented in Secs. VII and VIII. 

C. Cross-Section Formula 

The triply differential cross section nlay also be 
expressed as a product of two factors, one FT, describing 
the electron-photon vertexls and another representing 

l8 Two different definitions of the kinematic factor r r  exist in 
the literature. The factor used by Akerlof et el. (called I'A here) is 
related to rr hy I'a =FT / q  j /K ,  where Iq I is the three-momentum 
transfer in the laboratory. Since the ratio ( Iq 1 /K),2-p=.l, the 
two definitions are equivalent in the photoproduction hrnit. For 
finite values of q2 our cross sections u  are related to those of 
Akerlof el el., u.4. u =  ( ( q  / / K ) u a =  ( jq* / W / ~ % f K ) u a .  Thechoice of 
I' factors is somewhat arbitrav. Our I'T agrees with that originally 
proposed by Hand (Ref. 2) and used by Lynch et al. (Ref. 3). 
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the interaction of the virtual photon with the strongly 
interacting particles. In  an extension of Hand's nota- 
tion2 we write 

where Q, is the pion solid angle in the a-N c.m. system 
and 

The first term in Eq. (5) is entirely due to transverse 
interactions and reduces to the corresponding photo- 
production cross section a t  q2=0. The second term is 
purely scalar and is absent in photoproduction. 

Experiments involving the detection of the scattered 
electron alone measure the integral of the above two 
terms over all pion angles, summed over both decay 
modes of the A. The measurements of Lynch et aL3 
indicate that the ratio u O / u ~  increases with q2 to a value 
of 0.37 a t  q2=0.3 (GeV,/cY and then decreases again a t  
higher y2. A recent measurement by BEtournC et aL4 has 
indicated a significant scalar cross section a t  q2=0.13 
( ( ;~V/C)~ near threshold. These measurements are inter- 
esting but cannot deternline whether the scalar inter- 
action appears in the ao or in the *+ production process. 

As noted in Sec. I, the recent work of Berkelman and 
co-workers a t  Cornell" has shown that there is an 
appreciable scalar contribution to the a+ cross section 
a t  Or*= 0°, which has been interpreted to be due mainly 
to the presence of the OPE process involving the a+ 
form factor. 

The third tern1 in the cross section is due to trans- 
verse-transverse interference and has been observed 
with real polarized photons by groups a t  StanfordIg 
and FrascatitO and in electroproduction by Akerlof 
el aL9 a t  Cornell. This term is quite large and is one of 
the outstanding features of the data presented here. 

The fourth term in the cross section is due to scalar- 
transverse interference and had not been observed prior 
to this experiment. I t  shows up clearly in the T- cross 
sections, where it is expected on the basis of the pion 
pole diagram. The surprising fact is that it also appears 
in the ao data, which are unaffected by the pion pole 
term, except through final-state interactions. 

D. Dynamics 

The form of the cross section discussed above is based 
on the assumption of one photon exchange and con- 
tains no other dpnamical assumptions. In  order to say 

more i t  is necessary to rely on a theoretical model for the 
interaction of the virtual photon with the strongly 
interacting particles. 

The description of the process as a function of K is, 
in general, extremely complicated and the backgrounds 
are not well understood. So far, the only region for 
which reliable theoretical predictions can be made is 
that near the well-known A(1236) resonance. 

In  1957, Chew, Low, Goldberger, and h'ambuZ1 
(CGLN) described the general features of pion photo- 
production in this energy region using the method of 
dispersion relations. In  1958, the theory was extended 
to electroproduction by Fubini, Xambu, and WataghinZ2 
(FNW). This theory was shown by Hand,2 in 1963, to 
be in reasonably good agreement with experimental 
measurements of pion production up to 0.39 ( C ; ~ V / C ) ~  
for the case where onlv the scattered electron was de- 
tected. A comparison of the theory with a set of a+ 
differential cross-section measurements was made in 
196jZ3 following the experiment by Akerlof et al." 
Although these measurements were not a stringent test 
of the theory, the agreement was surprisingly good. 

The earlv dis~ersion theories of CGLX and FNW , . 
were static models which assumed an infinitely massive 
nucleon. Their range of application in electroproduction 
was, therefore, limited to four-momentum transfers 
below about 0.4 ( G ~ V / C ) ~ .  Two recent calculations have 
been performed by Zagurp12 and b;\. Adler." The most 
outstanding improvement offered by these theories is 
the fully relativistic treatment of nucleon recoil. 

In  these theories, the pion production amplitude 
consists of the Born terms, dispersion-integral estinlates 
of the most important partial-wave amplitudes, and 
an estimate of the final-state interactions involving the 
rescattering of the pion from the outgoing nucleon. The 
amplitude contains no free parameters and involves 
pion-nucleon phase shifts, nucleon form factors, and 
the pion form factor through the OPE term. 

The dominant process in this energy region is the 
resonant magnetic dipole MI+ transition to the 3-3 state 
(the notation is that of CGLK, where the 1 implies that 
the pion is in a state with orbital angular momentum 
l= 1 and the f implies that the total angular momen- 
tum is 1 plus 3). The presence of this amplitude is evident 
in the angular-distribution measurements for photo- 
production, especially for the aO+p final state. 

The a" cross section is more com~licated and con- 
tains appreciable nonresonant contributions from the 
large S-wave electric dipole amplitude, which domi- 
nates n+ photoproduction near threshold, and the pion 
pole term. There are many other smaller contributions 

z1 G. F. Chew, 11. L. Goldberger, F. E. Low, and Y. Xan~bu, 
19D. J. Drickey and R. F. hloslev. P h ~ s .  Rev. 136, B543 Phvs. Rev. 106, 1345 (1957). - .  

(1964). G S .  Fubini, U. Nambu, and V. Wataghin, Phys. Rev. 111, 
20 G. Barbiellini, et al., in Proceedings of the Sienna International 329 (1958). 

Conference on Elementary Particles and High-Energy Physics, C. Mistretta, Internal Report, Harvard Cyclotron Laboratory, 
1963, edited by G. Bernardini and G. P. Puppi (SocietL Italiana 1965 (unpublished). 
di Fisica, Bologna, 1963), p. 516. 24 S. L. Adler, Ann. Phys. (N. y.) 50, 189 (1968). 
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to the cross section, some of which have not yet been 
calc~ilated. 

111. APPARATUS 

The apparatus, which is shown in Fig. 2, was similar 
to  that  used in recent measurements of elastic electron- 
proton scattering and quasielastic electron-deuteron 
scattering a t  H a r ~ a r d . ~ ~ ~ ~ ~  

An external electron beam from the Cambridge elec- 
tron accelerator was focused upon a liquid-hydrogen 
target and electrons scattered a t  the appropriate angle, 
within a 14% momentum interval centered upon the 
peak of the A(1236) resonance, were detected in a half- 
quadrupole magnetic spectrometer. Protons and posi- 
tive pions were detected in coincidence with scattered 
electrons by a counter array consisting of three scintilla- 
tion counters, a 12x12  scintillator hodoscope and a 
Plexiglas Cerenkov counter, protected from the back- 
ground flux of low-energy charged particles by a 
sweeping magnet. 

The data associated with each event were processed 
by an on-line PDP-1 computer and stored on magnetic 
tape. S o  attempt was made to separate pions from 
protons during data taking. particle identification was 
accomplished during subsequent analysis using pulse- 
height information from the first two scintillation 
counters and the Cerenkov counter of the coincidence 
array. 

A. Electron Beam and Target 

The incident electron beam was focused to form a 
spot, typically 3 mm wide by 1 mm high, at  the target 
position. The size and position of the spot were observed 
by lowering a carefully surveyed tungstate screen into 
the electron beam a t  the target position and viewing 

FIG. 2. Plan view of apparatus. 

25 M. Goitein, R. Budnitz, J. Appel, L. Carroll, J. Chen, J. R. 
Dunning, Jr., K. Hansob, D. Imrie, C. Mistretta, J. I(. Walker, 
and Richard Wilson (unpublished). 

26 R. Budnitz, J. Appel, L. Carroll, J. Chen, J. R. Dunning, Jr., 
M. Goitein, K. Hanson, D. Imrie, C. Mistretta, J. K. Walker, 
and Richard Wilson, Phys. Rev. 173, 1357 (1968). 

the fluorescence with a closed-circuit television system. 
Unscattered electrons passed through a tuned rf 
cavity, which monitored the horizontal position of the 
beam 3 m downstream from the hydrogen target, 
traversed a 0.4 radiation-length secondary-emission 
monitor (SEM), and were collected by a well-shielded 
Faraday cup. The Faraday cup current was transmitted 
to an integrator circuit which was calibrated to better 
than 0.1%. The over-all uncertainty in the measure- 
ment of the beam flux is estimated to be less than 0.4%. 
The SEM was used only as a relative monitor to check 
the long-term stability of the Faraday cup and inte- 
grator system. 

The incident beam passed axially through a cylin- 
drical target cup approximately 5 cm long and 3 cm in 
diam, constructed of 0.013 cm Mylar with 0.004 cm 
aluminum end caps. The liquid hydrogen was con- 
densed from tanks of gaseous hydrogen using cold 
helium gas as a refrigerant. The details of the cryogenic 
system are described in Ref. 27. Several nominally 
identical target cups were used throughout the course of 
the experiment. Their lengths were measured a t  room 
temperature and a -0.4% correction was applied to 
allow for the change in length upon cooling.25 The 
number of protons per unit area of the target was 
calculated using a value of 0.0708 g/cm3 for the density 
of liquid hydrogen a t  1 atm and is estimated to be in 
error by less than 0.5%. 

B. Electron S~ectrometer 

The electron spectrometer, which consisted of a half- 
quadrupole magnet followed by a series of scintillation 
counters, a Cerenkov counter, and an electron shower 
counter, has been described in detail by Goitein et aLZ5 
The entire svstem was mounted on a massive il~ovable 
platform which could be rotated in the horizontal plane 
about a pivot situated beneath the center of the target. 

The half-quadrupole magnet was a standard CEA 
30-cm quadrupole magnet split vertical1~-, with one-half 
replaced by an iron flux-'eturn piece. A 1.2-m-long 
lead plug, held centrally in the gap, shielded the scin- 
tillation counters in the focal plane from direct line of 
sight of the target. The electron solid angle was defined 
in the horizontal plane a t  the rear of the magnet by a 
5-cm-thick lead and tungsten aperture, and in the 
vertical plane in front of the quadrupole by 1.5-cm- 
thick, tapered tungsten jaws. Each effective aperture, 
one corresponding to electrons passing over the central 
plug, the other to electrons passing below it, subtended 
a solid angle of approximately 0.4 msr a t  the target. 
The error in the electron solid angle is estimated to 
be 1.2%. 

The use of a half-quadrupole magnet allowed small 
electron scattering angles to be employed, with a con- 
sequent increase in the counting rate and in the virtual 

27 M. Goitein, Ph.D. thesis, Harvard University, 1968 
(unpublished). 
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C HALF QUADRUPOLE il n detection of electrons associated with a fixed pion- 
nucleon c.m. energy in a particular spectrometer energy 
bin. The tilt of the counters could be adjusted remotely 
between limits of 52" and 90" to the spectrometer axis. 

FIG. 3. Side view of momentum defining counters in the elec- 
tron spectrometrs, illustrating a falling trajectory crossing the 
center of the focal plane. Triggered counters are shaded. 

photon polarization. The minimum attainable electron 
scattering angle was approximately 6.5'. 

Scattered electrons passing through the magnet were 
focused on to an array of 25 scintillation counters 
(Fig. 3), which defined the crossing point of trajectories 
within a momentum band of &7% about the central 
momentum determined by the magnet current. The 
counters defined momentum intervals which were 
nominally 1% wide, with the exception of four 3% bins 
around the central momentum. The over-all momentum 
resolution of the spectrometer varied between 1.5 and 
3% (full width a t  half-maximum), depending on the 
scattered momentum, and led to a resolution of f 20 
MeV in W. The resolution was limited by the length 
of the target, the vertical extent of the electron beam, 
and multiple scattering of the scattered electrons. 

Directly behind the momentum-defining counters 
was an array of ten electron-angle counters which 
effectively subdivided the electron aperture into vertical 
slices for more precise definition of the electron-scatter- 
ing angle and thus of the direction of the momentum 
transfer to the target proton. 

Discrimination against negative pions was provided 
by a Freon-C-318-filled threshold Cerenkov counter 
and by a lead-Plexiglas shower counter. The back- 
ground was sufficiently small that either of these 
counters used alone would have been sufficient to 
define electrons. In practice, the counters were adjusted 
to be 100% efficient for electrons during data taking. 
Small biases, reducing the electron-detection efficiency 
to between 95 and 98%, were introduced when the data 
were analyzed. With these biases, the pion contarnina- 
tion was negligible. Possible contamination by elec- 
trons from Dalitz decay of neutral pions was checked by 
reversing the spectrometer field and focusing positrons, 
since the decay gives rise to equal numbers of electrons 
and positrons. The contamination was found to be less 
than 1% and was ignored. 

Since the energy of the scattered electron varies with 
the scattering angle, it was necessary to tilt the spec- 
trometer counters in the horizontal plane to ensure the 

C. Pion-Proton Coincidence Array 

The pion-proton coincidence array consisted of a 
triple scintillator telescope, a 12X 12 hodoscope, and a 
Plexiglas Cerenkov counter. The entire system was 
protected from low-energy, charged-particle back- 
ground by a C magnet with 30 cmX30 cm pole pieces, 
35 cm apart, positioned as close to the target as possible 
to maximize the solid angle subtended by the detectors. 
The solid angle subtended by the hodoscope in the 
present measurement was approximately 200 msr. 

The data at  0.25 ( G ~ V / C ) ~  were taken with an inte- 
grated clearing-field strength of 1.9 kG m. For the re- 
mainder of the measurements the field strength was 
0.81 kG m. Reducing the field increased the background 
counting rate fractionally, but produced a significant 
reduction in the distortion of the coincidence particle 
trajectories caused by the clearing field. 

The background counting rate was mainly target 
associated and depended strongly upon the adjustment 
of the magnets in the external electron beam and the 
angle of the coincidence arm with respect to the beam. 
Under the conditions of the present ex~eriment the 
y-ray background in the counters necessitated the use 
of a triple coincidence in order to reduce random coin- 
cidences to an acceptable level. Typically, with resolu- 
tion time of 10 nsec, the triple coincidence rate SS2S3 
was only 10% of the SlSz coincidence rate. 

In the majority of kinematic situations encountered 
in the experiment, pions from the e-+fzf ?r+ final state 
had P20.9, whereas protons from the ?rO reattion had 
P50.7. Therefore, in principle, a Plexiglas Cerenkov 
counter for which the threshold is Pz0.66, provides a 
simple means of separating the two single-pion electro- 
production reactions. Two such counters were con- 
structed. The first was used in the measurement a t  
0.25 ( G ~ V / C ) ~  and a second, improved version was 
used a t  all other four-momentum transfers except 0.6 
( G ~ V / C ) ~ ,  where both were employed. 

IV. EXPERIMENTAL PROCEDURE 

Whenever an event of interest occurred, an event 
pulse was generated. This pulse triggered a multiplexer 
circuit connected to the PDP-1 and initiated the trans- 
fer of the following information to the computer, where 
i t  was stored on magnetic tape. 

(1) Pulse-height information from counters S1 and 
Sz, the Plexi las Cerenkov counter C, and the electron 
shower and 8 erenkov counters. 

(2) Information regarding which of the 35 electron 
counter and 24 hodoscope counter discriminators had 
been triggered. 
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(3) Pulse-height information from a time-to-ampli- nucleon c.m. energy assigned to a particular spectrom- 
tude converter (TAC) which registered the time differ- eter energy bin. 
ence between electron and coincidence-arm pulses. 

(4) The incident beam energy a t  the time of the B. Calibration of Spectrometer Energy Bins 
event. 

( 5 )  The presence of any of several real or delayed 
coincidences between selected counters. 

(6) The current status of devices recording the 
integrated beam current, run time, and the total 
number of triggers which were presented to the 
computer. 

An event pulse was generated by a fast triple coin- 
cidence S1S2S3 in the recoil array in coincidence with 
either an "electron" pulse in the spectrometer, or an  
electron pulse delayed by approximately 42 nsec. The 
latter pulse was used to investigate the hodoscope dis- 
tribution of random-coincidence events and was an 
essential feature of the experiment because the back- 
ground fluu was not uniform across the hodoscope. An 
event was labeled "real" or "delayed" by setting an 
appropriate bit in one of the nlultiplexer words. 

.4n "electron" pulse was generated by the coin- 
cidence of at  least two electron momentum counters, 
indicating the presence of a crossing trajectory in the 
quadrupole spectrometer, together with a pulse within 
the electron peak in the shower counter. The Freon 
Cerenkov counter was not involved in the formation of 
the event pulse. 

The conditions necessary for the generation of an 
event pulse were deliberately kept nonselective in order 
to avoid the rejection of genuine events. 

A. Scattered Electron Energy 

The average energy focused in the central bin of the 
electron spectrometer as a function of the half-quad- 
rupole current was determined experimentally by 
measuring the position of the elastic scattering peak 
for a large number of incident beam energies. I n  order 
to obtain a result which was independent of the angle of 
tilt of the spectrometer counters, a ly0 correction was 
made to the scattered energy to  obtain the energy which 
would have been focused a t  the pivot of the central 
counter with the same magnet current. This energy is 
independent of the counter tilt. 

The calibration procedure was onlj- used to obtain a 
curve of dE/di versus i, where E is the energy focused 
a t  the counter pivot and i is the current in the half- 
quadrupole magnet. The scattered energies for a par- 
ticular set of electroproduction data were determined 
by first focusing the elastic-scattering peak a t  the center 
of the focal plane and then reducing the magnet current 
in order to focus the A peak. Since the scattered energy 
a t  the elastic peak was known, i t  was only necessary to 
use the magnet calibration to deduce the energy change 
produced by the change in current. This procedure led 
to an error of approximately f 10 MeV in the pion- 

The acceptances of the nominally lY0 wide energy 
bins of the electrons spectrometer were determined ex- 
perimentally by letting each counter perform a step- 
wise integration over a particular electron energy 
spectrum. The incident electron energy and scattering 
angle were fixed and the current in the magnet was 
varied in eaual s ~ ~ D s  in order to move the electron 
spectrum past the bin in question. 

I n  the following discussion i t  is convenient to label 
quantities with two parameters, x the bin label and i 
the magnet current. The objective of the calibration 
was to determine AE (x,io), where AE (x,io) is the energy 
acceptance of the xth bin at  current io,  for all x. 

Since the magnet did not saturate appreciably a t  the 
currents used, 

AE (x , i )  = AB(x,io)z/io 

with an accuracy better than 1%. 
The formula for S,, the total number of electrons in 

the particular spectrum, is 

where the factor S ,  corrects for the loss of electrons 
from the xth bin due to counter overefficiencies and 
inefficiencies, Ai is the current increment, and Ni  is the 
number of counts obtained in the bin a t  current i. Sub- 
stituting for dE/di and rearranging, 

Equation (6), without the factor l/iV,, gives the relative 
sizes of the energy bins. The absolute normalization of 
these bins was determined in two independent ways. 

(1) For each fixed current, an energy interval 
centered on the peak was chosen. The nominal width of 
this interval was selected to be the same as that used 
in the determination of the relative bin sizes and an 
integral over the spectrum was performed using those 
counters which were within the interval. This integral, 
which determined S,, was calculated for all currents 
which focused the peak of the spectrum sufficiently 
close to the center of the momentum counters that  the 
complete energy interval was available. 

(2) The second method of normalizing the bins was 
to move the elastic peak between two widely separated 
counters by a known change in current. However, the 
difficulty in determining the exact positions of the 
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elastic peak contributed a 2.5% error to the bin sizes the spectrometer was, typically, 0.1, the ratio of 
in this method. In  addition to the statistical errors and delayed coincidences to all electrons was 0.01. 
the error noted above, the measured bin widths contain If the delayed-to-real coincidence ratio had not 
uncertainties associated with instabilities in the energy limited the beam intensity, a similar problem, that of 
and position of the electron beam. Fluctuations in the ambiguous hodoscope events, would have limited the 
energy of the incident beam were kept below O.O20j, and beam to an intensity about twice as high as that  which 
are estimated to contribute an error of less than 3% to was actually used. At the beam intensities used, the 
the bin sizes. The low beam intensity used during the probability of observing a random event in an addi- 
calibration measurements did not permit the horizontal tional hodoscope counter, in such a position that  the 
position of the beam to be monitored with the rf cavity. genuine particle could not be located to within f one 
Assuming the maximum horizontal fluctuations ob- bin, was 0.06. 
served a t  higher beam intensities, the corresponding 
error in the bin widths is estimated to be 3%. The V. DATA ANALYSIS 
maximum vertical movement of the beam a t  the target The analysis of the data was performed in three 
is eypected to be less than 0.1 mm, which contributes an stages. In the first stage, the raw data stored on mag- 
additional error of less than 3.5y0. netic tape were analyzed for trajectories in the electron 

The errors due to these effects were minimized by spectrometer which crossed the focal plane within the 
varying the magnet current two increments a t  a time, desired energy bin. Events satisfying the appropriate 
with the intermediate steps filled in on a second pass criteria were written by the PDP-l computer onto a 
across the 'pectrum. Adding the above in quadra- momentum-analyzed intermediate tape. At the second 
ture with the statistical errors, the over-all uncertainty stage of the analysis the momentum-analyzed tape was 
in the width of a single energy bin is estimated to be 7%. 

reanalyzed with a second PDP-1 program. This program 
This is the dominant source of systematic error in the enab!ed biases to be introduced in the electron shower present euperiment. 

and Cerenkov counter spectra, and in counters S1, St, 
and C of the coincidence arm in order to select genuine 

C. Electron Scattering Angle electrons, and pions or protons as required. The data 

~h~ electron scattering angle was measured by from this stage were then used as input to an IBM 7094 

placing an accurately surveyed 3-mm glass slide in the computer program which performed three main tasks : 

electron beam. The spot produced on this slide and the (1) tracing rays through the sweeping magnet in 
beam position observed on the target tungstate screen order to determine the angles and solid angles asso- 
served to determine the incident-beam direction and its ciated with each hodoscope bin, 
position relative to the spectrometer aperture. (2) grouping of the hodoscope data into specified 

The rf cavity was used to monitor the beam position @,*-+, bins, and 
throughout the data taking and a t  the time of the glass- (3) normalization and averaging of the hodoscope 
slide exposure. For some of the measurements the beam data associated with each electron-angle counter. 
intensity was too low to produce a useful signal in the 
monitor. For these runs i t  was assumed that the angular During the first stage of the analysis the cO1nputer 

deviations were as large as the masinlum deviations not only assigned trajectories to the correct energy 

observed in the runs for which rf cavity measurements bins but, within each bin, sorted the events into several 

were available. categories determined by the pattern of triggered 

~h~ uncertainty in the scattering angle was esti- counters. The events were first assigned to one of three 

mated to be 0.5% a t  four-momentum transfers above genera' 

0.1 ( ~ e v / c ) * ,  giving rise to a 2% uncertainty in the (1) those events for which a falling electron tra- 
cross section, due to the error in the factor I'T defined jectory crossing the focal plane of the spectrometer 
in Eq. (2). At q2=0.05 ( G ~ V / C ) ~ ,  where the low beam could be unambiguously identified, 
intensity made beam monitoring difficult, the corre- ( 2 )  good, rising trajectories, 
sponding uncertainty in the cross section is 4%. (3) events which did not have a pattern character- 

istic of a crossing trajectory. 
D. Beam-Intensity Limitations 

Events in classes (I)  and (2) were further subdivided 
Random coincidences between electrons and unasso- into ten categories, coded 00 through 22, and 7 7, where 

ciated charged particles in the recoil arm were the an error code nl indicates that the event has ~t counters 
principal source of background in the experiment. I n  missing from the perfect pattern and 1 extra counters 
order to ensure the reliability of the data, the beam on. Code 7 7  included all events with more than two 
intensity was reduced until the ratio of delayed to real counters inefficient or on in random coincidence. 
events was approximately 0.1. Since the ratio of elec- The sum of categories 00 through 10 for rising and 
trons with a coincidence to all electrons detected within falling trajectories contained approximately 85% of all 
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event triggers and 95y0 of the eventually accepted and a is a product of nine factors which correct the 
events. Onlv these categories were written on to the cross section normalization for ., 
momentum-analyzed tape and used to obtain the elec- 
troproduction angular distributions. The appropriate 
normalization factor for the cross section, S,, was de- 
termined by hand-scanning a selection of several 
hundred events with higher error codes. The error in 
the correction factor is estimated to be less than 1.57,. 

In order to extract the angular distributions as a 
function of pion-nucleon c.m. energy, the data were 
grouped into electron-energy bins which subtended 
approximately 2y0 of the scattered electron energy at  
four-momentum transfers of 0.05, 0.13, and 0.25 
( G ~ V / C ) ~  and 1.57, a t  0.4 and 0.6 (GeV/c)2. The corre- 
sponding interval in the n-LV c.m. system was approxi- 
mately 40 MeV. Since the cross section mightbeexpected 
to vary rapidly with c.m. energy, the distorting effect of 
grouping the data into 40-MeV bins was examined 
using the dispersion theory of Adler.24 For both no and 
?r+ &a1 states the errors introduced into the cross sec- 
tion were estimated to be less than 27, and were 
ignored. 

The measurement of pion and proton angles was 
limited by an uncertainty of approximately 3' (lab) in 
the direction of the three-momentum transfer to the 
isobar system, due to the energy and angular resolution 
of the scattered electrons. In the analysis, the hodo- 
scope data were grouped into large bins, which sub- 
tended horizontal and vertical laboratory angles a t  the 
target of approximately 6". For positive pions the corre- 
sponding increlslent in c.m. polar angle was 8"-10". 
For protons the increment was between 10' and 15'. 

For small c.m. polar angles, i.e., in the direction of 
three-momentum transfer, the resolution did not permit 
a good measurement of +,. However, the azimuthal de- 
pendence of the cross section is small in this region and 
good resolution is not required. At large polar angles, 
the resolution was adequate and the data were grouped 
into 4, bins 15'-25' wide. 

A. Cross-Section Formula 

The cross section associated with one (@,*,+,) bin is 
given by a sum over all hodoscope (i, j) bins included 
within the angular bin, and over the electron-angle 
counters. The formula employed was 

where S, is the number of incident electrons, AT, is the 
number of target protons per unit area normal to the 
incident beam, AB' is the width of electron energy bin, 

(1) combined efficiency of electron shower 
Cerenkov counters, 

(2) monlentum analysis efficiency S,, 
(3) electron angle-counter efficiency, 
(4) radiation by the electron, 
(5) the computer dead time, 
(6) the efficiency of the hodoscope counters, 
( 7 )  coincidence particle absorption, 
(8j combined efficiency of S1 and C for pion or pi 

detection, and 
(9) empty target background. 

and 

roton 

N(i, j )  is the number of counts in the (i, j )  hodoscope 
bin which survive all counter biases and for which the 
delay bit was off. X,(i, j) is the number of analyzed 
delayed events in the (i, j )  bin. f, is the correction factor 
to allow a large sample of delayed events to be used. 
(Since the angular distribution of delayed events did 
not depend on the electron momentum, a certain frac- 
tion of the total number of delayed events was sub- 
tracted from the counts associated with each electron 
momentum bin.) 

fa is the fraction of total electron counts observed in 
d - 

electron angle counter, a. AQ,,,(i,j) is the c.m. n+ 
(proton) solid angle. Awe is the laboratory solid angle 
for electron detection. u(i, j )  is the pion decay correc- 
tion= 1.0 for the nO+p final state. For x+ events, 
u(i , j)  varied between 1.0 and 1.12, depending upon the 
average pion momentum and the position of the bin 
within the hodoscope. 

B. Radiative Corrections 

In the region of the A(1236) resonance, the most im- 
portant radiative correction is the Schwinger correction 
for electrons which are associated with the proper 
isobar energy I T '  but which are detected a t  higher W 
(lower scattered energy) because of radiative energy 
loss by the scattered electron. If this were the only 
type of radiative correction, the experimentally ob- 
served doubly differential cross section would be related 
to the radiation-free cross section by 

d2r 
e-?, (8) 

where 

This formula includes the effect of physical radiators of 
thickness t. radiation lengths after the target and t a  
before it.28 For the present measurement, t.=0.009 
and t b= 0.003. 

28 J. D. Bjorken, Ann. Phys. (N Y.) 24,201 (1963). 



Since the energies of the coincident pions or protons 
were not measured, only radiation from the electron 
was important. Therefore, no attempt was made to use 
a more complicated prescription for 6,29 and Eq. (8) was 
assumed to hold for the triply differential cross section. 

The other correction to the observed cross section is 
due to electrons which have radiated into the experi- 
mental energy bin from regions of lower TY (higher El). 
In  the spirit of the "peaking approximation" i t  is 
assumed that this correction can be divided into radia- 
tion before and radiation after scattering. 

In  a notation similar to that of Bj0rken,2~ the real 
and observed doubly differential cross sections are 
related by 

d20 (exp t) d2a 
(E,E1,O,) =- (E,E',0,)e-6 

du,dE1 dUedEf 

I- d2lr 

where P,(E,EU) and P,(E1',E') are the probabilities for 
radiation before and after scattering, respectively, 

The P's are estimated to be reliable to within 20%. 
The corrections to the triply differential cross sections 

were performed using a prescription similar to that of 
Eq. (9). In order to avoid the problem of calculating 
the efficiency for detecting coincident particles as a 
function of Il', experimentally observed cross sections 
were used in the radiation integrals. Since the observed 
cross sections were not corrected for radiation, an itera- 
tive procedure was used. 

In the first iteration, the cross sections in the second 
integral were replaced by the cross sections obtained 
experimentally a t  each value of El1. The cross sections 
in the first integral were approximated by multiplying 
the observed cross sections by a factor to correct for the 
kinematic and form factor variations, produced by the 
changes in the electron energies. Specifically, the ap- 
provimation used was 

- , - , - ,  . - , - ,  - 
* P. Urban and F. Widder, Institute for Theoretical Physics, 

University of Graz, Austria, Report, 1966 (unpublished). 

a t  fixed I.V and Ea, so that only two of El-4 are inde- 
pendent. I'T is the kinematic factor defined in Eq. (2) 
and F is a factor describing the dqnamics of the photon- 
hadron vertex. F was approximated by the magnetic 
dipole contribution to the cross sectionz2 

The iteration was continued until successive values 
of the corrected cross section differed by less than lyo. 

Since radiation into the energy bin from radiation 
before scattering was approximately 5yo of the observed 
cross section, an error of 40y0 in the radiation integral 
contributes 2yo uncertainty to the over-all correction. 
This is of the same order as the uncertainty connected 
with the peaking approximation. The over-all un- 
certainty in the radiative correction is extremely 
d i c u l t  to estimate reliably. However, it is expected to 
be less than 4Yc 

C. Pion-Proton Separation 

The separation of positive pions from protons was 
achieved by setting biases in the pulse height spectra of 
counters S1, Sp ,  and C. Figure 4 shows the S1 spectrum 
a t  q2= 0.13 (G~\T/C)~ ,  IV= 1.23 Gel', where the pion and 
proton peaks were well separated. In this region it wits 
possible to isolate a sample of pions with negligible 
proton contamination by placing biases in the S1 and C 
pulse-height spectra to produce an over-all detection 
efficiency of about 807,. Similarly, pure samples of pro- 
tons could be isolated with an efficiency of about 98%. 

The angular distributions presented in this paper 
were determined only from the events which survived 
the biases in S1 and C. The absolute normalization was 
determined as follows. Biases were set in two counters 
a t  a time and the resulting pion or proton spectrum in 
the third counter was examined to determine its effi- 
ciency. This was done with several biases until the pure 
pion and proton spectra were known in each of the three 

CHANNEL NUMBER 

FIG. 4. Pulse-height spectrum in counter S1. 
q2= 0.130 (GeV/c)>; W = 1226 MeV. 
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counters. The efficiency for the S1-C bias could then 
be obtained by estimating the total number of pions or 
protons in either S1 or C before setting the bias and 
comparing this number with the number of events 
surviving the biases. Alternatively, since the spectra 
in S1 and C were uncorrelated, the efficiency could also 
be calculated as the product of the efficiencies in each 
counter. The results using each of the above procedures 
were consistent. 

.it four-momentum transfers above 0.3 (GeV/c,Iz the 
specific ionizations of the pions and protons became 
similar and the separation was more difficult. I n  this 
case, the detection efficiency for the less common n+ 
events was often reduced to 5&SO% in order to prevent 
proton contamination and was more difficult to estimate. 
The procedure was complicated by the strong correla- 
tion between pulse heights in S1 and S2, and the ab- 
sorption of pions between S8  and C. However, the 
ef-ficiency was estimated in several ways for each set of 
biases and agreement to within 5'36 was obtained in 
all cases. 

D. Hodoscope Analysis 

The calculation of the solid angle associated with each 
of the hodoscope bins was conlplicated by the presence 
of the sweeping magnet field. Because the field was 
nonuniform it was necessary to make detailed measure- 
ments of the field and to employ a computer program 
to trace the particle trajectories from the target to the 
hodoscope. All three components of the magnetic field 
were measured with a Hall probe with a reproducibility 
of about 0.2y0. 

The computer program used to do the ray tracing 
was an adaption of a CERN progran3O The solid angle 
subtended bq- each hodoscope bin was determined by 
finding the rays from the target center which passed 
through the four corners of the bin. An initial set of 
trial rays were chosen using an effective-length model 
for the sweeping magnet and the final raj-s were ob- 
tained by iteration. 

The uncertainties in the laboratory solid angles are 
estimated to be less than 2.5% for all except the mea- 
surements a t  0.25 (G~'C'/G)~, where the); are expected to 
be approxinlately 3.0%. The uncertainty is primarily 
due to the fact that the nonuniform particle deflection 
results in a distortion of the rectangular bin shapes. 
The net deflection of the particles varied between 3 and 
9 cm a t  the hodoscope and was usually no larger than 
the horizontal dimensions of the composite bins chosen 
for grouping the data. 

E. Backward Protons in the Reaction 
e-+p -+ e - f  p f  no 

Protons from the reaction e-+p -+ e-+p+nO emerge 
within a cone of semivertical angle a about the direc- 

aoL. Griffiths, C. R. Symons, and B. Zacharov, CERK Report 
No. 66-17, 1966 (unpublished). We are grateful to L. Griffiths 

tion of the three-momentum transfer, where a= go*, 
and cosB*,,,= - lp*l/P,p$. Here d: is the Lorentz 
transformation connecting the proton lab angle to the 
corresponding c.m. angle, P, is the velocity of the pion- 
nucleon system in the lab, and p* and pa* are the 
momentum and energy of the proton in the c.m. system. 

For laboratory angles less than a, two groups of 
protons are observed, one with O*>O*,, the other 
with 0*<0*,. I n  the following discussion, the former 
will be called backward protons, the latter fonvard. 

The energies of the two groups of protons differ con- 
siderably, with the exception of a small angular region 
near O*, and, for the majority of four-momentum 
transfers, the backward protons were stopped before 
they could be counted in the hodoscope. No attempt 
was made to evaluate forward proton cross sections from 
hodoscope bins where there was any possibility of back- 
ward proton contamination. In  practice, except for the 
measurement a t  0.6 ( G ~ V / C ) ~ ,  where the range of back- 
ward protons was sufficient to contaminate the whole 
hodoscope, this limitation merely meant restricting the 
maximum proton lab angle to approximately 1.5'. At 
0.6 ( G ~ V / C ) ~  the analysis was confined to a+ cross 
sections. 

VI. NONCOINCIDENCE CROSS SECTIONS 

At frequent intervals during the course of the inelastic 
coincidence runs, measurements of the elastic cross 
section were made in order to ~ r o v i d e  a check of the 
inelastic cross-section normalization. Since the recoil 
protons from elastic electron scattering were outside the 
angular acceptance of the coincidence array, the elastic 
cross sections were measured by detecting the scattered 
electron alone. 

The data were analyzed in a manner similar to that 
described bv Goitein et aLZ5 The results are shown in 
Fig. 5, wh;re they are plotted as ratios to the cross 
sections predicted by the Rosenbluth formula with the 

THIS EXPERIMENT 
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FIG. 5. Elastic electron-proton differential cross-section mea- 
surements expressed as ratios to the dipole fit cross section. The 
dashed line serves only to guide the eye. 

for providing us with a FORTRAN listing of this program and in- 
valuable explanatory comments. 
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FIG.  6.  Noncoincidence inelastic electron-proton scattering. 
(@u/dE'dQ)jl'r as a function of the equivalent photon energy a t  
four-momentum transfers between 0.1 and 0.2 (BeV/c)l. 

proton form factors assumed to obey the scaling law 
and the dipole fit3' 

Also shown in the figure are some previous measure- 
ments in this region of four-momentum 
The agreement is satisfactory. The dashed line serves 
only to indicate the general trend of the data and has - 
no other significance. 

The observed cross sections depart systematically 
from the predictions of the dipole fit and the scaling 
law. The most im~ortant  effect of this involves the 
comparison of the inelastic coincidence cross sections 
with the dispersion-theory predictions of Adler and of 
Zagury. These theories were evaluated with the dipole 
f i t  form factors. Because of this, and the similar four- 
momentum transfer dependence of elastic and inelastic 
scattering, the predictions of Adler and of Zagury for rro 
production have been multiplied by the ratio of the 
elastic cross sections to those predicted by the dipole fit. 
In the n+ production, the theoretical predictions were 

FIG. 7. Azimuthal angular distributions for the reaction 
e-+P + e-+P+@ a t  -0.05 (GeV/c)', 6,*=130° for two 
different pion nucleon c.m. energies. The solid and dashed lines 
are the predictions of Adler and of Zagury, respetcively. 

31 M. Goitein, J. R. Dunning, Jr., and Richard Wilson, Phys. 
Rev. Letters 18,1018 (1967). 

D. J. Drickey and L. N. Hand, Phys. Rev. Letters 9, 521 
(1962). .-- - - r  * P. Lehmann, R. Taylor, and Richard Wilson, Phys. Rev. 126, 
1183 (1962). 

a4 T. Janssens, R. Hofstadter, E. B. Hughes, and M. R. Yearian, 
Phys. Rev. 142, 922 (1966). 

not normalized in this way because of the dominance 
of the pion form factor, which was treated as a free 
parameter. 

The elastic-scattering cross-section values and the 
ratios to the dipole-fit predictions are shown in Table 11. 

A further check on the over-all normalization of the 
cross section is provided by comparing measurements of 
the doubly differential inelastic cross section, obtained 
by detecting the scattered electron alone, with previous 
measurements. Figure 6 shows a comparison of data 
obtained a t  a four-momentum transfer near 0.13 
( G ~ V / C ) ~  with the measurements of Lynch et aL3 a t  
qz= 0.1 and 0.2 ( G ~ V / C ) ~ .  The present measurements are 
also listed in Table 111. For the purpose of comparison 
the cross sections have been normalized by dividing by 
FT. The agreement is generally good. 

VII. DIFFERENTIAL CROSS SECTIONS FOR 
.xO ELECTROPRODUCTION 

Figures 7-10 show a0 angular distributions plotted 
as a function of 4, for several representative pion- 
nucleon c.m. energies a t  four-momentum transfers of 
0.05,0.13, 0.24, and 0.4 ( G e v / ~ ) ~ .  The solid and dashed 
lines are the theories of Adler and of Zagury, respec- 
tively, normalized as discussed in Sec. VI. This change 
in normalization was less than 6% in all cases (see 
Fig. 5 ) .  

The over-all agreement between theory and esperi- 
ment is remarkably good, but several general trends can 
be identified. 

(1) The agreement is best in the region of the - u 

resonance peak, especially below q2=0.4 ( G e \ i / ~ ) ~  
(Figs. 7-9). 

(2) ~ h k  theories underestimate the differential cross 
sections for I$' greater than the resonance energy 
(Fig. 9). Zagury's theoryu is somewhat better in this 

FIG. 8. Angular distributions for the reaction e - + p i  
e-+p++ campared with Adler's theory a t  q2=0.130 (GeV/c)2, 
W = 1226 MeV. The effect of the small c o s  term in the measured 
cross section, which tends to depress the data relative to the theory 
for -$>go0 and enhance it for +<go0, is visible a t  most pion polar 
angles. 
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FIG. 9. .bimuthal angular distrihu- 
tions for the reaction e-+pi 
e-+p+$ compared n i t h  Adler's 
theory a t  q h 0 . 2 5  (GeV 'cj2, Or*= 135" 
for several pion-nucleon c.m. energies. 

' W =  1132 MeV 

20 

10 

i 
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- _ _ I ~  1 
60 120 180 0 
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60 +m (,) 123 a 3  0 60 20 130 

'#.,:"1 

respect. However, a comparison of A d l e r ' ~ ~ ~  theory with 
Lynch's total cross-section data3 indicates no such dis- 
crepancy in this region of four-momentum transfer. 
The underestimation could be due to an  angular dis- 

uions tribution effect which tends to cancel in other re,' 
of O,*. However, a comparison of Adler's theory with the 
total cross-section data of Cone et ~ 1 . ~ ~  a t  qz= 1 ( G ~ V / C ) ~  
and above indicates that the theory is too low above 

TAI~LE 11. Electron-proton elastic scattering 
cross-section values. 

A 

-- pp - -. -- - 

q2 E du ldw, Ratio to dipole- 
(GeV/rIz (GeV) 0, (') (crn2/'sr) fit prediction 

the resonance. Once again, Zagury's theory fits the data 
better. 

(3) The theories underestimate the x0 cross section 
for B,*>90° a t  q2=0.4 ( G ~ V / C ) ~ ,  even a t  the resonance 
energy (Fig. 10). Since the theories fit the total cross- 
section data a t  higher four-momentum transfers, this is 
probably also due to errors in the calculation of the no 
angular distribution. I t  is well known that the theories 
do not agree with backward angle no photoproduction 
measurements. However, in the latter case the theories 
overestimate the cross section. 

There are no coincidence data6 from the Deutsches 
Elektronen Sjnchrotron (DESY) a t  q2= 0.8 (GeV/c)2 
which are generally higher than theory and tend to 
substantiate the present measurements at  0.4 ( G ~ V / C ) ~ .  

(4) Although the xo azimuthal distributions are 
dominated by the large cos29, term, as predicted, there 
is also evidence for a significant scalar-transverse (co*,) 
interference term a t  qZ=0.13 and 0.25 (GeLT/c)Z 
(Figs. 8 and 9). 

TABLE 111. Xoncoincidence inelastic electron scattering from TWO other no coincidence experiments have suggested 
hydrogen. (dZu/dk1dwe)/r~ as a function of the equivalent photon the presence of scalar interactions. Measurements were energy a t  a four-momentum transfer near 0.13 ( G ~ V / G ) ~ .  E=3.264 
GeV; 0,=6.76". made a t  the Tokyo synchrotron' a t  q2= 0.12 ( G e v / ~ ) ~ .  
-- -- - - - - -- - - -- The 180' no cross section, obtained for e = O . j  and 0.7, 

K (GeV) UT+ ~0 ( ~ b )  Error (pb) 

0.179 137 28 
0.21 1 215 44 
0 242 300 47 
0.264 364 40 
0.288 567 61 
0.325 699 76 
0.356 515 85 
0.387 355 72 
0.406 259 53 
0.43 1 250 51 
0.467 226 46 

-- -- 

a& A. A. Cone, K. It'. Chen, J. R. Dunning, Jr., G. Hartuig, 
N. F. Ramsey, J. K. Walker, and Richard Wilson, Phys. Rev. 156, 
1490 (1967). 

20 

(pb/srI 

10 
W = 1232 MeV 

FIG. 10. Azimuthal angular distributions for the reaction 
- + p  -+ eV+p+xO a t  q+0.4 (GeV/c)z. The solid and dashed 
enes are the predictions of Adler and of Zagury, respectively. 
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indicated a large scalar term, but with rather large 
errors. The DESY data6 a t  q2= 0.8 ( G ~ V / C ) ~ ,  B,o*= 90°, 
taken a t  two different electron angles, also showed 
evidence for a scalar term, but again the errors were 
large. 

( 5 )  At q2= 0.13 ( G ~ V / C ) ~ ,  K = 256 MeV, the present 
?rO data lie below the theoretical predictions by almost 
a factor of 2. This is surprising in view of the good 
agreement a t  K = 332 LfeVfor the same four-momentum 
transfer and a t  similar K values a t  q2=0.05 and 0.25 
(G~\ ' /C)~ .  Normalization errors have been searched for 
but have not been found. 

A. Phenomenological Analysis of the x0 Data 

For the TO process, which does not have large con- 
tributions from the pion pole term, i t  is possible to 
describe the cross section in terms of a multipole ex- 
pansion including only S and P pion-nucleon partial 
waves. I n  this section a multipole expansion is presented 
for each   art of the cross section described in Sec. I1 C. 
However, since a fit to the data in terms of nlultipoles 
requires a large number of parameters, the cross section 
has been described in terms of sis parameters which 
characterize the only possible angular dependence con- 
sistent with the presence of S and P waves. The fits 
to the data using these parameters should give some 
insight into the more fundamental multi~ole informa- u 

tion and will serve as a useful starting point for a more 
coni~lete analvsis of the data. 

The electroproduction cross section can be described 
in terms of six independent amplitudes! F i (i = 1 to 6) .22 
For the purpose of separating the scalar and transverse 
contributions i t  is common practice to work with F1 
through F4 which are purely transverse and two purely 
scalar, linear conlbinations of the original six, F7 and 
Fs I n  terms of these, the various terms of Eq. (5) can 
be written as36 

dcr/dQ,= (1 ii* 1 H7/MK)[/ F1/ '+ 1 F2 j 
- 2 cosO,* Re(F1) (F2)*]+sin28,* T ( O x * )  , 

duo/JSZ,= ( I ii* I I.17/MK) (q2/q*2) 
X [IF71 2+ I Fa / 2+2 cosO,* Re(F7) (Fa)*], 

T(8,*)= ( ( ~ ~ * I I I - / ~ M K ) [ ~ F Q ~ ~ +  IF4l2 

+2 Re(F2F3*+F1F4*+F3F4* cos0,*)], 

S(@,*) = - (2 1 ii* j TV/MK) (q2/q*2)112 Re[(F1+F4 
+F3 cos8,*)F7*+ (Fz+F3+F4 COSB,*)F~*]. (13) 

The nlultipole expansions of the F's are given by 
Zag~rq-. '~ The P-wave scalar multipole S1+ appears in 
this expansion via the equations 

F7=C (S~--S~~)PL'(COSO,*), 
1 (14) 

F8 =C Sl+P1+l'(cos0,*) -Sl-PI-~'(cosB,*) , 
"6. Zagury, Nuovo Cimento 52, 506 (1967); the term Wg 

in this paper should be replaced by -2Wa; S. Adler and N. Zagury 
(private communication). 

and is defined to be twice as large as the S1+ of AdlerZ4 
and others. Including only S and P waves leaves seven 
possible multipoles, giving 

Substituting for the F's in Eq. (13) and rearranging, 
the cross section may be written as 

where the multipole expressions for the coefficients A 
through F are 

A = ( I ~ ~ * ~ I ~ ' / M K ) { ~ E ~ + ~ ~ + ~ I M I + I ~ + $ ~ E ~ ~ I ~  
+ 1 M 1 /  2 - ~ e [ ( ~ 1 - ) ( ~ ~ + ) * + 3 E 1 + ( M 1 + - M 1 - ) * ]  

f ~ ( ~ ~ / q * ~ ) [ / ~ l - / ~ +  1S1+12+ 1S8+12 

- 2 Re@-) (SI+)*]) , 
B= (2 I ii* 1 TI-/,%fK) R~{Eo+(M~+-MI-+~EI+)* 

+~((1~/q*~)[SO+(2Sl++Sl-)*]) 

C= ( ~ ~ ~ * ~ I I ' / M K ) { - $ ~ M ~ + I ~ + ~ I E ~ + ~ ~  
+3 ~e[?1F1+(3E1+-1141-)*-3M1-(Eit)*] 

+ ~ ( 3 q ~ / q * ~ ) [  Sli-1-2 RReS1+(S1-)*1} , 
D= - (2 1 ii* 1 11- 'MR) (q2/q*2)112 Re[Ed(Si--Slf)* 

+~at(3E~++M1--~~+)*[~~(t+l)]"~, 
T* j Ft'/MK) (q2/q*2)1/2 Re[E1+(2Sl-+ SI+)* E= - (61 - 

+sI+(MI--MI+)*][~E(E+ 1)]1'2, 

F= e(/ii*I T T - / ~ M K ) { ~ I  Ei+j2-3 /M1+I2 
-6 ~ e [ ~ l + ( ~ l + ) * +  MI(MI+-EI+)*]}. (17) 

A least-squares fit to the neutral pion data was per- 
formed with A through F as free parameters. The 
anal>-sis provided four major results. 

(1) The data can be adequately described in terms 
of S and P partial-wave amplitudes. 

(2) There are significant scalar-transverse (co*,) 
terms in the cross section a t  q2=0.13 and 0.25 ( G ~ V / C ) ~ ,  
which are most simply interpreted as interference 
between the S1+ (scalar quadrupole) and MI+, magnetic 
dipole, partial-wave amplitudes. 

(3) The electric quadrupole El+ amplitude is typi- 
cally 5-13% of the resonant MI+ magnetic dipole 
amplitude, in reasonable agreement with photoproduc- 
tion analy~es .~ '  

37 F. A. Berends, A. Donnachie, and D. L. Weaver, Nucl. 
Phys. B4, 165 (1967). 
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Frc. 11. Phenomenological a n a l ~ s i s  of the reaction e - + p +  e-+ p + # .  Best-fit angular coefficients a t  q2"0.25 ( G ~ V / G ) ~ .  

(4) The f our-momentum transfer dependence of the 
Ml+ amplitude, which is often described as the y-VA 
transition form factor, is approximately proportional 
to the nucleon isovector magnetic form factor, as sug- 
gested by Ash et ~ l . , ~ *  but is also consistent with the 
exponential form-factor dependence proposed by Dufner 
and T ~ a i . ~ ~  

Since neutral pion production in this energy region 
is known to be dominated by  the magnetic dipole 
amplitude M1+, evamination of the expressions for the 
angular coefficients shows that A ,  C, and F will be the 
dominant terms in the cross section. Furthermore, if the 
other multipole amplitudes are sufficiently small, the 
three coefficients will be related by - g-4 = C=F/E .  

For each data set a t  fixed TI7, q2, and E, the results 
were fitted with the espression given by Eq. (16) with 
A through F as free parameters. I n  all cases the mini- 
mum values of X 2  were reasonably consistent with the 
assumption that only S and P waves were present. For 
five of the 14 data sets, i t  was possible to obtain three- 
parameter fits in A ,  C, and F which represented the 
data well and which could not be improved significantly 
by adding extra free parameters. However, in no case 
was the relation -$A =C= F/E obeyed within the 
errors, indicating the presence of significant interference 
terms in the cross section. 

For the remaining data sets, four-parameter fits with 
either D or E: as the additional parameter produced a 
reduction in X2, implying the presence of scalar-trans- 
verse interference tkrms in the cross section. However, 
the two alternative fits which were obtained for each 
data set were essentially identical, since in every case 
A, C, and F were unchanged within their errors, 
while the best-fit values of D and E were related by 
D=-0.7E. When five-parameter fits were performed 
with both D and E as free variables, X? remained 
essentialll- constant, but the best-fit values of D and E 
became unstable. lleasurements with improved pre- 
cision over a wider range of pion polar angles will be 

38W. W. Ash, K. Berkelman, C. A. Lichtenstein, A. 
Ramanauskas, and R. H. Siemans, Phys. Letters 24B, 165 (1967). 

39 A. J. Dufner and Y. S. Tasi, Phys. Rev. 168, 1801 (1968). 

necessary to determine D and E on a purely phe- 
nomenological basis. - 

There are, however, physical grounds which indicate 
that the fits involving A ,  C, E, and F are to be preferred. 
The leading term in D is expected to be Re(SO+) (MI+)*, 
which will pass through zero in the vicinity of the 
resonance (since the phase of S 8  is small) while E 
contains the term Re(Slf)(Mit)*, which should peak 
a t  the resonance. Figure 11 shows the behavior of the 
fitted parameters a t  q2= 0.25 (GeV/'cj2 as a function of 
pion-nucleon c.m. energy. The fact that the coefficient 
of the co*, term remains positive across the resonance 
would appear to rule out the SO+, MI- interference 
term as the dominant contribution. Therefore, although 
the situation may be considerably more complicated, 
the simplest interpretation of the data is that a major 
wart of the observed scalar-traverse interference term 
is due to the resonant Sl+ multipole amplitude and that 
the size of the Slf amplitude is roughly consistent with 
the threshold relation 

Although the unambiguous definition of the leading 
scalar multipoles is difficult because of the problems 
outlined above, the precision with which the param- 
eters A ,  C, and F have been determined, and their 
stability under the inclusion of the cos& term in the 
fits. enable more definite statements to be made about 
the transverse multipoles. 

If it is assumed that the scalar-transverse interference 
term is caused by Sl+, MI+ interference, the contribu- 
tion to A and C from the /Sl+1 term is probably no 
more than 57, in the worst case. However, because of 
their small phases, the SO+ and the S1- amplitudes 
could conceivably make large contributions to '4, even 
though they give rise to small interference terms. No 
such problems can occur in C. For this reason C and F 
have been used to calculate values of Re(El+)(Mli')* 
and /MI+/  2. Since both C and F contain the expression 
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TABLE IV. Best-fit phenomenological parameters for neutral-pion electroproduction. 
..- 

No. of 
F datum 

(rblsr) points 

-20.412.8 32 
- 8 .41  2.7 41 
-18.312.7 58 
-21.812.5 55 
- 7.0f 0.7 49 
- 5 1 0  63 
- 1.51t1.0 61 
-10.711.1 66 
-13.811.3 59 
- Y . l i l . 0  60 
-5 .311 .5  35 

1.311.0 26 
-11.2+1.8 31 
-11.0i3.1 26 

it is possible to obtain the equation 

by assuming only that Ke(El+) (Ml+)*>>Re(Elt) (MI-)* 
and that the scalar terms in C are negligible. The addi- 
tional assumption that 3 / El+ 1 Z<<l MI+ 1 leads to the 
expression 

The ratio R e ( M c )  ( M I + ) / M ~ + ~  a t  q2= 0 can be obtained 
from the analysis of Ref. 37. At the highest and lowest 
four-momentum transfers the use of this value led to a 
variation of MI+ across the resonance which was con- 
sistent with the behavior expected on the basis of the 
pion-nucleon phase shifts.40 However, a t  the two inter- 
mediate four-momentum transfer points, a more con- 
sistent behavior for Ml+ was obtained when no correc- 
tion for this term was made. Because of this we have 
arbitrarily used one-half of the q2=0 correction a t  all 

four-momentum transfers and assigned an appropri- 
ately large uncertainty to the value of MI+ obtained 
from Eq. (20). The correction to MI+ was Oyo a t  reso- 
nance and, typically, 15% elsewhere. 

The best phenomenological fits to the data are shown 
in Table IV. The errors given for the fitting parameters 
are statistical only. The quantities H a p  are the correla- 
tion coefficients among A, C,  and F. The values obtained 
for I MI+ 1 * and Re(Ml+) (Elt)*/ I MI+ I are given in 
Table V. The errors are estimated standard deviations 
and include all sources of statistical, normalization and 
theoretical errors. I n  all cases, the ratio Re(Ml+) (El+)*/ 
1 M1+I2 is small, in agreement with photoproduction 
results. The sign of the interference is negative a t  the 
lowest four-momentum transfer value, as it is in photo- 
production, but becomes positive a t  q2= 0.13 (GeV, G)~, 
and finally becomes negative again. 

I t  is interesting to note that the resonant contribu- 
tions to the El+ and Sl+ amplitudes are forbidden by 
the quark rnodeL41 Although this lends some interest to 
the tentative interpretation of the observed scalar- 
transverse interference term, such a violation of the 
quark model has already bken suggested by photo- 

TABLE V. Multipole amplitudes in the reaction e-+P- ,  pro~uction data for the E ~ +  anlplitude.37 e - + p + ~ o .  The quantities \MI+ l 2  and Re(&+) (MI+)* were 
derived from the phenomenological parameters C amd F. Although the use of the parameter A in the phe- 

nomenological analysis may produce less reliable results 
Pa W (i iW/MK) jAf l+j2 Ke(El+)(il.il+)*/ because of the possibility of large scalar terms, it is 

( G ~ V / C ) ~  (GeV) Gtb/sr) lMl+12 interesting to exanline the results obtained using '4, 
0.0463 1.223 17.4 12.4  -0.091t0.03 along with C and F ,  to solve directly for I M ; + / ~ ,  
0.0475 1.197 9.1 1 2 . 0  -0.1210.05 
0.127 1.270 10.7 3 ~ 1 . 8  +0,01i0,04 Re(Ml+) (El+)*, and Re(MIp) (MI+)*. Neglecting all 
0.130 1.226 13.3 1 1 . 6  +0.06+0.03 terms in A except those involving a t  least the first 
0.132 1.183 4.5611.3 

1.321 3.1911.0 
+0.13*0.05 power of MI+, the results shown in Table VI are ob- 

0.240 -0.0510.05 
0.243 1.284 2.141 1.2 -0,1010,04 tained. The errors shown are pureli- statistical and do 
0.245 1.259 1.37k1.4 -0.08f0.03 not include the additional normalization error of 
0.247 1.228 10.1 1 1 . 2  
0.250 1.200 8.0 1 1 . 4  

-0.04f0.02 approximately 10%. 
-0.0610.02 

0.252 1.166 5.9 i 2 . 1  -0.0310.05 The results for Re(Ml+) (El7)* and I MI-1 are essen- 
0.398 1.278 7.4 i 1 . 6  -0.07f0.04 tially the same as those obtained from C and F. This 
0.404 1.232 9.8 A 2.0 -0.13& 0.05 fact lends some credibility to the results presented for 

Re(M  MI)*, but these nlav be unreliable because 
4QL. D. Roper, R. M. Wright, and B. T. Feld, Phys. Rev. 138, 

B190 (1965). 41 C. Becchi and G. Morpurgo, Phys. Letters 17, 352 (1965). 
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TABLE VI. Multipole amplitudes in the reaction e-+p -+ e-+p+so IMif 12, Re(El+) (MI+)*, and Re(Mt-) (.c~I')* 
derived from the phenomenological parameters A ,  C, and F. -- 

lp t G e v / ~ ) ~  Ct7 (GeV) (iiLl', J I K )  1-11 1+ l 2  (pblsr) Reit l i)  (Akfl')* IiM1+ Re(Jfl+) (MI-)* IAfli l 2  

of the large number of multipoles neglected in A .  How- 
ever, there are certainly no positive indications of large 
scalar terms in A .  

B. y N A  Transition Form Factor 

If the A(1236) is viewed as a real particle produced 
via a magnetic dipole transition, the four-momentum 
transfer dependence of the MI' amplitude can be related 
to a phenomenological form factor G.w*(q2). Several 
definitions of G.v*(q? appear in the literature. In  the 
notation of Ash et UZ.,~~ the form factor contains the 
complete four-momentum transfer dependence of the 
amplitude, with the exception of a factor of q*, the 
photon c.m. momentum which expresses the threshold 
behavior of the amplitude. Fronz Eqs. (16) and (1;) the 
magnetic dipole contribution to the cross section is 

\Vith the present definition of I'T, Eq. (4) of Ash et al. 
becomes 

so that ( 3  t * r  Ml+12)1' 

Gdw* (q2) = 2M - ---- - 
2a sin26 / Q* 1 . (23) 

The present measurement of G M * ( ~ ~ )  is based upon 
the reaction (e-+p) 4 (e-+A) 4 (e- TO) and the 
factor of $ in Eq. (22) accounts for the assumed branch- 
ing ratio of the A to the  TO+^ final state. I? is the width 
of the resonance (120 MeV) and 6 is the ($,$) phase 
shift.40 GLw* (0) is related to the photoproduction matrix 
element ,ti*, calculated by Dalitz and Sutherland42 by 
the equation 

-- GM* (0) = (M/LI:) 1'2p* . (24) 

42 R. H. Dalitz and D. G. Sutherland, Phys. Rev. 146, 1180 
(1966). 

From an analysis of photoproduction data, Dalitz and 
Sutherland obtained ,ti*= (1.28f 0.02) X (22/$)pp, where 
,tip= 2.79. Using Eq. (4), GM*(O) = 2.93&0.03. Ash et al. 
obtained G.lf*(0) = 3.00&0.01 by fitting the photopro- 
duction data of Fischer et ~ 1 . ~ ~  These results are to be 
compared with the prediction of current algebra and 
S LT(6) slmmetry, GM*(O) = 2.3," and the result of a 
recent current-algebra calculation by Barnes and 
LVilliam~,~~ G.v*(0)=3.5. Barnes and Williams state 
that the latter value is espected to be an overesti- 
mate of Gni*(O). 

The form factor C3 defined by Dufner and Tsai is 
related to G,If* by 

Their form factor C3(q2) appears as the coupling con- 
stant for one of the three invariant forms of the inter- 
action used in the isobar model. For the purposes of 
this discussion, Ca and G.w* differ primarily in normal- 
ization since the additional four-momentum transfer 
dependence implied by the square-root factor in Eq. 
(25) differs from unity by less than 45'4 a t  four-momen- 
turn transfers below 0.4 (GeV/c)2. 

The values for G**(qz) have been determined by 
averaging over the resonance. Since the M r ,  MI+ inter- 
ference term changes sign a t  resonance, its effect on 
GM* was negligible a t  q2=0.13 and 0.25 ( G ~ V / C ) ~ .  The 
correction caused by this term raised the value of GM* 
by 4% a t  q2=0.05 ( G ~ V / C ) ~  and lowered it by 3y0 a t  
0.4 (G~V/C)~ .  The present values of GM*(q2) are com- 
pared with the measurements of Ash et al. in Fig. 12. 

43 G. Fischer, H. Fischer, H. J. Kampgen, G. Khop, P. Schultz, 
and H. Wessels, in Proceedings of the Thirteenth Annual Inter- 
national Cmference on High-Energy Physics, Berkeley, 1966 
(University of California Press, Berkeley, 1967). 

44 Quoted by K. J. Barnes and R. M. W i a m s  (Ref. 45). 
45 K. J. Barnes and R. M. Williams, Nucl. Phys. B3, 424 (1967). 



1504 M I S T R E T T A  e t  a l .  184~ 

of +,, th; effects of this term tend to integrate out a i d  
  he agreement is generally good except for our b ~ e s t  the pion form-factor analysis is almost entirely de- 
four-molnentum transfer point, which high pendent on the more reliably calculable dgo/dQ,. How- 
when compared with the more precise ~ h o t o ~ r o d u c ~ ~ o n  ever, the observation of the cos+, dependence of the 
data. shown in the figure are the form-factor de- cross section serves as a qualitative test of the theories. 
pendence obtained by Dufner and T ~ a i , ~ ~  the prediction additional theoretical error was assiglle,j to the 
of the static theory of Fubini et ~ 1 . ~ ~  and the phenome- ,,*, term, or to the cos2d, term, which was small in 
nological form factor implied by the fully relativistic the angular region covered by the measurements, 
dispersion theory of Zagury.12 The latter curve is taken The error in the transverse cross section was esti- 
from Fig. of Ash et az. Clearly, the static-theor~ pre- mated from the discrepancies between the theoretical 
diction Of a form factor ~ ~ o ~ o ~ ~ ~ ~ ~ ~ ~  to the predictions and the photoproduction data tabulated 
magnetic isovector form factor is approximately correct by Beale et ai.46 On the basis of this comparison, an 
in this region of four-momentum transfer, as concluded error of between and 30% was assigned to cfaT/do, 
by Ash et al. The data are also consistent with the expo- depending on the pion-nucleon c.m. energy and the 
nential form-factor dependence suggested Dufner pion c.m. polar angle. In the photoproduction limit 
and Tsai and Bartel et at.' on the basis of their analysis both Adler and Zagurr tend to overestimate duT/(io, 
of inelastic electron-proton scattering experiments in in the forward direction at energies the 
which only the scattered electron was detected. resonance. This overestimate becomes worse with in- 

creasing 55'. The agreement between theory and experi- 
VIII. PION FORM FACTOR ment improves as 8,* increases. For this reason data 

forward of 10" c.m. have been excluded from the fits 
The a+ data were fitted with the dispersion theories at all energies above 1225 M ~ V .  ~h~~~ data usually had 

of Adler" and of Z a g u ~ 1 2  using the pion form factor rather large errors, so that this procedure had little 
as a free parameter. Although the two theories are effect on the fits. 
almost idential in the photoproduction limit, significant since the ratio R ~ - ~ ~  (d,,,,/d~~)/(d,,~/d~,) decreases 
numerical differences exist at  four-momentum transfers with or*, most data sets were divided into two subsets, 
below 0.6 ( G ~ V / C ) ~ .  For this reason, the analysis has one a t  small angles and one a t  large angles. The two 
been carried out for both theories. The results are pre- deternlinations of F ,  obtained from each set were 
sented separately and serve as a qualitative weighted and averaged. However, the- provided an 
estimate of additional model-dependent theoretical un- intermediate check on the consistency of the predicted 
certainties not considered in Ref. 11. distribution in polar angle. One outstanding incon- 

The cross section for single-pion electroproduction is sistency was found at q2= 0.13 (GeVlc)2, J ~ T =  1185 
given by Eq- ( 5 ) .  The cross section duo/dQ~ is ;MeV. For this data set the pion form-factor value 
dominated by a term proportiona1 to the 'quare of the extracted from the forward-angle data a t  12" c.m. was 
pion form factor and is estimated to contribute between considerably higher than that implied by the large- 
37 and 68% of the observed cross section, angle data. The p2=0.12 (Ge\T/c)2 form factor value 
on the c.m. energy and four-momentum transfer. 
Uerlof et a2.l' assumed a 5% theoretical uncertainty 46 T. S. D. Eklund, and R, L, Walker, Caltech 
in this term to allow for effects such as the modification Synchrotron Lab Report No. CTSL-42, 1966 (unpublished). 

of the OPE amplitude due to final-state interactions. 
We view this as reasonable and have also assumed a 
57; error in duo/dQ,. 

In Sec. VII the presence of a scalar-transverse inter- 
ference term in the T O  cross section, which is expected 
to be insensitive to the pion form factor, was discussed. 
This is interpreted a t  present as being caused by the 
interference of the MI+ amplitude with the scalar 
quadrupole S1+ amplitude. If the latter were as large 
in the a- cross section, its contribution to duoldQ, 
would be approximately STo. 

For a+ production, the scalar-transverse term S(B,*) 
is very sensitive to F,, but is highly model-dependent, 
because the interference between the real pion-pole 
term and the resonant (imaginary) magnetic dipole 
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amplitude is small. The size of the co*, term is there- 
fore dependent on which of the smaller, predominantly 

FIG. 12. The 7 . v ~  form factor. real, transverse multipole amplitudes are included in 
the theorv. However. since the data span a wide range 
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TABLE VII. Best-fit values for the pion form factor. Separation into pion polar angle bins. 
--- 

F ,  F ,  
T o .  of xL Adler, Zagury, 

qz (GeV, c)2  W (GeV) points ..i Z expt expt 

TABLE VIII. Averaged values of the pion form factor a t  each pion-nucleon c.m. energy and four-momentum transfer. 

F ,  (expt) 
Adler theory 

AF, (tot) 
Zagury theory 

AF, (tot) 

obtained by Akerlof et al. was dominated by measure- 
ments in this energy region a t  8,*=0°. Their value is 
even higher than the value obtained from the present 
data a t  12' c.m. If this trend is due to an incorrect 
prediction of the angular distribution in 8,*, the dis- 
crepanq- between the present value of F ,  a t  q2=0.13 
( G ~ V / C ) ~  and that obtained by Akerlof et al. could be 
theoretical rather than experimental in origin. 

Table VII shows the best fit values for F ,  in each 
region of pion polar angle for both theories. Also shown 
are the experimental errors, the minimum values of X 2  

for each data set, and the estimated error in the 
theoretical cross section. 

Difficulties associated with the pion-proton separa- 
tion limited the measurements a t  q2=0.6 ( G e \ i / ~ ) ~  to 
c.m. energies near 1290 MeV. I n  this region, the un- 
certainty in the calculated value of d r ~ / t i Q ,  was esti- 
mated to be of the same order as dao/dQ, so that a 
meaningful determination of F ,  was not possible. 

Table VIII shows the averaged values for F ,  a t  each 
c.m. energy, and the experimental and total errors. I n  
the averaging, theoretical errors associated with the 
large- and small-angle data were assumed to be com- 
pletely correlated. 

For each region of four-momentum transfer the values 
for F ,  associated with different values of If' were 
averaged. Once again the theoretical errors were as- 
sumed to be completely correlated. The results are 
listed in Table I X  and shown in Fig. 13. 

Also shown in Fig. 13 are the results of Akerlof et al.,ll 
the prediction of the p-dominance model, and the q2 
dependence of the nucleon form factors, normalized to 
unity a t  q2=0. The errors on the present results are, in 
most cases, dominated by the theoretical error. Since 
the theory is constantly being refined, this situation 
should be temporary, and a more reliable estimate of 

TABLE IX. Electroproduction estimates of the pion form factor. 
-- 

q2 (GeV/c) .4dler theory Zagury theory 

0.05 0.95f 0.05 0.8910.08 
0.13 0.56-0.lo+0.0' 0.54f0.08 
0.25 0.6l-o.le*.o9 0.54~t0.08 
0.40 0.41-0.1g~.~~ 0.60-O.~(~"O 

Akerlof et. al. 
0.04 0.79-o.lsid.'6 
0.12 0.82f 0.06 
0.23 0.57-o.oo'Q.Oa 
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Therefore, until the theories are improved significantly 
more accurate estimates of F, cannot be expected from 
this technique. 

A more ambitious experimental program, which is less 
model-dependent, is to attempt to isolate the longi- 
tudinal part of the cross section by nleasuring the 
angular distribution as a function of e. However, precise 
large-angle coincidence measurements are extremely 
diflicult a t  the present time. 

Both the approaches outlined above need to assume 
the dominance of the longitudinal part of the cross 
section by the OPE term in order to determine F,, a 
disadvantage which is not present in Frazer's sugges- 
tionlo of an extrapolation to the pion pole. This pro- 
cedure still appears to be impractical for c.m. energies 
near the A(1236) resonance since the pole moves 
rapidly away from the physical region as the four- 
momentum transfer is increased. At the resonance peak, 
for example, the pole is a t  cosB,*= 1.15 in photoproduc- 
tion and a t  cosO,*= 1.6 for q2=0.6 ( G ~ V / C ) ~ .  The pro- 
cedure is complicated by the fact that the extrapolation 
function is not linear in ~osO,*.~~ However, recent K+ 
photoproduction angular distributions for E,  between 
5 a n d  16 GeV 52 show a distinct, narrow peak in the 
forward direction, which may be associated with the 
pion-pole contribution. Since, a t  fixed q2, the pole moves 
toward the physical region as IT7 is increased, an estrapo- 
lation a t  high pion-nucleon c.m. energies should be 
considered. 

Goryachkin and S e n ~ i k o s ~ ~  have suggested determin- 
ing the pion form factor from a measurement of x+ 

electroproduction with a polarized proton target. Such 
experiments have recently become feasible through the 
development of polarized target materialsM more re- 

51  J. G. Taylor, M. J. Moravcsik, and J. L. Uretsky, Phys. Rev. 
113, 689 (1959). 

6.2 B. Richter, in Proceedings of the 1967 International Symposium 
on Electron and Plzoton Interactions at Nigh Energies (Stanford 
Linear Accelerator Center, Stanford, Calif., 1967), p. 309. 
11it. L-nion Pure and A~olied Phys. R e ~ o r t  No. C0NF.-670923 * .  
(unpublished). 

53V. G. Goryachkin and V. B. Semikos, Joint Institute 
for Nuclear Research (Dubna) R e ~ o r t  No. P2-3774, 1968 
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(unpublished). 
uR .  J. Wagner and R. P. Haddock, Phys. Rev. Letters 16, 

1116 (1966). M. Borghini, S. Mango, 0. Rurolfsson, and J. 
Vermeuler, in Proceedings of the International Conference on 

sistant to radiation damage than the conventional 
lanthanum magnesium nitrate. The asymmetry in the 
triply differential cross section with the target polariza- 
tion parallel and antiparallel to the electron scattering 
plane can be written 

( d u  'dS1) + - (du,'dS1) r (duldS1). 
= p- 

(duid f2)  t + (du,'df2) i ( d ~ / d Q ) ,  

where du ld l t ,  can be written as the imaginary part of 
a sum of a product of multipole amplitudes, ( d u / d f i ) ,  
is the unpolarized cross section, and P is the polariza- 
tion of the target. 

The critical point of this suggestion is that dm/&, is 
expected to be dominated by interferences between the 
real Born terms involving the pion form factor and the 
large, predominantly imaginary MI+ amplitude. If a 
10% calculation of du/dQ, proves to be possible and the 
target polarization can be determined to the same 
precision, this method should permit measurernents of 
F, with useful accuracy. 
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Errata 

Nature of SU(3) X SU(3) Sy~n~netry Breaking - Results 
from a Systematic lest of the Soft-Meson Theorems, 
Frank von Hippel and Jae Kwan Kim [Phys. Rev. 
D - 1, 151 (1970)l. 

Eq. (1.3): The right-hand side should have i t s  
sign reversed. 

Eq. (3.7): The t e rm on the right-hand side pro- 
portional to 'Jn, -'XB should have i t s  sign reversed. 

Eqs. (4.4) and (4.6): A dot indicating a time 
derivative i s  missing over the AO,(O) on the left- 
hand side. 

Eq. (4.17): This equation should read 

Eq. (Al l ) :  The right-hand side should be multi- 
plied by 3 .  

Table I: The experimental nN scattering lengths 
were quoted in pion Compton wavelengths rather 
than fermis. They should therefore be multiplied 
by ~ 1 . 4 .  

Table 11: In the column under "Experimental 
values" the nN entries become 

because of the e r r o r  in Table I. 
Table 111: In the column under AReT, the nN en- 

t r i e s  become 

also because of the e r r o r  in Table I. The values 
in the column under T, should be multiplied by a 
factor of 3 because of the e r r o r  in Eq. (A.l l) .  

Most of the sign e r r o r s  occurred in the change 
of sign convention for 3K from our earl ier  Letter1 
to the article. They, therefore, do not affect our 
numbers. The numerical e r ro r s  a r e  minor and do 
not affect our conclusions. We a r e  indebted to 
Robert Cahn for bringing most of these e r r o r s  to 
our attention. 

(;enera1 Local Interactions and Tests of V -  A Theory in 
Neutrino Scattering Processes, T. P. Cheng and 
Wu-Ki Tung [Phys. Rev. D 3, 733 (1971)]. Fac- 
tors  of $ should be omitted% the expression for 
I, and I, in Eq. (38). In Eq. (49), J's should be r e -  
placed by V's in expressions for a, and a,. In 
Eq. (Al), a te rm T(,, at, should be inserted after 
the factor a m ,  (1 +m ,2/qZ)112. In the las t  para- 
graph of Appendix C, the correct  equation should 
read 3a, = b,. 

Possible Test of the AS = AQ Rule in K ; ,  Decay in a 
Regeneration Experiment, Abdul Ebrahim [Phys. 
Rev. D 3,  109 (1971)l. The las t  expression follow- 
ing Eq. 74) should read 

Coincidence Measure~nents of Single-Pion Electropro- 
duction near the A ( 1236) Resonance, C. Mistretta, 
J. A. Appel, R. J. Budnitz, L. Carroll, J. Chen, 
J. R. Dunning, J r . ,  M. Goitein, K. Hanson, D. C. 
Imrie, and Richard Wilson, [Phys. Rev. 184, 
1487 (1969)l. The overall sign of the ( M , ~ M ; ) *  
interference term in the A coefficient on page 1500 
should be positive instead of negative. The num- 
b e r s  presented in Table VI a r e  slightly altered 
and can be recalculated using Table IV and Eqs. 
(17). We wish to thank J. Gayler for bringing 
this to our attention. 

IF. von Hippel and J. K. Kim, Phys. Rev. Letters 22, 
740 (1969). 


