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MEASUREHENT OF DIFFERENTIAL CROSS SECTIONS FOR RADIATIVE PION-PROTON 

* CAPTURE IN THE SECOND RESONANCE REGION 

A. J. Weiss,D. J. B1asberg,t J. C. C~miso,i R. P. Haddock, 

B. M. K. Nefkens, L. J. Verhey,** and M. B. Ze11er§§ 

University .of California, Los Angeles, California 

and 

. tt . " K. M. Crowe, A. Fainberg, P. Truoe1 

Lawrence Berkeley Laboratory, University of California, Berkeley, California 

Abstract: Differential cross section measurements forn p -+- yn, consisting 
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of three angular distributions at 618, 676, and 718 MeV/c, and the 

energy dependence at ~. = 90 0 for seven ineident pion momenta between 
y. 

502 and 888 MeV/c, are presented. Our data qualitatively support recent 

mu1tipo1e analysis. Agreement with the Scheffler et a1., results 

for the inverse reaction, yn -+- n-p, using a (n--tecoi1 p) coincidence 

technique is good excluding a large violation of time reversal invariance. 

- + The agreement with yn -+- n-p data obtained using the R(n /n ) ratio 

technique or a deuterium bubble chamber is only qualitative. 
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1. INTRODUCTION 

We report here on a measurement of differential cross sections for TI p -+ yn, 

presenting three angular distributions in the region ~ = 1446 to 1508 MeV and 

the energy dependence at ~ = 90° for seven energies between E' = 1370 and 1610 
y 

MeV; E is the total energy, the tilde denotes a center-of-mass variable. One of 

the objectives of the experiment is Ule investigation' of the isospin structure 

of pion photoproduction. Of particular interest is the radiative decay of some 

neutral pion-nucleon resonances. Table 1 lists the resonances under consideration, 

their electromagnetic multipoles, angular distribution, and helicity amplitudes. 

The excitation curve extends into the energy region of heavier resonances such 

as the D15 (1670), F1S (1688), and S3l(1650). Since.there are at least six 

resonances with nine multipoles and various background terms involved, the 

complexity of the analysi~ makes it impossible to obtain directly the desired 

radiative decay amplitudes from the experimental results. Instead, we shall 

compare out data to recent phenomenological analyses of pion photoproduction [1,2] 

that make use of all published experimental TI , TI+, and TIo photoproduction data. 

The interest in the radiative decay amplitudes has been very much stimulated 

in the last few years by the detailed quark model predictions for the amplitude 

and sign of the radiative decay of various TIN resonances [3-6]. These quark 

model calculations depend very little on detailed assumptions such as the quark 

mass. The predictions based on the nonrelativistic quark model of Copley et a1. 

:~] are similar to the ones based on the relativistic model of Feynman et al. [6]. 

The original choice of the energy region for this experiment was made so 

as to cover, in conjunction with our experiments reported in Refs. [7] and [8], 

the Roper resonance, Pli(l470). The special interest in this resonance comes 

from the fact that it has the same quantum numbers as the nucleon and that it is 

the second lightest known TIN resonance, yet its SU(3) classification has not 

been determined in a sati~factory way. 
t') ,) 
i ~ "' '. 

, 
i 
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Measurements of n p ~ yn are of special interest as a means for testing 

time reversal invariance of the electromagnetic interaction of hadrons [9]. 

This requires reliable data on the raction yn ~ ~ p. The sensitivity of the 

test is restricted by the uncertainties in the deuterium corrections inherent 

in extracting yn ~ n-p data from yd ~ n-pp measurements. 

This experiment is a continuation of two experiments by our group on the 

same reaction at lower energies. We refer to Refs. [7] and [8] for additional 

details on the theoretical aspects, in particular on the test of time reversal 

invariance. 

• r o 
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2. BEAM AND APPARATUS 

The experiment was p'erformed at the LBL-Bevatron. The transport system 

for the variable energy TI beam [10] consisted of a symmetric arrangement of two 

quadrupole doublets with a singlet "field lens" in the center and a bending 

magnet at the front and back ends. The final beam element was a doublet to 
. 

obtain at our hydrogen target a sharp "image" of the pion-producing copper target 

inside the Bevatron. The last element was necessary to correct for the asymmetry 

introduced by the magnetic field of the Bevatron. All quadrupole magnets had a 

l2-inch bore and the gap of the bending magnets was 8 inches. The characteristics 

of our seven TI beams are given in Table 2. There were two slightly different 

versions of the 718 MeV/c beam because of different running conditions of the 

Bevatron. The beam design was done with the aid of the computer program 

OPTIK [11]. Second-order'effects have been investigated with the program 

,TRANSPORT [12] and were found to be small. The central beam momentum was determined 

to ± 1.5% accuracy by the wire orbit technique. The momentum spread was deduced 

from the beam transport calculations and was, verified by the analysis of a sample 

of 1r-p ~ TI-p elastic scattering events. The beam contamination was measured in 

special runs at the conclusion of the experiment; We used a system of three gas 

Cerenkov counters to determine the electron contamintion of every beam. The 
I 

muon contamination of the 618, 718, 822, and 880 MeV/c beams was measured 

upstream of the hydrogen target with a SF
6 

Cerenkov counter to be 7 ± 2% and presumed_ 

to be the same for the other beams. The measured contamination must be increased 

by 2% to account for muons from pion decay between the Cerenkov counters and the 

hydrogen target. 
, ' 

The design of the detection apparatus was governed by the fact that the cross 

section of the desired reaction was only 5-15 ~b/sr, while the background with 

- 0 the same signature as the signal, from TI p ~ TI n, was as much' as 150 times larger. 
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direction of the incident beam; a 76x76 cm, heavy plate, 40 gap, optical spark 

chamber interspersed with scintillation counters to .detect. photons; 32 calibrated 

[13] neutron counters, each with its own zero-crossing discriminator to. optimize 

the time-of-flight measurement, and arranged in a semi-close packed array. The 

setup has been described in· detail in Refs. [7], [8]~ and [10]. The electronics 

used in this experiment has. also been discussed in these papers. 
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3. ANALYSIS 

The film of our photon detector was scanned and measured with the LBL 

automatic Vidicon scanning system [14] that was controlled by a PDP-8 computer. 

All recorded-data from the beam hodoscopes, the neutron and photon counters were 

combined with the analyzed data from the film. These combined data were then 

used to calculate the trajectory of the incident pion and the outgoing neutron 

and photon of each event. 

We shall call JT p -+ yn, REX (Radiative EXchange), and 1T p o 
-+ 1T n, CEX (Charge 

EXchange). Our measurements afforded a three constraint least squares' fit to the 

hypothesis that each trigger was a REX event. However, the neutron momentum for 

REX and CEX at all but the most forward angles is so similar that the analysis 

becomes.hypersensitive to the precise knowledge.of the neutron TOF (Time of Flight) 

resolution. Consequently, the neutronTOF was not used in the least squares fit, 

rather it was employed to make.a rough cut on the data to reduce the background. 

A slightly modified version of the bubble chamber program SQUAW [15] was used [10] 

to make a two constraint REX fit to every recorded event. We rejected all events 

which had two or. more latches in each of the four hodoscope planes. The photon 

shower had to contain at least 8 real sparks indicating that two radiation lengths 

of lead in the chambers had been traversed. The shower vertex had to lie within 

a certain fiducial volume which was somewhat smaller than the spark chambers. 

Applying these restrictions, we were left with 98% single vertices. Events which 

had a latch missing from anyone of the four hodoscopeplanes were rejected, as 

were events with a missing neutron latch. The number of incident pions was 

corrected for these rejected events since they were caused by electronic inefficiencies, 

mostly due to the high beam rate. A correction ~or events with no shower information 

was made only if the missing information w~s due to 

. . 
Vidicon or ~agnetic tape loss~s. The important correction factors are the beam 

"" "'" ..... 
""",,- ' 

doubles which averaged",,\25%, and Vidiqm and ,magnetic ~fP'e~ losses which varied 
i .t; *', .~ 'l. " t~ ~ :, ; 
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between 7% and 27%. In case an event had a double latch in one of the beam 

hodoscopes or neutron counters, we selected the latch which gave the lowest X2 

kinematic fit. Two further reje~tion criteria were applied, one for events in 

which the pion trajectory did not intersect the hydrogen target and one for 

events with a neutron TOF that implied a speed larger than the speed of light. 

Runs with a rejection rate of over 40% were discarded. 

For each data point we accumulated 1000 triggers using a modified electronic 

logic requirement to acceptn-p -+ n-p events. The n-'s were detected in the 

photon spark chamber and the protons in the neutron counters. These triggers 

gave a nearly background-free sample of n p elastically. scattered events for 

calibration and checking purposes, in particular to study the proper functioning 

of SQUAW and the correct assignment of measurement uncertainties. 

2 The event extraction was done using the method of fitting the X -plots of 

2 our experimental data to the same type X -plots of a Monte Carlo generated sample 

of REX and background events. For the background we considered CEX, randoms 

o and. 2n .. production. The last was insignificant. To limit the influence of the 

large CEX background in this comparison, we used a cut on the neutron time of 

flight·of ± ·3.5 standard deviations. 2 Some typical examples of X -plots used for 

the event extraction are shown in Fig. 1. We have displayed the X2-distribution 

of our experimental data and the Monte Carlo generated REX and CEX plus background 

distributions. As noted above, we calculate the X2-value for each event under 

the hypothesis that it is a REX-event, applying a two-constraint fit based on 

coplanarity and opening angle and a cut, or limit, on the neutron time of flight. 

Details of the above analysis and event extraction procedure are given in 

Ref. [10]. 

n t'·n 0 
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4. CROSS SECTION CALCULATION 

The differential cross sections for rr p ~ yn were calculated using the 

expression 

N
REX 

is the number of REX events obtained from the data after adjusting for the 

results of empty target runs; rr. is the number of incident pions, which is the 
l.n 

number of recorded beam particles corrected for the beam contamination, beam 

doubles, and ineffect.ive beam due to film problems; J is the Jacobian of the 

neutron detector; f is the product of all other cross section factors listed and 

discussed in Refs. [7] and [10]. To facilitate the comparison with theoretical 

-predictions and with various measurements of yo ~ rr p, we have multiplied our 

-rr p ~ yo results by the detailed balance factor-to obtain yn ~ rr p cross sections. 

The final results of our experiment, the so-called "direct" REX measurements, are 

listed in Table 3 and shown in Figs. 2 and 3. The error in our results is divided 

into a normalization error, which scales all results of a particular beam 

momentum in the same way, and a relative error for each angle. Both are listed in 

Table 3. The er·ror quoted in the final cross section ,,?as obtained by combining 

the relative and normalization error in quadrature. The results of the 32 neutron 

counters have been lumped together. The counters were too close together to 

warrant individual presentation, since our statistics are limited. 

Three of our data points were measured twice during separate running periods; 

they are labeled block A and B in Table 3. In all cases there was a substantial 

time lag between the measurement of the two blocks. The agreement between both 

blocks is satisfactory. Also· listed in Table 3 is the weighted average of each 

pair of blocks~ it being the most likely value for the cross section. 

The results of our experiment can also be expressed in the form of the 

following ratio: 

~1 .. r ·1 , ; 
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The ratio is obtained for the same laboratory angle of· the neutrons, which means 

somewhat different center of mass angles for REX and CEX (see Section 5-E). The 

ratio P is just the Panofsky ratio in.f1ight. Our measured ratios are listed 

in Table 4. The error in the ratio is smaller than in the direct REX result 

because the ratio measurement is insensitive to the errors in the beam 

contamination, counter efficiencies, corrections for film, etc. Also listed in 

this table are the CEX results for the 1974 Sac1ay [16] and the 1972 CERN [17] 

phase-shift analyses, interpolated to our energies and angles, and our "indirect" 

REX results, obtained by dividing the Saclay and CERN CEX values by the CEX/REX 

ratio and detailed-balance factor. The error quoted for the indirect results 

is the one due to the· error in the CEX/REX ratio and does not contain the 

contribution due to the error in the CEXva1ues. The agreement of the "direct" 

REX results with the indirect REX values based on the Sac1ay CEX [16] is good 

(see Figs. 2 and 3), and somewhat less so when using the older CERN CEX [17J. 

Although the purpose of the experiment was the measurement of REX cross 

sections, we obtained also new results on CEX, our major background reaction. This 

will be discussed in a separate paper [18]. Whenever a comparison with existing 

CEX data can be made, the agreement is satisfactory. 

The results presented here supersede preliminary results contributed to 

conferences. 

o ~~ '"1 , I,! (! O· 

" a 
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5. DISCUSSION OF RESULTS 

. The three angular- distributions measured in this experiment, converted to 

yo ;+ n -p, are' shown in Fig. 2. We have plotted our direct results as well as the 

indirect ones based on the Sac lay [16] CEX. The error in the indirect results 

does not corttain a contribution of the error in the CEX values. The solid curves 

in Fig. 2 are the polynomial fits to our direct REX results, equivalent to a 

2 Moravcsik fit with a fixed pion-nucleon coupling constant g /4n = 14.7, as discussed 

in Ref. 7. We have included in Fig. 2 and in each fit the 6° point by Scheffler 

et ale [19], which we used in making the Moravcsik fit. The total cross sections 

0t(yn ;+ n-p) deduced from these fits are 94 ± 10 ~b at ~ = 1446 MeV and 91 ± 15 ~b 

at ~ = 1482 MeV and 75 ± 9 ~b at ~ = 1508 MeV. Our results for the energy dependence 

at ~y = 90° are, shown in Fig. 3. The 'measurement at ~ = 1363 MeV is from an earlier 

experiment by our group [7]" using nearly the Sqme apparatus but a very different 

pion beam that was less intense and had a small ~,e contamination. The agreement with 

I\, 
our new point at E = 1371 MeVis good. We have indicated in Fig. 3, by vertical arrows, 

the masses of the three important resonances in the energy region of our experiment. 

A. Comparison With Other Experiments 

There are no other REX measurements in this energy region, except for three data 
,.., 

points at e = 123, 137, and 150° at ~ = 1352 and 1402 MeV by the Saclay group [20]. 

However, with the aid of detailed balance, we can compare our results with published 

data on yn ;+ ~pthat have been extracted from pion photoproduction experiments on a 

deuterium target. The extraction is beset with difficulties arising from the 

Fermi motion of the nucleons inside the deuteron and final state effects, all of 

which have been discussed in the' literature- [19,21-23]. The quality of the yn + 7T P 

data in our energy region suffers from the fact that thephotoproduction experiments \ 

use a bremsstrahlung photon beam; thus the incident photon energy is unknown. It 

can only be calculated from the final state kinematics of the individual events. 

Furthermore, the incident ,.photon ener.gy must be evaluated in the (yn) rest frame 
.- /. . ,'i) ,-' i . 
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which necessitates designating one of the protons in the final state as the 

I 

'spectator proton. This leads to a substantial uncertainty in the incident 

photon energy which smoothes the observed cross section and could hide possible 

structure. For example, an experimental resolution of ± S4 MeV for E ='611 MeV 
y 

at 160° is quoted in Ref. [19]. 

Two measurements have been reported in which a deuterium bubble chamber is 

used. Qne is by the Aachen-Bonn-Hamburg-Heidelberg-Miinchen '(ABHHM) collaboration [22J 

at DESY, and the other by the Pavia-Roma-Frascatl-Napoli (PRFN) collaboration [23] 

at Frascad. Their results 'are compared with ours in Figs. 4 and S. The data 

show a considerable spread. The differences between various data sets do not 

have a clear pattern. 

There are also three counter experiments. Fujii et al. [24] from Tokyo have 

measured the ratio 

- + R(n In ) (5.1) 

at several photon energies and pion angles. They do not detail any substantial 

correction to the raw ratio. After making a small adjustment for Coulomb 

- -' + interact~ons, the yn ~ n p cross sections is obtained by multiplying R(n In ) 

')., , + 
by dald~l (yp + 1Tn) at the appropriate center of maSs energy. and angle. The 

plotted angular distributions look smooth and change only gradually with energy. 

No numerical results are published yet. The Tokyo points that we show in the 90° 

excitation curve, Fig. 5, were interpreted from the graphs of their contribution 

to the Bonn conference [24]. 

Beneventano et ale [25] have reported an excitaion curve at 90°, measured with 

a counter-spark chamber setup. Their data are shown in Fig. 5. The agreement 

with other (yd) experiments and with our n-p + yo experiment is poor. 

The inost extensive set of counter data is presented by Scheffler and Walden 

[19] froin Cal. Tech. 
..... ,... - '! . 

They have measured' single iT : photoproduction on deuterium 
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coincidences. The resolution of the experiment de'teriorates with increasing 

incident photon energy and with increasing pion. angle. Two sets of results are 

given. One set is an average of the best results obtained bi the different 

methods and is. indicated by the dark triangles in.Figs. 4 and 5. The other set 

consists of tl1eresults of "the (n--recoil proton) coincidence method. It has a 

better resolution t~an the previous set. 

Inspection of Figs. 4 and 5 shows that our REX experiment is compatible with 

the (n--recoil proton) results of Ref. [19]. Thus, our data favor the (n--recoil 

proton) technique over the other methods that have been used to measure yn ~ n p 

using a deuterium target. The bubble chamber experi~ents are hampered by poor 

statistics, so the data are presented after averaging over large intervals of 

angle and incident photon energy. 

One of the 'difficulties of the R(n-/n+) ratio technique is its poor energy 

and angular resolution, which can smooth out the structure in the differential 

cross section. '- + In particular,. when R(n In ) varies rapidly, the resolution becomes 

a serious consideration. We have used our yo -+- n-p results together with 

+ published yp -+- "IT n data [26-28] to calculate the ratio 

+ 
-+- n n) (5.2) 

- +' The result is shown in Fig. 6 and compared to the R(n In ) ratio measured by 

Scheffler and Walden. In the forward direction r < R, while in the backward 

direction r > R. 
;, - + 

This may be an indication that the R(n In ) ratios are flattened 

because of a deteriorated experimental resoiution. 

B. Time Reversal Invariance 

In our last experiment [8] we tested the validity of detailed balance in the 

vicinity of the P33(1232) resonance. The results are particularly sensitive to 

a possible violation of time reversal invariance in the isovector part of the 

electromagnetic interaction. Compl~1fen~ary to: thi,s, the .present experiment is 
.~ ~ 
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sensitive to the isoscalar component due to the presence of several I 1/2 

resonances, Table 1 (see also Section C). 

Our IT-P -+" yo results are in qualitative agreement with the measurements of 

the inverse reaction yn ~ IT p. In particular, we agree within the error'of 10-20% 

with the data using the (IT--recoil p) coincidence technique for yn ~ IT-P of 

Ref. [19]. Assuming that a possible violation of detailed balance is not just 

accidentally compensated by a possible error in the impulse approximation used 

in extracting the (yn) dgta from the (yd) measurements, we support the validity 

of the detailed balance assumption. We see no real evidence for a possible 

violation of time reversal invariance in the electromagnetic interaction of 

hadrons involving isoscalar photons. 

Expressing the above-mentioned 10-20% agreement in do/d~(lT-p t yn) in terms 

of a possible time-reversal violating phase cannot be done in a uniqu'e manner 

at present. 

C. Isospin 

The amplitude for charged pion photoproduction can be decomposed into two 

isospin amplitudes [29], an isoscalar A and an isovectoramplitude A , o . . 

A(yn 

A(yp + 
~ IT n) 

A 

A + A o 

This decomposition implies the validity [7] of the I~II ~ 1 rule, that is, the 

total isospin of the hadrons in an electromagnetic interaction cannot change by 

more than one unit. 

The ratio 

A - A 
2 

- + do(yn ~ IT-p) 0 r(TT ITT ) '" ' (5.3) 
+ A + A do(yp ~ TT n) 0 -

obtained by dividing our REX results by published yp + 
~ IT P data (see Section 5-A) 

is shown in Fig. 6. - + The substantial variation of r(lT/lT ) shows that both the 

isove~tor and the isoscalar amplitudes .contribute to pi,on photoproduction in our 

A ~ R , n'~ h n0 n 
energy region. In our previous -experitl'lemJ' [8T in'the regioQ of the P 33 (1232) 
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res.onance, 'the isovector amplitude was dominant, which is to be expected because 

theCP33 can only be produced by an isovector amplitllde. The present experiment 

is in the energy region of I = 1/2 resonances that can be produced by an 

isoscalar and/or isovector amplitude. Figure 6 i~plies that there is no "vector 

dominance" in our energy region. 

D. Compari~on With Phenomenological Analyses 

Recently two analyses have been published [1,2] of all available pion 

photoproduction data. The objective of these anlyses is to obtain the .various 

pion photoproduction amplitudes and especially the resonance couplings. 

Moorhouse et a1. [2] assume resonance dominance of the real part of the photo

production amplitudes. They express the imaginary part in terms of a resonance 

and a background contribution. The real parts ~re calculated from these imaginary 

parts using fixed-'-t dispersion relations. The necessary parameters are determined 

from a fit of the complex amplitudes to all published experimental data. An 

advantage of this method is that the dispersion relations include the Born term 

in the real parts. Metcalf and Walker [1] recently published an improved version 

of the original analysis of Walker [30] in which the photoproduction helicity 

amplitudes are constructed from three parts: a) the resonance contribution 

represented by Breit,..-Wigner functions, b) the Born terms given by the electric 

Born approximation, and c) various background amplitudes in the lower partial 

waves. Significant features of the Walker model are isospin invariance and a 

smooth and small energy dependence of the background amplitudes. 

The results of the analysis by Moorhouse et al. [2] are compared with our 

experimental data in Figs. 2 and 3. We agree with the shape of the three angular 

distributions and the 90 0 excitation curve and with the magnitude. However, we 

do not agree in detail, which is not surpr:Hdng since the analysis uses yn -+ 7T. P 

data from low resolution (yd) experiments as input., We su'pport the dominant 
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features of the Moorhouse et al. analysis, .but we cannot confirm the detailed 

numerical results for the radiative decay amplitude 'of the various resonances. 

Particularly disappointing is. the fact that the radiative decay of the Roper 

resonance is still not settled. 

The results of Metcalf and Walker [1] are not too different from the ones 

of Moorhouse et ale The results of Ref. [1] have been interpolated to our 

energies usin'g the publishe~ graphs, and they are represented by the crosses in 

Fig. 5. Our data do not indicate a preference for the analysis of Ref. [1] 

over Ref. [ 2] • 

E. CEX/REX Ratio 

The CEX/REX ratio P = do(n-p -+ nOn)/do(n-p -+yri) is measured at certain 

neutron laboratory angles, and it is not a covariant quantity. However, the 

kinematics of the REX and. CEX reactions are similar here. A substantial variation 

of the CEX/REX ratio then implies a substantial variation in the relative REX and 

CEX center of mass differential cross sections. Our measured CEX/REX ratio is 

listed in Table 4 and shown in Fig. 7 versus <cos'?!> = -21 (cos'?! 0 + cos'?! ). The 
. n y 

change of the CEX/REX ratio as a function of <cos'?!> is substantial and is similar 

for the three energies considered here. 

The angular dependence of the CEX/REX ratio shown in Fig. 7 differs from the 

one observed [8] in the region of the P33 (1232) resonance where a peak in the 

backward direction was observed. The difference is due to the large change in 

CEX in the two energy regions. 

The large variation in th~ differential cross section ratio P- CEX/REX 

has little effect on the ratio of the total cross sectiOns 

. (5.4) 

•. :nich is remarkably smooth. Figure 8 shows the ratio C calculated after· 

integrating the results for REX and CEX of the present and two previous 
; t". l'l rAt /, 1'" ,;'- n 0 
C~ 1- l1 ( ~~ r ff7 f~ l .. ~ }". ~ .. f " ," 

at lower energies. It is interesting to compare this ratio 

experi-

ments [7,8] C with the 
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ratio D involving the following total cross sections: 

+ all) + at(n p ~ all)} / at (yp ~ all) (5.5) 
Or. 

according to, e.g., the Vector Meson Dominance Model [31], the ratio D ~. 220 

and is constant for high energies. Indeed, this is observed experimentally [31] 

for ~ >1.7 GeV. At lower energeis one might expect D to deviate progressively 

more from 220. Experiments [31] indicate that D '\.0 100 arourid~ = 1.5 GeV. 

However, in the vicinity·of the P33(1232), D ~ 270. The ratio D is compared to 

C in Fig. 8 and found to be remarkably similar. Substitution of ut(YP ~'all) 

by 0t(yn + all) does not change D substantially. The significance of the 

similarity in the C, D, and, other ratios will be discussed in a separate paper [32]. 
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6. CONCLUSIONS 

Our measurements of the differential cross section for IT p -+ yn are in 

-qualitative agreement with published data on yn -+ IT p •. The agreement with the 

Cal. Tech. data of Scheffler and Walden, using the (IT--recoil p) coincidence 

technique, is within· the error of about 10-20%, in support of detailed balance 

and time reversal invariance. Our experiment indicates that the (IT--recoil p) 

coincidence technique isp.refE!rred over others for obtaining yn -+ IT P results 

from (yd) experiments. 

+ Our results combined with yp -+ IT n data indicate that both the isosca1ar and 

isovector amplitudes contribute to pion photoproduction in our energy region. We 

agree qualitatively with the multipo1e analyses of Moorhouse et a1., and Metcalf 

et a1., but the agreement is not good enough to provide numerical support for 

their radiative decay amp.1itudes. The radiative decay of the Roper is still not 

settled. 

The CEX/REX ratio of the differential cross sections varies strongly with 

angle. The ratio of the total cross sections varies little with energy and in 

the same fashion as a Vector Meson Dominance relation for total cross sections. 
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Table 1 

Multipoles and helicity amplitudes involved in the radiative decay of the n-N 

resonances in the energy region of this experiment. 

Multipoles Helicity 

Resonance Width (MeV) Symbol c.m. ang. distr. Amplitudes 

PH (1470) 164-400 M(l/2) . 1 A 
1 - -1 

Dl3 (1520) 105-150 M(l/2) 1 + 2 
A cos e B 

2 - 2 - 2 -"-

E(1/2) 2 + 3 . 2e Sl.n -2 • 
, , 

S11 (1535) 50-160 E(l/2) 1 A+ 0+ 0 
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Table 2 

Beam Parameters 

Peak·.:;Lab. * Hom. Spread Average Rate Contamination (%) 
(;. M. Energy Mome~~um ±b,p/p 

6 (MeV) (MeV/c) (MeV/c) (xlO /sec) e II total 

1371 502± 8 15 1.4 37.6 9.0 46.6±2.8 

1446 618± 9 19 1.8 31. 6 9.0 40.6±2.8 

1482 676±10 20 1.7 27.0 9.0 36.0±2.8 

1508 718±11 .. 22. 1.6 ·26.4 9.0 35.4±2.8 
718±11 22 2.4 27.6 9.0 36.6±2.8 

1534 762±11 23 2.8 23.6 9.0 32.6±2.8 

1570 822±12 25 2.3 21.3 9.0 30.3±2.8 
. 

1609 888±l3 27 2.0 18.3 9.0 27.3±2.8 
t 

* The instantaneous rate was six times larger. 
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Table 3 

results of our experiment on - .. yn converted to yn .. n-p using detailed balance. Direct n p 

D.B. is the detailed balance factor. 

BLOCK 15 (degrees) cos15y NREX 
do - REL. NORM. 

Y dll (yn"n p) . ERROR ERROR 
'\, (lJb/sr] % % 
E e 1371 MeV 
p(n-) e 502 HeV/c A 89.8±5.4 0.00±0.09 80:t10 5.92±O.87 13.1 6.6 
( .. E(Y) 530 MeV] B .70:t13 5.23±1.05 19.0 6.6 

D.B. = 2.23 Av. 5.64±O.67 6.6 

~ e 1446 MeV 60.2!5.1 0.50±0.08 99±17 7.12±l.32 17.5 6.2 -p(n ) e 618 MeV/c 89.5±5.5 0.OltO.10 169±21 4.74±0.68 13.0 6.2 
(-> E(y) 642 MeV] 119.4±5.8 -0.49±0.09 378±47 6.02±0.87 13.1 6.2 

D.B. e 2.16 150.2±6.0 -0.87±0.06 327±29 9.79±l.14 9.8 6.2 

'. 'V 
E = 1l.82 MeV 44.6±4.9 0.7UO.06 ·98±16 7. 50±l. 33 16.7 6.0 -p(n ) . = 676 McV/c 59.6±5.1 0.51±0.08 171±27 6.49±l.I2 16.2 6.0 
[-> E(Y) e 699 MeV] 89.2±5.5 0.OHO.10 254±30 6.96±0.96 12.5 6.0 

D.B. e 2.14 119.7±5.8 -0.50±0.09 196±15 6.01±0.64 8.7 6.0 
149.8±6.0 -0.86±0.06 325±30 8.90±l.05 10.2 6.0 

~ = 1508 MeV 44.8±4.9 0.71±0.06 163±36 5.54±l.28 22.3 6.0 
p(n-) = 718 ~leV/c 59.7±5.1 0.50±0.08 218±23 6.47±0.82 11.2 6.0 
(-+ E(Y) 740 MeV] 89.6±5.5 0.01±0.10 74±11 3.53±0.58 15.4 6.0 

D.B. = 2.13 120.7±5.9 -0.5l±0.09 316±30 6.65±0.80 10.4 6.0 
149.9±6.1 -0.8HO.06 326±30 8.86±l.05 10.2 6.0 

f: = 1534 MeV 90.0±5.6 0.OO±0.10 220±34 4.34±0.74 16.0 5.9 
p(n-) = 762 NeV/c 
[-> E(y) 783 MeV] 

D.B. = 2.12 

'V 
E = 1570 HeV A 90.2±5.6 0.00±0.10 113±19 2.27±0.41 17.3 5.7 -p(l1 ) = 822 MeV/c B 10lt37 3.52±1.31 36.9 5.7 
[-> E(y) 842 MeV] Av. 2.38±0.39 5.7 

D.B. = 2.10 

"-E = 1609 MeV A 90.3±5.6 -0.OHO.I0 54±18 1. 39±0.4 7 33.6 5.6 
p(l1 - ) 888 ~te\' / c 82±22 1.60:t0.44 27.2 5;6 = B 
[+ E(Y) 907 HeV] Av. l.5ltO.32 5.6 

D.B. e 2.09 

g, n ; 
t-~ 
':? 

r~<; 
C' n o 
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Table 4 

Measured values of 't'he' CEX/REX ratio in our experiment. The sixth column gives our indirect 

REX results based on'ttie Sac1ay 1974 CEX, The seventh column gives the CERN 1972 CEX [17] 

and the eighth the corresponding indirect REX, results. The quoted error in the cross section 

is the one in the CEX/REX ratio only and does not contain the contribution due to the error 

1n the CEX :,va1ues. 

'\, 

E = 1371 MeV 
p(n-) = 502 MeV/c 
(~ E(y)=530 MeV] 

'\, 

E = 1446 MeV 
pen ) = 618 MeV/c 
(+ E(y)=642 MeV] 

'\, 

E = 1482 MeV 
p(n-) = 676 MeV/c 
(-+ E(y)Q699 MeV] 

'\, 
E = 1508 MeV 
p(n-) = 718 MeV/c 
[-+ E(y)=740 MeV] 

'\, 
E = 1534 HeV 
p(n-) = 762 MeV/c 
[-+ E(y)=783 MeV] 

f = 1570 MeV 
p(n-) = 822 HeV/c 
[-+ E(y)=842 MeV] 

'\, 
E = ]609 N.,'V 
p(n-) = 888 MeV/c 
[-+ E(y)=907 MeV] 

11 
y 

(degr.] 

89.8 

60.2 
89.5 

119.4 
150.2 

44,6 
59.6 
89.2 

119.7 
149.8 

44·8 
59,7 
89.6 

.120.7 
149.9 

90.0 

90.2 

90,2 

P = CEX/REX 

34.4! 3.7* 

72. U12.8 
'29.6! 3.8 
13.5! 1.8 
6.6! 1.0 

1l0.4!l8.5 
80.6!c13.0 
18.9! 2.4 

7.4! 0.8 
15.6! 1.6 

156 ±35 
59.l± 6.6 
31.2! 4.8 
8.41 0.9 

19.71 3.6 

25.71 4.1 

35.6! 5.7* 

42.71 9.1* 

* Average of block A and B. 

cos~ 
1I 

o 

0.05 

0.54 
0.04 

-0.47 
-0.86 

0.76 
0.55 
0.04 

-0.48 
-0.86 

0.75 
0.54 
0.03 

-0.50 
-0.86 

0.02 

0.02 

0.01 

CEX 
Saclay 
[lJb/sr] 

478 

1110 
34"1 
158 
152 

1860 
1027 

260 
79 

326 

1554 
866 
271 
106 
406 

178 

136 

125 

do -
drl (yn-+lI p) 

[lJb/sr] 

6.210.7' 

7.1±1.3 
5.410.7 
5.410.7 

10.611.6 

7.8!!.3 
5.9!l.0 
6.2!c0.8 
5.010.5 
9.6±l.0 

4.7!1.1 
6.910.8 
4.l±0.6 
5.910.6 
9.71'1.8 

3.3±0.5 

1. 8±0.3 

1.410.3 

CEX 
CERN 72 
[pb/srJ 

501 

1035 
345 
141 
124 

2082 
1145 

348 
107 
368 

1796 
1040 

307 
108 
425 

238 

186 

127 

do -dl1 (yn-+n p) 

[lJb/sr] 

6.5±0.7 

6.7:':1.2 
5.4±0.7 
4.8±0.6 
8.7±1.3 

8.8±l.5 
6.611.1 
8.6±l.1 
6.8±0.7 

11. 0±1.1 

5.4!1. 2 
8.3±0.9 
4.6±0.7 
6 • .1!0.7 

10.1!1. 8 

4.4±0.7 

2.5±0.4 

1.4!0.3 
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FIGURE CAPTIONS 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Typical examples of the X2-distributions of our data, Monte Carlo 

generated background" and pure REX samples. 

Differential cross sections for yo -+ TI-p derived by detailed balance 

from our TI-p -+ yn measurements. The solid line is the Moravcsik fit 

to our· direct REX data and the forward point by Scheffler et a1. [19]. 

The dashed line shows the'result of the multipole analysis of 

Mo~rhouse et a1. [2]. 

, direct measurement. 

~ indirect measurement using Saclay CEX [16]. 

+ Scheffler et al. [19]. 

Energy dependence of do/dn for yn -+ TI P at ~ = 90° as deduced from 

our TI P -+ yn measurements.. Symbols are those of Fig. 2. Vertical 

arr'owsindicate the masses of resonances in our" energy region * results of multipole analysis by Metcalf and Walker [l]. 

Comparison of yo -+ TI-P angular distribution measurements extracted from 

photoproduction experiments on deuterium with our results on TI-P -+ yn. 

present experiment, direct result. 

present experiment, indirect result using Saclay CEX [16]. 

". 

ABHHM, DESY [22], evaluated at E = 600, 640, 700, and 740 MeV. 
y 

PRFN, Frascati [23], evaluated at ~ = 1407, 1449, 1476, 

and 1517 MeV. + Scheffler et al., Cal. Tech. [19], "averaged results" 

evaluated at E = 600, 640, 700, and 740 MeV. 
y i Scheffler et ai., Cal. Tech. [19], (~--recoil p) coincidence 

method, evaluated at E = 592, 642, 700, and . y 

140 MeV. 

(1 0 



Fig. 5. 

Fig. 6. 

Fig. "7. 

Fig. 8. 
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Comparison of yn + n p data at ~ = 90 0 with our results. Symbols 

are those of Fig. 4. 

f~ 
+ 

Beneven~ano et a1. [25]. 

Fujii et a1., Tokyo [24]. 

Berardo et a1. [7]," from n p + yn. 

The vertical arrows indicate the masses of the resonances 

covered in this experiment. 

- + Ja Ratio r = da(yn + "IT p) /da(yp + 'IT n). I is our data divided by 

+ published yp + n n data [26,28]. The dashed line is the ratio 

- + - + R(n In ) = da(yd + n x) Ida(yd + n y) as measured by Scheffler et a1. [19]. 

o -n n)/da(n p + yn) as a furiction of 

<cos~> ~ t (cos~ 0 ~ cos~ ) 
" n y 

"Ratio C = a (CEX) la (REX) of this and our previous experiments [7,8]. 
t "t. 

1 + -The dashed line is the ratio D = 2 {at(n p + ail) + at(n p + a11)}/a
t

(yp + all). 
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This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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