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ABSTRACT 

We report on the measurement. of asymmetries in the single­

pion photoproduction reactions yp-+ n rr +, yp- prr 0
, and yn- prr- , 

induced by linearly polarized photons of energies from 610 to 940 

MeV. The experiment was carried out using the back-scattered laser 

beam and the 82-in. bubble chamber at SLAC. We compare the new 

data with predictions from a partial-wave analysis. 
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I. INTRODUCTION 

In single-pion photoproduction, there is a great imbalance in 

the kind of data available. Cross-section measurements abound 

compared to asymmetries from linearly polarized photons, target 

asymmetries,· and recoil nucleon polarizations, with a frequency_ of 

approximately 3000:150:150:150 data points, respectively, for photon 

energies below 1. 7 GeV. In an amplitude analysis of single-pion pho-

toproduction there is a great need for more non-cross-section data 

>'' 
for a better determination of -yNN ·- coupling strengths and for the re-

moval of ambiguities in the partial-wave analysis .. 

We report here the measurement of 141 asymmetry data points, 

in a kinematic region where there were virtually no previous measure-

ments. The break-down into reactions was-

+ + ·55 data points; ( lT ) : -yp - nrr 

( lTO ) : -yp- .Prr
0 41 data points; 

(rr-): -yn .- prr 45 data points. 

II. EXPERIMENTAL PROCEDURE 

A. The beam 

The experiment used a back-scattered laser beam1 - 3 with 

·nearly 100o/o linear polarization. The 82-in. bubble chamber at SLAC 

was both the target and detector. There :were four different beam 

settings for the hydrogen exposure, and two beam settings for the 

deuterium exposure. The peak energies and widths, path lengths, and 

number of useful events are given in Table I. The beam spectra were 

determined by counting pairs every 50th frame, and measuring a sa-m-

ple of pairs at each beam setting. With the known pair-pr_oduction 
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cross section, 4 we infer the intensity spectra, which are shown in 

terms of events/mb for each run in Fig. 1. 

B. Events from hydrogen 

.All film was scanned twice, ahd disagreements were resolved 

in a lhird scan. The events for reactions (7/) and (rP) are one-prong 

events. The bubble density allows for an unambiguous separation of 

protons from pions. We know the beam direction precisely, but its 

energy full-width is 40-60 MeV, so for the kinematic reconstruction 

we may either 1) use all the beam information and make a one-con-

straint (11 1-c") fit, or 2) not constrain the beam en:ergy and then 

make a 11 0-cn calculation. (Constraint for some events is not very use-

ful and only biases the fit.) Events with an additional (invisible) 1r 0 

are clearly separated from the single-pion production on kinematic 

grounds. When such two-pion events are mistaken as single-pion 

events, the resulting 0-c-calculated beam energy is well outside (be-

low) the beam spectrum. This· feature has been checked with two-

, + -pion events from the reaction yp-+ p1r iT , which are observed as three-

prong events in this same experiment, by treating them. kinematically 

as gne-prong events in the following way: 

'VP-+- p( iT+ + TT-) as PTTO 

+ TT-) + 
'VP-+- TT (p t as TT n 

'VP- TT- (p + TT t) as iT n. 

The energy from the 0-c kinematic solution for these wrong NTT hypo-

theses was well below the true beam spectrum. 

The combined scanning efficiency of the two scans for one-prong 

events was. better than 99o/o. The scanning efficiency was independent 

· of the beam energy and the angle <j> used in the asymmetry calculation, 
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where <P is the angle between the direction of the y polarization ·and 

the normal to the production plane. 

In Tables II an:d III we shall present asymmetries using: (a) all 

events (fitted as 1-c), and (b) only those events having well-deter-

mined 0 -c fits. We now briefly discuss these two sets of events. 

First, all events were fitted 1-c withE approximated as a . y 

Gaussian of half-width 6E ; while this has the advantage of allowing 
y 

asymmetries to be measured at all angles and of treating all events 

uniformly, it has the undesired effect of biasing each individual event's 

i beam energy E toward the central value E . Hence in Tables IIa and 
. y y 

lila we can safely present events only in wide energy bins, corre-

spending to an entire run. 

Next, we took advantage of the good energy resolution available 

from the measurement of events with long tracks (yp-+ ntr + with 

e >!< < 60° and yp-+ pn° with e>:< > 120°); and to avoid the bias 
y,w · ·· y,rr 

mentioned above, each such event was calculated 0-c, with the beam 

information ignored. Thus for these well-measured events in select-

ed angular regions, we may present asymmetries with a finer (30-

MeV) energy binning than above; this is done in Tables lib and IIIb. 

There are, however, two problems related to these events where E 
y 

is determined entirely by direct measurement, and 6E varies with 
y 

azimuth angle: 

(1) In earlier experiments with this same polarized beam, we 

frequently flipped the direction of polarization of the photons from 

vertical to horizontal,. but when we scanned the film we found that the 

scanning efficiency was independent of azimuth, so we mistakenly 

stopped flipping the polarization. What we forgot was that the energy 

uncertainty 6E for 1-prong events is worst for the events with a 
y 
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vertical production plane, so they are smeared out into a broader 

range of E than their horizontally-produced companions. If not cor-
y ' ' ' 

rected for, this effect will introduce apparent asymmetries. 

:::< 
(2) Since we are using center -of-mass production angles () 

* (::= () ) rather ~han the directly measured laboratory production angles 
y,rr 

(), the uncertainty in the (calculated) beam energy smears the ()~:~ dis-

tribution via the Lorentz transformation. We have chosen an energy 

'" 
and e''' binning so that both effects produce changes in the number of 

,,, 

events per .6.E-.6.e''' bin of not more than 30% in the worst case's. In 

addition to protecting against bias by choosing unusually, large energy 

bins, we have performed an unfolding of the smearing of the measured 

distribution' due to the measurement errors and thereby actually cor­

rected the bias. 5 

C. Events from deuterium 

We follow the standard procedures of selecting three-prong and 

two-prong events with a slow proton (yd~ p prr-, p. < 150 MeV:Ic) and ' s s /' 

then using the spectator model (Fig. 2) to express these as yn-+ prr-. 

First we checked experimentally on the validity of the model and the· 

possible presence of "deuteron effects" such as a) dynamical effects 

of th~ off-shell natur·e of the target neut:ron, b) interference effects 

between the two production amplitudes of Fig. 2 (the .spectator model 

considers only the first djagram), c) the Pauli Principle, and 4) 

final-s tate interactions. 

From the familiar ideas of Chew-Low pole extrapolation, 6 it is 

clear that both inadequaCies of the spectator model and off-mass-

shell effects decrease for small spectator momentum. We have 

therefore compared asymmetries determined from that half of the 
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events with ps < 50 MeV/ c, with asymmetries from the other hal£ . 

(50 < p
5 

< 15 0 MeV/ c). Within statistics they agreed, with no system­

atic trend visible. We conclude that our procedures are valid within 

the statistical accuracy quoted. 

The data-processing was the same as for the hydrogen events 

with the following exceptions.: Without using the beam energy informa­

tion we have 3-c fits, and the fitted energy resolution oE (typically 
. '{ 

::::: 15 MeV) is better than the beam width. Therefore, we do not use 

the beam information, but rely on the unbiased 3-c fits. We present 

these data in 40-MeV energy bins of effective lab photon energy. 
~ 

Just as for proton events, the combined scanning efficiency is 

better than 99o/o , and is independent of cj>. 

There is one £i nal pas sible difficulty, which we shall now show 

is smalL The photon polarization is given in the laboratory system, 

but the asymmetry measurement is done in a frame of reference 

that is moving. I£ a is ·the angle between the photon beam direction 

·as seen in the lab system and the photon beam direction as seen in 

the -y-n c. m. system, the depolarization of the photons in the '1-n 

. 1 h . 2 Th 1 f c. m. system ts not arger t an 1-cos a. e average. va ue o 

1-cos
2a in the events used was ( 1-cos

2 a) = 0.0024± 0;0028, and tlie 

depolar'ization effect, therefore, is negligible·. 

III. RESULTS 

The asy:mrhetry is defined as 

d~ 
d~ 

II , . 
+ dO" 

( 1) 

where 1 (II) means polarization vector perpendicular (parallel) to the 



* production plane, and () is the c. m. angle between the photon ap.d the 
.. , 

pion. :E(e''') is related to the double differential cross section via 

· d
2

a · 1 1a [ * ] _...::.._...::.._____;·-:-,:, = lT >:< 1 + :E ( () ) c 0 s 2<1> 
d<j>dcose. dcose . 

(2a) 

where <!> is the angle between the normal to the production plane and 

the direction of the polarization. If we multiply Eq. (2a) by the lumi-
' 

nosity (in events/i..t.b) at each rtm, we have 

* d<j>d cose 
= 

1 dN 
1T ~!< 

d cosO 
(2b) 

Since our experiment has a uniform acceptance over tl?-e full <1> range, 

we determine the asymmetry merely by forming the moment ( cos2<!>) 
. . 

"' in Eq. (2b). We have done this for various E- e··· intervals. As a 

check on systematic biases we also formed the moments (cos<!>) 

( sin <1>), and ( sin 2<!>) , which must be zero. The distributions o£ the 

expe~imental ratios (cos <1>) / c5 ( cos <!>}. ( sin 0)/ c5 ( sin <1>) , and 

( sin2<j> )/ c5(sin 2<!>) are, in£act, compatible with a normal distribution 

N(O, 1). 

In Tables II, III, and IV, and in Figs. 3(a), 3(b), and 4, we 

show the asymmetries for the reactions ( ,/), ( 1r0 ), and ( 1r -), respec-

tively. The asymmetries show very significant dependences on the 

energy and the production angle. 

There are a few earlier asymmetry measurements ?- 9 in the 

same kinematic region, also shown in Figs. 3, 4. There are no dis-

agreements between those experiments and our experiment. 
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IV. ·COMPARISON WITH PARTIAL-WAVE ANALYSIS 

Figures 3 and 4 compare our 'results with the predictions of 

10 the partial-wave analysis of Knies, Moorhouse, and Oberlack (KMO) . 

Also included in the figures are the few data points (14 in all com-

. 7 - 8 9 
pared with our·141) labeled Stanford-66, MIT-71, and SLAC-71 

which were available to KMO. We note: 

(1) ·In· the n1/ asymmetries the old KMO Solutions (1), (2), and 

(3) are qualitatively in disagreement with the data of all four energies. 

. * They fail to predict a .shoulder at 8 ::::: 130 o, for E in the range 
. ~ ... 

from 700 MeV -to 762 MeV; also, the predicted dip at e··· = 130 o for 

E = 885 MeV is not observed in the data. Only Solution {4) predicts 
~ 

the shoulder qualitatively correct. Ho~ever, at 88 5 MeV, it also 

-·-
predicts a dip at e··· = 130° '' in disagreement with the data. 

(2) In the p1r0 asymmetries, at Ey = 700, 737, and 762 MeV, 

the predictions are quantitatively confirmed by our new data. At 

E = 885 MeV, however, all four solutions show much more angular 
~ 

dependence than do the data, and are qualitatively wrong. 

(3) In the plT- asymmetries, which are measured at energies 

from 610 to 810 MeV, the data beautifully confirm the qualitative 

features commonly predicted by all four solutions, namely a transi-

tion from positive to negative asymmetries as the energy increases. 

Note that these fits are almost "unaided'' predictions:..-only three data 

points. were previously available in the entire kinematic region cov-

ered by Fig. 4. 

We conclude that in the energy range from 600 to 800 MeV, 

Solution ( 4) of KMO predicts qualitatively 'the asymmetries we find 

for all three reactions, but that atE = 885 MeV (.JS::::: 1600 MeV) all 
~ 



-8-

four KMO solutions disagree with both of the 'YP reactions. We are 

now repeating11 the partial-wave analysis of KMO, using our new 

data. 
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Table I. Characteristics of our six. runs, and event yields. 

E .6.E Total 
Number of events used 

Run -y,peak 'Y Target for asymmetries 
No. 

(MeV) FWHM flux + (MeV) (events/ j-lb) nrr pr? I 

1 715 40 55.1 Hydrogen 5912 1986 

2 745 35 30.3 Hydrogen 2745 1226 

3 770 40 52.4 Hydrogen 4200 2287 

4 904 60 51.0 Hydrogen 2584 1546 

5 763 50 51.0 Deuterium 

] 
prr-(p t<150MeV):) 

SEec . 

6 726 45 46.7 Deuterium 
5225 



+ . . • 
Table Ila. Asymmetries in yp _. n1r from 1-c solutions. r/'' is the c.m. angle between the photon and 
pion; E is the average lab photon energy. of events from each run; N is the number of events in each 
run (sacle numbers as in Table I). 

E (MeV) 
y 

700 

(N=5912) 

737 

(N=2745) 

762 

(N =4200) 

885 

(N =2584) 

10· 30 50 

0.36 0.88. 0.76 

±0.08 ±0.04 ±0.04 

0.45 

±0.12 

0.49 

± 0.10 

0.46 

± 0.12 

0.88 

±0.06 

0.74 

± 0.05 

0.88 0. 7·1 

±0.05 ±0.04 

0.81 ' 0.62 

± 0.06 ± 0.06 

r/' (deg) 
70 90 110 

0.69 

± 0.03 

0. 72 

± 0.05 

0.51 

± 0.05 

0.41 

±0.07 

0.66 

± 0.04 

0.54 

±0.06 

0.60 

± o.os 

0 •. 48 

± 0.07 

0.44. 0.50 

±0.05 ±0.05 

-0.04 -0.07 

±0.08 ±0.08 

130 

0.46 

± 0.06 

0.47 

± 0.09 

0.53 

± 0.07 

0.00 

±0.09 

150 

0.33 

± 0.09 

0.29 

±0.12 

170 

0.10 

± 0.17 

0.10 

± 0.21 

0. 21 - 0.1-3 

±0 .. 10 ±0.25. 

- o.o2 o.ob 
± 0.12 ± 0.20 

I ..... ..... 
I 
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Table IIb. Asymmetries in yp---n,/, from well-determined 0-c events. 

,,_ 

rF (deg) 
Number 

of 
E (MeV) 10 30 - 50 0-c events 

610-640 0.24± 0.31 1.21±0.20 0.90± 0.13 90 
,, 

640-670 . 0.28± 0.18 0.90± 0.10 0. 78± 0.09 307• 

670-700 0.33± 0.15. 0.8 5± 0.07 0.75±0.06 799 
Data 
from 

700-730 0.48±0.09 0.91±0.05 0. 79± 0.04 1387 runs 
1-3 

730-.760 .0. 56± 0.11 0 .95± 0.06 0. 70± 0.06 919 

760-790 0.56± 0.14 0. 79± 0.07 0. 59± 0.07 664 

790-820 0.22± 0.32 0. 73± 0.19 o. 72± 0.20 129 
Data 

820-:880 0 .00±"0. 20. 1.0 7± 0.09 0.74±0.11 . 319 from 
run 4 

880,-940 0. 72± 0.14 0.94± 0.08 0.61± 0.08 600 



Table Ilia. Asymmetries in -yp.-p1r0 
1 from 1-c solutions. 

.... 
e'" I E I and N are defined in the Table II 

caption. 
'Y . 

··-e''' (deg) 

E (MeV) 10 30. 50 70 90 110 130 . 150 170 
y --

700 - 0.42 0.60 0.84 0.85 0.85 0. 78 0.35 - 0.02 

(N=1968) ±0.13 ±0.08 ±0.06 ::1:0.05 ::1:0 .. 06 ±0.09 ±0.14 ±0.23 

737 - 0.26 0.89 0. 77 0.85 0.73 0. 72 0.33 . 0.35 

(N=1226) ±0.21 ±0.09 ::1:0.07 ::1:0.07 ::1: 0.08 ::1: 0.11 ±0.15 ±0.33 

I ...,. 

762 0.53 0.62 0.83 0.68 0.69 0.63 0.22 0.21 
w 

-
. " 

(N=2287) ±0 .. 13 ::1:0.08 ::1:0.05 ±0.05 ±0.06 ::1:0.08 ±0.12 ±0.23 

885 - 0.34 0.46 0.47 0.45 0.32 0.44 0.34 0.55 

. (N=1546) ±0.16 ±0.10 ±0.09 ±0 .07 ±0.07 ±0 .09 ±0.12 :I:Q .21 

,? 
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Table IIIb. A t . . 0 . symme rtes m yp-+ p1T from well-determined 0-c events. 

.... 
rF (deg) Number 

E (MeV) 130 150 170 
of 

y 0 -c events 

610-640 1.33±0.35. 12 

640-670 0.94± 0.22 -0 .32± 0.30 56 

670-700 0.82± 0.14 0.22± 0.21 127 Data 
from 

70'0-730 0. 76± 0.10 0.31±0.16 237 runs 
1-3 

730-760 0.60± 0.10 0. 50± 0.15 260 

760-790 0.48± 0.12 0.17± 0.18 214 

790-820 0. 94± 0.20 0 .42± 0.36 50 Data 
from 

820-880 0.33±0.18 0.44± 0.17 0. 56± 0.30 140 run 
4 

880-940 0.27±0.13 0.21±0.18 0. 74± 0.32 195 

' -
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Table IV. Asymmetries in yn-+ plT-. 7427 3-c fits were obtained, but the asymmetries are calculated for the 5225 of 
them which had a spectator momentum of < 150 MeV/ c. e':' and N are .d~fin~d in the Table II caption. Ey is not the 
real photon energy, but the effective lab energy for the reaction yn-+ p1r 

e'~ (deg). 

E (MeV) 
y 

10 30 50 70 90 110 130 150 170 

610-650 0.43±0.32 0.68±0.18 0.56± 0.18 0.77±0.15 0.47±0.22 0.30±0.19' 0.26± 0.22 0 . 0 4± 0 . 2 6 - 0. 9 5± 0. 3 6 
(N=392) 

650-690 0.15±0.23 0.81± 0.11 0.8 5± 0.10 0.57±0.10 0.18± 0.11 0.27± 0.12 -0.25± 0.14 -0.09± 0.13 . 0.00± 0.24 
(N =946) 

I 

690-730 -0.12± 0.16 0;57±0.08 0.54±0.08 0.31± 0.07 0.08±0,08 -0.01±0.09 -0.26± 0,10 -0.01± 0.10 :-0.07± 0.16 
...,. 
\J1 

(N=1768) I 

730-770 -0.32± 0.17 0.4 7± 0.09 0.45± 0.08 0.27± 0.08 -0.28±0.09 -0;04±0.10 -0.08.±0.11 0.04± 0.10 0.14± 0.15 
(N=1698) 

770-810 0.40±0.31 0.19± 0.16 0.23± 0.17 -0 .13± 0.18 -0.24± 0.18 -0.28± 0.22 -0.14± 0.18 -0.32±0.20 -0.06±0.33 
(N=421) 
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FIGURE CAPTIONS 

Fig. 1. Path length distribution for each of our four hydrogen runs. 

The symbo~s are plotted in the middle of the 30-MeV bins to which 

they refer. The curves do not reproduce the actual spectra, but 

merely join the symbols. 

Fig. 2. Impulse approximation diagrams for -yd--. pprr-. The slower 

proton (in the lab) is labeled ps' the faster, Pr The spectator model 

ignores diagram (b). 

Fig. 3. Asymmetries for 
. + 

(a) 'YP .~ nrr and .(b) 'YP .- prr 0
, at four 

beam energies. 
::~ e. is the c. m. angle between the photon and the pion. 

The curves show the four solutions of KMO, Ref. 10. The solutions 

are indicated by parenthetical numbers. 

Fig. 4. Asymmetries for -yn .- ptt-, at five beam energies. 
>'' e ,. is the 

c. m. angle between the photon and the pion. The curves show the 

four solutions of KMO, Ref. 10. The solutions are indicated by 

parenthetical numbers. 
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7T- _,7T -y Y. /" 
.; / 

.; / 

Pt + Ps 

d Ps d. Pt 

(a) (b) 

XBL 744-2972 

Fig. 2 

\ 
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yp__.n 1r+ 

Soln.(4) · 
700 

M l Ey= eV 

! 

-~ - 762 MeV 

>. 
'- 0.4 ·-Q) ' . 

.. E 0.2 

~ 0,01-t----+---~...::......:::--+--~ 
en 

<( 

• This expt. 

c Stanford-66 

o MIT-71 

(I ),(2),(3) ___,..-

10 50 90 130 

• This expt. 

CSLAC-71 

o MIT-71 

170 10 50 

8* (deg) 

Fig. 3 

90 130 170 

XBL 745-3017 
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