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4ABSTRACT
We report on the rneas‘u.'rement,.of asymmetries in the single-
pion photoproduction reactions Yp - nn+, yp -~ pw’, and yn - pw ,
induced by linearly polarized photons of energies from 640 to 940
MeV. The experiment was carried out using the back-s.cattere_d laser
beam and the 82-in, ‘bubble ehambe-r at SLAC. We compare the new

data with predictions from a partial-wave analysis,
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I H\IffRODUCTION

In single-pion photoproduction, .there is a great imbalance in
the .kind of data available., Cross-section measurements abound
compared to asymrn'et‘riels from linearly polarizeci photons, target
asymmetries., : and recoil nucleon polafizations,» with a frequency of
approximately 3000:150:150:150 data points, respectively, for photon
energies beldw_ 1.7 GeV, In an amplitude analysis of single-pion pho-
toproduction there is a"great need for movre non-cross-section data
~ for a bet_ter. determination of \(Nl\.Tﬂ< coupling stfengths and for the re-
méx}él Qf arhbig‘uities in the partial-wave analysis. |

We feport here the measurerhent of 144 asymmetry data points,
in a kinematic region where there were virtually no previous 'mevasure-

ments,  The break-down into reactions was-

(1r+): Yp — nm’ - 55 data poinf:s;.‘
("): yp- pr - | 41 data points;
() .yn”—> pm. _ 45 data points.
II, " EXPERIMENTAL PROCEDURE
A. The beam ; -

J

The ‘expe.riment_uSed a back-scattered laser beam'™> with
'néafly 100% linear 'polafization. The 82-in, bubble chamber at SLAC
was both the target .and detector. There were four different -beam.
settings for the 'hydrbggn eixpo‘sure, and two beam settings for the
deuterium exposure, The peak energies and widths, path 1eng£hs, andb
number of useful events are given in Table I, The beam spectra were
determined bb.y countihg pairs every 50th frame, and measuring a sam-

ple of pairs at each beam setting; With the known pair-production
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cross section, = we infer the intensity spectra, which are shown in

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

' B. Events from hydrogen

v,v..',.:‘All film was scanned'twic‘e,' a“nd ‘disagfeements' were resolved

in a third .4sc’.an. The events for reactions (Tl‘+) and (r°) are oné-prong
events. The bubble dénsity allows for én upambiguous separation of
:protonvs from pions. We know the beam direction precisely, but its
ené.rgy ful‘l-\&idth is 40-60 MeV, .soifor the kinematic récons(.:ruc'tion
we mayreither 1) ‘uvse"a.ll the bearﬁ information and make a ,one—coﬁ—‘
straint ('1-c') fit, or 2) not'constrailfi the beam energy and then
make a "0-c" calculation. V(C.onstrain’t for some events is not very use-
' ful and only biése_s the fit.) Events with an additional (invidible) °
are élearly separated fr.om the single-pion production on kinematic
grounds. When su,ch"‘tvv"o-pion> events are mistaken as single-pion
events, the resul.t;ing 0-c—calculated beam energy is well.outside (be-
10\&_) the beam spectrum. This'lfeavture has been checked with two-
pion events frofn the reaction‘ yp; p1r+'1r-,. which are observed as three-
prong events in this same 'ex'perimen.t, by treating them kinematically
as gné-prong events in the féll_owing way: - |

yp - p("rr+ +m7) as pr |

Yp — Tr+(p +m) as nn

yp - m (p + 1T+) as m n.
The energy from the 0-c kinematic “ solution for these wrong N hypo-
theses was well beléw’ the true beam spectrum, |

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

events was better than 99%. The scanning efficiency was independent

- of the beam energy and the anglé ¢ used in the asymmetry calculation,
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wil'ere ¢ is the-'ar;gle. bétween_ the direction bf the y.polarization and
the norv'rn'al to the production plane. | |
In Tables II and III we shé,ll présent asymmetries using: (a) all
events (fitted a’s 1'-;:), and (b) only those évents ha.%ring well-deter-
rﬁined 0-c fits, We now briebfljr di.scuss these two sets of events.
First, all events were fitted 41-c Qvith EY appro.ximated as a

Gaussian of half-width 6Ey; while this has the ac%vantage of allowing
asymmetries t.o be measured at all angles and of t:re_atin‘g all e%rents
uniformly, it has the undesired effect of biasing each individual evenf"s
bgam energy E; toward the central value Ey' Hence in Tables Ila and
IIla we can sé.fely present eveﬁts only in Wide energy bins, corre-
5p§_nding to én.éntire run.

" Next, we took aciva.nta.ge of the good energy resolution available
from the measurement of events with long'tracks' {yp— ni with _
9:2 < 60° and yp - _pTro with 6;:;’ o 1.20°); ar;d to' avoid the bias |
mentiqned above, eéch such event was calculated 0-c, with the beam
information ignoz.-ed;. Thus for these weli—measured events in select-
ed angular regions, we may present asymmetries With a finer (30-
.MeV) energy binniﬁg than above; this is done in Té.bles IIb and IiIb,
There are, howév_ef, two problems related to these events Where E
is §etermined entirely by direct measu?ement, é.nd SEY varies with
aéimuth an‘gl.e:

| (1) In earlier‘e.xperimentvs with this sarﬁe polarized beam, we
frequently .flipped the direction of polarization of tﬁe photons from
vertical to horizontal,, but when we. séanned the filim we found that the
scanning efficiency was indep'ende'nt of azimuth, so we mistakenly

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

uncertainty 6EY for 1-prong events is worst for the events with a
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vertical prodﬁction plane, so they are smeared out into a broader
range of EY than their horizontally-produced companions. If not cor-
rected for, this ‘effecvt-will introduce apparent asymmetries.

ale
O

(2) Since we 'a're'using, ;:enter-of—ma.ss production angles 6
(= 9*’ Tr) ratherthan the directl‘y measured 1aboratory production angles
8, the unce.rtainty_' in the (calculated) beam ehergy s‘mea.rs the 0* dis-
tribution wia the Lorentz-transf()rmatibn. We have chosen an energy
and 6" biﬁnihéféo that both effects produce changes in the number of .
events per AE—AB* bin 6f not more than 30% in.the worst cases. In
addition to protecting against bias by choosing unusually, large energf
vbin‘s, we have performed an unfolding of the smearing of the measured :

d_istributiorf 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 p'ﬁ-»,,p,s <150 MeV/c) and
then’using.~the spectator mod’ell(Fig. 2) toexbress these as yn— pm .
First we checked experimenta.ll;r “on the validity of the médel and the .'
possible presence of '"deuteron effects' such as a) dynafnical effects
of the off-she.all nature of the target neu.tron, b) interference effects
between the two production amplitudes of Fig.2 (the spectator modenl
considers only .the‘ first diagram), c) the Pauli Principle, and 4)
final-state interactions.

From the familiar ideas of Chew-Low pole extrapolatio-n,6 it is
clear that both inadeqﬁa‘cies 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 'p_s'<._ 50 MeV/.c, with asyfﬁme’&ies from the other half ’

(50 < Py < 150 MeV/c)_. Within statistics they agreed, with no system-
atic 't'renc‘i‘vi_sible. We conclude that our procedures are valid within
the statistical.a‘ccuracy quoted, o

The data;processing was the same as for the hydrogen events
with the following exceptions: Without»usihg-the beam energy informa-
tion we have 3—.c fits, .and-the fitted energy resolution BEY (typiclally
~ 15 MeV) is better than the bee‘ﬁn width. Thgrefofe, wé do not use
the beam information, but rely on the unbi;a,sed 3—cv fits, We present
these data in 40-MeV 'energy\ bins of effective lab photon energy.

Just as for proton events, the combined scanﬁin‘g efficiency is
" better than 999, and is independent of ¢.

There is one final possible dvif'ficulty, which we shall now show
is small, -.The photon polariz'ation is give.n in the laboratory system,
~ but the asymmetry measurement is done in a frame of reference
tha.'t is m.o.ving. If a is ‘the angle between the phdton'be.'am‘direct,ion
"as seen in the lab system and the photon beam direction as seen in
the y-n c.m. system.,_ t1‘1e depolé.riZa;tion of th'e photons in the y-n
c.m. systein is not larger than 1—cos2a. The average, value‘ of
1—cosza in‘ the e'veflt-s used was_( 1—cos‘2a> ‘: 0.0024+ 0.0028, and the

depolarization effect, therefore, is negligible.

III, RESULTS
" The asymmetry is 'de'finedvas

' K :
(07 = d#‘i-—-—i‘—’w - ., ()
) do‘J‘ + do

where L (Il) means polarization vector perpendicular (parallel) to the
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production plahe, and 0 is the c.m., éngle between the photon and the-

pion. 2(6*) is ‘ related to the double differential cross s-e'ction via

~do .1 1o 1+‘z(9)cos2¢] " (2a)
déd cosb - T dcosh ‘ _ :

. where ¢ is the ‘angle between the normal to the production plane and

R .

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

nosity (in _events/_pb) at each run, we Have

2 N ’ . . . . C )
An‘ -1 —dl-.,— 1+ 2(9')cds2¢ . (2b) .
d¢d cosb T dcosf _

Sin;e. our éxperiment has a-u,ni-form acceptance over the full ¢ range;
we determ‘in_e the ésymmetry rrierely_bjr f‘.orming th‘e moment ( c032¢>
in Eq. .(2b). We have done this for various E-6 intervals. Asa
éheck én systematic B’iases we also fofmed the moments (cos ¢)
(siné), and <siﬂ2¢> » which ﬁust be zero. The distributions of the |
exp.e;.imental'ra;tio's ( éos $) /6( cos ), ( sin 6)/6( sin $), and
(8in2¢)/8(sin2¢) are, in fact, compatible with a normal distribﬁtion
N(o"i). . | . :
" In Tables II, III, and IV, _and in Figs. 3(a), 3(b), and 4, we
show the asymmetries for the reactions (1T+), (v"), and (1;_), respec-
tively. Th‘e asyﬁmétfies shbw_very' sign‘ifiéant dependences on the |
energy and the ‘pr oduction angle. |

Théfé are a -fevs} earlier asymmetry rnea.surernent:s?-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 3and 4 compé.re our ‘resuits with the préd‘ictions'of
the partial-wave ana.ly-sis of:Knie_s, Mobrhbuse, ‘and Obeflack (KMO)1O._
Also included iﬁ the figures are the few data points (14 in all com-
pared with our 141) labeled Stanfqrd-eé; " MmrtT-71, 8 and snac-71°
which .wer_e; availabler to_KMO.. We note: | .

(1) In‘the‘nn+ asynimetr_ies the old KMO ‘Solutions (1), (2), and

(3) are qualitatively in disag’r“eemen‘tI with the data of all four energies.

. %k . . :
They fail to predict a 'shoulder at 6 = 130°, for EY in the range

- from 700 MeV to 762 MeV; also, the predicted dip at 8 = 130° for

EY = 885 MeV is not observed in the datia.v Only Solution (4) predicts
the shoulder qualitatively correct. Hé{vever,\ at 885 MeV, it also .
predﬂicts a dip at O*v: 130°,, in disagreement with the data.

(2) In the p1r° asymmetrlies, at EY: 700, 737, and 762 MeV,
the predictions are quantitati-velybonfirmed by our new data. _Aé
EY: 885 MeV, hovs}ever, all foﬁr solutions show 1;nuch more angular
dependenc_ie than do the data, and are qualitatively wrong.

(3) In the pn--é.symmetries, which are measured at energies
frorh 610 to 810 MeV, the. data beautifully confirm the qualitative
featureé commonly predicted by all four solﬁtions, namely a transi-
tion from positive to negative asymmetries asv,the energy increases.
Note that these fi.ts are almost '"unaided" prédictionsv.--only threé data ,
p.oints‘d weré .p'reviously available in the entire kinematic region cov-
ered by Fig. '74. |

- We cénclude 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 at EY = 885 MeV (Ns= 1600 MeV) all
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four KMO solutions. disagree  with both of the yp reactions. We are
now repea,tin'g11 the partial-wave analysis of KMO, using our new

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

Number of events used

Ey peak AEY Total :
: If\{IIcJ;n (MeV) FWHM flux Target : for+asymmetr1es

: : (MeV) (events/pb) . : ‘n pnp

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 pm (pspect<1 50’MeV/é.)
6 726 45 46.7  Deuterium 5225




Table Ila, Asymmetries in yp - nm' from 1-c solutions. 6 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 (samle numbers as in Table I). _ o ’
. : : 9>‘:(deg)_ | , _ ‘ . - o
E_(MeV) 10 - 30 50 70 90 110 130 150 170
700 0.36  0.88° 0.76  0.69  0.66  0.60 . 0.46  0.33  0.10
(N=5912)  +0.08  £0.04 +0.04 *0.03 +0.04 0.05  20.06 *0.09  *0.17
737 0.45  0.88 . 0,74  0.72  0.54  0.48  0.47 0.29 0.10
(N=2745) +0.12 +0.06 +0.05 *0.05 +0.06 +0.07 0,09 *0.42 =0.21
762 0.49 0.88 0.71 0.51 0.44°  0.50 0.53 0.24 - 0.13
(N=4200) #0.40 £0.05 +0.04 #0.05 0.05 +0.05 0.07 *0.40 *0.25
885 0.46 0.81 . 0.62 0.41 -0.04 -0.07  0.00 -0.,02 0.00
(N=2584) +0.12 £0.06 +0.06 0.07 £0.08 *0.08 £0.09 *0.12 . #0.20

~T¥-
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Table IIb. A’sy__mr_netrie’él in yp_—»nTr+, from well-determined 0-c events,

%

6 (deg)l Number
A : ' _ of :
E (MeV) 10 30 - 50 0-c events
610-640 0.24+0.34  1.24%0.20  0.90%£0.43 = . 90 ™\
640-670 - 0.28£0.18  0.90£0.40  0.78£0.09 307
| 670-700 0.33£0.15°  0.850.07  0.75%0.06 799 ]?ata
_ _ ‘ from
700-730 0.48%0.09  0.91£0.05 - 0,79+0.04 1387 Pi“_r;?
730-760 0.56£0.44  0.95%0.06  0.70£0.06 919 |
760-790 0.56£0.44  0.79£0.07  0.59+0.07 664 )
790-820 0.22+0.32  0.73%£0.49  0,72+0.20 129
. ' Data
820-880 0.00£0.20° 1.07#0.09 = 0.74+0.14 319 ) from
- ' : run 4

880-940 0.72£0.44  0.94%0.08  0.64%0.08 600




ale

» 'and N are defined in the Table II

.Table IITa. Aéymmetries in yp—»p‘n'e, frorﬁ 1-c sblufions. 6, E
caption. - ’ . v : _ L Y
- | 6 (deg) - - |
E (Mev) 10 30. 50 70 - 90 110 130 © 150 . 170
700 - 0.42 0.60 0.84 @ 0.85 0.85 0.78 0.35 - -0.02
(N=1968) +0.43 +0.08 #0.06 £0.05 *0.06 £0.09 +0.14 *0.23
137 - 0.26 0.89  0.77 0.85 0.73 0.72 0.33 - 0.35
(N=1226) - © +0.2¢° £0.09 #0.07 £0.07 £0.08 0.4 0.15 *0.33
: ’ . . i [
762 - 0.53 0.62 0.83 0.68 0.69 0.63 0.22 - 0.24° . e
(N=2287) +0.43 £0.08 *0.05 0.05 £0.06 *0.08 +0.42 *0.23
885 - 0.34 0.46  0.47 0.45 0.32 0.44 0.34 0.55
' -~ %0.46  *0.10 +0.09 £0.07 +0.07 £0.09 *0.12  #0.21

- (N=1546)
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Table IIIb. ,Asymmetries in yp— pm from well-determined 0-c events.

‘ 6 (deg) Number
E (MeV) 130 150 170 of
v 0-c events
610-640 4.33%0.35 --- e a2 Y
640-670 0.94£0.22 -0.32%0.30 - 56 |
670-700 0.82+0.44 - 0.22%0.21 - 427 | Data
v v . : : from
700-730 0.76£0.10  0.31£0.16 -—- 237 [ T93°
730-760 0.60£0.10  0.50£0.45 —-- | 260
760-790 0.48+0.42 - 0.17%0.48 = --- 244 )
790-820 . 0.94£0.20  0.42+0.36 -—- 50 | Data
. A : "\ from
820-880 0.33£0.18  0.44+0.47  0.56£0.30 - 140 ) pun
v | .
880-940 ° 0.27+0.43  0.24%0.48  0.74%0.32 195




7427 3-c fits were obtamed but the asymmetr1es are calcula.ted for the 5225 of
Ey is not the

Table IV, Asymmetri-es in yn - pw
them which had a spectator momentum of < 150 MeV/c. 6* and N are .defined in the Table II captton
real photon energy, but the effective lab energy for the reaction yn - pm _

. . o 9>' (deg) . _

(MeV) 10 30 50 - 70 90 : 110 130 150 1700
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 0.04%+0.26 -0.95%+0.36
(N=392) ‘ . : ; . 7
650-690 0.15%0.23 0.84%0.41 0.85£0.10 0.57£0.40 ~ 0.48+0.41 0.27£0.12 -0.25%0.14 -0.09£0.13 .0.00%0.24

(N=946) : , :

. ’ . '. . ‘ ‘ !

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+0.40 -0.01%0.10 -0.07+0.16

(N=1768) a : : ' : '

730-770 -0.32+0.17 0.47£0.09 0.45£0.08 0.27£0.08 }0.28i0.09 -0.04+0.10 -0.08+0.41 = 0.04£0.40 0.14%0.15

(N=1698) : : :

770-810 0.40£0.34 0.19%0.16 0.2320.47 -0.13£0.18 -0,24%0.18 -0.2820.22 -0.14%0.48 -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 h‘ydrog.en runs..
The symbols are plotted in the middle of the 30-MeV bins to which
they refer. The curves do not ré-prodli_ce the actual spectra, but

merely join the symbols.

Fig. 2. Impulse approximation diagrams for yd - ppr . The slower
proton (in the lab) is labeled Py the faster, Pg- The spectator model
ignores diagram (b).

Fig. 3, Asymmetries for (a) Yp ~ nr' and (b) yp - pn?®, at four
beam energies. 6 is the c.m. é,ngle between the photon and the pion.

The c¢urves show the four solutions of KMO, Ref.10. The solutions

are indicated by parenthetical numbers.

S

Fig. 4. Asymmetries for yn - pn , at five beam energies. 6 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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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, 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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