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ABSTRACT

The reactions yd — n 2p, n*2n were studied near threshold with

A

the Berkeley eleétron synchrotron, A 4-in, liquid deuterium bubble chamber

. served as tafget’and detector in a 194-MeV bremsstréhlung'beam hardened

{
N

L !
events was analyzed. The experimental data for the minus-to-plus ratio®

R were corrected for final-state Coulomb interactions by the method of

' Baldin, with the resilts R = 1,28 + 0.13 for 160 MeV< k < 175 MeV and

6% > 110 deg (c.m.); R = 1.13 + 0.13 for 152 MeV < k < 160 MeV and

' 6% < 110 deg (c.m.). The theory of CGLN, modified by Ball to include the

‘p-exchangé parameter A, pfedicts R = 1.28(1 - 0.14 Afe). This relation

was used with our values of R to obtain A/e = 0.040.7 and Afe € 0.840.7

for the'above two‘phot6n~energy rahges. The Chew-Low extraﬁqlation

_ technique was used to obtain the value of the.squaréd matrix element

o for the reaction yn - n'p. It was found to be a satisfactory method

to apply to the deuteron for deriving reaction cross sections for free

(0]
-0.30+0.16 ub/sr-Mev, Our-mdst_agcurate value is ao' = 23.3%1,9 pb/sr

neutrons, We.obtain &, = 27.342.8 ib/sr at threshold with a slope of

at k7n = 162 MeV: These results have been corrected for the final-state

- np intéraction,_by meahs'bf the Coulomb penetration factor., The threshold
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determlned to be ao

: apparatus. Comblning these results glves the values R O:-/ao =,

J .
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' value of the squared matrlx element for the reactlon 7p - n+n was

21 5+0 9 ub/sr 'by McPherson et al uSJ,ng the sa.me
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I. INTRODUCTION - - .

The ratio of photopion production from neutrons to that from

J\protons near threshold is a physical quantity of continuing interest. 'This:,-
o -t - L+ . I
quantity R=0"/¢” o(yn - xp)/o(yp = x'n) is important for the following

" reasons: (a) A firm theoretical~preAiction has existed since 1957, when

- the dispersion relations of Chew, Goldberger, Low, and Nambu (CGIN) were

jpu.‘t:lished.:L (b) There is an intimate relationship between R and other

measurable pilon-nucleon parameters, These parameters are the cross section

A ]

- for positive photopion production by protons near. threshold, the pion-

'Z nucleon s-wave phase shifts, and the Panofsky ratio, These parameters';-'

2-16

have been the subject of widespread discussion and controversy.

(c) Recent corrections to the‘theory of photopion production have = i,

introduced the possibility of detecting the contribution of dipion or

p-meson exchange ferms.l7'25 The value of R is very sensitive to these

'terms, since they enter in the'ﬁ- and amplitudes with opposite relative

 signs,

Because of its simple structure, deuterium has been generally
used to study negative photopion productién, and the OfﬁJf ratio R.26'h5
Most previous experimentation has involved particle-detection techniques*_'

using thin targets or deuterium-loaded photographic emulsions. Complete -

~analysis of these éxperiments_was limited because of the incompleténess

of kinematic data due to the difficulty of detecting the'lowQenergy bionsi
and recoil nucleons that occur near threshold. In these reactions, the
"spectator" nucleon usually recoils with enough momentum tO'invalidatev'""

siﬁple two-body kinematics,. AlSo; unlesé rather complete kinematici

» 1nformat10n is avallable, it is dlfflcult to apply the correctlon that

Baldin has estlmated for the flnal-state Coulomb 1nteract10n in the -



"ﬂ have_used thelr,method_to\obtaln the free neutron cross sectlon

[

7d.-;n 2p reaction.loe‘i}f.}f”ffwl,,jif;. 'f.;‘.,;{_%,’f7r

%3 .
An alternatlve approach used by Gattl et al hé is to measure

“”“.the cross section c(n P —’7n) and apply detailed balance. Thls obvmatesfif%l.

’}the dlfflcultles 1nherenx in using a deuterium targef but suffers from-;~t%

© the dlfflculties 1n detectlng neutral partlcles

In several 1mportant respects, a deuterlum-fllled bubble chamber v

't'i is an 1deal 1nstrument with whlch to study photoplon productlon by deuterons

. near threshold (a) Both negatlve and p081t1ve mesons may be observed '
. »

, fiislmultaneously- (b) The reactlons may be studled quite near threshold

E'Abecause the secondary partlcles are not requlred to emerge from the f
chamber and enter & separateadetector. (c) A range of photon energlesv
: el : ,
. : oo - , : S H L
may be simultaneously studied, yet it 1s possible to determine accurately . .’

the photon.energy'for eachVevent,of'the type 7d.—>ﬂ'2p : (d)' Complete -,

lklnematlc 1nformat10n on this reactlon 1s obtalnable, enabllng us to make{fﬁl:f

use of the Chew-Low extrapolatlon technlque. -

In 1959, Chew and Lowug descrlbed a very'powerful method by whlchb;d- o

- cross sectlons of target partlcles that are actually bound in. a complex

l

'rsystem may be analyzed to y1eld the free-partlcle cross sectlon. We ,ﬂ ff‘

(l ;'.‘ .
c.o(yn.-an"p) from observations of negative pion production in a deuterium‘

B bubble chamber ThlS is done by flttlng a prescrlbed functlon to the

measured dlfferentlal cross section for varlous values of the spectator

ii“proton momentum pl-. Extrapolatlon of this emplrical curve to the (nonphys1cal)_l

‘s_p01nt where p12,= - o?, y1elds the free-neutron Cross. sectmon -The constant

",a is the deuteron 1nverse radlus..

LN

As may'be Judged from Flg. 6 the distance of extrapolatlon 1s"

Fvnot large compared with the: .range. of values of P12 3003551ble 1n the ?"*TN

o

s




' Behind the bubble chamber as shown in Fig. 1. Its calibration
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experiment to be described. Therefore we are able to make a relatlvely

lreliable extrapolation.

o II. EXPERIMENTAL TECHNIQUE

A, Apparatus and Procedure

Figure 1 shows the arrangement of the apparatus used to'produce'

a clean, "hardened" 194-MeV bremsstrahlung sbectrum incident on the

Loin.-djameter ligquid deuterium bubble chamber.u9’sof There was approxi-

' mately one radiation length of LiH between the Pt target of‘the’synchrotron
N and the bubble chamber. This served to reduce the relative number of .

a‘photons with energies below the pion production threshold, which

contributed only to undesirable electron background in the chamber. Also,
' T v -

thin enﬂrance and exit windows were used on the bubble chamber. Because

of the large background of Compton and electron pair-production reactions =

A"produced within the chamber by such & beam,;it was necessary to operate

the chamber in a temperature range'suoh that minimum-ionizing background

particles left.very tenuous 'tracks but the slower pions and protons left

clearly distinguishable dark tracks, Details of operation and the photon-

spectrum are presented elsewhere.s;'53 ,The'primary flux monitor. for the

v“:‘experiment was a;Cornellétype thick-wall ionization chamber placed

5#,55 was

corrected to account for the hardened'spectrai shépe and the duty*cycle

of the bubble chamber operatlon. The average photon flux through the ,:

:_chamber was O 8 x 106 MeV per plcture.= In an auxillary experxment a R
f palr spectrometer was used to determlne both the peak energy and the

vhspectrum of the bremsstrahlung beam. The synchrotron was operated at :

peak energles of 194 + 2 MeV for the main run and 138 + l 5 MeV in order

gt S




o twlce, y1eld1ng 1309 analyzable n events from the reactlon ?f':'
~."and L47 events from the reaction . .

: (folldwed by(' - xtouty).

--liseparation of pion‘events’from.a hackground of photonuclear;product

E
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. to evaluate backgr‘oun‘d effects Data collected durmg

1

xfflthe lower-energy run were used to estlmate the background subtractlon

‘f; for two- and threeﬁprong photoproton scatterlngs capable of simulatlng-
«negatlve-meson events. The l9h-MeV peak energy for the main experlment

kt;: ;v-was selected because, above 180 MeV, chamber eff1c1ency for analyzable ﬁh

'*f.tilplon events dropped rapldly, and highereenergy photons caused amblgulty o

“..in interpretation of certain‘observed events and contributed to the_lj'

electron background. d o o .;a._' < T

Because of the limited track lengths avallable, the use of a -

i magnetlc fleld would not have faC111tated the analyS1s of thls experxment;?

B,i Measurement and Interpretatlon of Events R

' Three hundred thousand stereoscoplc photographs were scanned ‘H‘ﬂ C

7d.~ Ir2p RN ¢ ) B

’

See Flgs. 2 and 3 These events were observed in two separate scans

; 1th calculated overall scannlng efflclenc1es of 98. h% and 99 8%,
u;respectlvely. Measurements from the stereo plctures allowed the spatlal
‘areconstructlon of each multlpronged event and the calculatlon of the

 angles and lengths of the tracks.

‘The main problem in thevinterpretation ofpevents wasvthe

L

'¥~-scatter1ngs that mlght sxmulate the deS1red plon events. For this reason, .

the complete analy51s of every event 1nc1uded v1sual 1nspect10n of
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ioﬁizé.tion,‘ as Qéll as kinematical analysis. |
The contrlbutmg background reactions are yd - n: d, yd - ° np B
74 - np, and yd - yd. The background of single-prong heavy-particle

events was about one 'per frame, We analyzed the photoproton scatterings

. found in the film.exposéd .a't 138 + 1.5 MeV, exé,ctly as if they were

caé'es of negative photopion production, The visual inspection was done

by a physicist unaware of the nature of these events, All thése events

of the tracks, or by kinematical analysis.

The n' events were identified by the characteristic range of
the muon (41.0035 + 0.053 cm in the bubble chamber), and in 27% of i{‘
the cases by the eiectronic muon decay as well, The average.‘range'
of the muons in visible 1r+ - p.+ - e+.‘decay chains was used to

determine the density of liquid deuterium in the Cha.mber, using the

expression

i
d (muon range in hydrogen, g—cm-z) '

.pd —

o (muon range in deuterium, cm)

. V-Z . :
- 2.04474 (0.0656 g-em 7) _ 4 4307 & 0,0043 g-cm ™3,

1,00813 (1.0035 cm) S

~ where Md/Mp is the ratio of the mass of the deuterium atom to the mass
of the hydrogen atom, .We, assuinédthe muon range in hydrogen td be that

given by Clark and Dn‘.ehl.5 6‘. The range-enefgy cu;rfves' of Clark and Diehl

were scaled according to our observed muon range. . In the region of -
) . ~- . . 'S . . R .

 were 1dentif1ed as photopro’con scattermgs by the location of the vertex

: outside of the beam, by the direction of the ionizatlon den511:y gradients
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- interest (R < 10 cm) the adjusted ran'g‘ev-'-m‘omentum"r‘elationship‘s very

'\-';'Y'Clc’)selyv.followed the forms o ) )
’ P = 144 Ro 277 (protons) , S
‘ _ IR I o (3)
P = 36.3 RO,Z’?O (plons) Cal o .
where the momentum P is in MeV/c and the range R is in cm. ‘ ‘l

By means of en‘er_gy-mom‘entum-conservat1on equat1ons, it was.

pos s_ible to completel)vrv s‘olve any 'rr— e\}:ent in which}_three Aprongs were . - &
visible, and thOSe events-i’n Which only two prongs were visible’but both
prongs stopped in the chamber . |

The 1n1t1a1 problem was to determlne which of the thre,e outgo1ng
: particles was the meson and whrch‘ were protons. To do this, each event

was solved completely“three times, each time with a different mass selec-. '

t
i
)

tion. An unambiguous cholce was usually given by these_results. Ten
- fundamental quantities ’m'u.st be obtained or inferred from the measurements
on each event. 'l‘hese a.re‘ the photon energy‘k and the three momentum-

" components of each of the three final -state particles. The photon d1rect1on
~was determined separately by measurements on electron pairs in a more :
" sensitive sample of film, At least six of the fundamental quantities must_ o

be obtain-e!d di‘rectly from the measurements and the. range—momentum |
relationship.‘ As man}.rv as nine of these_quantities were determined

directly, if three visible tracks stopped in the chamber. The remaining

unknoWn quantities were obtained by using the four conservation equations '

" for energy and momentum, When more/than the necessary six quantltles '

E were available from the measurements the problem was overdetermmed ‘
CA lea.st squares ad‘].ustment to the conservatmn laws was made b;a set of | ’

 IBM- 650 routines that used the method of Lagrange mult1pl1ers and an

'- 1tera.t10n procedure.57 58 When the. a.dJustment was concluded the program

.‘3

-+ tested to make sure that the photon energy was. reasonable, the event

-originated m the beam cyhnder and w1th1n arb1trary f1duC1al

limits , . the constralnts_.-,were ' su_ffrmently »sat1sf1ed I

-



'and.Xz was reasonable,

1]
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- III. THE RATIO OF NEGATIVE TO POSITIVE PIONSQS“

PR
L3

A, Pion-Energies and Angles Included 2"

In order to be 1dent1flable, a positive pion must stop in the |

_’bubblevchamber.‘ Therefore, the plon energy range allowed in determlnlng

the o‘"/c+ ratio R was necessarily limited, 'We included only pions whose

:momenta lay between 29 and Sl MeV/c, correspondlng to ranges of 0.42 to

3.3 cm, Thus all pions were of sufficiently long range for rel}able

- identification, and still short enough so that positive-pion tracks

nornally ended in the chamber and their decay‘signatures were visible._

The data were divided into twenty energy-angle bins to facilitate

i
msking geometry ahd Coulomb corrections, The bins are.shown in Fig. hﬁi
The curves tha£ define the bins are based on kinématics ofvthe process -
¥p - x'n. If the deuteroh binding energy and the neutron-proton mass
difference are takeh into account,:these kinematics fairly accurately"
represent the kinematics for the process yd —»  p + (p at rest);-as ﬁell'

I : .

as for yp —» x'n. Two-body kinematics must be used because the n'nn

final state is not amenable to analysis, These curves therefore have

only an approximate relaﬁionship t6 our data. The bins were chosen to

'lie between curves of equal photon energy (1ab) end pion c.m, angle, so

that the ratio R could be studied as a function of these variables,

Areas that were.too small to efficiently serve as bins were arbitrarily'

v

‘made part of an adjacent‘hin in the same energy region.

The dashed llne running- almost vertlcally through Flg. Ly d1v1des

‘v-;the data into two reglons. To. the right of this, llne (forward dlrectlon),‘v-ﬂ. B

"a negatlve plon is capable of carrying 80 much forward momentum that both

EO

S AT WHSELI ) o o i TS ST 93 LSS, S TV LS % TR Rt g YR o~ e

R |

B e
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" this line, however, at. least one proton ‘and the negatlve Pion always
Z.have 8 visible range (R >1.0. mm) and any flnal state of the n° pp system »f,;*

" is observable in this energy—angle reglon., R o “f_f5;. B

repeatedly, each time testing tovsee whether it remained entirely withih

.{ the chamber

acceptable p051t1ve pion events found was 291

!

e 'gj_. P ’UCEL-ll§87':‘?-.

“* protons may be of invisibly short range. The ratio R obtained in this =

'}forward region must be interpreted'as a‘minimum'value;' To the left of -

e

B B. Positive Plons .

Y

It is clear that pOS1t1ve plOns produced in the buhble chamber

- may be close enough to the chamber wall to escape, even though their .

o momentum falls in the range accessible to our analyS1s To account for

these lost events, each detected event was weighted by an IBM-709h Monte iin.f_

Carlo routlne. Thls routine randomly displaced and reoriented each event

!

t
-

The routine gave each event successive random pOS1tlons until

“lOO analyzable.p051tlons had been counted. The weight of the event was
.fgivenvby the.ratio of the total number-of_positions_tested to.the number

of detectahle positions found. The houndaries in bion momentum.of F‘iﬁg..‘ll;*’.T

" never allowed the ‘escape correctlon factor to exceed about 2 O in any :

“bin, - The statlstlcal error due to the Monte Carlo procedure 1s negllgible.Tﬂ”d

-, Other correctlons to the n data are as follows

Scannlng efflclency. l ‘ ,;?l; +0.2%,
Hl‘impurity . o deh.‘_.l,o%,_
Muon rangevnot acceptable '.§~l:+ 0 Ol%"'a:tf" f B i:4'f_*' . | 3
Pion decay'in flight e + 1. o4, | :
The net correctlon was Judged to be negllgible. Errors other than thef

statistical error were also assumed to e negllgible. _The-number of

RO
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.C, DNegative Pions

Analysis of the negativé pions was complicated both by final-
state Coulomb éorrections, and by corrections for chamber geometry.

The corrections for chamber geometry were made in the following way. All

- those events that had oﬁe proton of invisibly short range were,weighfed

by én IBM-T7094 Monte Carlo routine similar to the one used tb weight the

positive pion eveﬁts. | |
Three-prong events ﬁere iﬁcluded.in the data only if they occurred

in regions of the chamber wheréin all three-prong events that ﬁ;re

similar in pidn‘ﬁomentum ahd angle would be analyzable, The Boundaries

of these regions are functions.qf the momenta of the particles involved.

It was possible to simplify the problem by dividing the accepﬁable pi&ﬁ‘

angle-momentum area of Fig. 4 into three regions, each of which accepted

three-prong events' from verious portions.of the chamber, subject to

certain photon-energy restrictions.

" In the long horizonfal region above the light line near the top .of

Fig. M, the pion has enough momentum to leave the chamber, if produced

in certain regions., Three-prong events having a leaving pion track are -

detectable with full efficiency only if the longest-range proton possible

:is always visible. Certain restrictions on the position of the vertex

wefe made to insure that this‘conditién\was always satisfied, Different

restrictions were applied to the small wedge~shaped region above the

shorter light line at the extreme right, and to the remaining area below -, -

the light lines.

Weights were given to the events satisfying these restrictions,
in order to account for ‘those missed in the remaining portiqns‘of the
chamber, These weights were simply the ratio of ﬂstanaard" chamber path

length (7.0 cm) to accepted chamber path length,
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- Other corrections'to,fhe 1r data. are as follows-" e

.‘;gfc e o Scannlng efﬁclency | : 1 6+ 1. 6%;
‘ ‘ Events d1ff1cu1t to measure 4.0 £.2.5%
Net correction 5.6 % 3.0%

. The Vro,w: number of negative pion events included in our analysis \avas"376.»

I'4

-D . Coulomb Corrections

A positive correction (around 5% in our energy region) is
",requlred because the pp flnal-state Coulomb repulsmn tends to reduce.

the overall productlon cross section., Of course the PR s-wave nuclear '7 oL

‘interaction strongly affects the cross ‘section as well. However , & _Similar"' '

nn final state interaction in positive photopion production approximately .
cancels the effect of the pp nuclear interaction when the ¢ '/c+ ratioiils

obtained. . .

Usn_ng the mpulse approxmatlon, Baldlnl has calculated the

“effect of the pp final-state Coulomb :mteractlons. He found the dlfferentlal

. _ 24 -
© -, eross section %‘——- for negatlve photoplon productlon from deuterlum

‘near threshold to be approx1mately equal to Alp ,q)[K [ , in the absence of

‘Coulomb interactlon. The varlables p and q are half the magnltudes of

- the vector sum and difference of the final-state proton_ moment_a s *respect:.._vely:'

l 2

1
121 -2 e
PEyTm—t ‘ .
N Also , |K [ is the sp:m fllp matrix element squared for negatlve photo=

Ppion productlon from free neutrons. Baldin also used exact PP Coulomb-

i .

,flnal state wave functlons to calculate coefflclents A° (p ,q) to replace
" :the A(p,q) ‘ ) o
We used Baldln’s tabulated values of A(p,q) and A (p q), and

~ ind1v1dually welghted each event found by the ratlo (A/A )s ’I’ne_ values S

L
.

M -

-
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”'_proton.,

e
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used appear in Table I - S S

A negatlve correctlon (around 15% in our data) is also requlred

T-because the final-state Coulomb attraction between plon and proton tendS'

v'to increase the overall cross section. To correct for this effect we

259

used an approximation to the Coulomb "penetratlon facto along lines f,

suggested by Baldln.loA Each event was welghted by the quantlty
'2" 21 1y -
( S (¥

»

where v, and v are the<Ve10cities‘of;thé pion.measured with respect to -

1772

each of the Outgoing protons, respectively, in the c.m. of pion and

This use of the Coulomb penetration factor is not entirely

‘ correcta since it is appropriate only for boson emission from'a’single
~nucleon, In ourbcase we hare two protons,'either of which may have
"emltted the plon SlnCe we have no reason to prefer one proton over the
.other we include them both .in Eq. (%) on an equal bas1s. This formula

' then corrécts for the emlttlng or parent nucleon in a proper manner -

through one of its terms, The other term is not exactly correct but

we belleve that its effect is in the rlght dlrectlon to correct for the »
- effect of the nonemitting proton. _The error 1ntroduced»through its use

. should not be serious.

E. Results .

Table I summarizes the analysis and results Of.our aetermination’ :

h‘of R as dlrectly Observed in the deuterlum bubble chamber The raw and ;1-»:".

' corrected numbers of events are’ tabulated as a functlon of the laboratory-b

system photon-energy and c.m.-angle blns shown in Flg.‘h Two—body

klnematlcs for the reactlon 7p ~>x+n were used in choos1ng 'the blns, as_




h:'f and VI represent the true value of R w1th1n the experlmental error. o I

-J

cam o sy

- '?"vg; explained-above.' The pp Coulomb correctlons, the It p Couloﬂb e

'v'correctlons, and ‘the geometry correctlons shown were determlned by the
‘ tmethods just described - _ _

| ' In the rlght—hand part of ‘I‘able 1 the data for the six energy
binsvwere comblned and the value'of R 1s glven for each of the energy

E blns, I IV The 5. 6% correctlon in the negatlve pion’ data for scanning 3

'1:{'eff1C1ency and measurement dlfflcultles (explalned above) was applled at_'

=3

rfz'thls point,. Therefore the values for R are the corrected number of -

Al

negatlve plons times the factor (l 056 + 0 030) d1v1ded by the corrected -
::'number of p051t1ve bions. |

Note that the three values of R for energy bins I, IT, and ITIA-
 IIIC are minimum values, because full negative pion detection efficiency.

ie not assured in this'region,'and a method of c¢orrecting for missing f_
. events having both ﬁroton-tracks shorter'than 1.0 mm was not found _

t‘However, the values of R for the hlgher-energy blns IIT D - III F, IV V

4

Ih the final column of Table I, the values of R are glven, averaged

'over the reglon not fully amenable to correctlon, and over the reglon 1n *

',lwhlch all known corrections may be calculated respectlvely.‘ Ihe 1mportant_;-

1_4vconclu51ons frOm thls analy31s are, that
: | 5
R 113+013

for the reglon roughly deflned as. _ _ v
150 MeV < kla < 160 MeV, and 6, ml < 110" deg;
;;vand R 1, 28 + O 13 1n the reglon roughly deflned as'
160 MeV < ky, < 175. MeV and E cmn >. 110 deg. -
To'cheok”on the-vali@ity‘of thevuse.offtwogbodyfkinematios’to v

*

&,

g
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obtained from two-body kinematics for the process yp —» «'n.

" obtained by means of the expression

3. UCRL-11587

determine the average photon energy, we examined the distribution of true

" photon energies of the negative'meSOn events used in Table I to determine

the ratio R. The.graphs'of Fig. 5 show the ﬁumber of events;'after Coulonb
and geometry corrections, asAqvfunction of the algebraié difference
betwéen the true labopatory-System photon energy, and the photon energy

A . . , . ,

The three histégrams éontain events with pion léb momentum'ahd
angle in the rangés given in the caption. These groupings are approximately
equivaient to dividing the déta into three,grqups containing events from .
bins I énd II, Bin IIL, and bins IV through VI of’Fig. h; respectively. .

The distriﬁutioné are each péaked at about zero, meaning that o

the most probable true photon energy‘is correctly given by two-body "H

t
! '

kinematics. However, each distribution has a high-energy tail which

mékes an important.coﬁfribution. Kinematic limitations restrict the

-number of lower-energy events, and explain the skewness of the distributidns..

IV, THE CHEW-IOW EXTRAPOLATION

[ A. The Extrapolation Procedure

The cross section for the process 7nv->n_p on free neutrons is

[

. 5
2, 2 2
o2 e M) (T S) ot (5)
s B N (Wz M 2)' 0 252 |
. A 1 '

where Py is the'spectator proton momentum, w is the total c.m. energy

~ of the ﬁfp system, and k is the synchrotron photon laboratory-systeﬁ'

energy. The ranges of plavand w2 allowed by kinematics are shown in
Fig. 6 as a function of k. My, MP’ and M are the rest masses of the

deuteron, proton, and neutron, respectively, and « is the inverse deuteronm ,



A ;.. .

1“2 con’bains only np interaction parameters a.nd is

Gl

,is the neu’cron-proton triplet effective range.so

In the forego:.ng discuss.wn ; it has been assumed ‘bhat the

spec uator nucleon is well defn.ned." .A 'better way of formulating the

v E . -t

problem is to deal with a. scattering a.mplitude f(pl,pa) which is symmetric

n the flnal-state laboratory-system momenta s

PR . :
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The cross section may thén be written similarly:

. other, Then

215 : UCRL-11587 -
: | L 2 - -
proportional to lim lf(Pl’Pg)J
2 2 .
p; - ‘-oz |
The experimental data for a given value of p, may be analyzed

by including events of all p2‘>'pl. A tabulation of the data which uses

this choice of regoil;momenta is deéignated "Table A" in Sec, IV.E and

in Table III. The cross section can be written as an’ integral over Pyt

o

526 ' ' 2 - H . |
—— = '_[ f(P ’P ) l ) dp 5 ——— less Slngular terms Y
2.2 1’2 2 2
apl aw | o o 2+.a ) L

We might, 6n the other hand, arbitrarily choose Py to be the

"higher recoil momentum. Experimentally we then include all recoil momenta

Py for a given Py, where Py <Zpl; 124 is still the extrapolation variable,

L]
\

@

b

8 c H’(pl)
]f(pg,pl)] dp2 ————5 + less singular teérms.
+a ) ' ' ‘

As pl2 -?2, the 1ntegral vanlshes in the physical region in the

neighborhood of Py = 0 because the limits of integration approach each

2 : ' : : .
——9§E—§ must be near zero at pl2 = - o? and therefore this
dpl dw '

‘choice of recoil, designated "Table B" in our data llbrary, gives & small.
value for the extrapolated Cross sectlon

It is therefore'allowable'either to use Table A alone, or

- alternatively to use each event twice in a single.extrapqlation. In the
" latter case one includes both éhoice:A and ghoice B for each»event. This

is designated "Table A + B, .

¢
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5 For convenience in u51ng the maxmmum—llkellhood method descrlbed

below, G(pl ;. W k) is expressed as -
G(pl_ .,wék‘) - unw(w ) [Ao_+ Al(w.. W)
. 2 2 . 2 2 ] W e
o+ {py” w0 p5+~%0;egg + 4T - 8
where the A's are. adjustable parameters.
ThlS express1on may'be analyzed in the follow1ng way. 'At the
U 14mit (pl ==>d ), ‘the desired cross sectlon has the 51mple form glven '
by the leadlng term in Eq (8),
| | s e
cr(')'n—-nc p) 1m W(w ) {AO + Al(w - ¥ | IR °)
. . v : N R . N N -l ‘. "3 v=v.:'
The expre551on for the cross sectlon (Eq. 8) should depend only’ .
'don ﬁz. Prov151on is made for such . dependence through the parameters A

and A 12 and the phase space factor W(w ), Whlch has been deflned by

fr,Beneventano et al.,35

W2 ) = a»(io)""

‘j

*
where'pIt s W, V, Ei’ and E,

=

are respectively the pion momentun, pion

~

f
',/ total'energy;’photon momentum, initiafqnucleon total energy, and final
.nucleon total energy. These quantities are all functions of w?, and'are

defined in the 7 center of mass.e Except where noted, ﬁ =¢c=u=1,

R

The use of W(w ) 1n the above equatlons is equlvalent to equatlng

O , the matrlx element squared defined by Benventano o

2) value of

[AO +Al(w - Vg )]to a

et al, Furthermore, A 0

0.
Thls parameter is. the one of greatest phyS1cal interest in thls -

is equal to the threshold (w =W
' ao .

-
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analysis, The implicit assumption in the equa’cion ’

. o L 2, - : - ‘ . _

. o(yn = ' p) = bx W(w") &y - (11)

2' is.that the differential cross section is isotropic in the range of w2
included in this experiment; This is true because at values of w2 péar'f
‘threshbld, there is little energy availéble'for angular momentum states
higher than s-wave. This has been,experimeﬁtélly.Verified in work dﬁ '
positive.photopion production.6l-73

The form of Eq. (8) was limited to first order in,pla, %2,‘and k.
'Higher-érder terms could have been included, but we felt that the dafa

‘were not sufficient to determine more parameters.

B. Application of the Maximum-Likelihood Method -l

It is well known; fhat the maximum likelihood method uses a
given \sét o'f data in the moét efficient way possible. The mé,ximum i
likelihood. method was used in preference tb a least-squares fit, |
because when the data were divided- into ‘th"ree—dirlnensioﬁal bins in “
_ piz, WZ, la.nd k, the statistics in each bin were often so poor as to
prevent a meaningftil fit in piz’ particularly where the range in
pi2 was kinematiéally 1imited. Furthermore, &the complicated

2, and k make binning an

shape of thevki.nematical limits in 'p12,, w
awkward procedure. (See Fig. 6..). For these reasons we felt that

the maximum likelihood method was ideally suited to. our analysis.



wf;.coordlnates (such as angle, energy, ete. )
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A

'i In order to employ the-maXimum-likelihood method;7ﬂione may use ° -
5fLa general parameterlzed expre551on P(AO A ;", A" 5xi,'{‘ X ) thatﬁf'

‘JT represents the dlfferentlal prdbeblllty of hav1ng an event occur at '

. Ao Al’f.. A are parameters of the theory for the effect studied They .
" are to be varled until a maximum 1s found in the "overall probabillty'
,,;for having obtalned the experlmental results actually obtained

In our experlment A= (AO, Al’ Ah) is the set of parameters '

of Eq. (8) and X = (pl , w2, k) is the set of experlmental varlables.'!

AU

The "overall probablllty" is commonly called the llkellhOOd

functlon.;f and may be wrltten | v ;t L L 'v,lff,l o f,_i“

/

: QC' = I.[.P (&: 3&) : e’q.’__(.v'fP('A’ 5)@29 : 4‘ (1)

The product HPris the product of 1nduudual probabﬂ1ues for;‘.

i

produc1ng the actual events seen The exponentlal may be thought of as
A IR S i mese e e - “‘{‘} ‘ -I:.” EaRE B
.1‘ ’ Vi. ",-
O S
.

(. '
N o

- e

f :

Oo' 1,"'v,Xn._ The quantltles'v& g -

cly




ﬁljZfd’ lj' c. Calculation of Geometric Detection Efficiencies’

e TR T R

P B

the probability of events' being ebsent in regions of the experimental

2

o variables X = (pl s wa,k) where events dld not occur (see reference 7h

for example)

' ‘I‘he probability of seeing an event produced at ~Y§ = (pl ,w ,k) is.

Bcr

T f P(Pl ,k) = C (pl ,w,k) X E(Pl ,W k) X. S(k) x Nt —2 . =

2\ 2

e e A aPl .aw

X (pl k) X E(pl ,k) X S(k) X m ~—s |5 = thl k)
o L o - SR k™ \Ma {pl « }

| R (13)
CLTS2T gl 2 2y L ' " : ,

= ———7.—3—1 Colpy "sw,K) % E(pl ,k) X S(k) -——-—P—-—- G(pl W)y

K | (pl+a) i

" As cefined by Eq. (7), G(pl ,w k) is 1nserted in the right-hand side of

. this expression, c (pl2 2

y‘. interaction between particles. It is discussed in Sec. IV D. The

E(pl ,w k) is an instrumental efficiency function. It is the probability.7‘

of detectihg an event in the bubble chamber With variables (pl ,w k) if“‘;‘i;u L

i" such an event is produced | Its calculation is’ discussed in Sec. IV C

. v;' S(k) is the spectrum function which gives the number of incident

synchrotron photons per 1quV energy 1nterval Since pion units
o (M =c l) are otherw1se used throughout S(k) determines the units
a?1~ of P to be MeV -1, pr/A is the number of deuterons per cubic -'

; centimeter, and t is the target path length avail&ble.k~3i”

In order to perform the Chew-Iow extrapolation by means of a

7 5

a ' maximum-likelihood method7it is necessary to write an expression (Eq l3)

,k) is a correction for the final-state Coulomb '

e Ko s
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R for the probability of observing &n event with particular values of

pla, w2, and k This expression contains, besides the cross section, the

detection efficiency E(pl W ,k) for recognizing the event in the bubble

' .fyniﬁh i&t chamber. Since the values of pla,wZ; and k do not uniquely determine the
".é“_“j{f7j; configuration of an event it was necessary to average over two other

prarameters in order to calculate an- average geometrical efficiency for

a particular value of pla,w?, and k The parameters chosen for this ,:"

'ﬁfi averaging procedure were the polar and azimuthal angles -of emlSSlOn of

' Vf. :'f}_."A computer program calculated these aVerage:efficiencies for a'_i
."x'particularisetyof.pla,wg, and.k.by generating the—laboratory angles andi'
”ff'ranges‘for the three'particles over the possible range of c.m, an"lesrﬁt”
Each "event" 50 generated was aSSigned a detection efficiency. The -
detection eff101ency was set equal to unity if all three tracks would
:f"uhave been visible in the chamber. CIf Only two tracks would have beenv

visible, then a Monte Carlo calculation was made to determine the;”;”

probability that this event would be so located in the chamber that both T

tracks were seen stopping. This calculation con81sted of placing the
:"

fﬂ'_ " vertex of the "event" at randomly chosen positions throughout the fiducial!

: volume. At each position it was determined whether or not the ends of

..

~ the tracks remained within the chamber The ratio of events lying within

[
i

the chamber to the total events tried was then taken as the detection
efficiency.‘ In this manner, a table of average efficiencies E(plz,w k)
for various values of pl?, wa, and k was then used ‘ag input to the

maximum-Likelihood calculation.

1 e ‘ .
- jgthe_pion in the center of mass system of thé pion-and non-spectator_proton.lv




- of final-state Par’cicles‘. By- extrapolating Eq_. (8) to Pl = - _Ota, we
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D. Coulom‘o Corrections

"~ The cross section for the reactlon 7d - 2p is affected 'by the '

PP nuclear m‘beraction, as well as Coulomb 1nteract10ns 'between all palrs

eliminate the effects of these interactions, - (‘An exception is the"inte.r—
" action be’cween the pion and “che parent nucleon. A correction for th:Ls Co )

remaln:.ng 1nteraction mey be made , using the Coulomb penetration factor )59

! L

Nevertheless 3 1t is des:Lrable to correct for these effects in the physical
region, in order to make the extrepolatlng curve as smooth as possible,

' The correction factor F‘('g ,p2,w2) that 'we used was the ratio of =

1

the cross sectlon for the event as calculated in the impulse approx:.ma‘blon
1nclud1ng the .final-state interactions, 'bo the cross section as calculated

for the neutron-exchange diagram alone (‘I‘he lab momenta pl and ’32 are

the momen‘ba of the protons assumed to be the spectator and the parent
respectn.vely ) If the 1mpulse approxmxatlon were exact, the resultlng
extrapolatlon curve would be constant, Although not exact the 1mpulSe o
model does reproduce the main featu.res of the cross sectlon, 10 and ‘che

extrapolatlon curve should e nearly flat An 1nd1cat‘10m of the correctness

“of thls procedure is prov1ded by the values of the parameters A A3, and

2’
4, which determme the ﬂatness of the extrapola.‘uon curve. (See

:"-?

Table TIL) I S ;{, o

The impulse ai)proxirnation was calculated by Schult,47v using the :-'
‘method of Ba.ldin,’10 and gave the expression '

-

F(pngz,_vz-) = (p, + oF)? %— 31(py) - 31(2) J (pl) + Jl(pg) .
| | S | : (1&) !
o o |2l 5 o o B o L _ :
ro2e () Tylpa)| (O ).

The expressions entering Eq. (14) are: =



'*.where a'= 0. 327h'is the deuteron 1nverse radius, ‘M is the nucleon mass,ff.iQ
‘1 & is the pp s-wave scattering phase shift p is the momentum of the
't pion in the c.m. of the'plon‘and parent nucleon, and uvis_the pion msss;,-'

‘;nf{“{;(x.= c = b= 1).

”'element is assumed to dominate in this energy reglon. .The terms

o and 3 |
R .
. integrals from the region r < v l, as suggested by Baldin..,a. g;t.‘ Yw

_'UCRL-11587

,2 .

J:L(I(’:.L)v. ;i?_’f_P[n. tan” 2pa/(a2+ Q-p. )] [i }lm‘ (? + a0 %) 4 hp ] _0.043 -," .

2 da)a P

S d

0. 27oc + 0 ol+3ip

2
T
O
-3
&3
-
e |
.-

The first term within braces in Hd. (1&) contains the impulse'v

-integrals for photoplon production leading to a nucleon-nucleon spln-;
gt triplet final state. The second term contaxns anslogous express1ons for

"tne nucleon—nucleon spin—singlet final state. The pp s-wave nuclear f.

1nteractlon enters the second term through the scatterlng phase shift 5(p)

~ The relative we:.g,hts 2/3 1/3 are obta.ined, ir the spin-fllp matrix

0. oh3

o & s
0.27¢ + O L0k3 ip__ are intended to’ remove contributions to the 1mPUlse B

The integral in Ja(p,q) was evaluated numerically in the interval \

A S . L S
. i it

I g S TR o



performed on an IBM computer. Input to the program conSisted of the

‘f‘as ‘the spectator That set of data in which the lower-energy proton was .
g‘COnsidered to be the spectator was designated Table A that 1n which the‘

higher energy proton was cons1dered to be the spectator was deSignated

QJ;veither the geometric efficiency described in Sec. . C or, final-state ?

1nteraction "efficiency" described in Sec IV D, -Or both

RA

_exp(-n‘/aq) < t < l. The portion of the integral between t =0 and Y

exp(-ﬂ/zn) is negligible for the values of p available in this f

1
B RN E'V.l - . ‘ h . : .'-,— ) '.<"."v “

C e
-t

The Goulomb correction was actually introduced into Eq..(l3) by
means of a table of values of C (pl ,w ,k) These quantities are values

of F(pl,pa,v ), averaged over the pion angles, as described 1n the

s
. ‘

preceding section (IV C)

E. Details of the Max1mum-Likelihood Calculation vl”."
The maximum-likelihood calculation discussed in Sec IV B va
2 ‘2. "
pl s Wy and k parameters for each event To each event could be. as51gned

two sets of w2 and pla, because each proton could in turn be conSidered

< .

Table B Besides the event data, & table of efficiencies covering the -

range of pla; wz, and k used vas provided as 1nput ThlS table included

A subroutine of the program was capable of calculating the o

- natural logarithm of the likelihood function@n;f, defined in Sec IV, B

‘

_ the region of interest by applying Simpson's rule to a 9 hy 9 by 9 array

arbitrary values of the A parameters. This calculation was done 1n L

steps.f First, a numerical integration of P(A,E) was performed over -
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of points throughout the volume of interest. Second a sum of the

_logarithms of the P(A X) for the ind1v1dual events was formed

The max:unizing process consn.sted of varying A until & maximum
in &z ét’was found ThlS was accomplished in two steps. 'First, on Lwas
calculated for a -range of arbitrary values of each component of" .ﬁ and
the approx1mate region where f/nél’ is maximum was located Then 5 starting

with an A in this region 5 the calculation of A and M (A) was put under

_the control of & s'ubroutine which sou-ght the point of maximum fn . This -

was done hy calculating th_e vdirection of the gradient yﬁ (lmdf) s in the

parameter spac-elo-f.' h‘{\.’\.‘ .Then ,é\ was caused tovmove in the direction of this

'gradient until a maximuxn in ¢nsCwas found. :The' point of maximum én Z

was then used as a new basic point for calculating v(ﬁ/nof ), .and the “‘

'procedure was cont:mued until the distance moved in the parameter space

; between succe851ve max:Lma fell below some predetermined small value, The '

p01nts of maxn.mum %J: so determined are given in Table TII.
In order to ensure that the maxmum &zé& determined by this

procedure ‘was unique 2 Imae was also calculated at arbitrary points on a '

five—dimensional grid that extended over. reasonable values of the
A parameters.v No behavmz‘ was seen that suggested the presence of other

maxima comparable 1n height to the one found by the- gradient method,

Throughout the Calculations, the region in p12 B w2 ;and k space '

used was the shaded region shOWn»m" -Fig. 6. In addition to the

- kinematie limits ’ the photon energy k was limited to lie between 150
and 185 MeV the limits ‘on w2 were 60 0 to 63 5, and pl2 was limited to

" . 'the interval 0 -O'to l 5 . In addition, data lying between the shaded

volume and the k - W / ;J. plane were not used The equation 'of the plane

separating these two regions lS
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360 -k . - ,27‘ Pl S

"“ u:

Withln these llmlts the geometrlcal and Coulomb correctlon factors L

] ,remalned reasona‘bly close to unlty (w:.thln a factor of two) 3 and ‘an

interpolation could‘be made »Wlth sufflclent a-ccuracy_..'

F, Results of the Extrapolatlon

The extrapolatlon of the surface deflned by Eq (5) to p12 3 _";ae

U gives both the threshold value of the matrlx element squared and informatn.on

i
on its energy dependence.

" The agreement between the experlmental threshold pion parameters

'of thls work and the CGLN theory, corrected for p exchange s glves addltlonal

conflrmatlon of the theoretlcal results near. threshold It is partlcularly
1mportant to note the successful appllcatlon of the Chew-Low extrapolatlon

teChnlque to deuterOn" data in der1v1ng cross sections for free neutron .

"'targets. Here the 1nteract10n a.mplltude is domlnated by a S1ngle isolated

pole, rather close to the physmal reglon, w1th no 51ngular1t1es 1nterven1ng

in the extrapolatlon 1nterva1 - a2 < Pl < 0. Data.are obtained relatively

close to the nonphy31cal reglon in P12 and the dlstance of the extrapolat:.on R

is small (approxn_mately 1 MeV spectator reco:Ll energy) 1n comparlson w1th '

extrapolatlons 1nvolv1ng mt 1nteractlons 5 Extrapolatlon experments to

obtaln 1nformatlon on the %] couplmg constant have encountered difficulties,

L chlefly because the. pole of 1nterest :|.n the scatterlng amplltude 1s located

much deeper in the nonphysma,l reglon and also 1s 1n the prox1m1ty of other

comphcanng 151ngular_1t1es, 'The-clorsestvcomphc_atlng singularity for our

The effect of this smgulanty on the scattermg amphtude 1s neg11g1b1e at
2

‘ Py v=.-‘2. Consequently, extrapolatlons to piz—-a2 1nvolv1ng deuteron da.ta are

deuteron case involvves \the pion 'nna;s's'anxd' is located at roughly pf= -( |J./B E.)a.z., o
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'

expected to be relatively reliable. Our more favorable circumstances
have allowed us to meé.surg the cross secﬁon fdr the reaction .yn--n-“p '
between photons and free neutroné. | | |

| A total of 565 events found within tﬁe limits described in
Sec. IV.E' was used in the analysis. |

| Table III contains best values for the parameters in Eq. (8). .

" This surface was ‘fitted tb the data under the threé assﬁmptions, Table A,
Table B, and Talble A+B, previously de.finé.d. For each choice, thé |
. appropriate geometrci—(]:al c;orrections were used (see Seé. IV.E). The
column headed "'Table A+B"' gives the results of this éxperiment. Table
A and T'a.bile B-are shown for cémparison. TableiAji-B was arbitrarily
-chovs.en in preference to Table A because it resulted in'a smaller error in
AO’ and in an e.xtrapolation sufface with less average slope in (p2 + 0'2“1)‘

These results show that A, the threshold value of the squared:

0’
matrix element,. derived from Table A is equal to that found from Table
A+B,'wit;hin statistics, Furthermor‘e, AO 'fognd from Table B alone is
statistically c‘onsis?ent with zero. .This confirms that the extraﬁolation
may be made either by using fhe momentum of the lower-energy proton as
- the extrap!olation variable Py of by us_ing both proton momenta. The use
of the momentum of the '-higher—energy proton alone should lead to an
extrap,olated Cross i‘s'ek:tidfn» consistvent with zeio, as ex‘plained.inws_gc. IV.A.,
."I‘Ihe 4% difference between the va...hies of AO determine& from Té.ble A and

' Table A+B gives a rough indication of the accuracy of this extrapolation

technique.

An indication of the correctness of the Coulomb correction (Sec.IV.D)

is the fact that the coefficients A-Z, A3, and A4 are consistent with zero for

Table A+ B.
The parameter A0 is e:xactlyi the threshold value of a(; (see
Eq. 11) in units of pb/sr,l and its best value, 25.9% 2.6 pb/s_r, is given

" in Table IIL. An additional correction factor (1';_05:6 £ 0,03) explained in

-y



' Coulomb correc‘clon for the wt p flnal state 1nteractlon based on the

e T

B Sectlon 11L. C and a norrna.l1zat1on uncertamty of ¢4% due to the photon .
beam momtor must be ta.ken 1nto account The corrected value 1s
'i:ao = 27 3+2 8 ub/sr. ThlS value does not 1nclude any estlmate of the’

o uncertalnty 1nherent in the extrapolatlon technlque. S It does 1nclude a

Coulomb penetratlon factor.59 1nserted as. the last factor in Eq (lh)

o slope of a

: The energy dependence of a. 1s glven 1n terms of the lab energy

O

C ky .of'_the photon 1nvolved in the reac‘clon 7n - p. From Eq. (7) 5

s substituted in Eq. (8) g1v1ng a _‘b—Ao 4+ A (M + 2k o My "-'.w ) . The oo

is da /dk = 2A1 M . Our experlmental value is glven in ‘

O
':Table III , and shown in Fig. 8.‘ ‘I'he flnal value ,,corrected by the factor .

(1 056+O 03) is -0, 30¢ o 16 pb/sr MeV - _' : '_ B .‘{i; :
v Flgure "( shows the behav1or of ﬁnxi‘or varlatlons of ea.ch s1ngle AY
o parameter , | | | .

An error matrlx G (Reference 74 ). p. 15) fOI’ 'the parameters was f SR

' numerlcally calculated assumlng

SRR T e

" This matrlx is shown 1n Table Ve ’I'he confldence bands on. F:Lg. 8 were |

o -calculated by usn.ng the relatlonshlp g o r

(Aao ) =(—5r <(AA)> + 25—_5;— Al <AAO l>+ Al <(AA1) >,

¥

" where



ch
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(M 4 2k M

7
'h where k is the threshold value of k7 . The results of these formulas 'Qst“'iﬁf +

were then quadratically added to the 3% uncertainty due to the correction

< i . R

;‘_}factor mentioned above, and to the h% uncertainty in beam monitor

calibration. _'" o L N

£

As may be seen on Fig. .8, the results agree with the uncorrected

I theory of CGLN in the energy range from threshold tc»k.yn 189 MeV or’
' 2

63 5, the highest photon energy allowed in the?extrapolation. _The“'“
P uncertainty in aO' is least at about k75f=3162 MeV. Here the value of'“i

'.a,j

5 1s j23.3i1.9 ub/sr, ;corrected by' the Coulomb penetration factor. . '

* i
¢

, v CONCLUSIONS U
The minus-tOﬁplus ratio R was determined in this experiment by

{ﬁ observation of both negative and positive photopions produced in deuter1um.1_~l;fg
"I:The Coulomb corrections of Baldin were used to correct for final-state | |

B

n_Coulomb‘interactions.‘ These corrected ratios are in good agreement with
‘;the results of other workers,aévyé and with the dispersion relations of

CGLN ' The results of’ this experiment are . shown in Fig. 9, together With
| the data from other experiments, and the theory of CGLN. Limitations in

determining R in this manner are the uncertainty in the Coulomb corrections

and in the determinstion of the photon energy.;}

The value of R depends sensitively on A/e, the p-exchange ;”}".

parameter,’but is only weakly dependent on’N( ),“a parameter defined by




)
e

8y
'hthe theory of CGLN The measured energy dependence of a ; averaged from

in agreement w1th the results of CGLN

5= o 08 and N( )-.—o 04&0 04,
;:uncertalntles 1n aow_

- in this determinatlon of A/e. :‘:};..A

’.data of McPherson etf
"thlS experlment

‘a‘ub/sr. The ratlo Rf- éb /a

; P

o (-1',;._"'0.1# A/;re)_ =128(1_ ov.ili A/e)

v*From our experlmental values of R glven in. Table I thls expre851on -

\

: yields A/e = o o+o 7 for R = l 28+O 13 and A/e o 8+O 7 for R 2 1 13+o 13. .
As an alternatlve means of studylng negatlve photopion productlon o
by neutrons, we have applled the Chew-Low extrapolatlon technique to Our

-'data 77 Table III and Flg.c8 glve the extrapolatlon results Our value ‘;7

= 27 3+2 8 ub/sr at threshold corrected by the Coulomb penetratlon ~?;

factor, is 1n agreement wlth the results of Adamov1ch et al 5 and with

1 <
\

threshold o ky 189 Mev, 1s da /d_k .= -0 30+o 16 ub/sr-MeV also .

Pl

"The. threshold Value of ao = 27 3+2 8 pb/sr depends on A/e and’

'N(*?, as. well as on f2 the plon-nucleon coupllng constant AssumlngL fti-

2" 78

'and N( ) c0ntr1bute about equally to the uncertalnty

e

Alternatlvely, we.may compare our threshold value of ao W1th

‘.; recent experlments on p031t1ve photoplon productlon 1n hydrogen.:sThexk'n

lZ? were obtalned W1th the same apparatus used 1n

x-

' Thelr data,,extrapolated to threshold glve ao+ 21,5+0.9

f”ls”therefore l 27+O 13 at threshold ‘This

B is ini good agreement W1th our dlrect Coulomb-corrected values quoted

( R 'uc'RL-;llSS’? -

We obtaln A/e 1 9¢ 1 8. The : '




D

.method than consi‘dering either a

]
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- with the above results.,

The conclusions of these last few paragraphs are summarized in

Table V. Our results demonstrate that detecting the p -exchange term

_near t_he photopion threshold through the minus —to‘—plus ratio R is a better

0- or aof separately. The major conclu-

' sron of this work is that the dlspersmn theory of CGLN modified by Ball

and the expenmental results are in good agreement with a value of A/e

conSistent with zero, We also conclude that the Chew-Low extrapolation

. . ’ . y
technique is a-satisfactory one to apply to the deuteron for deriving reaction

cross sections on free neutrons.

'ACKNOWLEDGMENTS . i
The authors wooid like to express their sincere appreciation to
Professor A, C. Heimholz for his continued encouragement and guidanceb |
throughout the course ,Of. this work, To Professor Geoffrey F. Chew and

Dr. Michael J, Moravcsik we are grateful for several illuminating

discussions of the results, We are grateful to Professor Roy L. Schult
l : - ‘

~ for providing us the method of Coulomb correction used. Thanks are due

to Dr. Donald A. McPherson who prov1ded valuable help operating the
chamber and in analyz1ng the results "~ Our appreciation goes to Mr. '
Richard I. Mltchelll for'hls thorough programming of the kinematics
analysis. To Mr, Rudin M. Johnson and th.e Synchrotron crew, we are -

indebted for many weeks of steady beam under unusual operating conditions.

- Thanks are due to Professor Lu1s W. Alvarez for the use of the bubble

chamber and scanmng equlpment Mr Arnold J. Schwemm and Mr Douglas

Parmentier, Jr. s prov1ded valuable help with the chamber in earher runs.

T v—

B ]



. Urbana s Illinois

' # Present address 3 ‘Aero,jet—(}eneral Nucleonics " Sa.n Ra.mon P Calii‘ornia.w, :
HPresen’c addres ::"..Depar‘cment of Physics, Case Institute o:f:‘ Technology, o :
H L Anderson and. E‘ Ferml, Phys. Rev. 86 79h (1952) :
S 3 H. P, Noyes, Phys. Rev. 101, 320 (1956). EE
S . h. FJ‘ M. Cassels , in Proceedings of the Seventh Annual Rochester }‘li\ St
SRR Conference ‘on High Energy Physrcs (Interscience Publishers s Inc.,:‘
_Tew York, 1957), II, p. 1.
G Puppi , in Proceedings of the 1958 Annual Internatlonal Conference . 'f
on High Energy Physics at CERN (CERN Geneve., 1958) 1&6-51 .
M J‘ @ Moravcsik MThe Iow Energy Parameters of Pion Physics )" 4
, L paper 1n Proceedings of Eighth Annual In‘berna.tional Conference on
"; High Energy Physics CERN (CERN Geneva, 1958) :
- ."' .M J‘ Moravcsik Phys Rev. 111 1657 (1958) R o
: 8 J' Fischer, R. March and. L. Marshall Phys Rev. 109, 533 (1958) £ ."‘F-‘j-f’;_.:

9-.‘:;. A, M Baldin, in Proceedings of the 1956 Annual Conference on ngh N -

"‘nergy Physics , CERN (CERN Geneva, 1956) 272

R
:,g" L

i2 M Cin:l., R Gs.tto, E. L Goldwasser,,and M Rudeman, -j




13.
. lhu

15.

16, .

17.

18.

19.

20,

21, -

22,

23.

2k,

25..

26,

S 27.

(1961); B. DeTollis, E. Ferrari, and H. Munczek, Nuovo Cimento, t

, s
J. M. Cassels, Suppl. Nuovo Cimento, Ser. iO,.}&, 259 (1959).
G. Bernardini, "Pion Photoprédu#tion and Compton Effect on Nucleons,"
presented at Ninth International Annuai'Conference on High Energy
Physics at Kiév, (Moséow.l960), Plenary Sessions I - V, 13.
J. Hamilton and W, S. Woolcock, Phys. Rev. 118, 291 (1960).

J. K. Walker, Nuovo Cimento, Ser, 10, 21, 577 (1961).

J. S. Ball, Phys. Rev. Letters 5, 73 (1960), Phys. Rev. 12k,

2014 (1961).

M. Gourdin, D. Iurie} and A, Martin, Nuovo Cimento, Ser, 10, 18,

- 933 (1960).

B. DeTollis and A. Verganelakis, Nuovo Cimento, Ser. 10, 22, 406
Ser. 10, 18, 198 (}960). ‘
P. Dennery, Phys. Rev, 12k, 2000 (1961).

M. Kawaguchi, M. Miyaﬁoto, and Y. Fujii, Nuovo Cimento, Ser. 10, 20,
Log (1961). |

A, E. A, Warburton and M. Gourdin, Nuovo.Cimento, Ser,. 10, 22,

362 (1962)

~J, M. McKlnley, "Some Corrections to Partlal Wave Dlsper51on

Relations for Plon Photoproductlon," Un1vers1ty of Illln01s Technical
Report No. 38 (May 1962). | |

C. S. Robinson, P, M. Baum, L Criegee, and J. M. McKlnley, Phys.
Rev Letters 9, 349 (1962)

M. Gourdin and  PH, Salin, Nuovo Cimento, Ser. 10, 27, 193 (1963).

'See, for example, W. R. Hogg, Proc. Phys. Soc. (London) 80, 729

(1962) for a review of data on the ratio R.

M. J. Moravesik, Phys., ‘Rev. 105, 267 (1957)




_vh

:; 29 M Sands ’ J‘ . G Teasdale, a.nd R L. \Walker, Phys. Rev. 2_, 592 (1951.&)

S [

M Beneven’cano ’ D Carlson-Lee s G Stoppini s G Bernardini g and.

Stoppini 5 L Ta.u 5 and G Bernardini ’ in |

_ A -
Proceedmgs of the CERN Symposn.um on High Energy Accelera’cors

o liand Pion Physics Y Geneva (CERN, Geneva, 1956) II, P. 259

M I Ada.mov:Lch, V. I Veksler, G, V. Kuzmicheva, _V G.- Ianonova,

and. S, P, Kharlamov, in Proceedmgs of the CERN Symposium on ngh “e o

C Energy Accelera:tors and Pion Physics , Geneva(CERN Geney,;a, 1956)




“l

UCRL-11587 o

i f‘;; : in Soviet Phys -JEI‘P 8 29 (1959) i o | e L

.,vfh3.A J‘ G Rutherglen a.ndJ' K. Wa,lker, Proc Phys Sm. (mnaon) Z.: S
o s, o o T T
:»hh J' P Burq and J‘ K Walker, Phys Rev. 132 M&-’( (1963)

:*_us ‘7. P:Lne and M, Ba.zin, Phys Rev. 132, 2735 (1963)

+

_‘la6 G Gatti P Hillman, w c Middelkoop, T, Ya.magata, andB
Zavattinl , Phys. Rev. Letters 6, 706 (1961)

lr{ Roy L. Schult (University of Illin01s ’ Urbana , IllaniS) private “‘;" ‘

'All*‘ ) . C%

e
BN A
TR e

communication, 1963.;. A

_he. @ F. Chew and F. E Low, Phys. Rev. 113, 16ho (1959)

: ““¢{u9.; D. Parmentier, Jr., and A. J. Schwemin, Rev. sei., Instr 26, 95# (1955) -]

3 50 Harry c. Dmttler and Thomas F. Gerecke ; L:Lq.uld Hyd.rogen Bubble ‘,'3.}::' L

Y ) __ Cha.m'qers (M. s. Thesis), UCRL-2985, May 1955 el ,

’ 51 D C. Gates R. W. Kenney, D A McPherson, andW }? Swanson, Rev.‘.‘.

o o Sei. Instr. 31 565 (1960). -  SRENSORE
s 52‘ D. C. Gates R W Kenney, _aAéw P Swa.nson, Physb Rev‘ 125,

-\1310 (1962). - '5:;a=“ j* ;;{";' *;;¥1;77

" Williem P Swa.nson ’ Photop:.on Product:.on from Deuterium near




55,
6.

5T
» Inc., New York, 1943) Chapter 1+

- 58,

/7‘ L A'v‘.,

34 0 o ,j' UCRL 1153:1

J W DeW1re (Cornell Unlver31ty, I’chaca, N. Y ) "Callbra’clon Data |
. for the Quantameter and the Cornell Thlck-Walled Ionlza'blon e
'Chamber s prlvate communlcatlon, November 1959

'G Clark and W, F. D:Lehl ’ "Range-Energy Relation for quuld

Hydrogen Bu‘b’bl‘e Cha’.m’bers," La.wrenoe Ra,dxa.tmn »La;boratory Reﬁort '

UCRL- 3789, May 1957

W. E, Demlng, Statlstlcal AdJustment of Data (J‘ohn Wlley and Sons 'y

J. Peter Berge, Frank T, Solmltz and Horace D Taft Rev. Sc:L._ o

" Instr. 32 538 (1961)

59.

60.

61,

62,

63.

_fsu.

65.

66.

.'Mlchael J. Moravcsa.k Phys Rev ll)-l- 621 (1959)

SL Hulthén and M. Sugawara s "The Two-Nucleon Problem," Encyclopedla. S

4
of Phys1cs, (Sprlnger-Verlag, Berlln, 1957) 39, p l N

G. Bernard1n1 ‘and E L. Goldwasser, Phys Rev. 9l+ 729 (1951+),

Phys Rev. 95, 857 (1954).

s

-J. E. Lelss, C. S. Ro'blnson, and S Penner Phys Rev 98 201 (1955).:"'...
G. M. Lewis and R. E. Azuma, _Proc Phys. Soc. (London) 7_, 873 (1959) ..'_ :

A, Barbaro, E. L Goldwasser, andD Carlson-Lee, Bull Am, Phys.;‘"""‘

. b3 (1959) V o
Jd. E Lelss, S. Penner, and C S Roblnson, results reported in
reference lh i | ,
J. G. Rutherglen and J. K. _Wa]'_ker Proc. vPhys. Soc. -76 1#30 (1960)

M. I. Ada.mov1ch E a. Gorzhevskaga, S P. Kharla.mov, V. G.

-

.Larlonova s, V. M Popova 5 and F. Yagudlna in A, M. Baldln, "Relat1v1st1c
| . Dispersion Approach to Plon Photoproductlon near Threshold " in

' Proceedlngs of ’che 1960 Annual Internatlonal Conference on ngh Energy

; Physics at Rochester (Inters_cn.ence Pn}_)llshers, New‘ York, 1960), p. 330.




...

68,
69,

0.

L

(to be pubhshed in. Phys Rev.)

5.

‘ Positive Photopion Productlon from Hydrogen near Threshold
. J. Orear, Notes- on.Statlstlcs for Physmcists, Lavrrence Radlation o

'Leonard B. Auerbach Tom Eliof, Wllllam B. Johnson, Joseph Lach,

Clyde E. Wlegand and Thomas Yp81lantls, Phys. Rev. Letters 9, - .

i

35 UCRL-11587

. J. K. Walkei' and J. P.‘Burq,_ Phys Rev. Le.tters”8 3;'{' (1962).

J. K. Walker, J. G Rutherglen, D. B Mlller, and J. M. Paterson,f

,‘,P_rec. Phys -Soc (London) 81, 78 (1963)

R. A, Carrlgan and E. L Goldwasser Photoproductlon of Pos:.tlve :

Pions from Hydrogen near Threshold Techn:.cal Report No. 32

”.Un:.vers:.ty of Ill:.n01s (1962)

G. M. Lew:Ls, R. E Azuma, E. Gabathuler, D W G S Lelth and
W. R. Hogg, Phys Rev. 125, 378 (1962)
M. J. Bazin and J' Pine, Phys. Rev. 132 830 (1963)

D. A. McPhersOn,-D'. C.' Gates,- R, W, Kenney, ‘and W. P, Swanson_:,»__'.'.fj

Laboratory Report UCRL- 8&17, 1958.

173 (1962).

Preliminary results were reported in W, P, Swanson, D. C. Gates,. |

T, L. Jenkins, and R. W. Kenney, Phys_.'Revv. Letters 5, 336 (1960).

Preliminary results were repoi‘t'ed in W. P. Swanson, D. C. Gates,

' T, L. Jenkins, and R. W. Kenney, Phys. Rev. I_ette_r‘s‘ 5, 339 (1960).

A ‘.‘789 |

James D. Simpson, ‘(Department' of Physics, University ef Illinois ,,'

Urbana, Illinois) pfivate communication (1964). The s-wave phase

_shlfts "Set X" of Ref 23, and p-wave phase shlfts from the

| effective range formula of - CGLN ., were used to calculate N .o

_ (.)_;

 The large error aSS1gned to N( -) 1s ‘an estlmated uncertamty due B

.to uncerta1nt1es in the chome of S wa.ve pha.se shlfts

P

ety



-36- UCRL-11587

Table I. Analysis and results of the minus-to-plus ratio.

Bin description Negative pions Positive pions Results*
Bin Photon Pion Average Raw Geometry Corrected Raw Geometry Corrected R as § R
number  energy {lab) angle {c,m.) photon number  Coulomb correction factor correction  number number  correction  number function (averaged)
(nominal) (nominal) energy (1lab) seen o-p PR factor seen factor of k
(MeV) (deg) * (MeV) (1ab)

I A -~ 152-155 0-60 161 10 1.06 0.79 1.04 8.7 16 1.056 16.9 >0.79

B 60-90 159 16 1.0k 0.82 1.03 14,1 13 1.021L 13.3 £ 0.21

c 50-105 160 2 1.05 0.83 1.0k 1.7 1 1.000 1.0
II A 155-157.5 0-60 160 13 1.03 0.86 1.21 13.9 3 1.296 3.9 >1.35 z1.13

B 60-90 160 2k 1.11 0.86 1.09 25.0 16 1.108 17.7 ¥ 0,26 + 0,13

c . ) 90-105 159 Co1s 1.05 0.83 1.03 13.5 7 1.011 7.1

D ) 105-120 159 12 1.05 0.83 1.03 10.8 18 1.c0l 18.0
IITA 157.5-162.5 60-90 161 30 1.06 0.68 1,19 33.3 15 1.ko3 21.0 >113

B 90-105 164 26 1.03 0.88 . 1.15 27,1 23 1.127 25.9 ¥o0.21

¢ 105-120 161 10 1.06 0.86 1.10 10.0 15 1.013 15.2

D 105-120 163 21 1.05 0.87 1.10 21,1 13 1.117 14,5 1,22

E 120-135 163 22 1.10 0.86 1.14 23.7 18 1.005 18.1 + 0.25

F - 135-150 159 8 1,12 0.86 1,11 8.6 11 1,001 11,0
v A 162,5-167.5 105-120 162 24 1.08 0.89 1.30 30.0 g 1,954 17.6 1.38

B 120-135 166 36 1.05 0.89 1,19 40,0 28 1,180 33.0 + 0,21

c 135-150 166 29 1,0k 0.88 1.18 31.3 23 1.037 23.9 1.28

D 150-180 162 23 1.06 0.87 1.12 23.8 16 1.016 16.3 + 0,13
v oA 167.5-172.5 135-150 166 31 1.08 0.89 1.36 ko .5 22 1,451 31.9 1.0k

B 150-180 165 13 1,11 0.89 1,30 - 16.7 20 1.153 23,1 + 0,22
VI A 172.5-175 150-180 170 11 1.23 V 0,91 1,18 1,5 I 1..398 5.6 2.60

1,52
*The results are the corrected number of negative pions divided by the corrected number of positive pionms,
times a correction factor (1.056%0.03) explained in the text.
|
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Table II. Parameters used in the-Chew-Low'éktrapolation. Pion units
(A = c = pn=1) are used, except where noted.

-

Symbol Definition : - " Value
123 : Momentum of spectator proton ) -
Py Momentum of parent nucleon . Co--
W  Invariant energy of = p system - L e
o (M§»+ W), threshold value of w R o 7.7212
k  Energy (1lab) of synchrotron photon (Mev) =~ = --
k, Threshold value of k (MéV) _ 145.8
o Inverse deuteron radiﬁs,fsquared' - V 0,107
¥ (W) (1 - argy)) S . osaiy
B.E. Deuteron binding energy- : . , 2,225 MeV
My . Deuteron mass : 13.h36
' M?‘ Proton mass ' | | 6.7212 :
Mng‘ Neutron mass squared - 45,30 : ib i3 '
Tot Triplet np effective range (1.702i0.029)}(40 cm,
) Pion mass ’ 1.0
kyn Photon energy (lab) in reaction yn - ' p (Mev) --
W Phase-space factor ' _ -
p ¥ Pion momentum (c.m,) in reaction yn - x'p = --.
w Pion full energy (c.m.) in reaction yn - p ==
R ﬁhoton momentum (c.m.) in reaction yn »a'p  --
B, Nucleon initial energy (c.m.) in reaction - ‘ _
S yn - gop . --
o Nucleon final energy (c.m.) in reaction |
y$m—=np . - "
S(k) Synchrotron photon spectrum, phofons/MeV»f' -
) C, v Coulomb correction for final state » ==
" E Geometrical detection efficiency : : - :
"N - - Deuterons per cubic centimeter = Nop/A . 0.3908 x 1023¢m-3
t Target thickness available , _ Y
_ﬁb Avogadro's number - o o o . | 6.Q25 % 1023
o Density of liquid deuterium = . 0.1307 gm/cm3'
A Deuteron mass, AMU .- ... o . 2,015 -




056+o 0‘30) _explained in‘ secf
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Table IV. Error matrlx G5 = <oA, "AAj >.of the parameters for
Table A + B. ‘ '
Index o,ﬁ 1 e S oy
. o 6.5 - -3.162 ° -1.811  .0.026 - 0.64s
o 1 - -3.162 2492 1.0 . -0,0018 - 1,002
2 Co.1811 1083 0,769 . -0.017 ° - 0.32h
3 . 0.2  -0,0018 - - 0,017 0.0018 - 0.017
4 0.6k - 1,002 - 0.32% © -'0.017 . 0.7450
" This table includes statistical errors only.
' Table V. Derlved values for A/e. g
Experimental quantlty ' As_sumptlons ) | Derived value A/ e
R = 1.0840.13 - R =1.28 (1 -0.14A)% Ale = 0.0:0.7
. 160 MeV <k <175 MeV© - B
g% > 110 deg
L , : ,
"R >1.13:0,13 - - - R=1.28 (1 -0, 11+A) A/e 0.820.7
152 MeV <k <160 MeV . |
6% < 110 deg .
SR IS SN S
(27 3+2, 8) u’b/sr N 7=0,04x0,04 :
.at threshold A S 'f2_= 0.08 . pe'= 1.9':!:'1”.8_ ‘
" - . o v- |
o 8, = (27. 3+2"8) ub/sr- a
C eyt = (21.520.9) p.b/sr R'=1.28'(1 - 0.1k A) A/e 0.06%0,7
o at threshold o =L 27+o 13 | '
" ®Ref, 17. - PRef, 78. cRéf.“..73.
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- synchrotron produces a bremsstrahlung 'beam of peak energy
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FIGURE CAPTIONS

i

Schematlc dlagram of setup The 1nternal electron beam of the '

w0

E 191+ MeV The beam is flI‘St colllmated and swept ‘and then
hardened by approx1mately one radlatlon length of L1H before :

enterlng the )+ =in. deuterlum bubble chamber. o '

An example of the reactlon 7d -7 2p in the 4—1n deuterlum

,plon is the light track gomg to the reader s left and forward

An example of the ,re_actlon sequence yd-—»" Zn, »1r+—> “+_ v,

'seen in the 4-in, deuterium hubble chamber, Pos1t1ve plons

\—-’:;.\____

-are normally identified hy their muon'decay.- In 26% of the ‘cases, .

i

. the positron track is also visible. Beavm.enters at top of plézture-.' o

The pion is seen in the upper right, and the decay muon is near : |

“the ﬁducial cros's,es.

Laboratory energy and angle blns used to determlne R

: D1str1but10n of true laboratory photon energy for the reactlon

[ — N e L

. 7d - X 2p about the energy glyen hy “bwo-body klnematlcs The

three hlstograms are explalned in the text " Momentum (lab) in

MeV/c and angle bins accepted A -
29<Pﬂ<37, oo<cose ,_'-O7<cose <OO,cosen‘<—,,0-7

' 37 <Pﬂ' < hh’ 0.3 <cos 9Jt - 0.3 <cos .eﬁ <0.3. " cos eﬁ’< - ,_0.3-:
Wy <P <51, 0.7 <cos 6, 0.0 <cos g <O.7 cosg < 0.0
Polology diagrarn showing ki’nematically'_'allowed'reagions of _'the-

‘variables Pl2 and 'wa (pion units) ‘The variable pl'2 'is the

square of . the spectator proton's momentum, _and w2 is. the square

'of the total energy of the other proton and plon 1n thelr center'

of mass. The »shaded areas arek:mematlc regions actually used
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by means of a Chew-Low extrapolation, corrected by the

.

h Coulomb penetration factor.h It includes the correctxon

The minus-to-plus ratmo R, corrected for final-state Coulomb

interactions, compared wlth the predictions of the dlspersion
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Rosarn e,

This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








